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Instructions For Authors

JACC: Basic to Translational Science, an open access journal, serves a forum
for advancing the field Translational Cardiovascular Medicine, and as a
platform for accelerating the translation of novel scientific discoveries into
new therapies that improve clinical outcomes for patients affected with or at
risk for Cardiovascular Disease. Thematic areas of interest include pre-clin-
icalresearch; clinical trials; personalized medicine; novel drugs, devices, and
biologics; proteomics, genomics and metabolomics; and early phase clinical
trial methodology.

We request that all manuscripts be submitted online at http://www.
jaccsubmit-basicts.org

Manuscript submissions should conform to the guidelines set forth in the
“Uniform Requirements for Manuscripts Submitted to Biomedical Journals:
Writing and Editing for Biomedical Publication,” available from http://www.
ICMJE.org and most recently updated in April 2010.

English language help service: Upon request, Elsevier will direct authors to
an agent who can check and improve the English of their paper (before sub-
mission). Please contact authorsupport@elsevier.com for further
information.

The JACC Journals use a single-blind peer-review process. Papers are
assigned an Associate Editor, who can assign up to two peer-reviewers,
although more can be assigned if necessary.

AUTHOR ENQUIRIES

For enquiries relating to the submission of articles or to articles currently
under review, please contact the JACC: Basic to Translational Science edito-
rial office at jaccbts@acc.org. For information on articles that have been
accepted for publication, please visit Elsevier’s Authors Home at www.
elsevier.com/authors. Elsevier’s Authors Home also provides the facility to
track accepted articles and set up e-mail alerts to inform you of when an
article’s status has changed, as well as detailed artwork guidelines, copyright
information, frequently asked questions, and more. Authors can order copies
of the issue in which their article appears at a discounted rate; please contact
Elsevier Health Sciences Division, Subscription Customer Service, 3251 Riv-
erport Lane, Maryland Heights, MO 63043, Tel: 1-800-654- 2452, E-mail:
journalscustomerservice-usa@elsevier.com.

EXCLUSIVE SUBMISSION/PUBLICATION POLICY

Manuscripts are eligible for review only under the conditions that they are not
under consideration elsewhere and that the data presented have not appeared
on the Internet or have not been previously published (including symposia,
proceedings, transactions, books, articles published by invitation, or prelimi-
nary publications of any kind except abstracts not exceeding 400 words).

COPYRIGHT

Upon acceptance of an article, authors will be asked to complete an ‘Exclusive
License Agreement’ (for more information see http://www.elsevier.com/
OAauthoragreement). Permitted third party reuse of open access articles is
determined by the author’s choice of user license (see http://www.elsevier.
com/openaccesslicenses). As an author you (or your employer or institu-
tion) have certain rights to reuse your work. For more information on author
rights please see http://www.elsevier.com/copyright.

FUNDING BODY AGREEMENTS AND POLICIES

Elsevier has established a number of agreements with funding bodies which
allow authors to comply with their funder’s open access policies. Some
authors may also be reimbursed for associated publication fees. To learn
more about existing agreements please visit http://www.elsevier.com/
fundingbodies. After acceptance, open access papers will be published

under a noncommercial license. For authors requiring a commercial CC BY
license, you can apply after your manuscript is accepted for publication.

OPEN ACCESS

This is an open access journal: all articles will be immediately and perma-
nently available for everyone to read and download without cost. Permitted
third party (re)use is defined by the following Creative Commons user
licenses (see http://www.elsevier.com/openaccesslicenses):

Creative Commons Attribution-NonCommericial-NoDerivs (CC BY-NC-
ND)-For non-commercial purposes, lets others distribute and copy the arti-
cle, and to include in a collective work (such as an anthology), as long as they
credit the author(s) and provided they do not alter or modify the article.

If you need to comply with your funding body policy you can apply for a
CC-BY license after your manuscript is accepted for publication.

To provide open access, this journal has an open access fee (also known as
an article publishing charge, aka APC) which needs to be paid by the authors
or on their behalf, e.g., by their research funder or institution. The open
access fee for full articles is $3,200 for members of the American College of
Cardiology and $3,400 for non-members, excluding taxes. The open access
fee for research letters is $1,600 for members of the American College of
Cardiology and $1,700 for non-members, excluding taxes. Learn more about
Elsevier’s pricing policy: http://www.elsevier.com/openaccesspricing.

RELATIONSHIP WITH INDUSTRY POLICY

Authors are required to disclose any relationship with industry and other
relevant entities—financial or otherwise—within the past 2 years that might
pose a conflict of interest in connection with the submitted article in both the
cover letter and on the title page. All sources of funding for the work should
be acknowledged in a footnote on the title page, as should all institutional
affiliations of the authors (including corporate appointments). Other kinds
of associations, such as consultancies, stock ownership, or other equity
interests or patent-licensing arrangements, should be disclosed to the Edi-
tors in the cover letter at the time of submission. If no conflict of interest
exists, please state this in the cover letter and on the title page. Relationship
with industry guidelines apply to authors of all the following: Original
Research Papers, State-of-the-Art Papers, Editorials and Viewpoints, Images,
Editorial Comments, and Letters to the Editor.

ALL FORMS ARE NOW SIGNED AND SUBMITTED ELECTRONICALLY.
Once a manuscript is accepted, the authors will be sent links to complete
electronic Copyright Transfer and Relationship with Industry forms. Only
the corresponding author may electronically sign the copyright form;
however, ALL AUTHORS ARE REQUIRED TO ELECTRONICALLY SIGN A
RELATIONSHIP WITH INDUSTRY FORM. Once completed, a PDF version
of the form is e-mailed to the author. Authors can access and confirm
receipt of forms by logging into their account online. Each author will be
alerted if his/her form has not been completed by the deadline. The JACC
Journals program prefers the term Relationships with Industry and Other
Entities as opposed to the term Conflict of Interest, because, by defi-
nition, it does NOT necessarily imply a conflict. When all relationships are
disclosed with the appropriate detail regarding category and amount, and
managed appropriately for building consensus and voting, the JACC
Journals program believes that potential bias can be avoided and the final
published document is strengthened since the necessary expertise is
accessible.

Only authors appearing on the final title page will be sent a form. YOU
CANNOT ADD AUTHORS AFTER ACCEPTANCE OR ON PROOFS. After a
paper is sent to the publisher, the links to the electronic forms will no
longer be active. In this case, authors will be sent links to download hard
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copy forms that they may mail or fax to the JACC: Basic to Translational
Science office.

ETHICS

Studies should be in compliance with human studies committees and animal
welfare regulations of the authors’ institutions and Food and Drug Admin-
istration guidelines.

Human studies must be performed with the subjects’ written informed
consent. Authors must provide the details of this procedure and indicate that
the institutional committee on human research has approved the study
protocol. If radiation is used in a research procedure, the radiation exposure
must be specified in the Methods. Clinical trials should be registered.

Studies on patients or volunteers require ethics committee approval and
informed consent which should be documented in your paper. Patients have
a right to privacy. Therefore, identifying information, including patients’
images, names, initials, or hospital numbers, should not be included in vid-
eos, recordings, written descriptions, photographs, and pedigrees unless the
information is essential for scientific purposes and you have obtained written
informed consent for publication in print and electronic form from the
patient (or parent, guardian or next of kin where applicable). If such consent
is made subject to any conditions, the editorial office must be made aware of
all such conditions.

Written consents must be provided to the editorial office on request. Even
where consent has been given, identifying details should be omitted if they
are not essential. If identifying characteristics are altered to protect ano-
nymity, such as in genetic pedigrees, authors should provide assurance that
alterations do not distort scientific meaning and editors should so note. If
such consent has not been obtained, personal details of patients included in
any part of the paper and in any supplementary materials (including all
illustrations and videos) must be removed before submission. Animal
investigation must conform to the “Position of the American Heart Associ-
ation on Research Animal Use,” adopted by the AHA on November 11,1984. If
equivalent guidelines are used, they should be indicated. The AHA position
includes: 1) animal care and use by qualified individuals, supervised by
veterinarians, and all facilities and transportation must comply with current
legal requirements and guidelines; 2) research involving animals should be
done only when alternative methods to yield needed information are not
possible; 3) anesthesia must be used in all surgical interventions, all unnec-
essary suffering should be avoided and research must be terminated if
unnecessary pain or fear results; and 4) animal facilities must meet the
standards of the American Association for Accreditation of Laboratory Ani-
mal Care (AAALAC).

The JACC Journals has an ethics committee comprised of 7members, which
oversees quality control and will look into the issues of concern, if any.

AUTHORSHIP/COVER LETTER

Each author must have contributed significantly to the submitted work. If
there are more than 4 authors, the contribution of each must be substantiated
in the cover letter. If authorship is attributed to a group (either solely or in
addition to1or more individual authors), allmembers of the group must meet
the full criteria and requirements for authorship. To save space, if group
members have been listed in JACC: Basic to Translational Science, the article
should be referenced rather than reprinting the list. The Editors consider
authorship to include all of the following: 1) conception and design or anal-
ysis and interpretation of data, or both; 2) drafting of the manuscript or
revisingit critically forimportantintellectual content; and 3) final approval of
the manuscript submitted. Participation solely in the collection of data does
not justify authorship but may be appropriately acknowledged in the
Acknowledgment section.

Manuscripts must be submitted with a cover letter stating: 1) the paper is
not under consideration elsewhere; 2) none of the paper’s contents have
been previously published; 3) all authors have read and approved the
manuscript; and 4) the full disclosure of any potential conflict of interest
(see “Relationship With Industry Policy’’). Exceptions must be explained.
If there is no conflict of interest, this should also be stated in the cover
letter.

The corresponding author should be specified in the cover letter. All edi-
torial communications will be sent to this author. The corresponding author
will be whom we contact for submission queries.

GENERAL GUIDELINES FOR SUBMISSION
OF ORIGINAL RESEARCH PAPERS

JACC: Basic to Translational Science is not restricted to page length, however
the Editors prefer that manuscripts not exceed 5,500 words (including ref-
erences and figure legends). Note that if you are asked to revise your paper an
alternate word limit may be specified by the Editors. Illustrations and tables
should be limited to those necessary to highlight key data. Please provide
gender-specific data, when appropriate, in describing outcomes of epi-
demiologic analyses or clinical trials; or specifically state that no gender-
based differences were present.

The manuscript should be submitted in Microsoft Word format and be
arranged as follows: 1) title page; 2) structured abstract and key words; 3)
condensed abstract; 4) abbreviations list; 5) text; 6) Perspectives (Clinical
Competencies/Translational Outlook); 7) acknowledgments (if applicable);
8) Funding Sources 9) references; 10) figure titles and legends; and 11) tables.

OTHER PAPER CATEGORIES

The following information should be noted for these paper types:

STATE-OF-THE-ART PAPERS. The Editors will consider both invited and
volunteered review articles. Such manuscripts must adhere to preferred
length guidelines of no more than 5,000 words and require an unstructured
abstract, a central illustration and a list of 3-4 brief (15 words or fewer for
each bullet, or 85 characters for each bullet) bullet points that highlight the
main message of the review. The first bullet should provide the transla-
tional/clinical context or background that establishes the relevance or need
for this review. The second bullet should speak to the main message and
focus of the review, including any recommendations made by the authors.
The final bullet should summarize where the field needs to move forward
from this point. Authors should detail in their cover letters how their
submission differs from existing reviews on the subject.

Example of bullet points:

e The acute inflammatory response is a critical mechanism for host
defense, whereas the resolution of inflammation is equally impor-
tant for tissue homeostasis by delimiting the destructive effects of
chronic inflammation.

o This review will discuss the role of the activation of the G-protein
coupled formyl peptide receptor 2 (ALX/FPR?2) in terms of regulating the
resolution of inflammation following tissue injury, and will specifically
focus on the role of lipid mediators in activating the ALX/FPR2 receptor.

o Additional studies will be required to clarify whether activation of the
ALX/FPR2 receptor can be used therapeutically to prevent chronic
inflammation, scar tissue formation following acute tissue injury.

LEADING EDGE TRANSLATIONAL RESEARCH articles are discrete, highly sig-
nificant, innovative or novel findings reported in a shorter format of 3,500
words or fewer in length. Editors will review for interest within seven (7) days
of submission. These may be invited or volunteered manuscripts.



TRANSLATIONAL PERSPECTIVES. Although usually invited, succinct opinion
pieces relevant to a specific aspect of translational medicine will also be
considered for JACC: Basic to Translational Science. They should not exceed
2,500 words and should have no more than a total of 2 figures and
tables than 5 references.

RESEARCH LETTERS. Both Research Letters and Letters to the Editor are
published under the heading “Letters.” JACC: Basic to Translation Science
will publish a limited number of research letters that are tightly focused ona
new or novel research observation. Research letters will generally be soli-
cited by the Editors; however, authors can also submit original investigations
ofafocused nature as aresearch letter. Research Letters should be submitted
online at www .jaccsubmit-basictr.org. They should not exceed 1000 words,
including references and figure legend, with no more than 5 references, one
Figure (in no more than 2 parts) or one simple Table. A title page is required.
Online or Supplemental Material is not permitted.

LETTERS TO THE EDITOR AND REPLIES.JACC: Basic to Translation Science will
publish a limited number of letters that focus on a specific manuscript that
has appeared in the journal. Letters must be submitted within 3 weeks of the
issue date of the article. JACC: Basic to Translation Science does not
consider letters to the editor on review articles, editorials, or any corre-
spondence, including research letters. Letters should be submitted online at
www.jaccsubmit-basictr.org. They should not exceed 500 words, including
references and figure legend, with no more than 5 references, one Figure (in
no more than 2 parts) or one simple Table. A title page is required with a
unique title of 15 words or less that does not include the title of the original
research paper. Replies will generally be solicited by the Editors.

MANUSCRIPT CONTENT

TITLE PAGE

Include the full title, authors’ names (including full first name and middle
initial and degrees), total word count, and a brief title of no more than 15
words. List the departments and institutions with which the authors are
affiliated, and indicate the specific affiliations if the work is generated from
more than one institution (use superscript letters ® ® © 4, and so on).
Also provide information on grants, contracts, and other forms of financial
support, and list the cities and states of all foundations, funds and institu-
tions involved in the work. Include any relationship with industry
(see “Relationship With Industry Policy”). If there are no relationships with
industry, this should be stated. Under the heading, ‘“Address for corre-
spondence,” give the full name and complete postal address of the author to
whom communications, author proofs, and reprint requests should be
sent. Also provide telephone and fax numbers and an email address for the
corresponding author.

STRUCTURED ABSTRACT

Provide a structured abstract of nomore than 250 words, presenting essential
datain 5 paragraphs introduced by separate headings in the following order:
Objectives, Background, Methods, Results, and Conclusions. Use complete
sentences. All data in the abstract must also appear in the manuscript text or
tables. For general information on preparing structured abstracts, see
‘““‘Haynes RB, Mulrow CD, Huth EJ, Altman DG, Gardner MJ. More informative
abstracts revisited. Ann Intern Med 1990;113:69-76.” An unstructured
abstract is appropriate for review articles.

For accepted papers, authors will be asked to provide a list of bulleted
highlights and a summary to replace the abstract (see Visual Abstract
instructions below).

CONDENSED ABSTRACT

Provide a condensed abstract of no more than 100 words, stressing clinical
implications, for the expanded table of contents. Include no data that do not
also appear in the manuscript text or tables.

TEXT

The text should be structured as Introduction, Methods, Results, and Dis-
cussion. Use headings and subheadings in the Methods, Results, and par-
ticularly, Discussion sections. Every reference, figure, and table should be
cited in the text in numerical order according to order of mention.

The abbreviations of common terms (e.g., ECG, PTCA, CABG) or acronyms
(GUSTO, SOLVD, TIMI) may be used in the manuscript. On a separate page
following the condensed abstract, list the selected abbreviations and their
definitions (e.g., TEE = transesophageal echocardiography). The Editors may
determine which lesser known terms should not be abbreviated. Please
consult “Uniform Requirements for Manuscripts Submitted to Biomedical
Journals: Writing and Editing for Biomedical Publication,”” available from
http://www.ICMJE.org and most recently updated in April 2010, for appro-
priate use of units of measure.

STATISTICS

All publishable manuscripts will be reviewed for appropriateness and accu-
racy of statistical methods and statistical interpretation of results. We sub-
scribe to the statistics section of the “Uniform Requirements for Manuscripts
Submitted to Biomedical Journals: Writing and Editing for Biomedical Pub-
lication,” available from http://www.ICMJE.org and most recently updated
in April 2010. In the Methods section, provide a subsection detailing the
statistical methods, including specific methods used to summarize the data,
methods used for hypothesis testing (if any), and the level of significance
used for hypothesis testing. When using more sophisticated statistical
methods (beyond t tests, chi-square, simple linear regression), specify the
statistical package, version number, and nondefault options used. For more
information on statistical review, see “Glantz SA.Itisallin the numbers. JAm
Coll Cardiol 1993;21:835-7.”

PERSPECTIVES

The authors should delineate clinical implications and translational outlook
recommendations for their manuscripts. These should be listed in the
manuscript after the Text and before the Acknowledgments and References.
Please review the examples provided below. The implications describe the
consequences of the study for current practice. The translational outlook
identifies the potential barriers to clinical translation, emphasizing direc-
tions for additional research.

Clinical Competencies. Competency-based learning in cardiovascular medi-
cine addresses the 6 domains promulgated by the Accreditation Council on
Graduate Medical Education (ACGME) and endorsed by the American Board
of Internal Medicine (Medical Knowledge, Patient Care and Procedural Skills,
Interpersonal and Communication Skills, Systems-Based Practice, Practice-
Based Learning, and Professionalism) (www.acgme.org/acgmeweb). The
ACCF has adopted this format for its competency and training statements,
career milestones, lifelong learning, and educational programs. The ACCF
also has developed tools to assist physicians in assessing, enhancing, and
documenting these competencies (www.acc.org/Lifelong-Learning-and-
MOC/Resources/Competencies).

Authors are asked to consider the clinical implications of their report and
identify applications in one or more of these competency domains that could
be used by clinician readers to enhance their competency as professional
caregivers.

This applies not only to physicians in training, but to the sustained com-
mitment to education and continuous improvement across the span of their
professional careers.
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HIGHLIGHTS

e Vorapaxar reduces thrombotic cardiovascular events in patients with atherosclerotic disease, with enhanced effects in
those with DM.

e Adjunctive vorapaxar therapy reduces platelet-mediated thrombogenicity without affecting clot kinetics in both patients
with and those without DM having prior MI/PAD on dual antiplatelet therapy with aspirin and clopidogrel.

e The pharmacodynamic effects of vorapaxar occur via selective blockade of the PAR-1 on the platelet membrane without
apparent interplay with other platelet signaling pathways.

e Aspirin withdrawal, which leaves patients on a background of clopidogrel and vorapaxar, increases markers specific to
COX-1-mediated blockade, leading to an increase in platelet-mediated global thrombogenicity, particularly among pa-
tients with DM.
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SUMMARY

atients with diabetes mellitus (DM)
remain at increased risk for recurrent
atherothrombotic despite
standard-of-care oral antiplatelet therapy
(1,2). Thisrisk is in part due to their hyperreac-

events

tive platelet phenotype, which can contribute
to inadequate response to oral antiplatelet
agents, including dual antiplatelet therapy
(DAPT) with aspirin and clopidogrel, which is
commonly used for secondary prevention of
ischemic (2-4). Importantly,
platelets of patients with DM are character-
ized by up-regulation of platelet signaling
pathways that are not inhibited by DAPT,
including thrombin-mediated signaling (2). Of note,
thrombin is the most potent inducer of platelet activa-

recurrences

tion and plays a key role in thrombus formation (5,6).
Hence, modulating the effects of thrombin represents
an attractive option to reduce the risk of thrombotic
complications, particularly in high-risk patients such
as those with DM (7).

SEE PAGE 776

Vorapaxar is a novel, orally active, highly selective,
competitive, slowly reversible protease-activated re-
ceptor (PAR)-1 inhibitor, which exerts potent inhibi-
tion of thrombin-mediated platelet aggregation (7-9).
In a large-scale clinical trial, vorapaxar (as adjunct to
standard-of-care antiplatelet therapy, mostly aspirin
and clopidogrel) significantly reduced recurrent
thrombotic events in patients with previous athero-
thrombosis, particularly those with prior myocardial
infarction (MI) or peripheral arterial disease (PAD),
albeit at the cost of increased bleeding (10-12).
Notably, the absolute risk reduction of thrombotic
complications associated with the adjunctive use of
vorapaxar was greater among DM compared with
patients without DM (13). These clinical observations
in conjunction with the distinctive platelet pheno-
type of patients with DM make these patients

JACC: BASIC TO TRANSLATIONAL SCIENCE VOL. 4, NO. 7, 2019
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Vorapaxar reduces thrombotic cardiovascular events at the expense of increased bleeding. However, the dif-
ferential pharmacodynamic (PD) effects of vorapaxar according to diabetes mellitus (DM) status are unknown.
Moreover, although withdrawal of aspirin has emerged as a bleeding reduction strategy, the PD effects of
stopping aspirin in patients treated with vorapaxar also are unknown. In this prospective PD investigation,
vorapaxar was associated with reduced platelet-mediated thrombogenicity without affecting clot kinetics
irrespective of DM status. However, platelet-mediated thrombogenicity increased after aspirin withdrawal,
particularly among patients with DM. (Optimizing anti-Platelet Therapy In diabetes MellitUS-5 Study
[OPTIMUS-5]; NCT02548650) (J Am Coll Cardiol Basic Trans Science 2019;4:763-75) © 2019 The Authors.
Published by Elsevier on behalf of the American College of Cardiology Foundation. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

particularly attractive for treatment with vorapaxar.
However, the differential pharmacodynamic (PD) ef-
fects of vorapaxar in DM compared with patients
without DM are unknown. Moreover, despite the
proven efficacy of vorapaxar in reducing thrombotic
complications, the increased risk of bleeding com-
plications remains of concern. Withdrawal of aspirin
when potent adjunctive antithrombotic therapies are
used has been suggested as a strategy to reduce the
risk of bleeding (14). Reduction of bleeding compli-
cations with aspirin withdrawal has been consistently
shown among patients undergoing coronary stenting
treated with a P2Y;, receptor inhibitor (mostly clopi-
dogrel) and requiring oral anticoagulant therapy (i.e.,
blockade of circulating thrombin) (15-18). However,
the PD effects associated with a combination of vor-
apaxar and clopidogrel, without aspirin, is unknown.

METHODS

STUDY DESIGN AND PARTICIPANTS. The OPTIMUS
(Optimizing anti-Platelet Therapy In diabetes
MellitUS)-5 study (NCT02548650) was a prospective,
parallel-design, open-label investigation aimed at
assessing the PD effects of adjunctive use of vor-
apaxar in patients with a history of MI or PAD, with
and without type 2 DM, on treatment with DAPT
(aspirin and clopidogrel) and assessing the PD impact
associated with discontinuation of aspirin therapy.
The study was conducted in patients with a history of
MI or PAD in line with the approved indication for use
of vorapaxar (19,20). In particular, vorapaxar is
approved by the United States Food and Drug
Administration and the European Medicines Agency
for the reduction of thrombotic cardiovascular events
in patients with a history of MI or PAD and is required
to be used in addition to standard-of-care antiplatelet
therapy with aspirin and/or clopidogrel (20,21). The
study was performed at the University of Florida
Health-Jacksonville (Jacksonville, Florida). Patients
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FIGURE 1 Study Design
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DAPT = dual antiplatelet therapy; DM = diabetes mellitus; Ml = myocardial infarction; od = once daily; PAD = peripheral arterial disease; PD = pharmacodynamics.

with a history of MI or PAD older than 18 years on
DAPT with aspirin and clopidogrel as part of their
standard of care for at least 2 weeks were screened for
study eligibility at the outpatient cardiology clinics of
our institution (see Supplemental Material for details
on study inclusion and exclusion criteria). The study
complied with the Declaration of Helsinki and was
approved by the Western Institutional Review Board.
All patients gave written informed consent.

Patients on DAPT with aspirin and clopidogrel who
met study entry criteria were divided into 2 cohorts
according to the presence or absence of type 2 DM.
Type 2 DM status was defined according to the World
Heart Organization criteria, and patients needed to be
on treatment with oral hypoglycemic agents and/or
insulin for at least 2 months, without any changes in
regimen (22). Vorapaxar (2.5 mg once daily [0.d.]) was
added to the standard DAPT regimen of aspirin (81 mg
0.d.) plus clopidogrel (75 mg o.d.), also known as
triple therapy. Triple therapy was maintained for 30 +
5 days. Patients then stopped taking aspirin and
maintained dual therapy with vorapaxar (2.5 mg o.d.)
plus clopidogrel (75 mg o.d.) for 30 + 5 days. Blood
sampling for PD testing was conducted at 3 time
points: baseline (while patients were on standard
DAPT); after 30 + 5 days of triple therapy; and 30 +

5 days after dual therapy. At each time point, blood
was collected before the morning dose of clopidogrel
and vorapaxar, in order to measure trough levels of
platelet inhibition. Laboratory personnel were blin-
ded to treatment assignments. Compliance to ran-
domized treatment was assessed by pill count and
patient interview. After completing the study, pa-
tients resumed their standard DAPT regimen. A flow
diagram of the study design is illustrated in Figure 1.

BLOOD SAMPLING AND LABORATORY ASSESSMENTS.
Peripheral venous blood samples were drawn through
a short venous catheter inserted into a forearm vein
and collected in citrate, EDTA, and serum tubes as
appropriate for assessments. The first 2 to 4 ml of
blood was discarded to avoid spontaneous platelet
activation. Blood sampling for PD assessments was
performed at 3 time points as indicated in the study
design section. Multiple assays were used, including
light transmittance aggregometry (LTA); whole blood
vasodilator-stimulated phosphoprotein (VASP); TEG
6s (Haemonetics Corp., Braintree, Massachusetts)
thrombelastograph coagulation analyzer, which also
included the platelet mapping assay using adenosine
diphosphate (ADP); and enzyme-linked immunosor-
bent assay-based assessment of serum thromboxane
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TABLE 1 Baseline Characteristics of the PD Population

DM (n = 30) Non-DM (n = 34) p Value
Age, yrs 61+8 56 +9 0.015
Male 23 (77) 23 (67) 0.579
BMI, kg/m? 3145 32+8 0.757
Race 0.487

White 15 (50) 22 (65)

Black 14 (47) 132

Other 103) 13)

Enrollment criteria* 0.002

Prior MI 13 (43) 28 (82)

PAD 17 (57) 6 (18)

CKD 2() 2(6) 1
Hypertension 29 (97) 25 (74) 0.015
Dyslipidemia 27 (90) 22 (65) 0.020
Active smoking 10 (33) 14 (41) 0.408
CAD 22 (73) 30 (88) 0.199
Prior PCI 20 (67) 25 (73) 0.593
Prior CABG 7 (23) 4 (12) 0.322
Creatinine, mg/dl 11+ 03 0.9 +0.2 0.073
CrCl, ml/min 102 + 40 117 + 58 0.232
Platelet count, 10°/ul 249 + 62 227 +59 0.160
Hematocrit, % 39+ 4 MN+4 0.182
Hemoglobin, g/dl 129 +£1.3 135 +1.6 0.145
Medications

Insulin therapy 16 (53) 0 (0) <0.001

OAD 23 (77) 0 (0) <0.001

Beta-blockers 27 (90) 30 (88) 1

ACE inhibitor/ARB 25 (83) 21 (62) 0.093

Statins 30 (100) 32 (94) 0.494
Values are mean + SD or n (%). *2 patients categorized as Ml also had PAD (see Supplemental
Material for definition of study entry criteria).

ACE = angiotensin-converting enzyme; ARB = angiotensin receptor blocker; BMI = body mass
index; CABG = coronary artery bypass graft; CAD = coronary artery disease; CKD = chronic kidney
disease; CrCl = creatinine clearance; DM = diabetes mellitus; Ml = myocardial infarction;
OAD = oral antidiabetic drug; PAD = peripheral arterial disease; PCl = percutaneous coronary
intervention; PD = pharmacodynamic.

B, (TXB,) (23-26). A detailed description of the assays
is provided in the Supplemental Material. Assess-
ments were performed and described with the
following objectives: 1) to define the PD effect of
vorapaxar on thrombin-mediated effects on platelets
and systemically; to this extent, LTA following
thrombin receptor activating peptide (TRAP) (15 uM)
stimuli and markers of clot kinetics using the TEG 6s
system were utilized, respectively; 2) to define the PD
effect of vorapaxar on platelet-mediated thromboge-
nicity; to this extent, LTA following stimuli with
combination of 2 pg/ml collagen-related peptide +
5 uM ADP + 15 uM TRAP (CAT) was used; and 3) to
define the PD effect of vorapaxar on P2Y,, inhibition
induced by clopidogrel and the impact of aspirin
withdrawal; to this extent LTA following stimuli with
ADP (20 pM) and VASP as well as markers sensitive to
cyclooxygenase (COX)-1 blockade, including LTA
following arachidonic acid (1 mM) and collagen
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(3 pg/ml) stimuli, and measurement of serum TXB,
levels, respectively, were assessed. LTA results are
reported as maximum platelet aggregation (MPA%),
VASP results as platelet reactivity index, and serum
TXB, levels in ng/ml.

STUDY ENDPOINTS AND SAMPLE SIZE CALCULATION.
The primary endpoint of our study was the compari-
son of CAT-induced MPA measured by LTA between
triple (vorapaxar plus DAPT) and dual (vorapaxar plus
clopidogrel) therapy. The rationale for choosing CAT-
induced MPA for the primary endpoint was that this
combination of agonist is more reflective of global
thrombogenicity as it stimulates multiple platelet
signaling pathways. We hypothesized that dual ther-
apy would be noninferior to triple therapy after 30 +
5 days of treatment in both patients with and without
DM. Under the null hypothesis that the mean CAT-
induced MPA between dual and triple therapy is not
equal to 0 and a common standard deviation of 13%, a
sample size of 28 patients per group with a valid pri-
mary endpoint time point allowed for the 95% confi-
dence interval (CI) to stay within +£10% with 80%
power and 2-sided a = 0.05. Considering the 2 groups
(patients with and without DM), a total of 56 patients
with valid primary endpoint data needed to be
included. Assuming up to 40% rate of invalid results
due to hemolysis or dropout, we estimated that up to
79 patients would need to be enrolled. Noninferiority
was assessed using a 95% CI of the difference in mean
MPA between the 2 arms. As there were no pre-
liminary data in this setting, the 10% noninferiority
margin was arbitrarily defined. Mean values of
platelet aggregation and variability were estimated
based on previous data of vorapaxar (26). Our
approach for the statistical assumption is in agree-
with recommendations for
vestigations (27).

Other exploratory objectives included comparisons
between patients with and without DM of all PD pa-
rameters measured by multiple assays, and compari-
sons between levels of platelet inhibition achieved by
DAPT (baseline therapy) versus levels achieved by
adding vorapaxar. The effects of additive inhibition
of the thrombin-mediated platelet
pathway, with or without aspirin therapy, on serum

ment pilot in-

activation

thromboxane levels also were evaluated.

STATISTICAL ANALYSIS. Categorical variables are
expressed as frequencies and proportions. Contin-
uous variables were analyzed for normal distribution
with the Kolmogorov-Smirnov test and are expressed
as mean + SD. Comparisons between categorical
variables were performed using the 2-tailed Fisher
exact test or the Pearson chi-square test. The
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FIGURE 2 Thrombin-Mediated Effects on Platelets and Systemically
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vorapaxar: p = 0.412. Abbreviations as in Figure 1.

(A) Thrombin receptor activating peptide (TRAP)-induced maximal platelet aggregation (MPA%) measured by light transmittance aggregometry (LTA). The p values
represent comparisons between the 2 groups at each time point. Error bars indicate SD. Intragroup comparisons for non-DM: Baseline versus DAPT + vorapaxar: mean
difference = 72; 95% confidence interval (Cl): 67 to 77; p < 0.001. Baseline versus clopidogrel + vorapaxar: mean difference = 72; 95% Cl: 67 to 77; p < 0.001. DAPT +
vorapaxar versus clopidogrel + vorapaxar: mean difference = 0.3; 95% Cl: —1.6 to 0.72; p = 0.20. Intragroup comparisons for DM: Baseline versus DAPT + vorapaxar:
mean difference = 73; 95% Cl: 68 to 78; p < 0.001. Baseline versus clopidogrel + vorapaxar: mean difference = 73; 95% Cl: 68 to 78; p < 0.001. DAPT + vorapaxar
versus clopidogrel + vorapaxar: mean difference = 0; 95% Cl: —0.35 to 0.35; p = 1.00. (B) Reaction time (R) measured by thromboelastography (TEG) using kaolin as
agonist. The p values represent comparisons between the 2 groups at each time point. Error bars indicate SD. Intragroup comparisons for non-DM: Baseline versus
DAPT + vorapaxar: p = 0.736. Baseline versus clopidogrel + vorapaxar: p = 0.829. DAPT + vorapaxar versus clopidogrel + vorapaxar: p = 0.886. Intragroup
comparisons for DM: Baseline versus DAPT + vorapaxar: p = 0.436. Baseline versus clopidogrel + vorapaxar: p = 0.416. DAPT + vorapaxar versus clopidogrel +

Student’s t-test was used to compare continuous
variables. A full-factorial repeated measure analysis
of variance method for dependent variables with a
general linear model was used to evaluate intragroup
comparisons between time points (3). Least square
mean differences in MPA between groups and the
corresponding 2-sided 95% CI for the difference were
obtained to assess noninferiority based on the linear
model. The Student’s t-test was used to compare
continuous variables between groups. Platelet reac-
tivity results are reported as mean + SD for the
detailed analyses. p Values are used to report supe-
riority testing, and CIs are used to determine non-
inferiority. A 2-tailed p < 0.05 is considered to
indicate a statistically significant difference for all the
analyses performed. Given the exploratory nature of
superiority intragroup comparisons, adjustment for
multiple comparisons was not performed. Statistical
analysis was performed using SPSS version 25.0
software (SPSS Inc., Chicago, Illinois).

The safety population was composed of all patients
exposed to at least 1 dose of study medication (any
time from enrollment until completion of the study).
Any adverse event during the study period was
recorded. The PD population included all patients
with PD data and without a major protocol deviation
thought to affect the PD effects of vorapaxar, aspirin,

and clopidogrel. The PD population was used for
analysis of all primary and secondary PD variables.

RESULTS

PATIENT POPULATION. Between March 25, 2016 and
October 22, 2018, 132 patients were screened. A total
of 71 patients on maintenance therapy agreed to
participate in the study; 5 patients were not eligible
for randomization due to the presence of an exclusion
criteria. A total of 66 patients (30 with DM, 36 without
DM) were exposed to at least 1 dose of study medi-
cation, representing the safety population. Two pa-
tients were not compliant with medications and
therefore were excluded from the PD analysis. Thus, a
total of 64 patients (30 with DM, 34 without DM)
represented the PD population of the study. Of these
patients, 56 (28 with DM, 28 without DM) had valid
primary endpoint data. Prior MI and PAD were the
enrollment criteria for 41 (64%) and 23 (36%) patients,
respectively. Baseline characteristics of the study
population are summarized in Table 1. Patients with
DM were older and had higher rates of PAD, hyper-
tension, and hyperlipidemia. No ischemic or Bleeding
Academic Research Consortium type 2 to 5 bleeding
events were observed. One DM patient had a Bleeding
Academic Research Consortium type 1 bleeding
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FIGURE 3 Markers of Platelet-Mediated Thrombogenicity
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CAT-induced maximal platelet aggregation (MPA%) measured by light transmittance aggregometry (LTA). The p values represent compar-
isons between the 2 groups at each time point. Error bars indicate SD. The agonist CAT is a combination of collagen-related peptide,
adenosine diphosphate, and thrombin receptor activating peptide. Intragroup comparisons for non-DM: Baseline versus DAPT -+ vorapaxar:
mean difference = 20; 95% Cl: 15 to 25; p < 0.001. Baseline versus clopidogrel + vorapaxar: mean difference = 10; 95% Cl: 3 to 16;

p < 0.001. DAPT + vorapaxar versus clopidogrel + vorapaxar: mean difference = 10; 95% Cl: 4 to 16; p = 0.003. Intragroup comparisons
for DM: Baseline versus DAPT + vorapaxar: mean difference = 15; 95% Cl: 7 to 23; p < 0.001. Baseline versus clopidogrel + vorapaxar: mean
difference = 3; 95% Cl: —6 to 11; p = 0.542. DAPT -+ vorapaxar versus clopidogrel + vorapaxar: mean difference = 12; 95% Cl: 3 to 21;

(hematuria) while on triple therapy that led to study
drug discontinuation, and 11 patients (7 with DM, 4
without DM) had nonbleeding adverse events (see
Supplemental Material for details).

PD FINDINGS. Effects of vorapaxar on thrombin-
mediated effects. Adjunctive treatment with vor-
apaxar was associated with complete blockade of
TRAP-induced platelet aggregation (p < 0.001).
Complete suppression of TRAP-induced platelet ag-
gregation persisted after discontinuation of aspirin
therapy (p < 0.001). Overall, such effects were
consistent irrespective of DM status (Figure 2A). On
the contrary, vorapaxar did not affect markers of clot
kinetics, including speed of thrombin generation,
which remained unvaried even after discontinuation
of aspirin therapy (Figure 2B). Findings were consis-
tent irrespective of DM status (Supplemental
Figures 1 to 4). These observations are supportive of
the platelet-specific, and not systemic, effects of
vorapaxar on modulating thrombin-mediated effects.

Effects of vorapaxar on global thrombogenicity. Adding
vorapaxar to DAPT significantly reduced CAT-
induced aggregation in both patients with DM

(mean difference = 15; 95% CI: 7 to 23; p < 0.001) and
patients without DM (mean difference = 20; 95% CI:
15 to 25; p < 0.001). However, stopping aspirin was
associated with an increase in CAT-induced aggrega-
tion in both patients with DM (mean difference = 12;
95% CI: 3 to 21; p = 0.010) and patients without DM
(mean difference =10; 95% CI: 4 to 16; p = 0.003),
thus not meeting the primary endpoint of non-
inferiority (Figure 3). After aspirin withdrawal, CAT-
induced aggregation was significantly lower
compared with baseline in patients without DM
(mean difference = 10; 95% CI: 3 to 16; p < 0.001) but
not in DM (mean difference = 3; 95% CI; -6 to 11;
p = 0.542) patients. Overall, the magnitude of in-
crease in CAT-induced aggregation after aspirin
withdrawal in the presence of vorapaxar and clopi-
dogrel therapy was higher in DM patients compared
with patients without DM (p = 0.036) (Figure 3).

Effects of vorapaxar on modulating P2Y,;, inhibition
induced by clopidogrel in the presence and absence of
aspirin. Adding vorapaxar to DAPT did not affect
markers assessing P2Y,, inhibition using all assays,
including LTA and VASP. After aspirin withdrawal,
there were no significant differences in levels of these
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FIGURE 4 Markers of P2Y,, Signaling
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Abbreviations as in Figure 1.

(A) Adenosine diphosphate (ADP)-induced maximal platelet aggregation (MPA%) measured by light transmittance aggregometry (LTA). The p values represent
comparisons between the 2 groups at each time point. Error bars indicate SD. Intragroup comparisons for non-DM: Baseline versus DAPT + vorapaxar: p = 0.166.
Baseline versus clopidogrel + vorapaxar: p = 0.811. DAPT + vorapaxar versus clopidogrel + vorapaxar: p = 0.269. Intragroup comparisons for DM: Baseline versus
DAPT + vorapaxar: p = 0.837. Baseline versus clopidogrel + vorapaxar: mean difference = 12; 95% Cl: 5 to 20; p = 0.002. DAPT + vorapaxar versus clopidogrel +
vorapaxar: mean difference = 13; 95% Cl: 5 to 20; p = 0.002. (B) Platelet reactivity index (PRI) measured by vasodilator-stimulated phosphoprotein (VASP). The

p values represent comparisons between the 2 groups at each time point. Error bars indicate SD. Intragroup comparisons for non-DM: Baseline versus DAPT +
vorapaxar: p = 0.063. Baseline versus clopidogrel + vorapaxar: p = 0.067. DAPT + vorapaxar versus clopidogrel + vorapaxar: p = 0.959. Intragroup comparisons for
DM: Baseline versus DAPT + vorapaxar: p = 0.296. Baseline versus clopidogrel + vorapaxar: p = 0.142. DAPT + vorapaxar versus clopidogrel + vorapaxar: p = 0.398.

markers among patients without DM, but these levels
modestly increased in patients with DM (Figure 4,
Supplemental Figure 5). Aspirin withdrawal was
associated with a marked increase in makers sensitive
to COX-1 blockade, including arachidonic acid- and
collagen-induced aggregation as well as serum TXB,
levels, in both patients with and without DM
(Figure 5, Supplemental Figure 6).

DISCUSSION

Vorapaxar is a PAR-1 inhibitor clinically approved for
reduction of thrombotic cardiovascular events in pa-
tients with a history of MI or PAD treated with
standard-of-care antiplatelet therapy with aspirin
and/or clopidogrel (19-21). The OPTIMUS-5 study was
conducted to provide insights on the PD effects of
vorapaxar in this setting, particularly exploring pro-
files among patients with and without DM treated
with DAPT (aspirin and clopidogrel), which to date
have not been explored. Moreover, in light of the
emerging interest in an aspirin-free approach as a
strategy to reduce the risk of bleeding complications
in patients treated with more potent antithrombotic
therapies, this investigation also explored the PD ef-
fects associated with aspirin withdrawal in the pres-
ence of vorapaxar and clopidogrel therapy. The
results of OPTIMUS-5 can be summarized as follows:
1) adjunctive treatment with vorapaxar reduces

platelet-mediated thrombogenicity without affecting
clot kinetics in both patients with and without DM
treated with DAPT (aspirin and clopidogrel); 2) reduction
of platelet-mediated thrombogenicity induced by vor-
apaxar occurs selectively via PAR-1 blockade without
apparent interplay with other platelet signaling path-
ways (e.g., P2Y;, or thromboxane); and 3) platelet-
mediated thrombogenicity is increased after aspirin
withdrawal, particularly among patients with DM.

The TRA 2°P-TIMI 50 (Thrombin Receptor Antag-
onist in Secondary Prevention of Atherothrombotic
Ischemic Events-Thrombolysis In Myocardial Infarc-
tion 50) trial, conducted in patients with previous
atherothrombosis, demonstrated that, when added to
standard-of-care treatment, including antiplatelet
therapy with aspirin and clopidogrel, vorapaxar
significantly reduces recurrent thrombotic events
(10). This benefit was limited to patients with a his-
tory of prior MI or PAD but not to patients with a prior
cerebrovascular event, in whom vorapaxar was asso-
ciated with increased harm (i.e., increased rates of
intracranial hemorrhage) (10-12). Notably, in the
cohort of patients with DM and prior MI included in
the TRA 2°P trial, vorapaxar reduced the primary
composite endpoint at 3 years by 27% (p = 0.002) and
led to a greater absolute risk reduction (absolute risk
difference: —3.50%) compared with those without DM
(absolute risk difference: —1.36%), with a number
needed to treat of 29 (13). The benefit of vorapaxar
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FIGURE 5 Markers Sensitive to Cyclooxygenase-1 Blockade
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(A) Arachidonic acid (AA)-induced maximal platelet aggregation (MPA%) measured by light transmittance aggregometry (LTA). The p values represent comparisons
between the 2 groups at each time point. Error bars indicate SD. Intragroup comparisons for non-DM: Baseline versus DAPT -+ vorapaxar: mean difference = 2; 95% Cl:
—10 to 15; p = 0.734. Baseline versus clopidogrel + vorapaxar: mean difference = 42; 95% Cl: 26 to 58; p < 0.001. DAPT + vorapaxar versus clopidogrel + vorapaxar:
mean difference = 44; 95% Cl: 28 to 60; p < 0.001. Intragroup comparisons for DM: Baseline versus DAPT + vorapaxar: mean difference = 9; 95% Cl: -2 to 21;
p = 0.108. Baseline versus clopidogrel + vorapaxar: mean difference = 40; 95% Cl: 25 to 54; p < 0.001. DAPT + vorapaxar versus clopidogrel + vorapaxar: mean
difference = 49; 95% Cl: 36 to 63; p < 0.001. (B) Serum thromboxane B, (TXB,). The p values represent comparisons between the 2 groups at each time point. Error
bars indicate SD. Intragroup comparisons for non-DM: Baseline versus DAPT + vorapaxar: p = 0.545. Baseline versus clopidogrel + vorapaxar: p < 0.001. DAPT +
vorapaxar versus clopidogrel + vorapaxar: p < 0.001. Intragroup comparisons for DM: Baseline versus DAPT + vorapaxar: p = 0.671. Baseline versus clopidogrel +
vorapaxar: p < 0.001. DAPT -+ vorapaxar versus clopidogrel + vorapaxar: p < 0.001. Abbreviations as in Figure 1.

also was consistent in patients with PAD, although no
specific subgroup data according to DM status were
available (12,13). These observations make patients
with DM an attractive population for treatment with
vorapaxar. The reason for the enhanced benefit of
vorapaxar among patients with DM has been hy-
pothesized to be attributed to an up-regulated status
of thrombin-mediated platelet activation, which
makes these patients more susceptible to the antith-
rombotic effects of the drug (13). However, in our
investigation we found that vorapaxar completely
abolished TRAP-induced aggregation irrespective of
DM status. In addition, the effects on global throm-
bogenicity were similar in patients with and without
DM. Thus, it is more likely that the clinical observa-
tions from TRA 2°P-TIMI 50 can be attributed to the
greater baseline risk of patients with DM, which al-
lows for a greater magnitude of treatment effects with
vorapaxar. This observation is consistent with other
secondary prevention studies in patients with DM
using potent antiplatelet therapies (28).

The increased risk of bleeding complications with
vorapaxar remains a clinical concern. PD in-
vestigations have suggested that in the presence of
potent P2Y,, blockade, aspirin provides limited
adjunctive  antithrombotic  effects  (14,29,30).
Although the GLOBAL LEADERS trial, which tested a
strategy of ticagrelor monotherapy after only 1 month

of DAPT versus standard DAPT in a large all-comers
population undergoing percutaneous coronary inter-
vention, failed to meet its primary endpoint for su-
perior efficacy of aspirin withdrawal, such an
experimental strategy was not associated with any
safety concerns (31). Several ongoing investigations
are evaluating the safety and efficacy of dropping
aspirin in the presence of potent P2Y,, receptor
blockade in patients undergoing percutaneous coro-
nary intervention (14,32). However, a number of
other studies, mostly conducted in patients with
atrial fibrillation undergoing coronary stenting and
requiring treatment with both oral anticoagulant
(OAC) and antiplatelet therapy, have shown that
stopping aspirin and maintaining treatment with OAC
and a P2Y,;, inhibitor (mostly clopidogrel) signifi-
cantly reduced bleeding complications without any
apparent trade-off in ischemic events (15-18,33).
Accordingly, current recommendations are to mini-
mize the duration of DAPT in patients also taking
OAC (34,35). OPTIMUS-5 also explored the effects of
dropping aspirin in the setting of a platelet-specific,
rather than systemic, modulation of thrombin-
mediated effects. We showed that stopping aspirin
was associated with an increase in markers
specific to COX-1-mediated blockade leading to an
increase in platelet-mediated global thromboge-
nicity. Importantly, the magnitude of increase was
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higher in patients with DM compared with patients
without DM, and patients with DM achieved levels of
global thrombogenicity while on vorapaxar and clopi-
dogrel that were similar to those while on aspirin and
clopidogrel.

Our finding that markers specifically assessing
COX-1 blockade increase with aspirin withdrawal
provides support that alternative antithrombotic
treatment regimens cannot replace the selective ef-
fects of aspirin on platelet COX-1 blockade. The in-
crease in platelet-mediated global thrombogenicity
could also be attributed to the loss of synergism that
is known to occur when aspirin and clopidogrel are
concomitantly used (36). Such synergism may be less
relevant in the presence of more potent P2Y;,
blockade (29,30). It may be hypothesized that the
enhanced increase in platelet-mediated thromboge-
nicity among patients with DM may be attributed to
the fact that these patients are more susceptible to
such loss of synergism as reflected by the increase in
markers of P2Y,, signaling. Overall, these findings
should caution against strategies of aspirin with-
drawal in the absence of effective alternative antith-
rombotic treatment (14). Indeed, our PD observations
question any potential clinical advantage of dual
therapy with vorapaxar and clopidogrel compared
with standard-of-care DAPT with aspirin and clopi-
dogrel, especially in patients with DM. The use of
OAC, which provides a block of systemic levels of
thrombin, may be more effective in this regard, as
modulation of circulating thrombin can also indi-
rectly affect platelet reactivity (37). Thus, this
approach would result in more wide-ranging antith-
rombotic effects compared with vorapaxar, which
only selectively inhibits the effects of thrombin on
platelets via selective PAR-1 blockade (7). The bene-
fits of the antithrombotic efficacy of an OAC in addi-
tion to a single antiplatelet agent (e.g., aspirin) was
recently supported by a large-scale secondary pre-
vention study conducted in patients with CAD and
PAD, which
ischemic recurrences and reduced cardiovascular
mortality associated with a very low dosing regimen
of rivaroxaban in adjunct to aspirin (38).

Despite the known interplay between thrombin-
and P2Y,,-mediated signaling, adjunctive treatment
with vorapaxar does not interfere with markers of
P2Y,, receptor blockade (39). This is consistent with
other studies modulating systemic levels of thrombin
with oral anticoagulant therapies (40-42). These
findings may be attributed to the fact that these pa-

showed a significant reduction in

tients already are on P2Y,,-inhibiting therapy,
which may not allow unraveling such interplay as
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previously observed in in vitro investigations and in
platelets from nonmedicated patients (43-45).
STUDY LIMITATIONS. Our study was not designed to
assess clinical outcomes. Moreover, our study was
conducted in patients treated with aspirin and clopi-
dogrel, and it may be argued that many patients with
a history of MI are currently treated with more potent
P2Y,, inhibitors (prasugrel or ticagrelor). However, in
the TRA 2°P study, clopidogrel was the P2Y,, inhibitor
utilized in 99.3% of patients, and the approved indi-
cation for vorapaxar was based on this background
antiplatelet therapy. Accordingly, our PD study was
conducted to mimic how vorapaxar was approved for
clinical use based on the TRA 2°P trial (10,20,21).
Moreover, clopidogrel is still the most frequently
used P2Y,, inhibitor and is the only agent of this class
approved for treatment of PAD (46). If similar findings
would have been observed in patients on DAPT with
aspirin and prasugrel or ticagrelor is unknown. The
PD effects associated with the addition of vorapaxar
to patients with a history of MI, treated with
potent P2Y,, inhibitors (prasugrel or ticagrelor)
and the effects associated with aspirin withdrawal
in these patients are currently under investiga-
tion (NCT02545933).

CONCLUSIONS

Adjunctive treatment with vorapaxar reduces platelet-
mediated thrombogenicity without affecting clot
kinetics in both patients with DM and patients without
DM, while on DAPT. However, platelet-mediated
thrombogenicity is increased after aspirin with-
drawal, particularly among patients with DM. These
PD observations do not support any potential clinical
advantage of dual therapy with vorapaxar and clopi-
dogrel compared with standard-of-care DAPT with
aspirin and clopidogrel, especially in patients with
DM. The PD findings of this study suggest that the
enhanced clinical benefit among patients with DM
associated with adjunctive treatment with vorapaxar
in addition to standard-of-care oral antiplatelet ther-
apy, including aspirin and clopidogrel, is more likely
due to the greater baseline risk profile of these pa-
tients, which allows for a greater magnitude of treat-
ment effects, rather than a differential effect on
platelets from patients with DM compared to patients
without DM.
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Angiolillo, University of Florida College of Medicine-
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PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE:
Vorapaxar is a PAR-1 inhibitor clinically approved for the
reduction of thrombotic cardiovascular events in patients
with a history of MI or PAD treated with standard-of-care
antiplatelet therapy with aspirin and/or clopidogrel. This
study provides evidence that adjunctive treatment with
vorapaxar in addition to DAPT reduces platelet-mediated
thrombogenicity without affecting clot kinetics in both
patients and patients without DM. Notably, this reduction
occurs selectively via PAR-1 blockade without apparent
interplay with other platelet signaling pathways, and
platelet-mediated thrombogenicity is increased after
aspirin withdrawal, particularly among patients with DM.
This has clinical implications as it demonstrates that the
enhanced benefit of vorapaxar shown in clinical trials
among patients with DM is likely just attributed to the
greater baseline risk of patients with DM, thus under-
scoring the need for more aggressive treatment of these
patients. In addition, the study shows that alternative
antithrombotic treatment regimens cannot replace the
selective effects of aspirin on platelet COX-1 blockade
and cautions against strategies of aspirin withdrawal in
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the absence of effective alternative antithrombotic
treatment.

TRANSLATIONAL OUTLOOK: Our study was
conducted in patients treated with aspirin and clopidog-
rel, and it may be argued that many patients with a his-
tory of Ml are currently treated with the more potent
P2Y;, inhibitors prasugrel and ticagrelor. The PD effects
associated with the addition of vorapaxar to treatment
with prasugrel or ticagrelor and the effects associated
with aspirin withdrawal in these patients need to be
investigated in specifically designed studies. Use of direct
oral anticoagulants, which inhibit systemic thrombin, may
be more effective in reducing platelet-mediated global
thrombogenicity, as modulation of circulating thrombin
(rather than just its selective effect on the platelet PAR-1
receptor) can also indirectly affect platelet reactivity and
result in more wide-ranging antithrombotic effects. The
association between PD findings and clinical outcomes in
patients with vascular disease manifestations treated
with strategies that modulate the effects of thrombin
warrants further investigation.
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EDITORIAL COMMENT

Platelet Function Testing and

Clinical Outcomes

Connecting the Dots*

David J. Schneider, MD

Ithough platelet function testing can demon-

strate the pharmacodynamic effects of anti-

platelet agents, it has not been shown to be
an effective tool to guide individualized therapy.
Increased platelet reactivity has been consistently
associated with a greater risk of cardiovascular events
(1). By contrast, randomized trials that used platelet
function testing to guide individualized therapy
failed to demonstrate improved outcomes (2,3).

SEE PAGE 763

In this issue of JACC: Basic to Translational Science,
Franchi et al. (4) sought to elucidate pharmacody-
namic mechanisms by which vorapaxar reduced
recurrent thrombotic events when added to treat-
ment with aspirin plus clopidogrel in high-risk pa-
tients including those with prior myocardial
infarction, peripheral arterial disease, and diabetes.
Because the reduction in thrombotic events was
associated with an increase in bleeding events, the
authors assessed the pharmacodynamic effects of
aspirin withdrawal.

The investigators used a series of assays to assess
pharmacodynamic effects that included measures of
both platelet function and coagulation. Their findings
demonstrated that vorapaxar inhibited the effects of

*Editorials published in JACC: Basic to Translational Science reflect the
views of the authors and do not necessarily represent the views of JACC:
Basic to Translational Science or the American College of Cardiology.
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thrombin receptor agonist peptide on platelet aggre-
gation without an effect on clot kinetics. The with-
drawal of aspirin was associated with increased
platelet aggregation in response to agonists (collagen
and arachidonic acid) that are sensitive to the effects
of aspirin. Accordingly, their results are consistent
with the primary mechanisms by which aspirin, clo-
pidogrel, and vorapaxar inhibit platelets, and they
did not demonstrate effects on measures of coagula-
tion nor did they show interplay between platelet
activation pathways.

This is a well-designed study performed by an
experienced group of investigators. The results are
clearly presented and elucidate the pharmacody-
namic effect of the selected combinations. The au-
thors deserve credit for bringing this study to
completion. Despite the loss of committed financial
support, the investigators completed the study with
the use of institutional research funds.

These results underscore the challenges associated
with the translation of pharmacodynamic effects to
the clinical care of patients. The investigators
appropriately chose to use agonists that would reflect
the mechanisms by which aspirin, clopidogrel, and
vorapaxar influence platelet activation. Studies
assessing the prognostic implications of platelet
reactivity have predominantly used adenosine
diphosphate (1). Accordingly, the prognostic impli-
cations of other agonists, alone or in combination, are
limited. Additional potentially confounding aspects
of platelet function testing include the method of
preparation (phlebotomy technique and anticoagu-
lant used) as well as the concentration of agonist (5).
Intraindividual variability in platelet reactivity ap-
pears to be a major contributor to the failure of
platelet function tests to guide individualized ther-
apy. Pharmacodynamic assessment has not been

https://doi.org/10.1016/j.jacbts.2019.09.007
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effective in identifying patients at greater risk of
bleeding complications. In aggregate, these issues
limit our ability to project the clinical implications of
the pharmacodynamic effects observed.

In summary, the authors found that the addition of
vorapaxar to treatment with aspirin plus clopidogrel
would be expected to attenuate thrombin-induced
activation of platelets, and the withdrawal of aspirin
was associated with an increase in arachidonic acid
and collagen-induced aggregation. Although it is
plausible that the recovery of collagen-induced ag-
gregation might reduce the incidence of bleeding, this

Schneider

Platelet Function Testing and Clinical Outcomes

must be proven in clinical trials. Clinical trials with
vorapaxar have demonstrated that attenuation of
thrombin-induced platelet activation reduces the risk
of thrombotic events; however, clinical trials are
necessary to determine whether this benefit will be
preserved in the absence of aspirin.

ADDRESS FOR CORRESPONDENCE: Dr. David J.
Schneider, Cardiology Unit, Department of Medicine,
Cardiovascular Research Institute, University of Vermont,
360 South Park Drive, Colchester, Vermont 05446. E-mail:
david.schneider@med.uvm.edu.
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escues Cardiac

Dysfunction in Duchenne Muscular
Dystrophy Mice by Elevating Cardiomyocyte
Deoxy-Adenosine Triphosphate

VOL. 4, NO. 7, 2019

®

Stephen C. Kolwicz, Jr, PuD,* John K. Hall, PuD,’ Farid Moussavi-Harami, MD,¢ Xiolan Chen, PuD,%¢
Stephen D. Hauschka, PuD,%¢ Jeffrey S. Chamberlain, PuD,>®¢ Michael Regnier, PuD,*"%* Guy L. Odom, PuD>%&*

VISUAL ABSTRACT

mdx*” late-onset

4 Power stroke
» Nr‘ Cross-bridge
cycling rate
Isolated Myosin
perfused detachment
heart Ca? sensitivity
assays of force

cardiomyopathy Myofilament based therapy
phenotype & +AAV6-cTnT-RNR : Relaxation
de ==
., | Intravascular RNR =
2 HN
& LAV Delivery . N —b oo dATP* o
% g 9 g v \Nr) e~ —___Ca__
y - ”‘g‘*&"'g_*"k,_,# mme—————
: \ i, 4 OH Caty Contraction Gait
6€¢®
5-months of treatment
— (]
~ 66 0/ = P
‘-.:0“-‘-‘ N Structural based therapy
End stage dystrophic KR
mice (22-24 month old) LAAVO,CKE iy ;‘;’

Striated Muscle Specific
[ | hezespaia e ]|
........ “micro-
8 DYSTROPHIN

actin
cytoskeleton

* DGC assembly

’ Sarcolemma
integrity

} Injury resistance
Signaling
function (NNOS)

Kolwicz, S.C. Jr. et al. J Am Coll Cardiol Basic Trans Science. 2019;4(7):778-91.

HIGHLIGHTS

e rAAV vectors increase cardiac-specific expression of RNR and elevate cardiomyocyte 2-dATP levels.

o Elevated myocardial RNR and subsequent increase in 2-dATP rescues the performance of failing myocardium, an effect that persists

long term.
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e We show the ability to increase both cardiac baseline function and high workload contractile performance in

aged (22- to 24-month old) mdx4cv mice, by high-level muscle-specific expression of either microdystrophin
or RNR.

e Five months post-treatment, mice systemically injected with rAAV6 vector carrying a striated muscle-specific

regulatory cassette driving expression of microdystrophin in both skeletal and cardiac muscle, exhibited the

greatest effect on systolic function. In comparison, mice treated with rAAV6 vector carrying RNR that expresses
exclusively in cardiac muscle not only exhibited greatly improved baseline systolic function but also improved

diastolic function.

o Importantly, vector-directed overexpression of RNR did not impair cardiac reserve during increased physiological

demand in aged mdx4cv hearts.

SUMMARY

Mutations in the gene encoding for dystrophin leads to structural and functional deterioration of cardiomyocytes
and is a hallmark of cardiomyopathy in Duchenne muscular dystrophy (DMD) patients. Administration of re-
combinant adeno-associated viral vectors delivering microdystrophin or ribonucleotide reductase (RNR), under
muscle-specific regulatory control, rescues both baseline and high workload-challenged hearts in an aged, DMD
mouse model. However, only RNR treatments improved both systolic and diastolic function under those con-
ditions. Cardiac-specific recombinant adeno-associated viral treatment of RNR holds therapeutic promise

for improvement of cardiomyopathy in DMD patients. (J Am Coll Cardiol Basic Trans Science 2019;4:778-91)
© 2019 The Authors. Published by Elsevier on behalf of the American College of Cardiology Foundation.
Thisisan open access article under the CCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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ABBREVIATIONS
AND ACRONYMS

1IDys = microdystrophin

CK8 = miniaturized murine
creatine kinase regulatory
cassette

CMV = cytomegalovirus
€TnT = cardiac troponin T

dADP = deoxy-adenosine
diphosphate

dATP = deoxy-adenosine
triphosphate

DMD = Duchenne muscular
dystrophy
mdx = mouse muscular

dystrophy model

rAAV = recombinant adeno-
associated viral vector

RNR = ribonucleotide
reductase

uchenne muscular dystrophy (DMD) and its

milder and allelic form, Becker muscular

dystrophy (BMD), are the most frequent
muscular dystrophies, occurring once in ~5,000
male births, and are due to mutations in the dystro-
phin gene (1). DMD patients typically die due to car-
diac and respiratory muscle failure; thus,
maintenance of adequate function in both cardiac
and skeletal muscle is critical for optimal DMD ther-
apy. The primary function of dystrophin is to provide
a structural role by mechanically linking the subsar-
colemmal cytoskeleton to the extracellular matrix
through the dystrophin-glycoprotein complex (DGC)
(2). This linkage transmits the forces of contraction
to the extracellular matrix and protects muscles

from contraction-induced injury (3-7). In addition to
a structural or mechanical role, the DGC also serves
as a scaffold for cytoplasmic and membrane-
associated signaling proteins and ion channels
(8-11). The complete absence of dystrophin results
in drastic reductions of all DGC components (12-14).
Together, an absence of dystrophin and reduction in
the DGC components causes membrane destabiliza-
tion and permeability defects that lead to myofiber
degeneration, repeated cycles of degeneration/regen-
eration, and the gradual replacement of muscle fibers
with fibrotic, connective, and adipose tissue.

In contrast, some in-frame deletions, truncations,
and missense mutations lead to reduced dystrophin
expression associated with milder phenotypes. These
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pathologies are largely curtailed in mouse (mdx) and
canine (cxmd) models of DMD following the vector-
mediated delivery of muscle-specific expression of
highly functional miniaturized versions of dystro-
phin, microdystrophin (uDys) (15-24). In mdx mice,
muscle pathology is milder than in humans, with the
exception of the diaphragm; however, the dystrophic
phenotype worsens with increasing age including the
development of cardiac dysfunction (25-32). Admin-
istration of recombinant adeno-associated viral
(rAAV)-mediated pDys therapy in mdx mice preceding
the onset of cardiomyopathy is highly car-
dioprotective (33-35). However, when mdx mice are
treated with uDys at a late stage of cardiomyopathy,
such as would be the case for a number of DMD pa-
tients, a full rescue of the dysfunctional cardiac
phenotype is not achieved (30,35-37).

SEE PAGE 792

We have developed a cardiac function-enhancing
gene therapy approach that targets myosin in con-
tractile filaments by overexpressing the enzyme
ribonucleotide reductase (RNR). RNR converts aden-
osine diphosphate (ADP) to deoxy-ADP (dADP), which
is rapidly converted to deoxy-adenosine triphosphate
(dATP) in cells. In numerous in vitro studies, we have
shown that dATP increases cross-bridge binding and
cycling, resulting in stronger, faster contraction and
faster relaxation (38-45). We have also reported that
dATP improves contractile properties of myocardium
from end-stage human heart failure (HF) in vitro (42)
and dogs with end-stage idiopathic dilated cardio-
myopathy (46). In normal rodent muscle, we reported
that increases in cardiomyocytes and cardiac function
occur with as little as ~1% of the ATP pool in the
dATP form (40,47). Similarly, rAAV-mediated de-
livery of RNR under cardiac-specific regulatory con-
trol resulted in enzyme overexpression exclusively in
cardiomyocytes and significantly improved left ven-
tricular function without adverse cardiac remodeling
in normal and infarcted rodent hearts (48). Our data
indicated that dATP could rescue the preload
responsiveness of failing hearts, suggesting restora-
tion of the abnormal Frank-Starling Law of the Heart
that often occurs in HF.

In the current study, we compare the relative
therapeutic capacity of CK8-driven pDys or cardiac
troponin T (cTnT)-driven RNR, via intravenously
administered rAAV vectors in an advanced-age, DMD
cardiomyopathy mouse model. We show a restoration
of myocardial workload as indicated by rate pressure
product (RPP) for baseline function in mdx*” mice
treated with RNR. This outcome was primarily
attributed to the normalization of left ventricular

JACC: BASIC TO TRANSLATIONAL SCIENCE VOL. 4, NO. 7, 2019
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developed pressure (LVDevP). Although mdx*“” mice
treated with uDys appeared to normalize LVDevP, this
did not result in a significant increase in RPP. Upon
further evaluation of cardiac function, the pressure-
volume relationship revealed that systolic pressure
response with increased preload was significantly
improved with the treatment of either RNR or puDys.
However, only RNR treatment resulted in significant
improvements in diastolic functional parameters,
returning them to values that were similar to wild-
type (WT) control hearts. As a further assessment of
cardiac function, we tested hearts using a high
workload challenge protocol. Both RNR and upDys
treatments improved systolic function in mdx*<”
hearts without compromising cardiac reserve. These
positive results suggest that targeted expression of
RNR within the myocardium can significantly
improve contractile performance in an advanced-age
model of DMD cardiomyopathy and may have thera-
peutic implications for DMD patients.

METHODS

ANIMAL EXPERIMENTS. Male WT C57Bl/6J (The
Jackson Laboratory, Bar Harbor, Maine) and mdx*<"
(generated in-house) mice were used for these studies
(17). All animals were experimentally manipulated in
accordance with the Institutional Animal Care and
Use Committee of the University of Washington.
Experimental mice were administered vector at 22 to
24 months of age via the retro-orbital sinus with a
200-pl bolus injection in Hanks balanced saline so-
lution at a dose of 2 x 10" vg/kg. All mice were
housed in a specific-pathogen free animal care facility
using a 12-h light/12-h dark cycle with access to food
and water ad libitum.

VECTOR PRODUCTION. rAAV genomes containing
the CK8 regulatory cassette (expressed exclusively in
skeletal and cardiac muscle) and the human codon
optimized (GenScript) pDys (AR2-15/AR18-22/ACT)
(24), followed by the rabbit beta-globin poly-adeny-
lation (pA) signal, were generated using standard
cloning techniques. The rAAV genomes containing
the cardiac muscle-specific ¢TnT455 regulatory
cassette, the codon optimized human RNR transgene
flanked by 100-bp untranslated regions, and the rab-
bit beta-globin pA were generated as previously
described (48). The “dead” rAAV genomes or
promoter-less firefly luciferase followed by the hu-
man growth hormone (hGH) pA (kindly provided by
J.S.C., University of Washington, Seattle, Washington)
were used to generate the control rAAV genomes. The
resulting constructs were cotransfected with the
pDG6 packaging plasmid into HEK293 cells to
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generate rAAV vectors carrying serotype 6 capsids,
which were harvested, enriched, and quantitated as
previously described (49).

VECTOR GENOME QUANTIFICATION. Total DNA was
extracted from flash-frozen tissue samples with Tri-
Reagent (MRC Inc., Cincinnati, Ohio), according to
manufacturer’s instructions. All real-time polymerase
chain reaction (PCR) reactions were performed on a
QuantStudio 3 Real Time PCR System (Applied Bio-
systems, Foster City, California) in a total volume of
15 pul, consisting of 5 pul sample DNA, 10.0 pl TagMan
Universal PCR Master Mix (Applied Biosystems),
0.2 uM of each primer, and 0.1 pM TagMan custom
probe (Applied Biosystems). Reaction conditions were
50° C for 2 min, 95° C for 10 min, and 40 cycles of [95° C
for 15 s followed by 60° C for 1 min]. Each sample was
analyzed in triplicate for concentration of total mu-
rine genomes and of total vector genomes. For vector
genome detection by quantitative PCR, the primers
used to amplify either the rAAV6-cTnT455-RNR or
rAAV6-CK8-uDys, or rAAV6-Acytomegalovirus(CMV)-
Luc (control vector) were unique to each vector. For
the RNR vector, the amplicon spanned from the distal
region of the cTnT promoter, continuing into the
proximal RNR1 subunit. For the uDys vector, the
amplicon was contained within the CK8 regulatory
cassette, whereas the amplicon for the control vector
resided within the hGH pA. hGH primers included:
5'-CACAATCTTGGCTCACTGCAA-3', 5-GGAGGCTGAG
GCAGGAGAA-3’; TagMan probe: 5-6FAM- CTCCGCC
TCCTGGGTTCAAGCG-MBGNQ-3'; CK8 RC primers:
5'-CCCGAGATGCCTGGTTATAATT-3/, 5'- CGGGAACAT
GGCATGCA-3'; TagMan probe: 5'-6FAM-CCCCCCAAC
ACCTGCTGCCTCT-MBGNQ-3’; cTnT455-RNR1 primers:
5-CCCAGTCCCCGCTGAGA-3/, 5'-AGGTTCCAGGCGCT
GCT-3'; and TagMan probe: 5-6FAM-ACTCATCAATG
TATCTTATCATG-MBGNQ-3'. Results were presented
relative to DNA content in each 5-pl DNA tissue sample to
determine vector genomes per ng DNA.

TISSUE PROCESSING AND IMAGING ANALYSIS. Tis-
sues were collected and analyzed 5 months
post-administration of vectors and compared with
age-matched male control vector (rAAV6-ACMV-Luc)
injected mdx*” and WT mice. Hearts were either snap
frozen in liquid nitrogen or were embedded in optimal
cutting temperature compound (VWR International,
Bridgeport, New Jersey) and flash frozen in liquid
nitrogen cooled isopentane for histochemical or
immunofluorescence analysis. The snap frozen sam-
ples were further processed by grinding to a powder
under liquid nitrogen in a mortar kept on dry ice
for subsequent extraction of nucleic acid and protein.
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Heart cross-sections (10 pm) were co-stained with
antibodies raised against alpha 2-laminin (Sigma, St.
Louis, Missouri; rat monoclonal, 1:200), the hinge-1
domain of dystrophin (alexa488 conjugated MAN-
EX1011b, Developmental Studies Hybridoma Bank,
University of Iowa, mouse monoclonal, 1:200), the
human RRM1 (Abcam, Cambridge, United Kingdom;
rabbit monoclonal, 1:200), and the human RRM2
(Abcam, rabbit monoclonal, 1:200). Conjugated sec-
ondary antibodies (Jackson Immuno, Goat anti-
Rabbit) were used at a 1:500 dilution. Slides were
mounted using ProLong Gold with DAPI (Thermo
Fisher Scientific) and imaged via a Leica SPV confocal
microscope. Confocal micrographs covering a major-
ity of the heart left ventricular muscle sections were
acquired and montaged via the Fiji toolset (ImageJ)
and InDesign (Adobe, San Jose, California). For his-
tology, Masson’s trichrome staining was used to
examine heart cross-sections. Briefly, 10-um muscle
cryosections were sequentially stained in Wiegerts’
iron hematoxylin (10 min), 1% Ponceau-acetic acid
(5 min), and 1% aniline blue (5 s).

WESTERN BLOTTING. Radioimmunoprecipitation
analysis buffer supplemented with 5 mM ethyl-
enediaminetetraacetic acid and 3% protease inhibitor
cocktail (Sigma, Cat# P8340), was used to extract
muscle proteins for 0.5 h on ice with gentle agitation
every 10 min. Total protein concentration was deter-
mined using Pierce BCA assay kit (Fisher Scientific,
Kent, Washington). Muscle lysates from WT, control
mdx*®, and treated mdx*“" (30 ug) mice were dena-
tured at 99°C for 10 min, quenched on ice, and sepa-
rated via gel electrophoresis after loading onto
Criterion 4-12% Bis-Tris polyacrylamide gels (BioRad).
Overnight protein transfer to 0.45 mm polyvinylidene
difluoride membranes was performed at constant 43
volts at 4°C in Towbin’s buffer containing 20%
methanol. Blots were blocked for 1 h at room tem-
perature in 5% non-fat dry milk for 1 h before over-
night incubation with antibodies raised against the
hinge-1 region of dystrophin (Developmental Studies
Hybridoma Bank, University of Iowa, 1:300),
anti-RRM1 (Abcam, rabbit monoclonal, 1:1,000), anti-
RRM2 (Abcam, rabbit monoclonal 1:1,000), and
anti-GAPDH (Sigma, Rabbit polyclonal, 1:50,000).
Horseradish-peroxidase conjugated secondary anti-
body staining (1:50,000) was performed for 1 h at room
temperature before signal development using Clarity
Western ECL substrate (BioRad) and visualization
using a Chemidoc MP imaging system (BioRad).

QUANTIFICATION OF CARDIAC dATP. Approxi-
mately 25 ug of flash frozen, freshly ground ventricle
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cardiac tissue was used for direct quantification of
intracellular dATP using the high-performance liquid
chromatography (HPLC)-with tandem mass spec-
trometry (MS/MS) method previously described (50).
Briefly, samples were extracted 1 to 3 days before
measurement using a 50% methanol solution. The
supernatant was stored at -20°C until ready for in-
jection into the HPLC-MS/MS system. A Water’s Xevo-
TQ-S mass spectrometer coupled with a Water’s
Acquity I-Class HPLC was used for the analysis (Mil-
ford, Massachusetts). Monitoring in negative mode
via electrospray ionization was used to acquire MS/
MS ions. dATP concentrations were quantified with
standards and normalized to tissue weight.

LANGENDORFF ISOLATED PERFUSED HEART
EXPERIMENTS. Ex vivo cardiac function was
assessed in Langendorff isolated heart preparations
as previously described (47,48,51). Hearts were
perfused at a constant pressure of 80 mm Hg with a
modified Krebs-Henseleit buffer supplemented with
glucose and pyruvate. The perfusate contained
(mmol/1): 118 NaCl, 25 NaHCOs, 5.3 KCl, 2.0 CaCl,, 1.2
MgSO,, 0.5 ethylenediaminetetraacetic acid, 10.0
glucose, and 0.5 pyruvate, equilibrated with 95% O,
and 5% CO, (pH 7.4). Temperature was maintained at
37.5°C throughout the protocol. Left ventricular (LV)
function was monitored via a water-filled balloon
inserted into the LV and connected to a pressure
transducer. LV systolic pressure (LVSP), end diastolic
pressure, heart rate (HR), and minimum and
maximum rate of pressure change in the ventricle
(+£dP/dt) were obtained from the attached data
acquisition system (PowerLab, ADInstruments, Colo-
rado Springs, Colorado). After 5 min of stabilization,
hearts were equilibrated for 10 min at spontaneous
HRs and then fixed at a HR of ~450 beats/min with an
electrical stimulator (Grass Technologies, Warwick,
Rhode Island). Pressure-volume relationships (i.e.,
Frank-Starling curves) were assessed by gradually
increasing the volume of the LV balloon. After a 5-min
recovery period, the perfusate was changed to an
identical buffer as above except for the addition of
4.0 mmol/l CaCl, to simulate a high workload chal-
lenge for 20 min.

STATISTICAL ANALYSIS. All values are reported as
means\ + SEM. Starling curves and high workload
function were analyzed by 2-way repeated measures
analysis of variance followed by pairwise compari-
sons using Tukey’s alpha adjustment method. Other
endpoint data were analyzed via 1-way analysis of
variance or Student’s t-tests as appropriate. Kaplan-
Meier methods were used to analyze survival curves
and compared using the log-rank test. Statistical
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significance was tested at the p < 0.05 level. Statis-
tical analyses were completed using Prism 7.0
(GraphPad Software, San Diego, California).

RESULTS

IMPROVEMENTS IN BASELINE CARDIAC FUNCTION
IN VECTOR-TREATED MDX“V HEARTS. As depicted
in Figure 1, 22- to 24-month-old mdx* mice were
administered 1 of 3 treatments: rAAV6-cTnT455- RNR
(referred to as mdx*"+RNR); rAAV6-CK8- pDys
(referred to as mdx*“"+ uDys), or rAAV6-ACMV-Firefly
Luciferase control vector (referred to asmdx*”) at a
dose of 2 x 10™ vg/kg. By the end of the 20-week
treatment period, both mdx**+RNR and mdx*+
uDys mice showed improvements in survival rates

4¢ mice, although this did not reach

compared to mdx
statistical significance (Supplemental Figure 1). At the
end of 5 months, an extensive evaluation of ex vivo
cardiac function using the Langendorff isolated heart
preparation was performed. The isolated heart tech-
nique allows for the direct assessment of inherent
myocardial function without the confounding effects
of neuro-humoral or other systemic variables. An
additional cohort of age-matched, untreated C57BL6
mice (WT) was used as comparison control. At base-
line, RPP was significantly decreased in mdx*“” hearts
due to an approximate 20% decrease in LVDevP
(Supplemental Figures 1A and 1B). RNR-treated
mdx*?’ mice exhibited a restoration of RPP
(p = 0.056) primarily due to a normalization of
LVDevP (Supplemental Figures 2A and 2B). Although
uDys-treated mdx*“ hearts appeared to normalize
LVDevP, this did not lead to a significant improve-
ment in RPP (Supplemental Figures 2A and 2B).
Both +dP/dt and -dP/dt, an index of ventricular
contractility and relaxation, respectively, were
decreased 30% in mdx*“” hearts (p = 0.061). The +dP/
dt was similar to control in both RNR-treated mdx*<”
and pDys-treated mdx*“” hearts. However, only RNR-
treated mdx*“” hearts showed -dP/dt values similar to
control levels (Supplemental Figures 2C and 2D).

POSITIVE CHANGES IN FRANK-STARLING MECHANICS IN
VECTOR-TREATED MDX“*®Y HEARTS. To evaluate
further systolic and diastolic function in vector-
treated mdx*V hearts, we examined the pressure-
volume relationship (i.e., Frank-Starling mechanism)
in the isolated perfused heart preparation. The LVSP
response to increased preload was significantly
improved in both in mdx*“"+RNR and mdx*“'+uDys
hearts compared to mdx*<” (Figure 2A). However, only
RNR treatment improved the diastolic response in
mdx*®’ hearts, to levels similar to WT (Figure 2B).
Both contractility and relaxation (i.e., +dP/dt and
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FIGURE 1 Overview of Experimental Design for the Treatment of Aged (22-24 Month) mdx“*c" Mice
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Aged 1. mdx*< + rAAV6-cTnT455-Ribonucleotide Reductase (RNR)
(22-24 mth) 2. mdx*<+ rAAV6-CK8e-Micro-dystrophin (zDys)

male mdx?* | 3. mdx*"+ rAAV6-ACMYV-Firefly Luciferase (mdx*<)
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(A) Graphic representation of rAAV6 vectors used in the present study. The ribonucleotide reductase vector contains the human cDNA for the
RRM1 and RRM2 subunits whose expression is driven by the cardiac specific (cTnT455) regulatory cassette (RC). The human microdystrophin
(AR2-R15/AR18-R22/ACT) vector has expression driven by the CK8 muscle-specific RC. The control vector used in the present study carries the

RC = regulatory cassette; WT = wild-type.

firefly luciferase transgene whose CMV early promoter/enhancer RC has been deleted. (B) Outline of animal enrollment, vector
administration, and experimental protocols implemented following a treatment period of 5 months. cDNA = complementary DNA;
CMV = cytomegalovirus; ITR = inverted terminal repeat; dATP = deoxy-adenosine triphosphate; p2A = porcine teschovirus-1 2A;
pA = poly-adenylation; gPCR = quantitative polymerase chain reaction; rAAV6 = recombinant adeno-associated viral vector 6;

-dP/dt, respectively) were impaired in mdx*"
compared to age-matched control subjects (Figures 2D
and 2E). Both mdx**V+ RNR and mdx*“'+ uDys hearts
had significantly elevated +dP/dt values above
mdx*’ (Figure 2D). Interestingly, treatment of mdx*<"
hearts with RNR also significantly improved -dP/dt
values (Figure 2E). All told, these data suggest that
both RNR and pDys treatment can improve systolic
function in mdx*®” hearts. However, only the RNR
treatment corrected diastolic dysfunction in
mdx*°¥ hearts.

AUGMENTED RESPONSE TO INCREASED CARDIAC
WORKLOAD IN TREATED MDX*SV HEARTS. We pre-
viously reported that RNR overexpression in trans-
genic or vector-treated mouse hearts elevated

baseline function but did not impair the response to a
short-term physiologic increase in cardiac work
(47,48). To verify that the improved systolic and dia-
stolic function in RNR-treated mdx#“” hearts at base-
line was not associated with an inability to respond to
an increased energetic demand, we stressed hearts
with a combination of high calcium and elevated heart
rates, via pacing stimulation. As shown in Figures 3A
and 3B, mdx*‘" hearts had a blunted response to the
increased workload as both LVDevP and RPP were
~25% to 30% lower than WT hearts. In addition,
both +dP/dt and -dP/dt were impaired in mdx*<”
relative to WT hearts (Figures 3C and 3D). Systolic pa-
rameters in mdx*’
improved and similar to age-matched WT hearts for
the entire duration of the workload challenge

+uDys hearts were effectively
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FIGURE 2 Pressure-Volume Relationships in Isolated Perfused Hearts From Vector-Treated mdx*<” Mice
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mice treated with control vector (mdx*®, n = 6), ribonucleotide reductase (mdx*“+ RNR, n = 6), or

+ uDys, n = 5). Age-matched, nondiseased, nontreated wild-type (WT) mice were used as control subjects (n = 8).
The pressure-volume relationship (i.e., Frank-Starling mechanism) was evaluated by gradually increasing the volume of the left ventricular
(LV) balloon. Hearts were paced at 450 beats/min throughout the protocol. (A) Left ventricular systolic pressure (LVSP). (B) LV end-diastolic
pressure (LVEDP). (C) LV developed pressure (LVDevP, the difference between systolic and diastolic pressures). (D) Positive (pos) rate of
pressure change was calculated by the first derivative of the ascending LV pressure wave (+dP/dt), and is used as an index of ventricular
contractility. (E) Negative (neg) rate of pressure change calculated by the first derivative of the descending LV pressure wave (-dP/dt), and is
used as an index of ventricular relaxation. * p < 0.05 mdx*" versus WT; # p < 0.05 mdx**-+ RNR versus mdx*"’; t p < 0.05 mdx**"+ uDys

(Figures 3A to 3C). Measures of systolic function
significantly increased in mdx*®"+ RNR hearts during
the initial half of the high workload protocol and
remained ~15% higher than mdx*<" (Figures 3A to 3C).
Interestingly, -dP/dt values tended to be elevated
only in mdx*+ RNR hearts during the physiologic
challenge (Figure 3D). These data show that both RNR
and pDys treatments improve systolic function in
mdx*®’ hearts without compromising cardiac reserve.
Combined with the baseline and pressure-volume
relationship assessments, our data show that, in
addition to the systolic enhancements, RNR has an
added benefit of improving diastolic function.

RNR AND pDys TRANSDUCTION, EXPRESSION, AND
CARDIOMYOCYTE LOCALIZATION. To evaluate the
localization of RNR and puDys protein within the hearts
of mice, we performed immunofluorescence imaging.
As shown in Figure 4, the RNR subunit (Rrm1) was
robustly expressed in ventricles of RNR-treated mice.

The expression of pDys appeared to be saturated
relative to full-length dystrophin levels, with both
being properly localized to the sarcolemma of car-
diomyocytes. We also evaluated general muscle his-
topathology and potential differences in myocardial
fibrosis by Masson trichrome staining, and observed
no discernable difference between treated or un-
treated mdx*®” mice (Figure 5). In addition, neither
RNR nor pDys treatment significantly altered body
weight, heart weight, or the heart weight-to-body
weight ratio (Supplemental Figure 3). Western blot-
ting was performed to determine the extent of rAAV
vector 6-mediated RNR and pDys protein expression
profiles in ventricular tissue (Figure 6). We observed
uDys protein expression in ventricular tissue that
approached levels similar to WT mice, whereas both
human RNR subunits were found to be elevated to
ventricular  tissue

comparable levels within

(Figure 6A). To evaluate the relative proportions of
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FIGURE 3 The Response of Vector-Treated mdx“*c Mice to High Workload Chall in Langendorff Isolated Heart Preparations
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Hearts were isolated from mdx*" mice treated with control vector (mdx*", n = 6), ribonucleotide reductase (mdx*“+ RNR, n = 6), or
microdystrophin (mdx*+ uDys, n = 5). Age-matched, nondiseased, nontreated wild-type (WT) mice were used as control subjects (n = 4).
All hearts were perfused with a glucose-pyruvate buffer containing high calcium (4.0 mmol/l) to simulate a high workload challenge for
20 min. Hearts were paced at 450 beats per minute throughout the protocol. (A) LVDevP (the difference between systolic and diastolic
pressures). (B) Rate pressure product (RPP, the product of LVDevP and HR). (C) Positive rate of pressure change calculated by the first
derivative of the ascending LV pressure wave (+dP/dt), is used as an index of ventricular contractility. (D) Negative rate of pressure change
calculated by the first derivative of the descending LV pressure wave (-dP/dt), is used as an index of ventricular relaxation. * p < 0.05 mdx*"”
versus WT; # p < 0.05 mdx*“+ RNR versus mdx*"’; + p < 0.05 mdx**+ puDys versus mdx*’. Abbreviations as in Figures 1 and 2.

dATP concentrations within ventricular tissue, we
performed HPLC-MS/MS analysis on ground ventric-
ular tissue from mdx*®” and mdx**"+ RNR mice. The
concentration of dATP within the ventricular tissue
mice treated with RNR
(0.57 £ 0.22 pmol dATP/mg) was approximately

obtained from mdx*’

10-fold higher relative to mdx*®” control subjects
(0.05 £+ 0.02 pmol dATP/mg) (Figure 6B). For adult WT,
we previously reported an average dATP value of 0.02
pmol/mg tissue with a SD of 0.01 (50). Additionally,
cardiac vector genome data was comparable relative
to the vector dose administered (Figure 6C).

DISCUSSION

In the present study, we used a novel gene therapy
approach that targets myosin in the contractile fila-
ments of cardiomyocytes via overexpression of the
RNR enzyme to rescue cardiomyopathy in a DMD
mouse model. RNR overexpression results in elevated
dATP, which can be used by cardiac myosin (in place
of ATP), and increases cross-bridge binding and
cycling, resulting in stronger, faster contraction and
faster relaxation (38-45,52). We developed an rAAV
vector that over-expresses RNR selectively in heart
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FIGURE 4 Cardiac Tr duction Following Intra Delivery of Ribonucleotide Reductase or Microdystrophin

laminin ﬁ

wr D

At 5 months after vector administration, cryosections were prepared and immunostained with antisera against dystrophin or ribonucleotide reductase. A considerable
level of protein is detected for each ribonucleotide reductase subunit-1 (human specific) as indicated by immunofluorescent staining (red) localized primarily within the

cytoplasm of cardiomyocytes with occasional perinuclear accumulation (upper panel). On the lower panel, the robust level of expression for dystrophin in WT and in
mice treated with AAV6-CK8-uDys (laminin staining, inset image). Abbreviations as in Figures 1 and 2.

aged mdx*

muscle via inclusion of a modified cardiac-specific
enhancer/promoter derived from the human cTnT
gene, which facilitates increases in myocyte contrac-
tion and cardiac performance in normal rodent hearts
as well as in infarcted rodents and pig hearts (48,53).
Importantly, we previously showed that dATP-
producing cells deliver it to surrounding myocar-
dium by diffusion through gap junctions (54), such
that only a minority of cardiomyocytes needs to be
transduced to have global benefits within the heart.
We now show that using this vector technology leads
to a clear benefit of improving cardiac function in an
advanced-age model of DMD cardiomyopathy.

Early manifestations of impaired cardiac dysfunc-
tion in mdx mice are generally not reported. Khair-
allah et al.(55) observed a decline in LV function
in isolated perfused hearts that coincided with
decreased fatty acid oxidation and increased glucose
oxidation. However, perfused heart function in mdx
mice was maintained at 8 months, despite significant
reductions in phosphocreatine levels and free energy
availability from ATP hydrolysis (56). The authors
surmised that young adult mdx hearts, akin to DMD
patient hearts, experience right ventricular dilation,
LV diastolic deficits, and abnormal energy

metabolism. More recently, a declination in cardiac
function was not observed until 12 months of age (57)
and abnormal in vivo pressure-volume dynamics
were observed in 22-month-old mdx mice (58).
Treatment of young male mdx mice with rAAV6 vec-
tor delivering cytomegalovirus (CMV) promoter/
enhancer driven microdystrophin did not correct the
impairments in +dP/dt, -dP/dt, or LV systolic pressure
when assessed at 5 months of age via hemodynamic
analysis (35). However, an improvement was noted for
the preload recruited stroke work in mdx mice treated
with pDys compared to untreated mdx or WT control
subjects (35).

In our current study, 27-month to 29-month-old
mice were subjected to ex vivo assessment of cardiac
function using the Langendorff isolated heart prepa-
ration, which is a century-old methodology with
several advantages and limitations (59). The
perfusate used is similar to, but not the same as
blood, and situations of physiologic challenge (e.g.,
Frank-Starling and high calcium) may exaggerate the
in vivo situation. However, the procedure remains a
simple and reproducible experiment that allows for
interrogation of cardiac physiology in the absence of
confounding systemic variables and serves as a viable
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FIGURE 5 Heart Histologic Staining of mdx*“" Mice Suggests No Morphologic Alterations From RNR Therapy

Abbreviations as in Figures 1 and 2.

Representative full-view photomicrographs of Masson trichrome staining of the hearts from mdx
and rAAV6-treated with either RNR or uDys from mdx4cv mice. Similarly, a 20x enlarged view of the corresponding images (*) is shown.

4cv

mice displaying control vector (ACMV),

tool to perform cardiac phenotyping in preclinical
studies (60). Under baseline conditions and at spon-
taneous heart rates, we observed a significant
reduction in RPP in mdx*“” hearts. Decreased systolic
and diastolic performance in mdx*®’ hearts also
existed while examining the length-tension relation-
ship (i.e., Frank-Starling mechanism). Treatment of
mdx*®” mice with either the RNR or the uDys vector
restored systolic pressure development without
affecting spontaneous HRs at baseline. Both of the
treatments restored the disrupted Frank-Starling
response, particularly for systolic function. The RNR
treatment also had beneficial effects on the diastolic

properties of the mdx*<”

myocardium. This strongly
supports our previous studies where we observed a
tendency for overexpression of RNR to improve
myocardial diastolic response in young, healthy,
transgenic mice (47), mice treated with AAV (48), and

in a porcine HF model (53).

In addition to the evaluation of basal cardiac per-
formance, we tested cardiac reserve with a combina-
tion of high calcium plus elevated HRs and confirmed
a significantly blunted response in 27-month to
29-month-old mdx*®" hearts. Consistent with a pre-
vious report in young mdx mice (35), expressing uDys
in aged mdx*“” hearts significantly improved systolic
performance during increased physiologic demand to
a level similar to age-matched healthy control
subjects. We previously reported that transgenic or
vector-directed overexpression of RNR did not impair
cardiac reserve during increased physiologic demand
in young healthy hearts (47,48). Herein, we report
that RNR over-expression in mdx*“” hearts normalizes
both the systolic and diastolic response to an
increased cardiac challenge.

Approximately two-thirds of DMD mutations are
deletions that span 1 or more exons, often leading to
large deletions clustering around 2 mutational
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FIGURE 6 Protein Expression Levels for Dys, RNR, and Resultant Vector Genomes Due to rAAV6-Mediated Gene Transfer
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(A) RNR and puDys protein expression detection as revealed by immunoblotting of cardiac whole tissue lysates using either RRM1, RRM2, or antidystrophin antibody. (B)
HPLC-MS/MS intracellular [dNTP] quantification from methanol extracted cardiac tissue. (C) qPCR analysis of vector genomes from cardiac tissue revealed similar
vector genomes being represented for all treated cohorts. dNTP = deoxynucleotide triphosphate; HPLC-MS/MS = high-performance liquid chromatography-tandem
mass spectrometry; qPCR = quantitative polymerase chain reaction; other abbreviations as in Figures 1 and 2.

hotspots; the most common spanning from exons 45-
55 resulting in removal of a central portion of the rod
domain inclusive of disrupting the neuronal nitric
oxide synthase (nNOS) localization domain. The sec-
ond most common hotspot spans from exons 3-19, and
removes the majority of the amino-terminal actin-
binding domain 1 which is essential for dystrophin
function. When such deletions interrupt the reading
frame, the resultant mutated protein usually ex-
presses at extremely low levels and associates with
the loss of ambulation at or before 12 years of age.
Even when such deletions produce an in-frame
partially functional truncated protein, such as occurs
in BMD, dramatic phenotype diversity can occur. For
example, in a previous study, BMD subjects whose
out-of-phase deletions, toward the alignment of
adjoining spectrin-like repeats, developed dilated
cardiomyopathy at nearly a decade earlier than in
patients with in-phase deletions (61). In contrast to
large deletion mutations, there are reported cases
where individual missense mutations lead to X-linked
dilated cardiomyopathy (62-64). In one case, a novel
missense mutation within exon 9 at nucleotide 1043
resulted in a T279A amino acid change in a highly
conserved position of mutation. This mutation resul-
ted in a substitution of a beta-sheet for alpha-helical
structure, destabilizing the protein, and leading to
the cardiac specific phenotype described by the au-
thors (63).

DMD-related cardiomyopathy usually
during middle to late adolescence, but the clinical

occurs

presentation is deceptive, as patients are wheelchair-
bound and are not required to perform increased car-
diac workload. The diversity of cardiac phenotype in
DMD suggests many levels of pathogenic mechanisms.
The pathologic heterogeneity of the DMD ventricular
myocardium is a consequential result of myocardial
atrophy (65,66), compensatory mechanisms leading to
cardiac remodeling with ensuing ventricular dilation
and fibrosis (67,68). Absence of clear genotype-
phenotype correlation in DMD probably results from
at least 4 secondary cellular processes including
aberrant intracellular Ca®?' homeostasis, decreased
nitric oxide-cyclic guanosine monophosphate path-
ways, mitochondrial dysfunction, and increased
reactive oxygen species, which individually or
collectively influence the clinical phenotype (69). As
an indication of the progressive nature of DMD car-
diomyopathy, the estimated overall incidence of
latent DCM is 25% by 6 years of age and 59% by 10
years of age in DMD patients (70). As such, further
evidence suggests latency in cardiac dysfunction at
basal levels that becomes more pronounced with an
induction of increased physiological demand.
Consistent with these observations, an impaired
response to beta-adrenergic stimulation by either
dobutamine or isoproterenol can be detected in mdx
mice at 3 to 4 months of age (35,71). Exercise can
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potentially be a double-edged sword for DMD, where
the enthusiasm for potential skeletal muscle benefits
can be dampened by the insidious cardiotoxicity from
training (72-74). With gene replacement therapy via
rAAV-mediated pDys in current ongoing clinical trials,
it will be of interest to assess cardiac function to
determine whether additional therapeutic support in
the form of increased contractility will be beneficial.
Relative expression assays by immunofluorescence
and Western blotting indicate robust expression
levels for the RNR subunits (RRM1 and RRM2) and
uDys in the vast majority of cardiomyocytes. How-
ever, intracellular variability in RNR protein detec-
tion (via immunostaining) was observed for both
RRM1 and RRM2, indicating that not all car-
diomyocytes were effectively transduced. Neverthe-
less, we previously have shown that gap junction
transport of dATP from transduced cardiomyocytes to
adjacent cardiomyocytes occurs (54), which likely
accounted for the consistently elevated LV function
of mice treated with the rAAV vector that over-
expresses RNR. This is in contrast to the anchored
sarcolemma localization of uDys, which would occur
only in transduced muscle cells. Additionally,
because muscle-specific regulatory cassettes were
used for expression of therapeutic proteins, we can
surmise that <1% of protein expression would be
generated from non-muscle cell types present in the
heart, suggesting that the functional benefit was truly
caused by cardiomyocyte transduction. As previously
stated, the cTnT regulatory cassette drives RNR
expression only in heart muscle, whereas the CK8
regulatory cassette drives pDys expression no selec-
tively in both cardiac and skeletal muscle cells, but at
only very low background levels in other tissues. This
raises the possibility that the functional benefit of
expressing puDys in skeletal muscles might increase
energetic demands on the heart, thereby partially
masking some of the uDys-derived cardiac functional
benefits (37). Because RNR delivery to DMD mice of
advanced age increased cardiac function in the
absence of RNR expression in skeletal muscle, and
because over-expression of endogenous RNR should

Kolwicz, Jr., et al.
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be nonimmunogenic, supplemental RNR therapy in
conjunction with pDys therapy might be beneficial for
DMD patients. Future studies are aimed at deter-
mining the extent of functional restoration by
combining both RNR- and puDys-based therapies.
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PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: RNR over-

gesting pathologic improvements. If cardiac dysfunction is
be beneficial.

mediated, cardiac-specific over-expression of RNR shows
promising potential for rescuing both systolic and diastolic

tional improvement of DMD patient hearts.
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EDITORIAL COMMENT

Emerging Therapies for

Dystrophic Cardiomyopathy*

Daniel J. Garry, MD, PuD, Tamas Alexy, MD, PuD

uchenne muscular dystrophy (DMD) is the

most common form of muscular dystrophy

that affects approximately 1 of every
5,000 boys born in the United States (1,2). This reces-
sive X-linked genetic disease is a result of mutations
in the dystrophin gene. The dystrophin gene is the
largest known gene in the human genome as it spans
2.5 Mb, harbors 79 exons, and encodes a 14-kb tran-
script (2-4). Dystrophin is expressed in the heart
(i.e., cardiomyocytes), skeletal muscle, and the brain
(2,4). It is a rod-shaped cytoplasmic protein that pro-
vides structural stability to the multiprotein dystro-
phin glycoprotein complex in the plasma membrane
and links the cytoskeleton to the extracellular matrix
(5). Skeletal muscle lacking functional dystrophin is
mechanically weak, and cellular (or sarcomeric)
contraction results in membrane damage (6,7).
Consequently, the loss of membrane integrity leads
to a cascade of increased calcium influx into the cell
and eventual cell death.

A majority of the dystrophin mutations are de-
letions that span 1 or more exons. Clinically, the loss
of dystrophin manifests as progressive muscle
weakness (5,8). Symptoms are first noted in early
childhood, and patients progress to muscle atrophy,
contractures, and subsequent loss of ambulation in
their early teens. Ultimately, DMD is a lethal and

*Editorials published in JACC: Basic to Translational Science reflect the
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devastating disease. However, with the advent of
nocturnal ventilation and spinal stabilization, the life
expectancy of young men with DMD has increased to
late 20s to early 30s (2,9). Historically, respiratory or
pulmonary complications were the leading cause of
death in DMD patients, and now dilated cardiomy-
opathy and sudden cardiac death have emerged as
the predominant cause of death in these patients
(2,10). Dilated cardiomyopathy is nearly ubiquitous in
DMD patients, with approximately 90% of young men
over the age of 18 years demonstrating evidence of
cardiomyopathy (10). Given the prevalence of car-
diomyopathy in this patient population, an enhanced
understanding of the pathophysiology of DMD car-
diomyopathy is urgently needed.

The most commonly used animal model of DMD is
the mdx mouse model (2). This genetic mouse model
arose spontaneously and was found to have a point
mutation in the dystrophin gene changing glutamine
to an early termination codon producing a small,
nonfunctional protein (11-13). This mouse model has
a robust dystrophic skeletal muscle phenotype
involving the diaphragm but otherwise has a rela-
tively mild phenotype that may be due, in part, to the
inactivity associated with the animal vivarium.
However, the dystrophic skeletal muscle and cardiac
phenotypes in the mdx mouse worsen with age
(11-13). Although scores of studies using the mdx
mouse model have examined the skeletal muscle
phenotype, a limited number of studies have exam-
ined the cardiac phenotype or examined therapeutic
interventions for dystrophic cardiac dysfunction. The
high incidence of DMD and dystrophic cardiomyopa-
thy in the general population and the terminal nature
of the disease in early adulthood warrant the urgent
development of new therapeutic approaches for this
disease.

In the paper by Kolwicz et al. (14) in this issue of
JACC: Basic to Translational Science, the authors used
a recombinant adeno-associated viral vector strategy

to examine the impact of deoxy-adenosine

https://doi.org/10.1016/j.jacbts.2019.10.003
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diphosphate elevation or microdystrophin (3.8 kb) in
the aged dystrophic heart of the mdx mouse model.

SEE PAGE 778

These studies demonstrated that adeno-associated
virus 6 (aAAV6)-mediated delivery of ribonucleotide
reductase (RNR, which increases deoxy-adenosine
diphosphate and has previously been shown to in-
crease myosin cross bridge binding and cycling
resulting in faster contraction and relaxation) or
microdystrophin increased cardiac function at base-
line and after an increased workload (i.e., pacing
stimulation) in aged mdx mice. Furthermore,
5 months post-treatment, mdx mice that received
microdystrophin had a marked improvement in car-
diac systolic function, whereas mdx mice treated with
aAAV6 to specifically overexpress RNR demonstrated
improved systolic and diastolic function (14). Impor-
tantly, morphological studies verified that aAAV6
delivery of RNR or microdystrophin was localized to
the cytoplasmic compartment and the sarcolemma of
cardiomyocytes, respectively. In addition, RNR and
microdystrophin delivery did not result in worsening
cardiac fibrosis or perturbed cytoarchitecture compared
with the age-matched mdx control heart (14).

These studies are important for a number of rea-
sons. First, they used a gene therapy strategy that is
feasible in the clinical setting. Second, they targeted
and compared therapeutic strategies aimed at both
the structural and metabolic defects associated with
the dystrophic heart. Third, they utilized both the
whole animal (mdx mouse) and an in vitro working
heart model (i.e., the Langendorff heart preparation)
to examine the impact of RNR or microdystrophin on
the dystrophic heart function of the mdx mouse.
Fourth, the authors examined the impact of RNR or
microdystrophin under baseline conditions and after
stimulation (i.e., a pacing protocol). Collectively,
these studies provide new insights regarding systolic
(heart failure with reduced ejection fraction) and
diastolic (heart failure with preserved ejection frac-
tion) dysfunction in the dystrophic heart, and they
provide a platform for future studies.

Garry and Alexy
DMD Cardiomyopathy

Additional studies will be necessary to examine the
impact of combined therapies such as the combina-
tion of both RNR and microdystrophin (together) on
the dystrophic heart. It will also be important to
explore the effect of the dystrophic mdx heart
(treated with RNR and/or microdystrophin) with
other stimuli such as beta-adrenergic stimulation
(i.e., chronic isoproterenol stimulation), exercise
stimulation (chronic wheel running or a swimming
protocol), or other stress-mediated stimuli. Moreover,
although the mdx mouse has a relatively mild
phenotype, other DMD animal models (i.e., the mdx/
utrophin heterozygous mouse model or the dystro-
phic golden retriever canine model) that reflect the
human disease should be used and examined for their
response to RNR and/or microdystrophin and their
long-term impact on dystrophic cardiomyopathy.
Moreover, although the current studies examined the
physiological and morphological response to RNR and
microdystrophin, future studies should also examine
the whole genome response (using bulk RNA
sequencing) to treatments directed to structural and
metabolic improvements. Finally, studies will need to
examine the ability of these therapies to prevent the
onset of dystrophic cardiomyopathy as well as the
long-term impact of these therapies in the dystrophic
background.

In summary, dystrophic cardiomyopathy affects
essentially all DMD patients and contributes to their
demise. New studies are warranted aimed at
increasing our understanding of DMD cardiomyopa-
thy and the development of emerging therapies. The
study by Kolwicz et al. (14) is an important step for-
ward in the development of emerging therapies
aimed at the structural and metabolic perturbations
in the DMD heart.

ADDRESS FOR CORRESPONDENCE: Dr. Daniel J.
Garry, Paul and Sheila Wellstone Muscular Dystrophy
Center, 2231 6th Street Southeast (CCRB 4-146), Uni-
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Disopyramide in HCM: Cellular Mechanisms

ABBREVIATIONS
AND ACRONYMS

AP = action potential

DAD = delayed
afterdepolarization

EAD = early
afterdepolarization

ECG = electrocardiography

hERG = human ether-a-go-go-
related gene

HCM = hypertrophic
cardiomyopathy

Ica-L = L-type Ca current
Ik = delayed-rectifier K current
InaL = late Na current

LVOT = left ventricular
outflow tract

NCX = Na*/Ca** exchanger
pCa = Ca activation level
RyR = ryanodine receptor

SR = sarcoplasmic reticulum
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HIGHLIGHTS

In patients with HCM and symptomatic LVOT-obstruction, first treatment with disopyramide leads to a marked
reduction of LVOT gradients, with a slight decrease of resting ejection fraction and a modest increase of cor-
rected QT interval, highlighting high efficacy and safety.

In single cardiomyocytes and intact trabeculae from surgical samples of patients with obstructive HCM, in vitro
treatment with 5 pmol/l disopyramide lowered force and Ca2™" transients while reducing action potential
duration and the rate of arrhythmic afterdepolarizations.

These effects are mediated by the combined inhibition of peak and late Na* currents, L-type Ca®* current,
delayed-rectifier K* current, and ryanodine receptors.

In addition to the negative inotropic effect of disopyramide, in vitro results suggest additional antiarrhythmic
actions.

SUMMARY

Disopyramide is effective and safe in patients with obstructive hypertrophic cardiomyopathy. However, its
cellular and molecular mechanisms of action are unknown. We tested disopyramide in cardiomyocytes from the
septum of surgical myectomy patients: disopyramide inhibits multiple ion channels, leading to lower Ca tran-
sients and force, and shortens action potentials, thus reducing cellular arrhythmias. The electrophysiological
profile of disopyramide explains the efficient reduction of outflow gradients but also the limited prolongation
of the QT interval and the absence of arrhythmic side effects observed in 39 disopyramide-treated patients. In
conclusion, our results support the idea that disopyramide is safe for outpatient use in obstructive patients.
(J Am Coll Cardiol Basic Trans Science 2019;4:795-813) © 2019 The Authors. Published by Elsevier on behalf of
the American College of Cardiology Foundation. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

isopyramide is a potent negative inotrope recommendation by the 2011 American Heart Associa-
(1). It has been used to decrease left ventric- tion/American College of Cardiology Foundation
ular outflow tract (LVOT) obstruction in guidelines (7,8). Most recently, safe initiation in out-

obstructive hypertrophic cardiomyopathy (HCM) patients has been retrospectively demonstrated (9).
since the first reports in the early 1980s and after Its practical use and current place in the armamen-
confirmatory studies of its efficacy and safety (2-6). tarium for obstructive HCM has been described and

In patients with obstructive HCM and limiting symp- reviewed elsewhere (10,11).

toms, disopyramide in addition to a beta blocker has

Despite its active use since the 1980s, there has

a Class I recommendation by the 2014 European been little work on the intracellular mechanism of
Society of Cardiology guidelines and a Class Ila therapeutic effects of disopyramide beyond its
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categorization as a type Ia antiarrhythmic, that is, as
Na channel blocker with action potential (AP)-pro-
longing effects (12,13). A paper in the late 1980s sug-
gested an effect on sarcolemmal Ca influx and efflux
mediated by the Na*/Ca®" exchanger (NCX) (14). In
light of its potent negative inotropic effects, it is not
known whether the drug has additional direct effects
on Ca?" current, Ca®" release from the sarcoplasmic
reticulum (SR) or on the actin-myosin interaction and
the effects of disopyramide in human HCM car-
diomyocytes have not been characterized.

SEE PAGE 814

We previously analyzed the electromechanical
profile of cardiomyocytes isolated from myectomy
samples of patients with obstructive HCM (15,16).
When compared with control cells, HCM car-
diomyocytes showed prolonged AP, frequent after-
depolarizations, slower Ca®>* transients, and elevated
diastolic Ca®" concentration, largely determined by
overexpression of the late Na*t current (Iy,1). Indeed,
these electromechanical abnormalities were reversed
by the In,r inhibitor ranolazine, with beneficial effects
on diastolic function and cellular arrhythmias (15,16).

In the present study, we sought to uncover mecha-
nistic insights by applying electrophysiological and
biophysical techniques to evaluate the effects of dis-
opyramide on ion fluxes, afterdepolarizations, and
twitch tension in isolated HCM cardiomyocytes and
intact trabeculae harvested from patients undergoing
surgical septal myectomy. In a translational approach,
the in vitro study was combined with the first pro-
spective characterization of the electrocardiographic
and echocardiographic changes in patients with
obstructive HCM started on disopyramide treatment.

METHODS

Detailed methods are available in the Supplemental
Appendix data supplement.

PROSPECTIVE STUDY OF PATIENTS WITH OBSTRUCTIVE
HCM TREATED WITH DISOPYRAMIDE. From October 1,
2015, to January 31, 2018, 39 patients with limiting
heart failure symptoms and elevated LVOT gradients
were initiated on sustained release disopyramide at
New York University Langone Medical Center as
previously described (4-6,9). Initial disopyramide
dosage was 250 mg twice a day, followed by drug
titration up to a maximum dosage of 300 mg every
12 h. Electrocardiography (ECG) was performed at
each visit by recording 3 12-lead 15-s strips (collected
at least 5 min apart), and QTc interval was calculated
from each strip by averaging the QT intervals
measured by a blinded operator from the 12 leads and

Coppini et al.

Disopyramide in HCM: Cellular Mechanisms

correcting them for heart rate using the Bazett and
the Fredericia methods. QTc values from the 3
repeated ECG strips were then averaged to obtain the
final value. Echocardiography was performed to
measure transmitral flow velocities and mitral
annular diastolic velocities and to calculate resting
LVOT gradients and LV ejection fraction before and
after disopyramide.

PATIENTS FOR STUDIES IN CELLS AND TRABECULAE.
In vitro studies were performed at the University of
Florence. Protocols were approved by the ethical
committee of Careggi University Hospital (2006/
0024713, renewed May 2009). We enrolled 20 patients
with HCM regularly followed by our Cardiomyopathy
Unit and consecutively referred to surgical myectomy
for relief of drug-refractory symptoms related to
LVOT obstruction. Among the 20 patients, 12 agreed
to undergo mutational screening in sarcomeric
genes. Clinical and genetic data are found in
Supplemental Table 1.

STATISTICS (CLINICAL STUDIES). Clinical data from
patients are expressed as mean 4 SD. Comparisons of
clinical variables before and after disopyramide were
performed using Student’s paired t-tests. To assess
the relationship between the initial QTc and the in-
crease in QTc with disopyramide, we calculated the
Pearson correlation coefficient (r) and its significance
level using MedCalc version 19.0 (MedCalc Software,
Ostend, Belgium).

TISSUE PROCESSING AND CELL ISOLATION. Septal
specimens from 20 consecutive surgical patients were
collected from the surgeon and immediately washed
with cardioplegicsolutionand processed within 30 min
from excision. Each sample was given a unique anon-
ymous identification number (ID 1 to ID 20). Endocar-
dial trabeculae suitable for mechanical measurements
were dissected and the remaining tissue was minced
and subjected to enzymatic dissociation to obtain
viable single myocytes, as previously described (17).

SINGLE CELL STUDIES. A perforated patch whole-
cell current clamp was used to measure membrane
potential, as previously described (15). [Ca®*] varia-
tions were simultaneously monitored using the
Ca’*-sensitive fluorescent dye FluoForte (Enzo Life
Sciences, Farmingdale, New York). A whole-cell
ruptured patch voltage clamp was used to record
peak and late Na™ current, L-type Ca®>" current (Ica.p),
and delayed rectifier K™ current (Ix), using appro-
priate protocols and solutions (15).

INTACT TRABECULAE STUDIES. Ventricular trabec-
ulae were mounted between a force transducer and a
motor for muscle length control (15), and isometric
force was recorded under different stimulation
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protocols. In brief, we evaluated the inotropic re-
sponses to increased pacing frequencies and the ki-
netics of isometric twitches. Resting sarcomere
length was 1.9 + 0.1 um.

DEMEMBRANATED TRABECULAE. Ventricular trabec-
ulae were skinned by exposure to 0.5% Triton X100
solution. Demembranated trabeculae were employed
to obtain calcium concentration (pCa)-tension curves
as previously described (15,18,19). Sarcomere ener-
getics was assessed in demembranated trabeculae by
simultaneous measurement of isometric force and
adenosine triphosphatase activity with an enzyme-
coupled assay (15,18,19); measurements
repeated in the presence of disopyramide.

were

DRUG STUDIES. For experiments on isolated car-
diomyocytes and trabeculae, disopyramide was used
at the concentration of 5 pmol/l, unless otherwise
specified. Test recordings in presence of the drug
were performed after >3 min from the beginning of
drug exposure. Afterward, the drug was washed out
for >5 min and measurements were repeated. Of
note, all the effects of disopyramide in isolated car-
diomyocytes and trabeculae disappeared after 5 min
of drug washout.

CA%2* SPARKS IN PERMEABILIZED MYOCYTES.
Ventricular myocytes were isolated from the hearts
of 4 transgenic HCM mice carrying the R92Q
troponin-T mutation, as previously described (18,19).
Myocytes were permeabilized with saponin (20) and
resuspended in an intracellular buffer containing
150 nmol/l free [Ca®'] and 5 pmol/l of the Ca**-
sensitive dye Asante Na'-green K'-salt (Teflabs,
Austin, Texas). The frequency of spontaneous Ca*"
sparks was evaluated with a confocal microscope
through line scan along the longitudinal cell axis (20).
Myocytes incubated with vehicle were compared with
cells exposed to 5 pmol/] of disopyramide. The rate of
sparks was calculated from confocal line-scan re-
cordings using the SparkMaster ImageJ plugin
(National Institutes of Health, Bethesda, Maryland)
for automated analysis (21).

STATISTICS (STUDIES ON CELLS AND TRABECULAE).
None of the 20 consecutively collected patient sam-
ples was excluded from the final analysis. However,
we were unable to perform all the different experi-
mental procedures described herein in all 20 sam-
ples. Therefore, each dataset comprises results from
cells or trabeculae isolated from 3 to 11 patient
samples. For each dataset, we indicated in the
respective figure legends, the total number of cells/
trabeculae included, as well as the number (and ID)
of patients’ samples from which they were isolated.
Results from each dataset are expressed as
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mean 4+ SEM. Statistical analysis, taking into account
non-Gaussian distribution, inequality of variances
and within-subject correlation, was performed as
previously described (15,18). In brief, to reduce the
risk of type I errors resulting from the stronger
interrelationship among cells/trabeculae isolated
from the same patient sample, we used hierarchical
statistics including 2 nested levels (patients and
cells/trabeculae) (22), plus a third hierarchical level
(presence or absence of disopyramide in the same
cell/trabecula) to assess the effects of drug treatment
in a pairwise fashion. This approach was imple-
mented using linear mixed models in Stata 12.0
(StataCorp LLC, College Station, Texas). The p values
were calculated using linear-mixed models. For cat-
egorical data (e.g., occurrence of cellular arrhyth-
mias), we used the Fisher exact test. We considered
P < 0.05 statistically significant.

MODELING STUDIES. Cellular mechanisms of dis-
opyramide action on dispersion of repolarization
were investigated in a population of human ventric-
ular cardiomyocyte models (n = 250) in control versus
HCM remodeling, calibrated against human AP and
Ca’*-transient data, as previously described (23).
Unpaired or paired t tests, as well as linear fitting with
r-squared calculation, were employed to analyze data
from populations of models. Mechanisms of disper-
sion at the whole ventricular level were investigated
in a cardiac magnetic resonance-based anatomical
model of a patient with obstructive HCM, under
realistic human activation sequence and heteroge-
neity in repolarizing currents (24).

RESULTS

PROSPECTIVE STUDY OF PATIENTS WITH
OBSTRUCTIVE HCM STARTED ON DISOPYRAMIDE.
Thirty-nine patients were begun on disopyramide
(age 66 + 10 years; 59% were female). The mean daily
dosage of disopyramide after 3 months was 497 +
87 mg/day. No patient had clinically significant
arrhythmia or organ toxicity during the study period.
In 9 patients (23%), disopyramide was ineffective or
there were limiting vagolytic side effects that led to
termination of drug before 3 months.

Electrocardiograms After Disopyramide.
ECG parameters before and at amedian of 96 days after
disopyramide initiation are shown in Table 1. There
were prolongations in the QTc, QRS, JT, and PR in-
tervals, but no significant change in heart rate at
3 months. The mean QTcinterval increased from 458 +
22 ms to 486 + 27 ms (p < 0.001). Mean QTc prolon-
gation was 27 ms, which corresponds toa 5.8% increase
from baseline. Patients with an initially longer QTc
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TABLE 1 Clinical Study: ECG (N = 39)

Interval (ms) JT QTc Interval (Bazett) QTc Interval (Fredericia) QRS Complex PR HR
Pre-disopyramide 354 + 24 458 + 22 453 + 20 103 £ 19 179 + 39 64 +12
4 days 368 + 30 484 + 34 485 + 31 13 +23 200 + 36 59 + 1

% change +4 £+ 2 +5+2 +6 +2 +9+5 +10 +7 -8+3
p value vs. pre-disopyramide <0.002 <0.001 <0.001 <0.001 <0.001 0.022
23 days 366 + 30 476 + 37 479 + 34 109 + 26 191 + 32 58 + 10

% change +3+£1 +4 + 2 +5+2 +6 +£3 +6 + 4 -10+3
p value vs. pre-disopyramide 0.002 <0.001 <0.001 0.015 <0.001 0.002
96 days 375+ 35 486 + 27 485 + 24 M2 +23 190 + 33 61+
% change +6 +2 +6 +3 +7+3 +8+3 +6 + 4 -5+2
p value vs. pre- disopyramide <0.001 <0.001 <0.001 <0.001 0.015 0.136

Values are mean =+ SD. The p values were calculated using paired Student's t-test. Electrocardiographic (ECG) intervals were measured before disopyramide and after different
periods from drug initiation (4, 23, 96 days), in 39 obstructive hypertrophic cardiomyopathy patients. QTc was determined using Bazett formula or Fredericia formula.

HR = heart rate; JT = time from the end of the QRS complex to the end of the T wave; PR = time from the beginning the P wave to the beginning of the QRS complex.

interval (greater than the median 457 ms) had a smaller
increase in QTc interval than did patients with shorter
initial QTc interval (AQTc: 18 + 4 ms vs. 34 + 8 ms,
p = 0.007). There was an inverse correlation between
the initial QTc interval and the increase in QTc interval
with disopyramide (Pearson r = —0.44, p = 0.008).

Echocardiography. Initial resting LVOT gradients
were 58 + 49 mm Hg. After 96 days of disopyramide,
gradients were reduced to 25 + 26 mm Hg (p < 0.001).
There were no differences in tissue Doppler variables,
transmitral flow velocities, and in the calculations
from tissue Doppler and transmitral flow velocities
used to estimate left atrial pressure (Table 2). Ejection

fraction was minimally reduced by disopyramide
from 72.2% to 68%, an average decrease by 5.8 + 3.1%
(Table 2).

IN VITRO STUDY ON HUMAN MYOCARDIUM. Samples
from 20 patients with HCM undergoing surgical
myectomy for drug-refractory symptoms were
assessed. Clinical data at pre-operative assessment
are shown in Supplemental Table 1.

Disopyramide Reduces Force and Accelerates
the Kinetics of Isometric Twitches. Disopyramide
was added to standard perfusion solution while
recording isometric tension from intact contracting
trabeculae dissected from the endocardial surface.

TABLE 2 Clinical Study: Echocardiography (N = 39)

Doppler Velocities (cm/s)

Septal TDI e’ (e's)

Lateral TDI e’ (e'y)

Transmitral E Transmitral A

Pre-disopyramide 43+0.8 6.5+ 2.0 85 + 28 85 + 20
Post-disopyramide 41+1.0 6.0 £ 1.9 82+ 23 90 + 30
% change -5+15 -8+ 25 -3+16 +5 + 21
p value 0.184 0.125 0.693 0.442
Diastolic Function: Calculations

Septal E/e’ Lateral E/e’ E/(e's+€'L/2)
Pre-disopyramide 21.2 + 8.7 13.8 £7.9 N7 +54
Post-disopyramide 20.7 +7.6 13.9 £ 9.1 11.5+53
% change —3+22 0+17 -1+14
p value 0.915 0.643 0.894

Systolic Function

LVEDV (ml) LVESV (ml) LVEF (%)
Pre-disopyramide 60.5 +18.2 17.0 £ 6.2 722 £ 5.0
Post-disopyramide 63.2 £ 21.5 202 +73 68.0 +£ 3.5
% change +5+26 +15 + 27 —-6+3
p value 0.182 0.001 <0.001

(pre-disopyramide) and at the end of study (post-disopyramide).

Values are mean + SD. The p values were calculated using paired Student's t-test. Comparison between echocardiographic parameters obtained before disopyramide initiation

LVEDV = left ventricular end-diastolic volume; LVEF= ejection fraction; LVESV = end-systolic volume; Lateral TDI €'(e’) = early diastolic downward velocity of the lateral
(free wall) mitral annulus measured at tissue Doppler; Septal TDI e’ (¢s) = early diastolic downward velocity of the medial (septal) mitral annulus measured at tissue Doppler;
Transmitral A = late diastolic transmitral flow velocity (during atrial systole); Transmitral E = early diastolic flow velocity through the mitral valve.
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FIGURE 1 Effects of Disopyramide in Myocardial Mechanics in Intact and Skinned Trabecuale
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(A) Representative superimposed force twitches elicited at 0.5 Hz in hypertrophic cardiomyopathy (HCM) trabeculae in the absence (black trace) and presence (blue
trace) of disopyramide 5 pmol/l (Diso). (B) Relationship between the negative inotropic effect of disopyramide and its concentration in the extracellular fluid;
calculated concentration at which 50% of the maximal effect is obtained (EC50) is shown. Mean + SEM from 5 trabeculae, 5 patients. (C) Time from stimulus to peak
and time from peak to 50% relaxation (RT50%) of force twitches elicited at 1 Hz at baseline (black) and in the presence of disopyramide (blue). (D) Effects of
disopyramide at different stimulation frequencies. Disopyramide slightly reduces the slope of force-frequency relationship at higher pacing rates. (C,D) Mean & SEM
from 13 trabeculae, 10 patients (ID# 1, 2, and 5 to 12). (E) Disopyramide in skinned trabeculae from patients with HCM. As shown in these superimposed traces from an
HCM trabecula, disopyramide does not reduce isometric force at intermediate Ca activation level (pCa 6) or at maximal myofilament activation (pCa 4.5). (F) Maximal
tension and pCa at one-half of maximal tension (Ca sensitivity) in HCM trabeculae, in the absence and presence of disopyramide. Means + SEM from 6 trabeculae,
3 patients (ID# 12, 15, and 16). (C,D,F) *0.05 > p > 0.01; **0.01 > p > 0.007; ***p < 0.0071; linear-mixed models. bpm = beats/min.
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FIGURE 2 Effects of Disopyramide on Intracellular Ca®*
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(A) Representative intracellular Ca®* traces recorded during regular stimulation at 0.2, 0.5, and 1 Hz, in the absence (left, black) and presence of disopyramide
5 umol/L (Diso) (blue traces on the right). (B) Percentage of variation of diastolic [Ca>*];, and Ca-transient amplitude (Systolic Ampl) with the application of
disopyramide 5 pmol/l with respect to baseline in hypertrophic cardiomyopathy cardiomyocytes, during regular stimulation at 0.2, 0.5, and 1 Hz at steady state.
(C) Representative superimposed action potentials (top) and simultaneously recorded Ca transients (bottom) at baseline (black traces) and in the presence of
disopyramide (blue traces), elicited at 0.2 Hz (left) and 0.5 Hz (right). (D) Time from peak to 50% decay of Ca transients at baseline (black) and in the
presence of disopyramide 5 pmol/L (blue), elicited at 0.2, 0.5, and 1 Hz. (B to D) Mean + SEM from 26 cardiomyocytes from 7 patients with hypertrophic
cardiomyopathy (ID# 5 to 9 and 11 to 13). *0.05 > p > 0.01; **0.01 > p > 0.001; linear-mixed models. MP = membrane potential.

As expected, the drug displayed a consistent
negative inotropic effect (Figure 1A). To assess the
concentration dependency of this effect, we exposed
the muscles to different concentrations of dis-
opyramide (Figure 1B). Calculated disopyramide con-
centration at 50% of maximal effect on isometric
twitch amplitude was 5.29 + 1.55 pmol/l. We therefore
decided to employ the drug at 5 umol/l for all the
following experiments; notably, 5 pmol/l corresponds
to the average plasma concentration of disopyramide
measured in patients under a standard treatment
regimen (25). Importantly, 5 pmol/l disopyramide
hastened isometric twitch kinetics in HCM trabeculae:
both time to peak and relaxation time were reversibly
shortened by the application of the drug (Figures 1A
and 1C). We tested the effects of disopyramide at
different stimulation frequencies (Figure 1D): the
reduction of steady-state isometric twitch force was

more pronounced at higher pacing rates as compared
with lower rates. Isometric twitch force was reduced
by 33 £ 5% at 0.5 Hz (30 beats/min) and by 62 + 10% at
1.5 Hz (90 beats/min; p = 0.015 vs. 0.5 Hz; data from 13
trabeculae in 10 patients, calculated using linear-
mixed models).

Disopyramide Has No Direct Effects on Myofilament
Contraction. We tested the effects of disopyramide on
demembranated trabeculae from 3 patients with HCM
(Figure 1E). Disopyramide (5 pmol/l) did not affect
maximal force obtained when exposing trabeculae to
an activating solution with pCa 4.5 (Figure 1F). Force
generation at lower [Ca®"], determining submaximal
tension development, was also unaffected by dis-
opyramide; we concluded that disopyramide does
not modify myofilament Ca sensitivity (Figure 1F).
Moreover, disopyramide did not alter the energy cost
of tension generation (Supplemental Figure 1). The
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TABLE 3 Effects of Disopyramide on AP and [Ca®'];

0.2 Hz Baseline Disopyramide % Change p Value

[Ca®*]; nmol/L

Diastolic Ca 235 + 44 189 + 31 -22+8 0.015

Ca?*-transient amplitude 336 + 53 188 + 34 —44 +£15 0.006
Ca**-transient kinetics, ms

Time to peak 151+ 15 128 +12 -15+8 0.024

90% decay 1,260 + 99 905 + 88 -28+ 8 0.008
Action potentials

MDP, mV -80 +3 —80 + 3. 0+3 >0.05

Amplitude, mV 129.1 + 3.2 122.2 + 2.8 —-5+1 0.012

Upstroke, V/s 139 £ 18 97 £ 12 -30+9 0.002

APD20, ms 381 + 44 284 + 40 -25+9 0.017

APD50, ms 653 + 63 469 + 61 -28+7 <0.001

Values are mean + SEM. The p values were calculated using linear mixed models. Additional data from action
potentials and Ca transients were recorded in hypertrophic cardiomyopathy cardiomyocytes stimulated at 0.2 Hz
before and during exposure to disopyramide. Data from 28 HCM cardiomyocytes isolated from 8 hypertrophic
cardiomyopathy patient samples (ID# 3 to 6, 9, and 11 to 13). Diastolic Ca is the diastolic concentration of Ca
during regular stimulation. Ca>*-transient amplitude is the difference between peak systolic Ca and diastolic Ca.
Time to peak is the measurement from stimulus to peak. The 90% decay is the time from peak to 90% decay of
Ca transients. Upstroke is the upstroke speed of the action potentials.

APD20 (APD50) = action potential duration at 20% (50%) of repolarization; MDP = mean diastolic potential.

same results were obtained in demembranated
trabeculae from healthy donors.

Disopyramide Reduces Diastolic Ca>* and Hastens the
Kinetics of Ca®* Transients. Disopyramide was tested at
5 umol/l in patch-clamped ventricular
diomyocytes while simultaneously recording Ca®"
transients and AP during stimulation at different

frequencies (Figures 2A and 2C). The drug reduced the

car-

amplitude of Ca®>" transients at all frequencies
(Figure 2B), hastened the kinetics of Ca®" transient
rise and decay (Figures 2C and 2D, Table 3) and
reduced diastolic Ca?" concentration (Figures 2A and
2B, Table 3).

Disopyramide Reduces AP Duration and the Frequency
of Afterdepolarizations. Disopyramide (5 pmol/l)
shortened the duration of AP in HCM cardiomyocytes
(Figures 2C and 3A, Table 3) at all frequencies
(Figure 3B) and the effect was more pronounced at
lower rates. For instance, average AP shortening at
0.1 Hz was 27 + 5% and is comparable to that
observed in human HCM cardiomyocytes with
10 umol/l of ranolazine (17). In addition, dis-
opyramide reduced AP amplitude and upstroke speed
(Table 3). Finally, disopyramide reduced the inci-
dence of spontaneous afterdepolarizations in HCM
cardiomyocytes, both early afterdepolarizations
(EAD) (occurring during the AP plateau) and delayed
afterdepolarizations (DAD) (occurring during the
diastolic phase), occurring during 3 min of regular
stimulation (Figures 3C and 3D).

Disopyramide Inhibits Peak and Late Na*, Ca?*, and
K* Currents. We previously have shown that in HCM
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cardiomyocytes there is markedly enhanced Iyap,
slightly increased Ic,.1, and lower Ik, leading to pro-
longed AP duration (15). We assessed Na* currents in
HCM cardiomyocytes during voltage clamp on depo-
larization to —10 mV. Peak current was measured in
the first 10 ms of depolarization (Figure 4A), whereas
Inar Was estimated by integrating the residual inward
current (50 to 800 ms after onset) (Figure 4B). In HCM
myocytes, disopyramide (5 pmol/l) reduced peak Na*
current by 22 + 4% and greatly decreased Iy, integral
by 45 + 6% (21 myocytes, n = 5).

We then assessed the effects of disopyramide on I,
measured at steady state during depolarization at
different potentials (Figure 4C). Disopyramide
(5 umol/l) exerted a small but significant inhibitory
effect on Ix currents in HCM cardiomyocytes
(Figure 4D). Notably, the density of steady-state Ik at
in our HCM myocytes as
compared with control myocardium (Supplemental
Figure 2). Moreover, disopyramide reduced the
amplitude of I¢,.;, in HCM cardiomyocytes (Figures 4E
and 4F); the average Ic,.; reduction was 16 + 4%
(mean of 16 myocytes from 4 patients).

Taken together, the observed effects of dis-
opyramide on Na™, K*, and Ca®" currents explain the
net reduction of AP duration by disopyramide
(Figure 3). In HCM septal cells, in the presence of
lower Ix (15), slightly increased Ic,.1, and markedly
enhanced Iy, the effect of disopyramide is a net
decrease of depolarizing currents, ultimately leading
to AP shortening. On the contrary, in control human
ventricular myocytes, where the expression of Iy is
preserved and I,y is small (15), inhibition of human
ether-a-go-go-related gene (hERG) K' current by
disopyramide (26) prevails over the reduction of Ic,.1,
and Iya, ultimately leading to a slight AP prolonga-
tion (Supplemental Figure 3), in agreement with
previous reports (27).

Disopyramide Inhibits RyR. Similar to other class I
antiarrhythmics (28), disopyramide exerts an inhibi-
tory effects on the ryanodine receptor (RyR). We
tested the effects on RyR channels by evaluating the
rate of Ca sparks in permeabilized ventricular myo-
cytes isolated from a transgenic HCM mouse model
carrying the R92Q-TnT mutation (Figure 5A). The
frequency of Ca®" sparks in myocytes incubated with
5 umol/l of disopyramide was lower than that
observed in vehicle-treated cells (Figure 5B).

DISOPYRAMIDE DECREASES VENTRICULAR
DISPERSION OF REPOLARIZATION IN SiLICO. The
effects of 5 umol/1 of disopyramide were modeled in
silico based on the above-mentioned characterization
of drug action. In agreement with the experimental
findings, 5 pmol/l1 of disopyramide yielded AP

baseline is reduced
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FIGURE 3 Effects of Disopyramide on AP and Cellular Arrhythmias
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(A) Representative superimposed action potentials (AP) at baseline (black traces) and in the presence of disopyramide 5 pumol/L (Diso) (blue traces), elicited at 0.2 Hz
(left) and at 1 Hz (right). (B) Action potential duration at 90% of repolarization (APD90%) at baseline (black) and in the presence of disopyramide (blue). (C)
Representative action traces at baseline (black traces) and in the presence of disopyramide 5 pmol/L (blue traces), elicited at 0.2 Hz pacing rate. Disopyramide sup-
presses early afterdepolarizations (EAD) (arrows). (D) Percentage of HCM cardiomyocytes showing at least 2 EAD or delayed afterdepolarizations (DAD) during 3 min
of continuous stimulation, at baseline (black) and in the presence of disopyramide (blue). (B,D) Mean + SE from 28 hypertrophic cardiomyopathy cardiomyocytes
from 8 patients with hypertrophic cardiomyopathy (ID# 3 to 6, 9, and 11 to 13). **0.01 > p > 0.001; ***p < 0.001; linear-mixed models.

shortening in HCM endocardial cardiomyocytes and
left AP duration unaltered in control endocardium
(Figures 6A and 6B). Due to transmural differences in
ion channel expression, this trend was reversed in
epicardial cardiomyocytes, where disopyramide
slightly prolonged AP duration in control cells
(Figures 6A and 6B). The magnitude of AP duration at
90% of repolarization shortening in HCM endocardial
cells was inversely correlated with basal AP duration
at 90% of repolarization (Figure 6C). Further analysis
of responders to drug action indicates that Iy, den-
sity is the primary determinant of the extent of AP
shortening due to disopyramide (Figure 6D).

In the reconstructed ventricles of a patient with
obstructive HCM, 5 pmol/l disopyramide reduced
conduction velocity, increasing total activation time
by 11 ms (Supplemental Figure 4), comparable to
clinical data (QRS prolongation at ECG, see Table 1). In
the region of septal hypertrophy, 5 pmol/l of

disopyramide markedly decreased dispersion of
repolarization times (baseline: 529 + 62 ms, 625 ms
maximum; 5 pmol/l of disopyramide: 504 + 50 ms,
585 ms maximum) and slightly prolonged repolari-
zation in the nonhypertrophic epicardium (Figure 6E).
This heterogeneous ventricular action resulted in
QT shortening in septal precordial ECG leads along
with modest QT prolongation in the lateral ones
(Figure 6E), hence explaining the apparent discrep-
ancy between AP shortening and the clinical QTc
prolongation observed in patients with HCM
following disopyramide intake.

DISCUSSION

In the present work, we have investigated the effects
of disopyramide in patients with obstructive HCM
and on isolated HCM cardiomyocytes harvested from
patients undergoing surgical septal myectomy. The
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FIGURE 4 Effects of 5 umol/l Disopyramide on lon Channels
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(A, left) Representative peak Na current traces elicited at —10 mV from —120 mV resting potential, in a hypertrophic cardiomyopathy cardiomyocyte in the absence
(black) and presence of disopyramide (Diso) (blue trace). (Right) Average peak Na* current (Iya-peak) density at —10 mV; effect of disopyramide. (B, left) Repre-
sentative late Na* current (Iya.) traces elicited at -10 mV from —120 mV resting potential, in the absence and presence of disopyramide. (Right) Average integral of the
area of the current between 50 and 750 ms after onset of the —10 mV clamp pulse, normalized by cell capacitance, calculated in the absence and presence of
disopyramide in hypertrophic cardiomyopathy cardiomyocytes. (A,B) Mean & SEM from 22 cardiomyocytes, 5 patients (ID# 14 to 18). *0.05 > p > 0.01;

**0.01 > p > 0.007; linear-mixed models. (C) Delayed-rectifier K currents (I) elicited at different voltages in hypertrophic cardiomyopathy cardiomyocytes (see inset
for color codes), in the absence of disopyramide (left) and in its presence (right). (D) Average I current density in the absence and presence of disopyramide at different
voltages. Mean + SEM from 10 cardiomyocytes, 4 patients (ID# 14, 16, 19, and 20). *p < 0.05 for voltages =+20 mV, linear-mixed models used to compare each
coupled pair of values. (E) Representative L-type Ca%* current (Ic,.,) traces elicited at O mV from —80 mV resting voltage. (F) Average Ic,.. current density in the
absence and presence of disopyramide at different voltages. Mean + SEM from 12 cardiomyocytes, 3 patients (ID# 15, 17, and 18). 5p < 0.05 for voltages between

—10 mV and +30 mV, linear-mixed models.
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A Basal
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FIGURE 5 Effects of 5 umol/l of Disopyramide on Ca Sparks in Permeabilized Myocytes

Disopyramide B ~ *%

Basal Diso

(A) Calcium sparks in permeabilized cardiomyocytes from the left ventricle of transgenic hypertrophic cardiomyopathy mice (R92Q-TnT mu-
tation): the representative kymographic images show confocal line scans traced along the longitudinal cell axis, displaying fluorescence signals
from the Ca-selective dye, recorded at a speed of 512 lines/s while bathing the permeabilized myocytes in an intracellular solution containing
150 nmol/L [Ca®*] at room temperature. Spontaneous Ca sparks are visible as spontaneous elevations of local [Ca®*] signal lasting 20 to 40 ms.
Representative traces from cells in the absence (left) and presence of disopyramide (Diso) (right) in the bathing solution. Kymographicimages
are reported in false color (16-colors lookup table) after thresholding and filtering (Gaussian smoothing with 2px sigma). (B) Frequency of
spontaneous Ca sparks per 100 umol/l of scanned line length, in the absence and presence of 5 umol/l disopyramide. Mean + SEM from 74
cardiomyocytes (basal) and 63 cardiomyocytes (disopyramide) isolated from 4 mouse hearts. **0.01 > p > 0.001, unpaired Student's t-test.

results shed light on the agent’s biophysical mecha-
nisms of benefit, and its demonstrated clinical safety
in patients with HCM. In addition, the suppressive
effect
in vitro raises the possibility that disopyramide may

of disopyramide on afterdepolarizations

reduce ventricular arrhythmia propensity in vulner-
able patients with HCM.

NEGATIVE INOTROPIC EFFECT IN OBSTRUCTIVE
PATIENTS. In patients with obstructive HCM, the
beneficial effect of disopyramideis that it decreases LV
contractility, specifically by decreasing early LV ejec-
tion flow acceleration (29). In patients with obstructive
HCM, the mitral valve apposes with the septum very
early in systole, and the duration of mitral-septal
contact correlates with gradient magnitude, because
of the amplifying feedback loop in which the presence
of'a gradient pushes the valve further into the septum.
Thus, to reduce obstruction-related gradients, the
impact of any negative inotropic medication must be
very early in systole, before the onset mitral-septal
contact. By decreasing early systolic ejection acceler-
ation, disopyramide decreases early drag forces on the
mitral valve, delaying or abolishing mitral-septal
contact. Systolic anterior motion results from an
the
directed force of ejection flow striking the mitral valve,
versus restraining forces, from the papillary muscles
and chordae (30). Disopyramide displaces this equi-
librium toward restraint by dint of its effects on early
flow acceleration. Interestingly, despite the decreased

equilibrium between displacing anteriorly

velocity of pressure generation (dP/dt) during early
systole and the lower peak LV pressure, disopyramide

results in a modest reduction of global systolic func-
tion (5% to 6% decrease of ejection fraction in our
study, in line with previous observations). In normal
subjects, disopyramide causes a prolongation of total
ejection time (1); in subjects with HCM, however,
where ejection time is prolonged due to obstruction,
therelief of obstruction by disopyramide leadstoa 12%
shorter ejection time (31). Moreover, disopyramide has
a more potent gradient-lowering effect than other
negative inotropic agents given for obstructive HCM
(beta blockers and verapamil). In a head-to-head
comparison in individual patients with HCM by intra-
venous administration of the 3 agents on sequential
days, investigators found a 59% reduction of gradient
with disopyramide, a 19% reduction with propranolol,
and only 8% reduction with verapamil (11,32). On
average, 60% to 70% of patients started on dis-
opyramide will experience a significant drop in LVOT
gradient and improvement in symptoms (5,6).
Whereas the gradient-lowering effect of disopyramide
shows a clear dependency on dose and plasma levels
(1,3,33), the negative inotropic effect is always very
modest and does not vary within the clinically relevant
range of doses (up to 300 mg twice daily). These ob-
servations suggest that symptomatic gradients can be
effectively lowered by negative inotropic agents
without largely reducing ejection fraction. This may
be related to the fact that most patients with obstruc-
tive HCM are pathologically hyperkinetic. In HCM
hearts, negative inotropic drugs may counteract LV
hypercontractility and reduce early ejection accelera-
tion while at the same time allowing a more efficient
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FIGURE 6 Modeling Results on the Action of Disopyramide on the Dispersion of Repolarization
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(A) Representative superimposed action potentials at baseline (black traces) and in the presence of disopyramide 5 umol/L (blue traces) in endocardial (Endo) and
epicardial (Epi) models of human ventricular cardiomyocytes at 1 Hz pacing. (B) APD90% at baseline (black) and in the presence of disopyramide 5 pmol/l (blue), for
the different cell types. *p < 0.05, paired Student's t-test. (C) Endocardial APD shortening in HCM endocardial cardiomyocytes under disopyramide 5 pumol/l action as a
function of baseline APD90%. (D) Cellular mechanisms underlying endocardial APD shortening in responders (dark blue) versus nonresponders (light blue) to
disopyramide. *p < 0.05, unpaired Student's t-test. (E) RT90% in a ventricular model of obstructive HCM. Disopyramide reduces maximum dispersion of repo-
larization in the septal hypertrophic region while only slightly prolonging repolarization in nonhypertrophic epicardium, leading to QT shortening in septal compared
with modest QT prolongation in lateral precordial electrocardiogram leads (V; and Vs shown). CTRL = control model; I, = rapid delayed-rectifier K* current;
RyR = ryanodine receptor; other abbreviations as in Figures 1 to 4.

LV emptying due to loss of obstruction. Thus, the In the current study, disopyramide lowered resting
impact of negative inotropic drugs on end-systolic LVOT gradients from mean 58 to 25 mm Hg after
volume will be very limited, explaining the modest 3 months. This was similar to a prior report in 221
reduction of ejection fraction. patients using disopyramide with an average dose of
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500 mg/day, where resting LVOT gradients decreased
from 63 to 25 mm Hg after 4.5 years (6). Symptoms
and gradient in 64% of patients of this cohort could
be managed pharmacologically, while 36% ultimately
underwent septal reduction.

CELLULAR MECHANISMS UNDERLYING THE NEGATIVE
INOTROPIC ACTION OF DISOPYRAMIDE. Our in vitro
force assessments using human HCM samples confirm
the negative inotropic action of disopyramide
observed in patients. The results of our studies show
that this effect is the result of the inhibitory action of
disopyramide on multiple ion channels within
the cardiomyocyte.

Disopyramide Has No Direct Effects on Myofilaments.

Disopyramide does not modify the maximal force
generated by the contractile apparatus in HCM and
control trabeculae, and it does not change myofila-
ment sensitivity to Ca®", suggesting that the drug does
not directly target contractile proteins (Figure 6).
Therefore, disopyramide must reduce force through
modifications of the cardiomyocyte excitation-
contraction coupling, that is, intracellular Ca®*"
handling. By contrast, mavacamten (MYK-461) pro-
duces a negative inotropic effect by virtue of direct
inhibitor of cardiac myosin (34) with no apparent off-
target side effects. Mavacamten was recently tested
in a small number of patients with obstructive HCM in
a phase II study, showing that a clinically meaningful
reduction of post-exercise LVOT gradients can be
achieved with relatively small doses of the drug, while
leading to a modest reduction of LV ejection fraction,
on the order of 6% to 10% on average. This is in line
with the idea that a large reduction of LVOT gradients
in patients with obstructive HCM can be achieved us-
ing negative inotropic drugs with a minimal loss of
global LV function.

Disopyramide Reduces the Amplitude of Calcium
Transients. The negative inotropic effect of dis-
opyramide is a consequence of the reduction of sys-
tolic intracellular Ca?" levels in the cardiomyocyte,
thus determining lower Ca-mediated activation of
myofilaments and, ultimately, lower force. We found
a number of concurrent mechanisms contributing to
the reduction of Ca®*-transient amplitude.
Disopyramide Reduces Peak Na* Current and
Inac- Early studies demonstrated that Na*® channel
block (e.g., by tetrodotoxin) has a slight negative
inotropic action per se in the myocardium. Interest-
ingly, these studies compared the negative inotropic
potency of different drugs with their efficacy in slow-
ing down AP upstroke (a direct consequence of peak
Na*-current inhibition) (35,36). The ratio of negative
inotropic efficacy versus Na'-channel blocking po-
tency was the lowest for tetrodotoxin (0.23) and the
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highest for disopyramide (2.2). Disopyramide has the
most negative inotropic effect of all Class I antiar-
rhythmics, higher than mexiletine, procainamide, and
quinidine (35). As tetrodotoxin is a pure Na'-channel
blocker, these results suggest that Na*-channel inhi-
bition only slightly contributes to the negative
inotropic action of disopyramide, and that dis-
opyramide has additional Na*-channel-independent
mechanisms that make it the most potent negative
inotropic agent among class I antiarrhythmics (35).
Nonetheless, Na*-channel inhibition may inde-
pendently contribute to the reduction of Ca®'-
transient amplitude by disopyramide through
modification of the activity of the NCX (37). When
membrane potential is positive (peak and plateau of
the AP) and subsarcolemmal [Na*] is high (due to
large Na' influx by peak Iy,), NCX works in reverse
mode, in other words, letting Ca®" enter the cell in
exchange for Na* (38). The contribution of reverse-
mode NCX to Ca®" transients is particularly high in
HCM cardiomyocytes (16). In the presence of peak
and late Iy, inhibition by disopyramide, maximal AP
voltage is reduced (Table 2) and intracellular [Na'] is
diminished (16): these changes lead to a decrease of
reverse-mode NCX activity, thus reducing Ca®>" entry
(39). Moreover, reduction of diastolic [Na'] may
enhance the diastolic extrusion of Ca** via the NCX
(forward mode) (15,18). The 2 mechanisms (reduced
reverse- and enhanced forward-mode NCX) may
contribute to reduce total Ca*>" load of the SR (15) and
thus Ca®*-transient amplitude. Selective inhibition of
Inar without block of peak Iy, (e.g., with ranolazine or
eleclazine) is not sufficient to induce a negative
inotropic effect under basal conditions (15,16).
Therefore, we can conclude that simultaneous inhi-
bition of peak and late Iy, is required for the negative
inotropic action of disopyramide.
Disopyramide Reduces lc,... Disopyramide exerts
a slight but relevant inhibitory effect on Ic,.1,, which is
substantially lower than that of verapamil. Nonethe-
less, the observed 15% inhibition of peak Ic,1 by
disopyramide contributed to reduce Ca®*-transient
amplitude in ventricular myocytes, the effect being
larger at higher stimulation rates. A similar rate-
dependency of the negative inotropic effect is
typical of pure Ca®>*-channel blockers such as verap-
amil (40). At variance with verapamil (41), however,
disopyramide has minimal effects on heart rate and
atrioventricular conduction (Table 3), and thus can be
safely combined with -beta blockers.
Disopyramide Inhibits RyR. Na* channel blockers
flecainide and propafenone stabilize the closed state
of cardiac RyR channels (42). We observed that dis-
opyramide reduced the rate of spontaneous Ca*"
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sparks in permeabilized myocytes, in the presence of
fixed intracellular [Ca®*]: the reduction in the spon-
taneous RyR opening rate is likely due to a direct ef-
fect of disopyramide on RyR channels. Notably,
selective inhibition of RyR channels using JTV-519 in
human ventricular trabeculae led a slight negative
inotropic effect (43). Similarly, inhibition of RyR-
mediated systolic Ca®* release by disopyramide may
contribute to the reduction of Ca®*"-transient
amplitude.

DISOPYRAMIDE SHORTENS REPOLARIZATION IN HCM
CARDIOMYOCYTES: MOLECULAR MECHANISMS. Early
studies in healthy myocardium showed that dis-
opyramide prolongs ventricular AP (13) due to
decreased Ik, current by direct inhibition of hERG
channels (44). Similarly, we observed a slight AP pro-
longation in cardiomyocytes from patients without
HCM (Supplemental Figure 3), also confirmed by
modeling studies (Figure 6A). Interestingly, the AP
prolonging effect in control cardiomyocytes was
shown to be prevalent at concentrations below 8 pmol/
1, whereas at higher concentrations, disopyramide
tended to shorten AP (13,45). At low concentrations,
hERG inhibition prevails over Iy, and Ig,.p block,
leading to a net decrease of repolarizing currents and
AP prolongation; at higher concentrations, however,
after maximal hERG inhibition is reached, the inhibi-
tion of depolarizing Ca®>* and Na™ currents becomes
prevalent, leading to AP shortening in healthy
myocardium. Based on our observations, we can
speculate that the latter behavior occurs in HCM car-
diomyocytes even at low, clinically relevant concen-
trations (such as 5 pumol/l, which we used in this
work), due to the decreased expression of hERG
channels in HCM myocardium (15). Moreover, Iyar
and Ic,.; are both increased in HCM versus control
myocardia (15); therefore, their inhibition by dis-
opyramide leads to greater AP shortening, especially
at low pacing rates. Simulation studies suggested
that AP shortening by disopyramide is more pro-
nounced in cells that have larger Iy, and smaller Ik,
(Figures 6C and 6D). Taken together, the altered
balance of depolarizing and repolarizing currents in
cardiomyocytes from the hypertrophic septum of
patients with HCM causes disopyramide to decrease
net depolarizing currents (Na® and Ca®") without
substantial reduction in repolarizing K* currents,
ultimately  shortening AP plateau duration
(Figure 2, Table 1).

SHORTENING OF AP DURATION AND QTc PROLONGATION:
AN APPARENT CONTRAST. In the 39 patients begun on
disopyramide, QTc interval increased from 458 + 22 to
486 + 27, an average 5.8% rise after 3 months. The
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shortening of AP observed in HCM cardiomyocytes
in vitro is in apparent contrast with the slight QTc
prolongation in patients. However, prolongation of
QTc interval with disopyramide depends, at least in
part, on the prolongation of QRS interval, reflecting
delayed intraventricular electrical conduction velocity
due to peak Na'-current inhibition (Table 1) (46).
However, even if we consider only the repolarization
phase (JT interval), disopyramide still has a significant
prolonging effect. All the cardiomyocytes analyzed in
this work were isolated from the subendocardial re-
gion of the basal septum, the most hypertrophied re-
gion in patients with obstructive HCM. If the degree of
cardiomyocyte electrical changes is heterogeneous
across the LV and mirrors the asymmetrical distribu-
tion of hypertrophy, cardiomyocytes from other re-
gions of the LV are likely to be similar to control
cardiomyocytes. Therefore, we constructed a 3-
dimensional model of the whole LV from an obstruc-
tive patient (Figure 6E) where we assumed that the
HCM-specific ion current abnormalities we observed
in isolated cardiomyocytes from septal myectomy
samples (15,23) were limited to the hypertrophied
septal region. In agreement with this assumption, the
spatial dispersion of QTc interval is greatly increased
in patients with HCM with asymmetrical hypertrophy
(47). In this model, we found that disopyramide
shortens the duration of septal AP while slightly pro-
longing the AP of the remaining LV myocardium, ul-
timately resulting in a slight prolongation of the global
QT interval in the reconstructed ECG trace. In line with
that prediction, the average prolongation of QTc in-
terval in patients with HCM with disopyramide (5% to
6%) is lower than the average QT prolongation in
healthy patients taking a similar dose of disopyramide
(10% to 15%) (1,48). The model predicts that dis-
opyramide determines marked reduction of QT
dispersion across the different LV regions, as well as
transmurally. Because the magnitude of the AP-
shortening effect of disopyramide is linearly related
with the AP duration at baseline (Figure 6C), the effect
would be greater in cells with longer AP, globally
reducing the heterogeneity of AP duration among
different LV regions. In line with that, we observed in
patients that the QTc prolonging effect of dis-
opyramide is inversely related to the baseline
QTc interval: patients with an initially longer QTc in-
terval (>457 ms) had a smaller increase in QTc interval
after disopyramide than did patients with shorter
initial QTc interval. Interestingly, spatial QT disper-
sionis a substrate for sustained re-entrant arrhythmias
and is related with the occurrence of nonsustained
ventricular tachycardia in patients with HCM (47);
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therefore, its reduction by disopyramide could
be antiarrhythmic.

EFFECT ON EARLY AND LATE AFTERDEPOLARIZATIONS:
ANTIARRHYTHMIC POTENTIAL. We observed a reduc-
tion of the cellular triggers of arrhythmias in HCM
cardiomyocytes treated with disopyramide, that is,
EAD and DAD (Figure 3). The risk of EAD is directly
associated with AP prolongation (49). The short-
ening of AP by disopyramide is therefore the main
mechanism behind the reduction of EAD (15). DAD
result from the activation of the -electrogenic
(depolarizing) NCX secondary to spontaneous dia-
stolic Ca®" release from the SR (50). The likelihood
of DAD is therefore increased in all conditions
leading to increased open probability of RyR during
diastole, that is increased SR Ca®" load, increased
diastolic cytosolic [Ca®*] or altered intrinsic prop-
erties of the RyR (e.g., phosphorylation by
Ca?"/calmodulin-dependent protein kinase II). All
these features are present in HCM cardiomyocytes,
explaining the observed increase of DAD with
respect to control cells (15). Interestingly, we
observed that disopyramide reduced diastolic cyto-
solic [Ca®*] (Figure 2) and SR Ca®" content and sta-
bilized the closed state of RyR (Figure 5), thus
lowering the likelihood of diastolic Ca®>" waves.
SAFETY OF DISOPYRAMIDE IN CLINICAL PRACTICE. The
multichannel inhibitory effects and the membrane
stabilizing actions of disopyramide in vitro provide an
explanation to the clinical observation that, even
though the drug prolongs QT intervals, it does not
increase arrhythmic propensity in HCM. In a multi-
center study of disopyramide, with a relatively low
dosage, there was a clear trend toward lower sudden
cardiac death mortality in disopyramide-treated pa-
tients with HCM (5). Subsequent studies have shown
that the incidence of sudden cardiac death, appro-
priate ICD discharges or resuscitated cardiac arrest in
a cohort of over 200 patients treated with dis-
opyramide is only 0.3% per year, as evaluated after an
average follow-up of 5 years (4,6). This rate of lethal
or potentially lethal events compares favorably with
the natural history of HCM and even with the long-
term outcome of patients with obstructive HCM
treated with surgical myectomy (51). Disopyramide
appears to have an intrinsic safety mechanism in
HCM cells, whereby the QT prolonging effects are
most evident in cells with short baseline AP duration
and are overcome by QT shortening effects in those
with longer AP. Combined with its potential protec-
tive action from ventricular arrhythmias, this pro-
vides disopyramide with a very favorable profile for
clinical use in HCM. Following the results of this
work, an investigation with prolonged arrhythmia
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event monitoring before and after disopyramide
would be of great interest. In addition to its beneficial
electrophysiological effects described herein, the
hemodynamic effect of gradient reduction is likely to
be antiarrhythmic by decreasing myocardial work and
supply-demand ischemia, and by improving myocar-
dial energy efficiency. Despite the demonstrated
electrophysiologic and clinical safety, we continue to
believe it is prudent to avoid concomitant adminis-
tration of other QT-prolonging medications along
with disopyramide (Figure 7).

STUDY LIMITATIONS. First, in this work, we only
studied cardiomyocytes isolated from the hypertro-
phied upper septum; therefore, we could not verify
whether the effects of disopyramide are different in
cells from other less affected regions. Second, dis-
opyramide hastens the decay of Ca®?' transients
and accelerates myocardial relaxation in HCM
myocardium (Figures 1 and 2), as a consequence of
the increased Ca®"-extrusion activity of NCX (15,18)
(Figure 5). Such effect is expected to improve dia-
stolic function in vivo. However, echocardiographic
data from our patients did not show any ameliora-
tion of active mechanical diastolic parameters (Ta-
ble 4). This is in line with previous results obtained
in patients with HCM using ranolazine, which failed
to improve diastolic parameters, despite reducing
circulating pro-B-type natriuretic peptide (52).
Third, we did not directly evaluate the effects of
disopyramide on atrial or ventricular arrhythmia
burden in the patients included in the clinical study,
as no ambulatory ECG monitoring was performed.
Fourth, our results do not provide clear mechanistic
insights into why up to 30% of patients with
obstructive HCM started on disopyramide are non-
responders. Given the relatively small number of
patient samples, we could not observe a subset of
them showing minimal or no response to the drug.
However, as the response to disopyramide appears
to be higher in cells with more pronounced electro-
physiological changes (e.g., increase of Iy, and
decrease of Ix [see Figures 6C and 6D]) and the
severity of electrical remodeling varies substantially
among different patients (as we previously reported
in [15]), interpatient variability in the severity of
cellular abnormalities may underlie the differences
in the clinical response to disopyramide. Moreover,
prior clinical investigations have shown that a subset
of patients with a combination of both high resting
gradients >85 mm Hg and long anterior mitral
leaflets =33 mm Hg have a suboptimal response to
oral disopyramide due to a combination of adverse
anatomy and excessive leaflet slack (6). Fifth, due to
the limited number of patient samples and
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FIGURE 7 Effects of Disopyramide in HCM Cardiomyocytes

(Top) In HCM cardiomyocytes, Ic,-. and Iya. are increased, while I is markedly decreased, leading to prolonged APs; Na overload impairs NCX, contributing to
cytosolic Ca-overload. (Bottom) Disopyramide inhibits Ina-peak (INap): InaLs Ica- @nd I, while also stabilizing ryanodine receptors. These effects lead to shortening of
APs. Moreover, normalization of NCX function and Ic,-. inhibition and RyR stabilization contribute to reduce diastolic Ca and systolic Ca-release, determining negative
inotropic effects. APs = action potentials; HCM = hypertrophic cardiomyopathy; Ic,.. = L-type Ca current; I = delayed-rectifier K current; Iy, = Late Na current;
NCX = Na*/Ca®" exchanger; RyR = ryanodine receptor.
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incomplete genetic data (Supplemental Table 1), we
were unable to correlate specific parameters of drug
effectiveness with the different disease-causing
mutated genes. As disopyramide does not directly
interacts with sarcomeres (Figure 1), we believe it is
unlikely that mutations in different sarcomeric
genes affect the efficacy of the drug. Moreover, we
previously observed that the degree of electrical
abnormalities at cardiomyocyte level is similar in
samples from patients carrying mutations in MYH7
and in MYBPC3 and patients with no sarcomeric
gene mutations. As disopyramide targets ion chan-
nels, these results support the idea that the effects
of the drug do not vary depending on the different
causing mutations. Sixth, one-half of the patients
with HCM included in this study were under dis-
opyramide therapy prior to surgery (Supplemental
Table 1); as it is unknown whether long-term dis-
opyramide treatment alters the expression or func-
functional
cardiomyocyte proteins, we cannot exclude that this
may have influenced the results of this study.

PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE 1: The
effects of disopyramide in the hearts of patients with

tion of ion channels and other

HCM are mediated by the combined inhibition of peak
Na* current, Iya., Ca>* channels, K* channels, and RyR.
Such multichannel inhibition explains the marked
negative inotropic effect of the drug, which is responsible
for the reduction of LV outflow gradients in patients with
obstructive HCM. Moreover, these combined actions also
result in shortening of the HCM cardiomyocyte AP,
improvement of intracellular Ca overload, reduction of
afterdepolarizations, and smaller dispersion of repolari-
zation, conferring additional antiarrhythmic potential.

COMPETENCY IN MEDICAL KNOWLEDGE 2: Our
translational study provides the mechanistic explanation
for the safety and efficacy of disopyramide in patients with
obstructive HCM, which has been confirmed by over 40
years of clinical use. These results support the idea that
disopyramide treatment can be safely initiated in the
outpatient setting and requires only an initial evaluation of
the changes in QTc interval, which are usually rather small
and are not associated with an increased risk of
arrhythmias.

TRANSLATIONAL OUTLOOK 1: The negative inotropic
effect of disopyramide does not depend on direct
inhibition of myofilament contraction. As such, it does not
appear incompatible with the new class of allosteric
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CONCLUSIONS

Disopyramide emerges as a safe drug due to its
multichannel blocking effects. Disopyramide is an
effective negative inotrope that avoids interference
with sarcomere protein function. This promises to
enrich the pharmacological armamentarium to con-
trol obstruction as well as arrhythmias. Indeed, our
data suggest a potential protective effect of dis-
opyramide from ventricular arrhythmias mediated by
suppression of afterdepolarizations and transmural
re-entry; future studies aimed at evaluating the
antiarrhythmic potential of disopyramide in patients
with HCM are warranted. The results of this study
provide a measure of reassurance to clinicians still
concerned with the use of disopyramide in a complex
structural disease such as HCM.

ADDRESS FOR CORRESPONDENCE: Dr. Raffaele
Coppini, Department NeuroFarBa, University of
Florence, Viale G. Pieraccini 6, 50139 Firenze, Italy.
E-mail: raffaele.coppini@unifi.it.

myosin modulators currently under investigation
(mavacamten). As disopyramide and mavacamten act on
different targets, they could potentially be combined
with synergic effects, if the efficacy and safety of
mavacamten on long-term administration is confirmed in
the ongoing phase Il studies.

TRANSLATIONAL OUTLOOK 2: The use of drugs that
inhibit hERG channels and cause drug-related QT
prolongation are commonly considered to be more
dangerous in patients with pre-existing structural heart
disease, such as HCM. This assumption does not take into
consideration the disease-related changes in cardiomyo-
cyte ion channel expression. In HCM, the baseline
expression of hERG channels is reduced, so the QT
prolonging effect of disopyramide (and probably that of
other hERG blocking drugs) is reduced. Paradoxically, the
proarrhythmic consequences of hERG-blocking
QT-prolonging drugs might be less severe in hearts with
structural disease and profound electrical remodeling, as
compared with healthy hearts.

TRANSLATIONAL OUTLOOK 3: The promising
antiarrhythmic properties of disopyramide in vitro
suggest a role for clinical use also in patients without
obstructive HCM, such as, as a less toxic alternative to
amiodarone for control of atrial fibrillation.
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EDITORIAL COMMENT

Out With the Old and
in With the New

Not So Fast in Hypertrophic Cardiomyopathy*

Martin S. Maron, MD

ver 50 years ago, Dr. Eugene Braunwald

commenced the therapeutic era in hyper-

trophic cardiomyopathy (HCM) with the
introduction of the beta-blocker propranolol. Over
the last several decades, pharmacological interven-
tion with beta-blockers or calcium-channel blockers
continues to be the initial treatment for limiting heart
failure symptoms due to left ventricular outflow tract
obstruction (1). In 1985, the class IA antiarrhythmic
drug disopyramide was also demonstrated to be
effective and safe at lowering outflow gradients and
improving heart failure symptoms, largely as a result
of its negative inotropic properties. Although its use
can be limited by parasympathetic side effects and
limited long-term efficacy (2-5), North American and
European expert consensus HCM guidelines have
promoted disopyramide as an additional treatment
option for symptomatic obstructive patients with
HCM before considering highly effective invasive
septal reduction therapy (6,7). However, despite the
availability of disopyramide for over 35 years, the
mechanism by which this drug provides the observed
clinical benefit has not been well characterized in this
complex heart disease, contributing to some appre-
hension and concern within the practicing cardiology
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community in recommending disopyramide therapy
to patients with HCM (4,5).

In this issue of JACC: Basic to Translational
Science, Coppini et al. (8) perform a number of
elegant basic science experiments on isolated HCM
cardiomyocytes derived from ventricular septal
muscle obtained from obstructive patients with HCM
at the time of surgical myectomy. A variety of effects
of disopyramide were studied at the cellular level,
including changes to ion fluxes, afterdepolarizations,
and twitch tension. To relate these experimental
findings to the clinical effect of disopyramide, elec-
trocardiograms and echocardiograms were performed
before and after 3 months of disopyramide therapy in
a separate study cohort of 39 symptomatic obstruc-
tive patients with HCM.

SEE PAGE 795

At first glance, this investigation characterizing the
mechanism of a drug that has been used clinically in
HCM for some time could be inadvertently dismissed
as old news. However, this is far from the reality
because the basic and clinical observations derived
from Coppini et al. (8) establish a number of princi-
ples that advance our understanding of an important
therapy for controlling symptoms in patients with
HCM and also provide an example for similar future
initiatives in this disease.

One of the major observations derived from the
extensive in vitro experiments performed in this
study was the lack of a direct effect by disopyramide
on the contractile apparatus of the heart. Instead, the
substantial reduction (60%) in resting outflow tract
gradient achieved with disopyramide was accom-
plished by altering myocardial contractile force by
mitigating intracellular Ca®* levels through direct
action on multiple ion channels, including the peak
and late Na channel current, the L-type Ca®" current,
and the ryanodine receptor (8). The negative

https://doi.org/10.1016/j.jacbts.2019.10.002
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inotropic effect resulting from this alteration in
cellular Ca®* levels decreased early systolic flow ac-
celeration enough to mitigate the abnormal hemo-
dynamic drag forces that contribute to the
mechanism of mitral valve-ventricular septal contact.

Of note, the impact of disopyramide on contractile
force was associated with only a minimal decrease in
ejection fraction (8). This is not a trivial issue because
any intervention associated with a more significant
decrease in systolic function would likely raise safety
concerns, including potentially new heart failure
symptoms resulting from diminished cardiac output.
Therefore, these data by Coppini et al. (8), as well as
prior prospective clinical studies with disopyramide
(3,4,9), suggest that the minimal negative inotropic
effect of disopyramide is not associated with
increased risk. The excellent safety profile also re-
sults from the fact that disopyramide use resulted in
only a very minimal increase in the corrected QT in-
terval, an observation that further supports the
growing practice of initiating disopyramide on an
outpatient basis unless certain high-risk electrocar-
diographic features are present in a patient (4,8).

As the authors correctly point out, the mechanism
of action of disopyramide in reducing outflow tract
gradients contrasts sharply to the proposed mecha-
nism of action of myosin inhibitors, an emerging novel
class of drug therapy that is currently under evalua-
tion in a number of clinical trials for the treatment of
symptomatic obstructive HCM (10). The myosin in-
hibitors have been noted in early clinical in-
vestigations to lower gradients by producing a potent
negative inotropic effect achieved by direct inhibition
of cardiac myosin, with little off-target effect and an
early acceptable safety profile (10). Although specu-
lative at this point, the data by Coppini et al. (8) do
raise the future prospect that outflow obstruction may
be more effectively mitigated by using a therapeutic
strategy utilizing the benefits of 2 drugs that lower
gradient through different but potentially comple-
mentary (and hopefully synergistic) mechanisms. This
is particularly relevant because treatment with dis-
opyramide alone is associated with limited long-term
efficacy in improving heart failure symptoms in an
important subset of obstructive patients with HCM.

Coppini et al. (8) also establish rational for the
observed safety and potentially beneficial antiar-
rhythmic effects of disopyramide in obstructive HCM.
Early and delayed afterdepolarizations, a cellular
trigger for arrhythmias, were noted to be decreased in
HCM endocardial cardiomyocyte due to the effect of
disopyramide on shortening the actional potential as
well as decreasing the content of Ca®" within
the sarcoplasmic reticulum (8). Determining if
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the effects of disopyramide on early and delayed
afterdepolarizations in human tissue culture trans-
lates into an actual decrease in clinical burden of
atrial or ventricular arrhythmias in patients with HCM
was not assessed in this study. Nevertheless, these
rigorous basic science observations provide strong
rational for future clinical investigations to determine
the efficacy of disopyramide in reducing arrhythmic
burden across the entire spectrum of patients with
HCM, including patients without outflow tract
obstruction.

An important issue not addressed by this investi-
gation was clarifying the mechanism responsible for
why close to one-third of obstructive patients with
HCM do not achieve a significant decrease in outflow
gradients (i.e., nonresponders) or why efficacy of the
drug often diminishes over extend periods of time in
other patients (3,4). Further work directed at identi-
fying the cellular mechanisms responsible for these
limitations of disopyramide would represent another
critical next step forward for this translative science
initiative, with the opportunity to potentially develop
novel drug therapy specifically tailored to target all
the basic mechanisms responsible generating outflow
tract obstruction and in the process potentially
further increase the number of drug therapy options
available for patients with obstructive HCM.

Despite over 60 years since the first contemporary
clinical descriptions of HCM (5), this genetic heart
disease has been subjected to limited translational
scientific investigation, a reason there has been no
additional novel drug therapy for HCM since dis-
opyramide. Coppini et al. (8) should be commended
for a unique “bench to bedside” initiative in this
complex, heterogenous genetic heart disease. By
providing the basic mechanisms responsible for the
observed clinical response of disopyramide in HCM, a
large measure of reassurance has now been provided
on the safety and efficacy of this drug to the prac-
ticing cardiology community and patients with HCM.
Also, this translational study represents an important
“call to arms” to the scientific community to continue
to pursue investigation aimed at clarifying the basic
mechanisms responsible for limiting symptoms in
HCM and to identify novel therapeutic targets to further
our treatment options for patients with this complex
genetic heart disease, providing all HCM patients an
even greater opportunity for improved quality of life.

ADDRESS FOR CORRESPONDENCE: Dr. Martin S.
Maron, Hypertrophic Cardiomyopathy Center, Division
of Cardiology, Tufts Medical Center, 800 Washington
Street, #70, Boston, Massachusetts 02111. E-mail:
mmaron@tuftsmedicalcenter.org.

815


mailto:mmaron@tuftsmedicalcenter.org

816

Maron

Out With the Old, Not So Fast in HCM

JACC: BASIC TO TRANSLATIONAL SCIENCE VOL. 4, NO. 7, 2019

NOVEMBER 2019:814-6

REFERENCES

1. Cohen LS, Braunwald E. Amelioration of angina
pectoris in idiopathic hypertrophic subaortic ste-
nosis with beta-adrenergic blockade. Circulation
1967;35:847-51.

2, Sherrid M, Delia E, Dwyer E. Oral disopyramide
therapy for obstructive hypertrophic cardiomyop-
athy. Am J Cardiol 1988;62:1085-8.

3. Sherrid MV, Barac I, McKenna WJ, et al. Multi-
center study of the efficacy and safety of dis-
opyramide in obstructive hypertrophic
cardiomyopathy. J Am Coll Cardiol 2005;45:
1251-8.

4. Adler A, Fourey D, Weissler-Snir A, et al. Safety
of outpatient initiation of disopyramide for
obstructive hypertrophic cardiomyopathy pa-
tients. J Am Heart Assoc 2017;6:e005152.

5. Maron BJ. Clinical course and management of
hypertrophic cardiomyopathy. N Engl J Med 2018;
379:655-68.

6. Gersh BJ, Maron BJ, Bonow RO, et al. 2011
ACCF/AHA guideline for the diagnosis and treat-
ment of hypertrophic cardiomyopathy: executive
summary: a report of the American College of
Cardiology Foundation/American Heart Associa-
tion Task Force on Practice Guidelines. J Am Coll
Cardiol 2011;58:2703-38.

7. Elliott PM, Anastasakis A, Borger MA, et al.
2014 ESC guidelines on diagnosis and manage-
ment of hypertrophic cardiomyopathy: the Task
Force for the Diagnosis and Management of Hy-
pertrophic Cardiomyopathy of the European Soci-
ety of Cardiology (ESC). Eur Heart J 2014;35:
2733-79.

8. Coppini C, Ferrantini C, Pioner JM, et al.
Electrophysiological and contractile effects of dis-
opyramide in patients with obstructive hypertrophic
cardiomyopathy: a translational study. J Am Coll
Cardiol Basic Trans Science 2019;4:795-813.

9. Sherrid MV, Shetty A, Winson G, et al. Treat-
ment of obstructive hypertrophic cardiomyopathy
symptoms and gradient resistant to first-line
therapy with beta-blockade or verapamil. Circ
Heart Fail 2013;6:694-702.

10. Heitner SB, Jacoby D, Lester SJ, et al. Mava-
camten treatment of obstructive hypertrophic
cardiomyopathy: a clinical trial. Ann Intern Med
2019;117:741-8.

KEY WORDS action potential, arrhythmias,
hypertrophic cardiomyopathy, QT interval, safety


http://refhub.elsevier.com/S2452-302X(19)30302-X/sref1
http://refhub.elsevier.com/S2452-302X(19)30302-X/sref1
http://refhub.elsevier.com/S2452-302X(19)30302-X/sref1
http://refhub.elsevier.com/S2452-302X(19)30302-X/sref1
http://refhub.elsevier.com/S2452-302X(19)30302-X/sref2
http://refhub.elsevier.com/S2452-302X(19)30302-X/sref2
http://refhub.elsevier.com/S2452-302X(19)30302-X/sref2
http://refhub.elsevier.com/S2452-302X(19)30302-X/sref3
http://refhub.elsevier.com/S2452-302X(19)30302-X/sref3
http://refhub.elsevier.com/S2452-302X(19)30302-X/sref3
http://refhub.elsevier.com/S2452-302X(19)30302-X/sref3
http://refhub.elsevier.com/S2452-302X(19)30302-X/sref3
http://refhub.elsevier.com/S2452-302X(19)30302-X/sref4
http://refhub.elsevier.com/S2452-302X(19)30302-X/sref4
http://refhub.elsevier.com/S2452-302X(19)30302-X/sref4
http://refhub.elsevier.com/S2452-302X(19)30302-X/sref4
http://refhub.elsevier.com/S2452-302X(19)30302-X/sref5
http://refhub.elsevier.com/S2452-302X(19)30302-X/sref5
http://refhub.elsevier.com/S2452-302X(19)30302-X/sref5
http://refhub.elsevier.com/S2452-302X(19)30302-X/sref6
http://refhub.elsevier.com/S2452-302X(19)30302-X/sref6
http://refhub.elsevier.com/S2452-302X(19)30302-X/sref6
http://refhub.elsevier.com/S2452-302X(19)30302-X/sref6
http://refhub.elsevier.com/S2452-302X(19)30302-X/sref6
http://refhub.elsevier.com/S2452-302X(19)30302-X/sref6
http://refhub.elsevier.com/S2452-302X(19)30302-X/sref6
http://refhub.elsevier.com/S2452-302X(19)30302-X/sref7
http://refhub.elsevier.com/S2452-302X(19)30302-X/sref7
http://refhub.elsevier.com/S2452-302X(19)30302-X/sref7
http://refhub.elsevier.com/S2452-302X(19)30302-X/sref7
http://refhub.elsevier.com/S2452-302X(19)30302-X/sref7
http://refhub.elsevier.com/S2452-302X(19)30302-X/sref7
http://refhub.elsevier.com/S2452-302X(19)30302-X/sref7
http://refhub.elsevier.com/S2452-302X(19)30302-X/sref8
http://refhub.elsevier.com/S2452-302X(19)30302-X/sref8
http://refhub.elsevier.com/S2452-302X(19)30302-X/sref8
http://refhub.elsevier.com/S2452-302X(19)30302-X/sref8
http://refhub.elsevier.com/S2452-302X(19)30302-X/sref8
http://refhub.elsevier.com/S2452-302X(19)30302-X/sref9
http://refhub.elsevier.com/S2452-302X(19)30302-X/sref9
http://refhub.elsevier.com/S2452-302X(19)30302-X/sref9
http://refhub.elsevier.com/S2452-302X(19)30302-X/sref9
http://refhub.elsevier.com/S2452-302X(19)30302-X/sref9
http://refhub.elsevier.com/S2452-302X(19)30302-X/sref10
http://refhub.elsevier.com/S2452-302X(19)30302-X/sref10
http://refhub.elsevier.com/S2452-302X(19)30302-X/sref10
http://refhub.elsevier.com/S2452-302X(19)30302-X/sref10

JACC: BASIC TO TRANSLATIONAL SCIENCE VOL. 4, NO. 7, 2019
© 2019 THE AUTHORS. PUBLISHED BY ELSEVIER ON BEHALF OF THE AMERICAN
COLLEGE OF CARDIOLOGY FOUNDATION. THIS IS AN OPEN ACCESS ARTICLE UNDER

THE CC BY-NC-ND LICENSE (http://creativecommons.org/licenses/by-nc-nd/4.0/).

PRECLINICAL RESEARCH

Cardiac Myosin Binding Protein-C W
Phosphorylation Mitigates

Age-Related Cardiac Dysfunction

Hope for Better Aging?

Paola C. Rosas, MD, PuD, BSPuarm,* Chad M. Warren, MS,* Heidi A. Creed, BS,” Jerome P. Trzeciakowski, PuD,?
R. John Solaro, PuD,* Carl W. Tong, MD, PuD"*
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o With aging, phosphorylated-mimetic cMyBP-C mice exhibited better survival, better preservation of systolic and diastolic
functions, and unchanging wall thickness compared with control mice.

e Aged wild-type equivalent mice exhibited decreasing cMyBP-C phosphorylation (5273 and $282) along with worsening
cardiac function and hypertrophy similarly to what was observed in hypophosphorylated cMyBP-C mice.

o Intact papillary muscle experiments suggest that cMyBP-C phosphorylation increased cross-bridge detachment rates as

the underlying mechanism.

o Phosphorylating cMyBP-C is therefore a novel mechanism that can prevent aging-related development of cardiac

dysfunction.
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cMyBP-C Phosphorylation Protects Aging Heart

ABBREVIATIONS
AND ACRONYMS

3SA = mutated 3 serines to

3 alanines to mimic

hypophosphorylated cardiac

myosin binding protein-C

(S273A, S282A, and S302A)

3SD = mutated 3 serines to

3 aspartic acids to mimic
phosphorylated cMyBP-C

(S273D, S282D, and S302D)
ANOVA = analysis of variance

cMyBP-C = cardiac myosin

binding protein-C
cTnl = cardiac troponin |
EF = ejection fraction

HF = heart failure

HFpEF = heart failure with
preserved ejection fraction

HOP = hydroxyproline

LV = left ventricular

SUMMARY

eart failure (HF) afflicts 6.2 million
Americans as of 2019 (1). The prev-
alence of HF is expected to in-
crease to >8 million by 2030 (2). HF
prevalence also increases with age, from 0.3%

(male) and 0.2% (female) of the population at ages
20 to 39 years to 6.9% (male) and 4.8% (female) at
ages 60 to 79 years according to the National Health
and Nutrition Examination Survey (2013 to 2016). Ag-
ing alone can lead to deterioration of diastolic func-
tion, despite improvement in blood pressure control
(3). Moreover, HF is the leading cause of hospitaliza-
tion in elderly patients (4). Despite new treatments,
~50% of patients diagnosed with HF will die within
5 years (1). Therefore, we need to search for novel
strategies to treat this deadly disease in our aging
population.

Cardiac myosin binding protein-C (cMyBP-C), a
heart muscle thick filament protein, can regulate
cross-bridge attachment/detachment processes by its
phosphorylation status. Once phosphorylated,
cMyBP-C accelerates cross-bridge cycling to enhance
the ability of the heart to contract and relax (5,6).
Hearts from patients with hypertension (7), atrial
fibrillation (8), hypertrophic cardiomyopathy (9-11),
and HF (9,11,12) all exhibit decreased cMyBP-C
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Cardiac myosin binding protein-C (cMyBP-C) phosphorylation prevents aging-related cardiac dysfunction. We
tested this hypothesis by aging genetic mouse models of hypophosphorylated cMyBP-C, wild-type equivalent,
and phosphorylated-mimetic cMyBP-C for 18 to 20 months. Phosphorylated-mimetic cMyBP-C mice exhibited
better survival, better preservation of systolic and diastolic functions, and unchanging wall thickness. Wild-type
equivalent mice showed decreasing cMyBP-C phosphorylation along with worsening cardiac function and
hypertrophy approaching those found in hypophosphorylated cMyBP-C mice. Intact papillary muscle
experiments suggested that cMyBP-C phosphorylation increased cross-bridge detachment rates as the
underlying mechanism. Thus, phosphorylating cMyBP-C is a novel mechanism with potential to treat
aging-related cardiac dysfunction. (J Am Coll Cardiol Basic Trans Science 2019;4:817-30) © 2019 The Authors.
Published by Elsevier on behalf of the American College of Cardiology Foundation. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

phosphorylation levels. Moreover, cMyBP-C muta-
tions are a predominant cause of hypertrophic car-
diomyopathy that progresses to HF (13). Thus, there is
sufficient evidence to suggest that cMyBP-C phos-
phorylation mediates normal heart physiology.

We hypothesized that cMyBP-C phosphorylation
mitigates aging-related cardiac dysfunction. To test
this idea, we used existing mouse models of cMyBP-C
phosphorylation mimetic cMyBP-C(t3SD) mutant,
cMyBP-C dephosphorylated mimetic cMyBP-C(t3SA)
and cMyBP-C wild-type cMyBP-C(tWT).
These mice were aged to >18 months to mimic a 60-
to70-year-old human. Our studies found that cMyBP-C
phosphorylation preserves heart function during

aging.

mutant,

METHODS

MOUSE LINES. All protocols for animal care and use
were approved by the Institutional Animal Care and
Use Committee at the Texas A and M University
Health Science Center College of Medicine Temple
and College Station campuses. Three mice models
were used that were previously generated by trans-
genic expression of cMyBP-C phosphorylation mi-
metics on a cMyBP-C“/~ null background that was
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generated on an E129X1 (SVE-129) strain (14). Three
cMyBP-C protein kinase-A sites (S273, S282, and S302)
were mutated to nonphosphorylatable alanine to
mimic phosphorylation deficiency, cMyBP-C(t3SA)
(15), or else substituted to nonphosphorylatable
aspartic acid to mimic the negative charge of the
phosphorylated residue, cMyBP-C(t3SD) (6). The
cMyBP-C(tWT) control was generated by re-
introducing wild-type cMyBP-C into the cMyBP-C/”
null background (15). Because the phosphorylation
status of cMyBP-C can change with various condi-
tions, we used cMyBP-C(t3SD), which mimics
constitutively phosphorylated cMyBP-C, to test our
hypothesis. The 3 models exhibited similar cMyBP-C
expression levels: cMyBP-CtWT): 72%; cMyBP-
C(t3SA): 74%; and cMyBP-C(t3SD): 84% (6,15).

SURVIVAL. The mice models were aged to
>18 months to mimic 60- to 70-year-old human sub-
jects. Both male and female mice were used. Mice
euthanized for experiments or for noncardiac reasons
(e.g., dermatitis, teeth problems, penile prolapse)
were censored at the date of event. Survival analyses
were done on day 600. Mice living beyond 600 days
were censored at day 600. Censored mice were not
counted as death.

MEASUREMENT OF PHYSIOLOGICAL PARAMETERS.
Blood glucose and systolic blood pressure levels (tail
cuff measurements on restrained conscious mice)
were measured in all 3 mice models at 15 to 18 months
of age. Mice were euthanized and organs were har-
vested to measure lung weight/body weight, heart
weight/body weight, and heart weight/tibia length
ratios as indicators of pulmonary edema and car-
diac hypertrophy.

ECHOCARDIOGRAPHY. The Vevo 2100 system
(FUJIFILM VisualSonics, Toronto, Ontario, Canada)
was used to perform echocardiography on mice 3 to
18 months old by using a previously developed pro-
tocol (6). Mice were anesthetized with 0.5% to 2.5% of
isoflurane and placed in a warmed echocardiogram
table at 39°C. Electrocardiogram, heart rate, and
respiration rates were continuously monitored. The
isoflurane concentration was adjusted to keep the
heart rate at 380 to 450 beats/min. We performed
transthoracic 2-dimensional, M-mode, color-flow
Doppler, and tissue Doppler imaging. All mice
completely recovered after the echocardiogra-
phy studies.

FORCE AND CALCIUM MEASUREMENTS ON INTACT
PAPILLARY MUSCLES. Intact papillary muscles were
isolated from 12- to 15-month-old mice models. We
performed simultaneous intracellular calcium [Ca®"];
and force measurements using a previously

cMyBP-C Phosphorylation Protects Aging Heart

developed protocol (6,16). Briefly, right ventricular
papillary muscles were isolated, mounted in a
chamber, and superfused with Krebs-Henseleit solu-
tion (NaCl 119 mmol/l, glucose 12 mmol/l, KCI
4.6 mmol/l, NaHCO; 25 mmol/l, KH,PO, 1.2 mmol/l,
MgCl, 1.2 mmol/l, and CaCl, 1.8 mmol/l) at room
temperature. Muscles were stretched to achieve
maximum twitch force while maintaining steady
diastolic force and paced at 1, 1.5, and 2 Hz to mimic
increasing heart rate. Force was measured by using a
force transducer (Aurora Scientific, Aurora, Ontario,
Canada), and intracellular calcium [Ca®?']; was esti-
mated by using Fura-2 as an indicator along with a
hyperswitch system (IonOptix LLC, Westwood, Mas-
sachusetts). Fluorescence was recorded at 510 nm
from calcium-bound Fura-2 (340 nm excitation) and
calcium-free Fura-2 (380 nm of excitation). We
calculated [Ca®']; using calcium-bound Fura-2/cal-
cium-free Fura-2 ratios after background correc-
tion (6).

MYOFIBRILLAR PREPARATIONS. Snap-frozen left
ventricular (LV) tissue was homogenized twice by
using glass Dounce homogenizers in standard relax
buffer (imidazole 10 mM, pH 7.2, KCl 75 mM, MgCl,
2 mM, ethylenediaminetetraacetic acid 2 mM , and
NaN; 1 mM) with 1% (v/v) Triton X-100, as previously
described (17). Myofibrils were centrifuged, and the
supernatant fraction was removed. The pellets were
then washed once in standard relax buffer to remove
the Triton X-100. The standard relax buffers con-
tained both the protease (MilliporeSigma, St. Louis,
Missouri) and phosphatase (Calbiochem, Darmstadt,
Germany) inhibitors at a 1:100 dilution and Calyculin
A (Cell Signaling Technology, Danvers, Massachu-
setts) to 100 nM final concentration. The pellet was
solubilized in the sample buffer containing urea 8 M,
thiourea 2 M, Tris 0.05 M, dithiothreitol 75 mM , and
sodium dodecyl sulfate 3% . Protein concentration of
the samples was determined with a Pierce 660 nm
protein assay reagent with the addition of an ionic
detergent compatibility reagent (Thermo Fisher Sci-
entific, Waltham, Massachusetts).
stored at -80°C until used.
PROTEIN PHOSPHORYLATION. Myofibrillar prepara-
tions were analyzed with a 12% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis method.
Pro-Q Diamond phosphoprotein staining (Thermo
Fisher Scientific) was used to estimate the amount of
phosphorylated proteins, and Coomassie staining was
used to estimate the amount of loaded proteins as
previously described (6). The gel was imaged on a
ChemiDoc MP (Bio-Rad, Hercules, California), and
band densities were determined by using Image Lab
6.0.1 software.

Samples were
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FIGURE 1 Survival
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All 3 mouse models were aged to 18 to 20 months. Mice that were used for experiments or euthanized for noncardiac causes were censored.
Kaplan-Meier analysis with log-rank testing was then performed to identify differences in survival. Proportional hazard remaining constant
was verified by using the Grambsch and Therneau test. cMyBP-C(t3SD) showed the best overall survival.

WESTERN BLOTTING WITH FLUORESCENT DETECTION.
After gel electrophoresis, proteins were transferred
to a 0.22 um WesternBright PVDF-FL membrane
(Advansta, San Jose, California). Blots were blocked
for 1 h with AdvanBlock Fluor (Advansta) and then
probed in primary antibodies diluted in AdvanBlock
Fluor overnight at 4°C. The phospho-specific (5273P,
S282P, and S302P) cMyBP-C antibodies were generous
gifts from Sakthivel Sadayappan, PhD (University of
Cincinnati College of Medicine, Cincinnati, Ohio), and
the total mouse monoclonal cMyBP-C antibody was
from Santa Cruz Biotechnology (Dallas, Texas) (#SC-
137181) and was diluted to 1:2,500. The membranes
were washed and then incubated with secondary
antibodies diluted in AdvanBlock Fluor. We used
secondary goat anti-rabbit DyLight 800 4X PEG
(#SA5-35571, Thermo Fisher Scientific) 1:10,000 and
secondary goat anti mouse StarBright Blue 700
(#12004158, Bio-Rad) 1:5,000. Membranes were
imaged on a ChemiDoc MP (Bio-Rad), and band
densities were determined by using Image Lab
6.0.1 software.

HYDROXYPROLINE ASSAY. Hydroxyproline (HOP)
content was determined as previously described (18).
A portion of the LV posterior wall (i.e., LV free wall)
was removed in a similar region for all hearts. This
region corresponded to echocardiographic measure-
ments of posterior wall thickness. To determine the
exact weight of the tissue, 15 to 25 mg of snap-frozen
cardiac tissue was minced into a screw cap vial. Tis-
sue was covered with 6 M of hydrochloric acid and
incubated in an oven at 105°C to 110°C overnight. We
used a standard curve of trans-4-Hydroxy-L-proline
(H-55409, MilliporeSigma) (0 to 500 M) to determine
the content of HOP per milligram of tissue.

STATISTICAL ANALYSES. SPSS version 25 (IBM SPSS
Statistics, IBM Corporation, Armonk, New York) and
Stata version 14 (StataCorp, College Station, Texas)
software were used to complete statistical analyses.
Kaplan-Meier curves and log-rank tests were used to
identify significant differences in survival. Analysis
of variance (ANOVA) was used to identify significant
differences among 3 groups with a post hoc Tukey
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FIGURE 2 De-Phosphorylated Mimetic cMyBP-C(t3SA) Exhibits Signs of Heart Failure
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(A) Nonfasting blood glucose levels were similar in all 3 mice models at 15 to 18 months of age. (B) All 3 mice models exhibited mean blood pressures within 95 to
120 mm Hg; however, cMyBP-C(t3SD) mice showed significantly higher blood pressure. (C) cMyBP-C(t35A) showed an increased lung weight to body weight ratio
(LW/BW), suggesting pulmonary edema. (D and E) cMyBP-C(t3SA) showed increased heart weight to body weight (HW/BW) and increased heart weight to tibia length
(HW/TL) ratios, suggesting hypertrophy. Comparisons between 3 strains were analyzed with an analysis of variance post hoc Tukey method. Data are presented as dot

alpha-correction method to adjust for multiple pair-
wise comparisons. Student’s t-test was used to
compare 2 independent groups. Repeated measure
ANOVA with intergroup comparison was used to
identify significant differences in responses to
increasing pacing frequency on intact papillary mus-
cles among the 3 mouse models. Pearson correlation
was used to test for a linear correlation between 2
continuous variables. When possible, dot plots with
mean + SD were used to present data. Statistical
significance was determined by using a 2-sided
p value <0.05.

RESULTS

cMyBP-C PHOSPHORYLATION MIMETIC cMyBP-C(t3SD)
MICE EXHIBITED BETTER SURVIVAL. Kaplan-Meier
analysis showed significantly different survival at
600 days in all 3 mice models (overall log-rank test,
P < 0.001). Results are as follows: cMyBP-C(tWT) at
69.3 + 0.1% survival, starting n = 122 (112 censored;
5 censored for age >600 days); cMyBP-C(t3SA) at

53.2 4+ 0.1% survival, starting n = 97 (76 censored;
10 censored for age >600 days); and cMyBP-C(t3SD) at
87.5 + 0.1% survival, starting n = 96 (91 censored;
22 censored for age >600 days). Pairwise comparison
log-rank testing revealed that cMyBP-C(t3SD) exhibi-
ted significantly better survival than the other 2
mouse models, and cMyBP-C(tWT) trended toward
better survival than cMyBP-C(t3SA) (Figure 1).

cMyBP-C(t3SA) HYPOPHOSPHORYLATED MIMETIC
AGED MICE SHOWED SIGNS OF HEART FAILURE NOT
ATTRIBUTABLE TO DIABETES OR HYPERTENSION.
Nonfasting blood glucose measurements were similar
between mice models age 15 to 18 months (Figure 2A).
Tail cuffs were used to measure systolic blood pres-
sure at 15 to 18 months of age. All 3 models exhibited
blood pressure levels within normal ranges (mean
systolic blood pressure <120 mm Hg) (19); however,
cMyBP-C(t3SD) showed significantly higher blood
pressures than the other 2 groups (Figure 2B). cMyBP-
C(t3SA) mice exhibited an increased lung/body
weight ratio, indicating pulmonary edema (Figure 2C).
cMyBP-C(t3SA) mice showed increased heart weight/
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FIGURE 3 cMyBP-C Phosphorylated Mimetic (t3SD) Demonstrated Better Preservation of Diastolic and Systolic Functions With Aging
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(A) Sample tissue Doppler traces showed that cMyBP-C(t3SD) myocardium relaxes at a much faster velocity (¢’) during early diastole at 15 months of age. (B) All mice
models showed similar heart rates. (C) cMyBP-C(t3SD) showed better preservation of ejection fraction (EF). (D) Only cMyBP-C(t3SD) showed preserved posterior wall
thickness during diastole (PWd) with aging. (E) cMyBP-C(t3SD) exhibited faster peak myocardial relaxation velocity (e) that was preserved with aging. (F) cMyBP-
C(t3SD) showed preservation of E/e’ with aging. (G) Peak myocardial contraction velocity (Sa) was preserved in cMyBP-C(t3SD) hearts. cMyBP-C(tWT), 3 months:

n = 11; 12 months: n = 9; 15 months: n = 11; and 18 months: n = 7. cMyBP-C(t3SA), 3 months: n = 11; 12 months: n = 8; 15 months: n = 15; and 18 months: n = 10.
cMyBP-C(t3SD), 3 months: n = 10; 12 months: n = 13; 15 months: n = 10; and 18 months: n = 8. Data are presented as dot plots with mean + SD. *p < 0.05 versus tWT.
#p < 0.05 versus t3SD. “p < 0.05 for 3 months versus 18 months within the same strain according to an independent Student's t-test. All comparisons between 3 strains
were analyzed with an analysis of variance post hoc Tukey method. Multiple comparisons between all time points within the same strain were not performed.

body weight and heart weight/tibia length ratios,
suggesting hypertrophy (Figures 2D and 2E). Mean-
while, cMyBP-C(t3SD) and cMyBP-CtWT) mice
exhibited similar lung/body, heart/body, and heart/
tibia length ratios. Combination of increased lung/
body weight ratio, heart/body weight ratio, worst
cardiac dysfunction according to echocardiography
(described in the following section), and
lowest survival represented signs of HF in the hypo-
phosphorylated cMyBP-C(t3SA) mice.

cMyBP-C(t3SD) PHOSPHORYLATED-MIMETIC AGED MICE
SHOWED BETTER PRESERVATION OF DIASTOLIC AND
SYSTOLIC FUNCTIONS BY ECHOCARDIOGRAPHY.
Echocardiography was used to study in vivo cardiac
structure and function starting at 3 months until
18 months of age (Figures 3A to 3G, Supplemental
Figure 1, Supplemental Table 1). All mice had similar
heart rates (Figure 3B). cMyBP-C(t3SA) hearts showed
hypertrophy as seen by increased LV posterior wall
thickness at diastole starting at 3 months of age.
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FIGURE 4 cMyBP-C Phosphorylated Mimetic (t35D) Preserves Myocardial Relaxation With Aging Independently of [Ca*‘]; Kinetics
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Force and intracellular calcium [Ca®*]; were simultaneously measured on intact papillary muscles from mouse models 12 to 15 months old with increasing pacing
frequency (1.0 to 2.0 Hz). (A to C) cMyBP-C(t3SD) showed greater acceleration of relaxation in response to increased pacing frequency with increasing magnitude of
dFR, dFR = [(-dF/dt)min/(+dF/dt)max]. (D to F) Normalized [Ca*]; traces show that increasing pacing frequency shortens [Ca%*];, decay times in a similar manner for all
models. (G) Increased pacing frequency causes faster relaxation in the cMyBP-C(t3SD) aged model. (H) Increasing pacing frequency causes similar increases in the
[Ca%"]; decay rate constant (kc,) in all mouse models. Repeated measure analysis of variance with intergroup comparison was used to identify significant differences

in responses to increasing pacing frequency on intact papillary muscles among the 3 strains.

cMyBP-C(tWT) increased LV wall thickness at diastole
with aging (Figure 3D, Supplemental Table 1). Mean-
while, cMyBP-C(t3SD) hearts maintained the same LV
wall thickness throughout life. cMyBP-C(t3SD) hearts
maintained an ejection fraction (EF) >45% (Figure 3C)
and exhibited enhanced contractility with faster tis-
sue Doppler of myocardial contraction velocity during

systole (Sa) throughout aging (Figures 3A and 3G)
compared with other strains. cMyBP-C(tWT) showed
deterioration of EF from 61% at 3 months to 36% at
18 months. In addition, cMyBP-C(t3SD) hearts showed
enhanced myocardial relaxation velocity during early
diastole (e’) at 3, 12, 15, and 18 months and smallest
blood flow Doppler (E) to e’ ratio (E/e’) at 12 months
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(Figures 3A, 3E, and 3F). Meanwhile, cMyBP-C(t3SA)
hearts exhibited impaired relaxation throughout
aging as shown by the slowest e’ and the biggest
E/e’ ratio.

Using a separate independent Student’s t-test
comparing only 2 mouse models at 18 months,
cMyBP-C(t3SD) hearts exhibited lower E/e’ than
cMyBP-C(tWT) hearts: the E/e’ values consisted of
cMyBP-C(t3SD) 19.8 + 1.3 (n = 8) and cMyBP-C(tWT)
29.4 4+ 3.9 (n = 6); p = 0.021 (Supplemental
Figure 1). The large differences between the models,
resulting in a large ensemble variance with relatively
small numbers at 18 months, likely made the ANOVA-
Tukey method unable to detect differences among
the 3 models despite dot plots indicating differences
of E/e’ and significant differences according to the
Student’s t-test (Figure 3F). Thus, phosphorylation
mimetic cMyBP-C(t3SD) hearts exhibited better pres-
ervation of systolic function (greater EF and Sa) and
diastolic function (faster e’ and smaller E/e’) with
aging. In contrast, hypophosphorylated mimetic
cMyBP-C(t3SA) hearts, as previously shown (6), first
present as HF with preserved EF (with predominant
diastolic dysfunction, EF >50%, and evidence of
pulmonary edema) and then deteriorate into HF with
reduced EF (EF <30%) and diastolic dysfunction.
Similar to cMyBP-C(t3SA), cMyBP-C(tWT) hearts exhibit
hypertrophy, deterioration of systolic function, and
deterioration of diastolic function with aging.

INTACT PAPILLARY MUSCLES FROM PHOSPHORYLATED
MIMETIC AGED MICE MODEL SHOWED FASTEST RATES
OF RELAXATION. We simultaneously measured force
and intracellular calcium concentration [Ca®']; on
intact papillary muscles from aged mice hearts to
differentiate contributions of [Ca®>"]; handling versus
cross-bridge detachment rates. For this purpose,
intact papillary muscles from mice 12 to 15 months old
were isolated. Increasing pacing frequency was used
to mimic increasing heart rate during exercise
stress. We used the peak relaxation rate (-dF/dt)min
to peak force generation rate (+dF/dt),.x ratio,
dFR = [(-dF/dt)min/(+dF/dt)max], to compare lusi-
tropy of intact papillary muscles and to assess the
effect of increasing pacing frequency in all 3 models.
Normalization of (-dF/dt)myin to (+dF/dt)max adjusted
for an increasing peak rate of relaxation as a result of
increasing rate of peak contraction; therefore,
enhancement of relaxation beyond what is expected
due to increased contractility will manifest as
increasing dFR because (-dF/dt)min
(+dF/dt)max increase. Increased pacing frequency
accelerated relaxation, which is manifested as
increasing dFR in cMyBP-C(tWT) and cMyBP-C(t3SD)
but not in cMyBP-C(t3SA) (Figures 4A to 4C).

increase >
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cMyBP-C(t3SD) and cMyBP-C(tWT) consistently
exhibited greater dFR, meaning enhanced relaxation
(Figure 4G). Furthermore, cMyBP-C(t3SD) showed the
highest dFR, suggesting that persistent cMyBP-C
phosphorylation provided the best rates of relaxa-
tion. A single negative exponential was used to
calculate the [Ca®']; decay rate constant; all models
showed similar rate constant values (Figures 4D to 4F
and 4H). Therefore, enhanced relaxation in cMyBP-
C(t3SD) is attributed to cross-bridge cycling but not
differences in [Ca®"]; handling.

cMyBP-C PHOSPHORYLATION DECREASES WITH
AGING IN THE cMyBP-C(tWT) STRAIN. Phosphory-
lated-protein staining showed that middle-aged
(9 months) and old-age (18 to 24 months)
cMyBP-C(tWT) mice exhibited reduced total cMyBP-C
phosphorylation compared with the younger coun-
terpart cMyBP-C(tWT) (2 to 6 months) (Figures 5A to
5C). Moreover, Western blot analyses revealed
that aging significantly decreased cMyBP-C phos-
phorylation at S273 and S282 (Figures 5D and 5E) but
not at S302 (Figure 5F). Pearson correlation analyses
consisting of mice at their age according to month (2,
4,6, 9, 18, and 24) and site-specific phosphorylation
level revealed that cMyBP-C phosphorylation at S273-
P and S282-P decreased in a linear fashion with age
(Figure 6). Thus, decreased levels of cMyBP-C phos-
phorylation in the aging hearts should be considered
as an important contributor to aging-related car-
diac dysfunction.

cMyBP-C PHOSPHORYLATION MUTATIONS ALTERED
PHOSPHORYLATION OF OTHER MYOFILAMENT
PROTEINS WITH AGING. At a young age, all 3 strains
showed similar tropomyosin, cardiac troponin I
(cTnl), regulated myosin light chain, and titin phos-
phorylation levels (Supplemental Figure 2). These
findings are similar to those from our previous study
(6). Moreover, we detected no differences in cTnl,
regulated myosin light chain, or titin phosphorylation
among the 3 strains at old age. However, both cMyBP-
C(t3SA) and cMyBP-C(t3SD) strains exhibited
different cardiac troponin T and tropomyosin phos-
phorylation levels than cMyBP-C(tWT) with aging.
Unlike the other 2 strains, aging changed tropomy-
osin and regulated myosin light chain phosphoryla-
tion in the cMyBP-C(t3SA) model. The cMyBP-C(t3SA)
model exhibited both reduced contractility (15) and
impaired relaxation (6,15) at 3 months of age; there-
fore, these myofilament phosphorylation differences
are likely caused by long-term response to inherent
myofilament dysfunction.

AGED MICE SHOWED SIMILAR LEVELS OF
FIBROSIS. HOP levels were determined to assess
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FIGURE 5 cMyBP-C Phosphorylation Decreases With Aging in cMyBP-C(tWT) Strain
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whether differences in tissue fibrosis in the aged mice
contributed to the observed differences in diastolic
function, systolic function, and hypertrophy. The
HOP assay is a method that directly quantifies tissue
collagen. We found no differences in the amount of
HOP content between the 3 mouse models in the aged
hearts or young hearts (Figure 7). Because there were
no significant differences in the amount of HOP be-
tween mouse models, we could not attribute heart
function and structure differences among the 3
models to differences in fibrosis. However, the
cMyBP-C(t3SA) aged hearts exhibited significantly
higher HOP content than their younger counterparts.
This finding could explain the more severe decline in
systolic and diastolic functions observed in the
cMyBP-C(t3SA) model with aging.

WT MICE EXHIBITED SIMILAR DECLINE IN CARDIAC
FUNCTION WITH AGING. We aged the same strain of
WT (SVE-129) mice as our mouse models to serve as a
control to check if the cMyBP-C/” background unduly
influenced the observed aging outcomes. The WT mice
age categories were young (3.0 + 0.01 months; n = 6)
and aged (23.9 + 0.04 months, n = 6). Aging decreased
EF from 82.04 4 2.03% to 52.62 + 5.08% (p < 0.001);
increased E/e’ from 16.54 + 1.56 to 40.62 + 5.33
(p = 0.001); and induced hypertrophy in which
LV posterior wall thickness at diastole increased
from 0.84 + 0.08 mm to 1.22 + 0.06 mm
(p = 0.004). Thus, aging caused systolic dysfunction,
diastolic dysfunction, and hypertrophy in WT mice
in a fashion similar to our cMyBP-C models
(Supplemental Table 2).

DISCUSSION

MAINTAINING cMyBP-C PHOSPHORYLATION MITIGATED
AGE-RELATED DEVELOPMENT OF CARDIAC DYSFUNCTION.
We aged mouse models of cMyBP-C phosphorylation
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mimetic cMyBP-C(t3SD), cMyBP-C phosphorylation-
deficient c¢MyBP-C(t3SA), and wild-type cMyBP-
CAWT) to test the hypothesis that cMyBP-C
phosphorylation can resist age-related development
of cardiac dysfunction. Echocardiographic studies
revealed that the phosphorylation mimetic cMyBP-
C(t3SD) exhibited better preservation of systolic
function, diastolic function, and structure with ag-
ing. Importantly, phosphorylation mimetic cMyBP-
C(t3SD) mice also exhibited superior survival with
aging. Conversely, control cMyBP-C(tWT) mice
showed decreasing cMyBP-C phosphorylation along
with deterioration of cardiac structure and function
with aging. As expected with slowed contractility
and impaired relaxation starting at a young age
(6,15), the negative control cMyBP-C(t3SA) fared the
worst. With aging and de-phosphorylation of
cMyBP-C, the cMyBP-C(tWT) cardiac structure, car-
diac function, and mortality drifted toward the
cMyBP-C(t3SA) phenotype. This drift provided
further evidence that cMyBP-C de-phosphorylation
contributed to age-related development of cardiac
dysfunction. Thus, better preservation of cardiac
function and improved survival of cMyBP-
C(t3SD) showed that maintaining cMyBP-C phos-
phorylation mitigated age-related development of
cardiac dysfunction.

PRESERVATION OF CARDIAC FUNCTION DURING AGING
WITH cMyBP-C PHOSPHORYLATION IS SUPPORTED BY
EXISTING STUDIES. Previously, a protein phosphatase-
1 overexpression mouse model exhibited decreased
cMyBP-C phosphorylation along with development of
cardiac dysfunction with aging (20). Also, decreased
norepinephrine-induced cMyBP-C phosphorylation
was found in aged rat hearts (21). Older hypertensive
dogs with heart failure with preserved ejection frac-
tion (HFpEF) exhibited hypophosphorylation of
cMyBP-C (22). These studies showed that aging

FIGURE 5 Continued

The cMyBP-C(tWT) age groups consist of: young, 2 to 6 months; middle age, 9 months; and old, 18 to 24 months. cMyBP-C(t3SA) and cMyBP-C(t3SD) strains, which
have the known protein kinase-A sites mutated to nonphosphorylatable residues, served as negative controls. cMyBP-C(t3SA) age groups consist of: young, 6 months;
and old, 23 months. cMyBP-C(t3SD) age groups consist of: young, 3 to 4 months; old, 20 and 24 months. (A) Pro-Q diamond staining of phosphorylated proteins on
sodium dodecyl sulfate-polyacrylamide gel electrophoresis that were extracted from cMyBP-C(tWT) hearts. (B) Subsequent Coomassie staining of total protein on the
same gel from A. (C) Quantification of cMyBP-C phosphorylation from Pro-Q-stained and Coomassie-stained gels showed that cMyBP-C phosphorylation decreased
with age. (D) (Left) quantification of cMyBP-C S273 phosphorylation over total cMyBP-C from cMyBP-C(tWT) strain showed that aging decreased cMyBP-C phos-
phorylation at 5273. (Middle) Western blotting detected cMyBP-C phosphorylation at S273 in the cMyBP-C(tWT) strain. (Right) Western blotting showed that mutations
from serine to alanine (t3SA) or aspartic acid (t3SD) residues removed the proper epitope for $273 phospho-specific antibody recognition. (E) (Left) quantification of
cMyBP-C S282 phosphorylation over the total cMyBP-C from cMyBP-C(tWT) strain showed that 5282 phosphorylation decreased with aging. (Middle) Western
blotting detected cMyBP-C phosphorylation at 5282 in the cMyBP-C(tWT) strain. (Right) Western blotting showed that S to A or S to D mutations removed the proper
epitope for 5282 phospho-specific antibody recognition. (F) (Left) quantification of cMyBP-C $302 phosphorylation over total cMyBP-C from cMyBP-C(tWT) strain
showed no significant changes at $302 with aging. (Middle) Western blotting detected cMyBP-C phosphorylation at S302 in the cMyBP-C(tWT) strain. (Right)
Western blotting showed that S to A and S to D mutations removed the proper epitope for S302 phospho-specific antibody recognition. Comparisons between the 3
age-groups were analyzed with an analysis of variance post hoc Tukey method. Data are presented as dot plots with mean =+ SD.
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FIGURE 6 cMyBP-C Phosphorylation at S273 and S282 Decrease Linearly With Age

A 1.2 B 0.20
® P273/t-cMyBPC <& O P282/t-cMyBPC
1.0 Regression —— Regression
$ - 95% Confidence Band 0.15 B ——— 95% Confidence Band

o
o

o
~

P273/t-cMyBPC
o
(2]

Corr -0.931
p < 0.001

o
[N}

N

o
o

Corr -0.868
p < 0.001

Age (months)

0 2 4 6 8 101214 16 18 20 22 24

Age (months)

C o025
Y ‘ v P302/t—cMyBPC’
o 02| v
v
o v
N 0.15 v v
2 v v
S 010
o
(22
o
0.051 Corr-0.358
p=0.174
0.00 ———

0 2 4 6 8 1012 14 16 18 20 22 24

Age (months)

0 2 4 6 8 1012 14 16 18 20 22 24

with increasing age.

Pearson correlation analyses and linear regressions were performed on cMyBP-C site-specific phosphorylation Western blots for cMyBP-C(tWT) with n = 16 at ages 2 to
24 months. Correlation coefficient (-1 to 1) quantifies strength of correlation, in which strong is: |coefficient| >0.5; moderate is: 0.3 = |coefficient| <0.5; and weak is:
0.1 = |coefficient| <0.3. (A) Analyses showed that cMyBP-C S273 phosphorylation decreased in a strongly correlated linear fashion with increasing age. (B) Analyses
showed that cMyBP-C 5282 phosphorylation decreased in a strongly correlated linear fashion with increasing age. (€) cMyBP-C S302 phosphorylation did not correlate

correlated with decreasing cMyBP-C phosphorylation
and worsening cardiac dysfunction. Exercise
improved diastolic function in elderly patients with
HF and reduced EF (23). Exercise also increased the
phosphorylation of cMyBP-C and other contractile
proteins in mice (24). Thus, it is plausible that exer-
cise increased cMyBP-C phosphorylation to improve
diastolic function. Previously, we found that phos-
phorylated cMyBP-C increased the force of contrac-
tion by accelerating cross-bridge cycling and, by
inference, increasing the number of cross-bridges
that generate force in response to dobutamine
and increased pacing frequency (5). We also
showed that acceleration of cross-bridge cycling by

phosphorylated cMyBP-C also resulted in enhanced
relaxation (6).

In the present study, cTnl phosphorylation did
not differ among the 3 mouse models; therefore,
differences in function cannot be attributed to dif-
ferences in cTnl phosphorylation (Supplemental
Figure 2). Furthermore, similar levels of cTnl phos-
phorylation suggest that protein kinase-A and pro-
tein kinase-C overall activity remained similar
among the 3 mouse models. We acknowledge that
cardiac troponin T and tropomyosin phosphorylation
levels changed in the cMyBP-C(t3SA) and cMyBP-
C(t3SD) models with aging; however, we believe
that these changes are compensatory mechanisms
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FIGURE 7 Quantification of Fibrosis
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Hydroxyproline (HOP) assay was used to quantify collagen
content as a measure of fibrosis. Age groups were as follows:
cMyBP-C(tWT)—young, 5 to 6 months; old, 19 to 20 months;
cMyBP-C(t35A)—young, 6 months; old, 19 to 20 months; and
cMyBP-C(t3SD)—young, 4 months; old, 22 months. HOP

levels were similar among all 3 mouse models in both the
young and old age groups. However, aging increased HOP levels
significantly only in the cMyBP-C(t3SA) hearts. Two-way
analysis of variance was used to detect differences between
groups. Data are presented as dot plots with mean + SD.

driven by our mutations. Taken together, these re-
sults support the idea that cMyBP-C phosphorylation
is a key player in the regulation and maintenance of
normal systolic and diastolic functions in the elderly.
Our study made a novel translation step of this
concept by showing that maintaining cMyBP-C
phosphorylation preserved cardiac function and
improved survival with aging.

PRESERVATION OF MYOCARDIAL CONTRACTION AND
RELAXATION IN AGED cMyBP-C PHOSPHORYLATION
MIMETIC MICE IS LIKELY DUE TO FASTER CROSS-BRIDGE
CYCLING. With echocardiography, the aged WT
equivalent cMyBP-C(tWT) and the hypo-
phosphorylated cMyBP-C(t3SA) model showed
slower peak myocardial contraction velocities (Sa)
than the phosphorylation mimetic cMyBP-C(t3SD)
model (Figure 3G). Peak myocardial relaxation veloc-
ities (e’) were slower in the cMyBP-C(t3SA) and
cMyBP-C(tWT) hearts, reflecting impaired relaxation
(Figure 3E) (25). E/e’ ratios were higher in the cMyBP-
C(t3SA) and cMyBP-CtWT) models, suggesting
compromised diastolic function (Figure 3F) (25).
Also, cMyBP-C(t3SA) and cMyBP-C(tWT) exhibited
increased posterior ventricular wall thickness with
aging (Figure 3D), reminiscent of human LV hyper-
trophy with HFpEF (26,27). Similar to our findings,
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echocardiographic data from humans showed that
age is associated with increased LV mass (increasing
wall thickness) and EF abnormalities (28,29). Mean-
while, cMyBP-C(t3SD) maintains a constant wall
thickness with aging (Figure 3D), suggesting that
cMyBP-C phosphorylation prevented remodeling.
Better preservation of systolic and diastolic functions
may have decreased the drive for hypertrophic
response. cMyBP-C(t3SD) showed higher systolic
blood pressure within the normal range, providing
additional evidence of better cardiac function. Similar
collagen content of aged hearts as estimated by using
HOP among the 3 mouse models found that func-
tional differences could not be attributed to fibrosis
(Figure 7). We then performed simultaneous force
and [Ca®']; on intact papillary muscles from
aged mice to elucidate the underlying mechanism for
better preservation of cardiac function in
cMyBP-C(t3SD). Papillary muscles
cMyBP-C(t3SD)
lusitropy in response to increased pacing frequencies
in the absence of differences in [Ca®']; decay
rates (Figure 4). These results suggest that
phosphorylation of cMyBP-C accelerated the rates

isolated from

aged mice showed enhanced

of cross-bridge cycling, independently of [Ca®'];
variations, as the underlying mechanism of an
enhanced diastolic function in cMyBP-C(t3SD)
aged mice.

MOUSE STRAIN BACKGROUND AND UNINTENDED
GENETIC CHANGES MOST LIKELY DID NOT CAUSE
THE OBSERVED DIFFERENCE. The cMyBP-C™/”
background has cardiac function that is very different
from WT (15). Furthermore, multiple genetic manip-
ulation used to produce our models (6,15) could have
introduced unintended gene changes. Background
differences and potential unintended genetic changes
could have strongly influenced the outcomes. We
aged a group of WT mice in the same SVE-129 strain as
our models. We found that aging WT mice developed
cardiac dysfunctions (i.e., decreased EF, increased
E/e’, developed hypertrophy) in a similar fashion as
cMyBP-C(tWT) mouse. Thus, aging-related develop-
ment of cardiac dysfunction within our models could
not be attributed to cMyBP-C“/” background or un-
intended genetic changes.

POTENTIAL STUDY LIMITATIONS. The 3 mouse
models have incomplete expression of cMyBP-C of
72% to 84% in the myofilaments (6). However,
because cMyBP-C expression levels among the
models are similar, the functional differences are
most likely caused by the phosphorylation status.
Our study did not address murine cMyBP-C phos-
phorylation sites outside of S273, S282, and S302
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(12,30); therefore, the phosphorylation of more
recently identified sites can either enhance or
oppose the effects seen in this study. To address
these limitations, we will develop a new knock-in
mouse model with 100% expression level and bet-
ter coverage of additional important phosphoryla-
tion sites.

We fully understand that many changes occur with
the aging heart (31,32). In this context, cMyBP-C
phosphorylation is only 1 of the contributors. Aging
will decrease phosphorylation of other myofilament
proteins. Furthermore, our cMyBP-C phosphorylation
mimetic mutations altered phosphorylation of other
myofilament proteins differently with aging. These
alterations are likely to be compensatory responses to
functional differences caused by our mutations.
Thus, a follow-on study of mimicing isolated
cMyBP-C phosphorylation with cardiac trophic
adeno-associated virus expression of cMyBP-C phos-
phorylation mimetics after aging is needed to better
define specificity of the cMyBP-C phosphorylation
effect. We also understand that our results need to be
confirmed in a large animal model that better re-
sembles humans.

CONCLUSIONS

We aged mouse models to test the hypothesis that
cMyBP-C phosphorylation can mitigate age-related
development of cardiac dysfunction. Superior sur-
vival, better preservation of cardiac function, and
preservation of structure in the cMyBP-C(t3SD) model
combined to show that maintaining cMyBP-C phos-
phorylation mitigated age-related development of
cardiac dysfunction. Intact papillary muscle experi-
ments showed that faster cross-bridge detachment
rates independent of calcium re-uptake are a
contributing mechanism.
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PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: This paper helps
readers to improve or maintain medical knowledge core com-
petency by describing the novel mechanism by which cMyBP-C
phosphorylation increases cross-bridge cycling rates to improve
cardiac function; consequently, this mechanism holds potential
to treat age-related heart failure.

TRANSLATIONAL OUTLOOK: Our study showed that main-
taining cMyBP-C phosphorylation can preserve systolic and dia-
stolic functions, resulting in improved survival with aging. This is
a novel finding. The underlying mechanism of increasing cross-
bridge detachment rates can be a central method that compen-
sates for multiple upstream causes (e.g., aging, hypertension,
diabetes). Furthermore, cMyBP-C phosphorylation also holds
potential to treat HFpEF by improving diastolic function. Our
results place phosphorylation of cMyBP-C at the beginning of
translation toward treatment. Thus, the logical next steps
include developing methods to increase cMyBP-C phosphoryla-
tion in vivo and verifying our mouse model findings in a large
animal model. These methods include inhibiting phosphatase
that dephosphorylates cMyBP-C and by using adeno-associated
virus to perform gene therapy of expressing phosphorylated
cMyBP-C mimetic. The use of 3-dimensional human pluripotent
stem cell-derived engineered heart tissue could be used to verify
cMyBP-C phosphorylation effects on representative human car-
diac tissue. Completion of these next steps will ready the cMyBP-C
phosphorylation mechanism for human clinical trial. With an aging
population and lack of treatment for HFpEF, this mechanism
needs to be translated to a new treatment.
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HIGHLIGHTS

o Using artificial intelligence, followed by in vivo validation, this study identified the key cardiac mechanism of action of
empagliflozin in heart failure in patients with or without diabetes mellitus.

o The most robust mechanism of action involved the NHE-1 co-transporter with 94.7% accuracy.

e NHE-1 blockade by empagliflozin administration in rats restored the antiapoptotic activity of XIAP and BIRC5.

o The beneficial reduction in cardiomyocyte cell death after empagliflozin treatment is independent of the presence of
diabetes mellitus.

o Empagliflozin could emerge as a new treatment for heart failure patients regardless of their glycemic status.
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AND ACRONYMS

ANN = artificial neural network
DM = diabetes mellitus
HF = heart failure

HFrEF = HF with reduced
ejection fraction

MI-HF = post-infarct heart
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SUMMARY

The mechanism of action of empagliflozin in heart failure with reduced ejection fraction (HFrEF) was deciphered
using deep learning in silico analyses together with in vivo validation. The most robust mechanism of action
involved the sodium-hydrogen exchanger (NHE)-1 co-transporter with 94.7% accuracy, which was similar for
diabetics and nondiabetics. Notably, direct NHET blockade by empagliflozin ameliorated cardiomyocyte cell
death by restoring expression of X-linked inhibitor of apoptosis (XIAP) and baculoviral IAP repeat-containing
protein 5 (BIRC5). These results were independent of diabetes mellitus comorbidity, suggesting that empa-
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failure

NHE = sodium-hydrogen

exchanger

RNAseq = RNA sequencing

SGLT2i = sodium-glucose co-

transporter 2 inhibitor

oth type 1 and 2 diabetes mellitus
(DM) are major risk factors for the
development of cardiovascular dis-
eases, increasing morbidity and mortality (1). For de-
cades, long-term clinical studies of DM have shown
value in reducing glycemic levels without a substan-
tial effect on cardiovascular outcomes and certainly
no benefit in heart failure (HF) (2). The advent of a
new class of agents, sodium-glucose co-transporter 2
inhibitors (SGLT2i), heralds a new era and may repre-
sent a turning point. Indeed, in the EMPA-REG
OUTCOME (Empagliflozin Cardiovascular Outcome
Event Trial in Type 2 Diabetes Mellitus Patients)
study, patients with type 2 DM who were at high
risk for cardiovascular events and who received
empagliflozin in addition to standard care showed
lower rates of the following compared to those
who received placebo: a) primary composite cardio-
vascular outcome (death from cardiovascular causes,
nonfatal myocardial infarction (MI) or nonfatal

gliflozin may emerge as a new treatment in HFrEF. (J Am Coll Cardiol Basic Trans Science 2019;4:831-40)
© 2019 The Authors. Published by Elsevier on behalf of the American College of Cardiology Foundation. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

stroke); and b) HF-related hospitalizations; death
from cardiovascular causes; and death from any cause
(3). Similar results with other SGLT2is have been re-
ported subsequently by both randomized clinical tri-
als and observational studies (4,5).

SEE PAGE 841

SGLT2 receptors are located in the proximal renal
tubule and are responsible for 90% of glucose reab-
sorption into the bloodstream. Inhibition of SGLT2
receptors causes glucosuria and reduces glycemic
levels (6). However, control of glycemic levels in
response to SGLTis alone seems insufficient to
explain the reported cardiovascular benefits. In fact,
the EMPA-TROPISM (Are the “Cardiac Benefits” of
Empagliflozin Independent of Its Hypoglycemic
Activity? [ATRU-4]) trial (NCT03485222) is an
ongoing trial that aims to elucidate whether the
benefits obtained in the EMPA-REG OUTCOME trial
were mediated, at least in part, by a glucose-
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FIGURE 1 Flow Chart Depicting the Machine Learning Approach Used in This Study
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independent mechanism (7). A recent viewpoint
postulated the hypothesis that the benefit of SGLTis
in HF may be mediated by the sodium-hydrogen
exchanger (NHE) rather than by the effect on
glucose reabsorption (8); however, a comprehensive
mechanistic explanation of the extra-renal car-
dioprotective SGLTi effects remains elusive.
Machine learning is an interdisciplinary field based
on computational and mathematical models that aims
to unravel key interactions within complex biological
networks (9). It is particularly well suited for inves-
tigating the mechanisms underlying the effects of
drugs, including SGLTis. Accordingly, this study used
deep learning analysis to investigate what the key car-
diac mechanisms may be by which empagliflozin exerts
its effects in HF and reduced ejection fraction (HFrEF) in
patients with or without DM (Figure 1). Machine
learning-driven pathways were validated in an in vivo
empagliflozin-treated post-infarct HF (MI-HF) rat model.

METHODS

MACHINE LEARNING IN SILICO ANALYSES. Molecular
characterization of HF and DM pathology and drug
treatments. First, extensive and careful review of

full-length articles in PubMed was conducted to
obtain information about HF and DM. When specific
molecular information describing the condition was
found, the articles were thoroughly reviewed to
identify protein/gene candidates to feed the mathe-
matical models. When the evidence of the implication
of a candidate in the condition was judged inconsis-
tent enough to be assigned as an effector, an addi-
tional search was performed specifically for the
candidate, including all the protein names according
to UniProtKB (UniProt Knowledge Base, Geneva,
Switzerland). No text-mining tools were used to avoid
intrinsic technical biases, and only English-language
articles were included, which accounted for more
than 6,509 items reviewed.

Moreover, empagliflozin pharmacological data and
molecular relationships described for HF and DM
were extracted by integrating massive, publicly available
databases such as Drugbank, Reactome, MINT, and Bio-
Grid. All this information accounted for more than
350,000 interactions (Figure 1). Briefly, by integrating
published data, a set of molecular profiles characterizing
HF and DM were defined, which were used to build the
protein network and the mathematical model.
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Compilation of transcriptomic data. Next, an
RNA sequencing (RNAseq) dataset (public data avail-
able in Gene Expression Omnibus [GEO], accession
GSE57345 and subseries GSE57338 and GSE26887) of
myocardial tissue data derived from HFTEF patients
with (10) or without DM (11) was thoroughly analyzed
to model the molecular effects of empagliflozin in
each scenario. Gene information was mapped one-to-
one to proteins for introduction into the protein
network, which included 280 proteins of interest
(Supplemental Table 1). This collection of experi-
mental pathophysiological signals was used as a list of
principles, termed a “truth table,” which apply to a spe-
cific condition (i.e., some proteins are overexpressed
only in HF patients with DM) (Figure 1) and allow delin-
eation of the molecular behavior of each situation (12).
Generation of mathematical models. Finally,
artificial neural network (ANN)-based analyses were
used to identify the most relevant pathophysiological
processes implicated in HF and DM. To train the
mathematical models, this large collection of well-
established pathophysiological signals and clinical
information relevant to the pathologies under study
was reviewed. The molecular description of these
input-output signals was investigated as follows:

1. Model inputs, for example, information about
drugs, pathologies, and protein/gene relationships
provided by public databases to assess inhibition
or activation of 1 or more nodes of the protein
network (their targets) triggering a perturbation
through the system.

2. Model outputs, for example, experimental RNAseq
data (upregulated or downregulated genes/pro-
teins) and clinical information.

3. Hidden mechanisms of action (MoAs). Using the
model’s input and output data, mathematical al-
gorithms were generated to trace a change or
perturbation from 1 to another, elucidating the
MoAs that would explain this connection.

The models are then able to weight the relative
value of each protein (node) relationship.
Therapeutic performance mapping system
technology. Details about how therapeutic perfor-
mance mapping system (TPMS) (Anaxomics, Barce-
lona, Spain) machine learning analyses work have
been reported previously (13). Briefly, TPMS incor-
porated massive amounts of biological information
relevant to both the disease(s) and the drug under
study, drawn from curated reports and from public
and private databases (Figure 1). Next, TPMS adopted
the gene expression dynamics stored in the truth
table as a reference framework to shape all the bio-
logical information. Finally, TPMS generated
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mathematical models to form complex relationships
between datasets or to find patterns in the data
(14,15). The system built an ANN, which was trained
with 1,000 iterations. During this process, the models
generated different MoAs, which progressively
increased in accuracy by correcting itself with
already-known clinical and biomedical information,
and cross-validation with independent sets of data
(Figure 1, Supplemental Video 1). Eventually, the al-
gorithms reached a plateau which yielded the final
accuracy performance (maximum = 100%) to explain
the MoA of empagliflozin in HFTEF (Figure 1).
POST-INFARCT HEART FAILURE IN VIVO RAT
MODEL. A total of 74 rats were used for the experi-
mental validations. The nondiabetic, post-infarct
heart failure (MI-HF) study was performed in male
Sprague Dawley rats weighing 250 to 280 g, obtained
from Envigo (Huntingdon, United Kingdom). The
diabetic MI-HF study (MI-HF-DM) was performed in
male Wistar rats weighing 160 to 200 g obtained from
Envigo (Barcelona, Spain).

Animals were housed in groups under standard
laboratory condition of 12L:12D cycle. All animals
received food and water ad libitum during the study
(n = 7 to 12 per group). All experiments were con-
ducted in accordance with U.S. National Institutes of
Health Guide for the Care and Use of Laboratory An-
imals and were approved by the Committee for Ani-
mal Experiments.

Induction of diabetes mellitus in Wistar
rats. DM was induced by a single intraperitoneal in-
jection of streptozotocin (STZ) (50 mg/kg of body
weight) (catalog number S0130, Sigma-Aldrich, St.
Louis, Missouri) dissolved in freshly prepared 0.1 M
citrate buffer (pH 4.5, catalog number 71402, Sigma-
Aldrich). In order to prevent hypoglycemia in the
first 24 h after STZ injection, rats were allowed to
have free access to water with 5% glucose. Three days
after STZ injection, rats with blood glucose levels
>300 mg/dl were considered diabetic.

Induction of myocardial infarction. Initially, ani-
mals were anesthetized using intraperitoneal keta-
mine (75 mg/kg) and medetomidine (0.5 mg/kg)
before being intubated and ventilated under 2% iso-
flurane anesthesia. Rats were randomly allocated to
MI or sham surgery, as described elsewhere (16).
Left-sided thoracotomy was performed by a small
incision between the third and fourth intercostal
spaces. The pericardial sac surrounding the heart was
cut open, but the heart was not exteriorized. The
infarction was performed by ligation of the left
anterior descending coronary artery. Visible blanch-
ing and cyanosis of the anterior wall of the left
ventricle and swelling of the left atrium were taken as
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indicative of successful ligation. Sham surgery was
identical to the MI surgery but without any ligation.
Experimental design and study protocol. Two
weeks after surgery, nondiabetic rats (n = 40) were
fed either with standard rat chow (product R/M-H
V1534-70, Ssniff-Spezialdidten, Soest, Germany) or
chow containing empagliflozin (product BI 10773, in
concentration of 200 mg/kg per day to reach a dose of
30 mg/kg per day), and this was continued for a
period of 12 weeks. After 12 weeks, hearts were
rapidly excised, weighed, and processed for further
analysis. Animals were divided into 4 groups: group 1
(n = 7) were sham rats receiving vehicle treatment;
group 2 (n = 10) were sham rats receiving empagli-
flozin; group 3 (n = 12) were infarcted rats receiving
vehicle treatment; group 4 were infarcted rats
receiving empagliflozin.

Immediately after diabetes was induced, the Wis-
tar rats were treated with empagliflozin (10 mg/kg per
day) (n = 34). This treatment was maintained for
4 weeks before MI was induced and was continued for
a period of 4 weeks after MI. After 4 weeks, hearts
were rapidly excised, weighed, and processed for
further analysis. Animals were divided into 4 groups:
group 1 (n = 8) were diabetic sham rats receiving
phosphate buffered saline (PBS) for 56 days; group 2
(n = 9) were diabetic sham rats receiving empagli-
flozin for 56 days; group 3 (n = 7) were diabetic
infarcted rats receiving PBS for 56 days; group 4
(n = 10) were diabetic infarcted rats receiving empa-
gliflozin for 56 days.

Real time PCR. Total RNA from tissues were isolated
by the TRIzol RNA isolation protocol. cDNA was
further isolated from RNA by using the QuantiTecht
RT kit (Qiagen, Venlo, the Netherlands), following the
manufacturer’s instructions. Quantitative real-time
polymerase chain reaction (QRT-PCR) was performed
in a model CFX384 real-time system (Bio-Rad, Phila-
delphia, Pennsylvania) using SYBR Green mix
(Thermo Fisher Scientific, Waltham, Massachusetts)
was used to determine the relative gene expression.
Gene expression was determined by correcting the
reference gene (36B4), and the calculated values are
expressed relative to the control group per experi-
ment. The primers for BIRC5 and XIAP qRT-PCR used
in this study can be found in Supplemental Table 2.

DATA INTEGRATION AND STATISTICAL ANALYSIS.
The RNAseq data were compiled and processed using
the GEO2R tool, using the neqc method for normali-
zation, allowing identification of differential expres-
sion levels and calculation of fold changes. The p
values obtained for each RNA probe were adjusted
using the Benjamini-Hochberg false discovery rate at
a significance level of 0.01. Only genes with an
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the Mechanistic Study

Pathology Pathological Mechanisms

TABLE 1 Mechanisms Involved in Heart Failure and Associated Conditions Considered in

Proteins Implicated*

Heart failure
Heart hypertrophy
Cardiomyocyte cell death
Inefficient myocardial fuel metabolism
Oxidative stress
Inflammation
Obesity
Hyperphagia and dysregulated appetite
White adipose tissue formation
Hypertension
Retention of sodium
Hyperuricemia
Decreased renal excretion of uric acid

106
33
47

7

140
135
5
42
42
16
16

Values are n. Bold numbers indicate the total number of proteins implicated in the general condition, later
dissected by more specific motives. *Number of proteins implicated in each mechanism.

adjusted p value of <0.01 and log fold changes of
>0.25 were considered. In the in vivo analysis, gene
expression was determined by correcting the refer-
ence gene (36B4), and the calculated values were
expressed relative to the control group per experi-
ment. The 2-AAcr method for comparing relative
expression results between treatments in real-time
PCR was applied. To compare normally distributed
parameters, one-way analysis of variance (ANOVA)
followed by Tukey post hoc test was used. When data
were not normally distributed, a nonparametric
Kruskal-Wallis test followed by a Mann-Whitney
U test with correction for multiple comparisons was
used. To compare empagliflozin with vehicle treatment,
an independent t-test or a Mann-Whitney U test was
used where appropriate. Two-sided test results yielding
a p value of <0.05 were considered statistically signifi-
cant. SPSS statistics (version 23.0, IBM, Armonk, New
York) for Windows (Microsoft, Redmond, Washington)
was used to perform all statistical analysis.

RESULTS

EMPAGLIFLOZIN ACTS UPON A SPECIFIC
HF-RELATED PATHOLOGICAL SIGNATURE. First,
the protein signatures of HFrEF and empagliflozin
were defined and an ANN analysis identified the
processes most likely associated with the beneficial
effects of empagliflozin observed in HFTEF
(Supplemental Table 1). Obesity, hypertension, and
hyperuricemia contributed the most to the HF path-
ological signature and encompassed the possible ef-
fects of empagliflozin, with 140, 42, and 16 proteins of
interest, respectively. For each of these 3 disorders, a
series of mechanisms and the involved proteins were
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TABLE 2 Proteins Known to Be Modulated by Empagliflozin
Gene Name Protein Name Reference (PMID)
STAT3 Signal transducer and activator of transcription 3 29311992
NOS2 Nitric oxide synthase, inducible 29311992
IL6 Interleukin-6 29311992
BDH1 D-beta-hydroxybutyrate dehydrogenase, 27289126
mitochondrial
IFNG Interferon gamma 29311992
ALDH2 Aldehyde dehydrogenase, mitochondrial 29311992
GCG Glucagon 26590679
INS Insulin 27289126
ACE2 Angiotensin-converting enzyme 2 26880444
BDNF Brain-derived neurotrophic factor 25344694
HDACT Histone deacetylase 1 27829948
HDAC2 Histone deacetylase 2 27829948
HDAC3 Histone deacetylase 3 27829948
HDAC8 Histone deacetylase 8 27829948
PMID = unique identifier number used in PubMed for each article.

established (Table 1). The efficacy analysis identified
the 3 following complementary strategies: 1) Consider
sodium/glucose cotransporter 2, Na(+)/glucose
cotransporter 2 (SGLT2); 2) consider sodium/
hydrogen exchangers 1 and 3 (NHE1 and NHE3); and 3)
considering empagliflozin bioflags; those proteins
known to be modulated by the drug (Table 2).

ANN EVALUATES THE RELATIONSHIPS AMONG
PROTEIN SETS INSIDE THE NETWORK, PROVIDING A
PREDICTIVE SCORE. Once the pathological signa-
tures were identified, the possible relationships be-
tween empagliflozin and heart failure, including
associated processes, were evaluated by ANN ana-
lyses. Thus, the study of the MoA of empagliflozin
was focused on the following specific pathways

(motives) of the diseases affected by the treatment:

1) None of the evaluated diseases and motives are
strongly related to SGLT2 according to the estab-
lished criterion (p > 0.3).

2) Considering NHE1 and NHE3 as effectors, 2 condi-
tions appear to be highly related (>75%) to empa-
gliflozin’s complete target profile:

Hypertension: retention of sodium is the main
motive identified, with a predictive score of 80%.
HF: heart hypertrophy and cardiomyocyte cell
death are the main motives identified, with a
predictive score of 75.6%.

3) Three conditions appear to be highly related
(>75%) to empagliflozin’s bioflags:

Hyperuricemia: decreased renal excretion of uric
acid is the motive most related to empagliflozin,
with 77% of predictive score.

Obesity: the most related motives are hyperphagia
and dysregulated appetite and white adipose
tissue formation.
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HF: the most related motives are energy-
inefficient myocardial fuel metabolism, oxidative
stress, and inflammation.

NHE1 IS RESPONSIBLE FOR THE CARDIAC EFFECTS

OF EMPAGLIFLOZIN IN HFrEF WITH OR WITHOUT

DM. By using the differentially expressed proteins

found to be related to HF and the specific motives

affected during the pharmacological treatment, the
mathematical models determined the molecular
mechanisms involved in the heart-focused beneficial

effects of empagliflozin relative to heart failure in DM

and non-DM patients.

The most robust MoA identified in this study
involved the cardiac sodium/hydrogen exchanger 1
(NHE1) with 94.7% accuracy (Figure 2, Supplemental
Table 3), which was similar for DM and non-DM pa-
tients, indicating a DM-independent mechanism
(Table 3). This approach describes mainly the miti-
gation of cell death but also the prevention of heart
hypertrophy and the improvement upon an ineffi-
cient myocardial fuel metabolism as the potential
heart-mediated mechanisms by which empagliflozin
may counteract heart failure.

Direct empagliflozin-driven NHE1 blockade

ameliorates cardiomyocyte cell death.In this

scenario, the amelioration of cardiomyocyte cell
death was established as the main driver of empa-
gliflozin beneficial effects in HFTEF. In the absence of
empagliflozin, protein kinases B (AKTs; referred to as

AKT1 to -3 in Figure 2) were identified as downstream

effectors of NHE1 activation responsible for the in-

duction of baculoviral IAP repeat-containing protein 2

(BIRC2), which in turn induced degradation of

proteasome-mediated X-linked inhibitor of apoptosis

(XIAP) and BIRC5 and prompted the progression of

HFTEF. In empagliflozin-enriched models, by inhib-

iting NHEI1, repressed AKT1-3 and BIRC2 allowed the

expression of the antiapoptotic mediators XIAP and

BIRC5, ultimately halting HFTEF progression.

To validate these data obtained in silico, mRNA
levels of XIAP and BIRCS5, as last effectors of the
pathway, were examined in vivo in an empagliflozin-
treated MI-HF rat model. Confirming in silico find-
ings, gene expression of XIAP and BIRC5 fell 45% and
36%, respectively, in vehicle-treated MI-HF animals
compared to sham controls (p < 0.01 for both,
respectively). Remarkably, empagliflozin-treated MI-
HF animals without diabetes showed upregulation of
XIAP and BIRC5 mRNA expression similar to that in
sham controls and significantly higher than vehicle-
treated MI-HF counterparts (p = 0.003 and p = 0.05,
respectively) (Figure 3). More importantly, these
changes in gene expression occurred ubiquitously
regardless of DM presence, further strengthening the
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FIGURE 2 NHE1-Identified Signaling Pathways in Cardiomyocytes in Heart Failure
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in silico predictions. Indeed, empagliflozin-treated
MI-HF-DM animals showed upregulation of XIAP
and BIRC5 mRNA expression similar to sham controls
and significantly higher than vehicle-treated MI-HF-
DM counterparts (p = 0.01 and p = 0.005, respec-
tively) (Figure 3). Thus, empagliflozin-driven NHE1
inhibition ultimately counteracted reduced function
of XIAP and BIRC5.

Additionally, the analyses also suggested that
empagliflozin could further ameliorate car-
diomyocyte cell death by inhibiting the AKT-
dependent regulation- associated mTOR protein
(RPTOR) and by down-regulation of nitric oxide syn-
thase (NOS2)-inducible actions (Figure 2).

DISCUSSION

The EMPA-REG OUTCOME trial reported that empa-
gliflozin exerted cardiovascular benefits which did
not depend on its effects on blood glucose. This
observation led to the hypothesis that empagliflozin

exerted an effect on the myocardium independent of
its inhibition of SGLT2 in the kidneys, thereby
benefiting HF patients (6). The exact mechanism re-
mains unknown, but it was postulated to have a
direct action on the heart. The present study used
artificial intelligence and machine learning, further
validated in an in vivo animal model, to investigate
whether empagliflozin could exert direct effects on
the heart and whether these effects were the same for
patients with and without DM.

This study has 2 main findings. First, these results
validate the fact that empagliflozin interacts with the
cardiac Na*/H*" exchanger NHE1 directly and iden-
tifies a mechanistic pathway acting primarily by
reducing cardiomyocyte cell death, the main effector
of its cardioprotective effects. Indeed, the activity of
cardiac NHE1 seems to be increased in HFrEF pa-
tients, and previous data in experimental models
(17-21) showed that NHE1 inhibition attenuated car-
diomyocyte injury, remodeling, systolic dysfunction,
and ultimately HF. Second, these data suggest that
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TABLE 3 Mathematical Models Generated in This Study*

Mathematical Models Stimulus

HF with DM

HF without DM

Response Restrictions
Cardiac Cardiomyocyte cell death Truth Table
NHE1 Hypertrophy I
Inflammation GSE57345 subseries GSE57338 dataset
Cardiac Cardiomyocyte cell death Truth Table
NHE1 Hypertrophy I

Inflammation GSE26887 dataset

*The stimulus, response, and restrictions included in each model are shown.

DM = diabetes mellitus; GSE designations = Gene Expression Omnibus accession and subseries; HF = heart
failure; NHET = sodium-hydrogen exchanger-1.

the cardiac effects of empagliflozin are independent
of the presence of DM.

Uthman et al. (22) reported that SGLT2i reduced
cardiac cytosolic Na* and cytosolic Ca®>" concentra-
tions by inhibiting NHE1 in mouse cardiomyocytes.
Cardiac NHE1 activity and cytosolic Na® were
measured in the presence of clinically relevant con-
centrations of empagliflozin (1 pmol/l), dapagliflozin
(1 pmol/1), and canagliflozin (3 pmol/1). All 3 SGLT2is
bound with high affinity to the extracellular Na-+-
binding site of NHE1 (23). Recently, Baartscheer
et al. (23) proposed a possible relationship between
empagliflozin and NHE1 inhibition in rats and rabbits.
In their study, an increase in extracellular glucose
produced an increase in cytosolic levels of Na* and
Ca®*, an effect that was inhibited by empagliflozin.
The effects of empagliflozin were strongly reduced
after cells were pre-treated with the NHE1 inhibitor
cariporide. In addition, empagliflozin affected cyto-
solic Na* and NHE1 flux in the absence of extracel-
lular glucose, which demonstrated its putative effects
in normoglycemic conditions.

These mechanistic studies have the power to
address specific mechanisms in detail, but the
unravelling of the global molecular effects of empa-
gliflozin in HFTEF with or without DM requires the
integration of complex big data, best handled by
artificial intelligence and deep learning analyses.
Considering all possible empagliflozin-derived car-
diac mechanisms, the present analysis pinpointed
NHE1 modulation as the most likely effector of the
beneficial effects. Moreover, amelioration of car-
diomyocyte cell death was found to be the most
important effect of empagliflozin in HF.

Most importantly, the algorithm predicted a mod-
ulation of AKTs resulting in an inability of BIRC2 to
degrade the antiapoptotic factors XIAP and BIRCS.
XIAP expression was found to be decreased in failing
human hearts, suggesting that this potent inhibitor of
apoptosis may play a key role in protecting the heart
from cell damage (24,25). Using an adenoviral-
associated vector, Piacentino et al. (24) increased
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XIAP expression in neonatal rat cardiomyocytes,
which inhibited caspase-3/7 activity, showing a
reduction of myocardial injury. Relative to BIRC5, Lee
et al. (26) found that overexpression of this pathway
may attenuate the progression of LV systolic
dysfunction in doxorubicin-induced cardiomyopathy.
Furthermore, Levkau et al. (27) showed that cardiac-
specific deletion of BIRC5 pathway resulted in pre-
mature cardiac death caused by a dramatic reduction
in total cardiomyocyte numbers. Again, using
adenoviral vectors to restore this pathway (through
restoration of survivin) expression in cardiomyocytes
inhibited doxorubicin-induced apoptosis, induced
DNA synthesis, and promoted cell cycle progression
(27). Following this rationale and, to further confirm
the present study’s in silico data, mRNA levels of both
XIAP and BIRC5 were measured in an in vivo MI-HF
rat model. In agreement with existing studies,
both expression levels of XIAP and BIRC5 were
substantially lower in vehicle-treated animals with
dysfunctional myocardium. Remarkably, in the
empagliflozin-treated groups, expression levels of
both XIAP and BIRC5 returned to normal, thus they
were able to exert their antiapoptotic effects.

The present study was designed to investigate
whether the MoA of empagliflozin in HF in patients
with DM was different from that in patients without
DM. Surprisingly, the most robust MoA identified
here was identical in both groups, suggesting that
empagliflozin may have value in treating HFTEF pa-
tients regardless of their glycemic status, acting to
ameliorate adverse cardiac remodeling. In other
words, empagliflozin, currently indicated only for the
treatment of DM, may eventually be repurposed to
treat patients with HFrEF. Several ongoing random-
ized clinical trials are testing the value of SGLTi in HF
patients (both with reduced and preserved ejection
fraction) with and without DM.

The mathematical models reported here were
robust, and each link described is validated in the
existing research publications. However, there is an
ongoing discussion about the mathematical algo-
rithms used in artificial intelligence, often termed
“black boxes,” because sometimes it may not be easy
to follow the determination of the output, no matter
how good or reliable this may be. This study’s anal-
ysis took a massive amount of collected information
and analyzed it for hidden patterns in the data that
would be otherwise inaccessible to human stand-
alone analysis, to understand how the drug could
lead to a specific clinical outcome. These algorithms
are widely used in other fields, and the techniques are
among the best understood and developed, with
time-tested characteristics which ensure an accurate
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FIGURE 3 mRNA Levels of Antiapoptotic Proteins XIAP and BIRC5 In Vivo
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application. A key differentiating feature of deep
learning compared with other subtypes of artificial
intelligence is the ability to operate without external
guidance to draw conclusions. The neural network is
not designed by humans, rather, the number of layers
is determined by the data itself. Deep ANNs have used
primarily supervised learning, with training from
known patterns and labeled input data (truth table) to
prospect reliable insights in large datasets. At the
same time, all the outputs from the algorithm are
restricted by the current scientific and medical stan-
dards. Taken together, all this limits human bias, and
the algorithm can act as a hypothesis-free, indepen-
dent data-driven analysis (28).

STUDY LIMITATIONS. However, this study has some
limitations. The same premise that makes the models
robust also serves as a potential downside. Specif-
ically, the information considered here has already
been described or uploaded in public repositories,
which in turn limits the capacity of the analyses to
incorporate data that have not been yet collected. The
data reported here are valid for HFrEF and cannot be

extrapolated to HF with preserved ejection fraction
(HFpEF). Further research is required to better un-
derstand the MoA of empagliflozin in HFpEF.

CONCLUSIONS

Deep learning in silico analyses, together with in vivo
validation, allowed deciphering the MoA of empagli-
flozin in HFTEF. Our data suggest that empagliflozin in-
teracts and blocks the NHE1 co-transporter at the
cardiomyocyte level, triggering a signaling cascade that
halts detrimental cell death. These results were inde-
pendent of DM comorbidity, suggesting that empagli-
flozin may emerge as a new treatment in HFTEF.
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PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: The MoA
of empagliflozin in HFrEF was deciphered by using deep
learning in silico analyses together with in vivo validation.
The most robust MoA involved the sodium-hydrogen
exchanger-1 (NHE1), which was similar for diabetics and
nondiabetics. Notably, direct NHE1 blockade by
empagliflozin ameliorated cardiomyocyte cell death.
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TRANSLATIONAL OUTLOOK: Empagliflozin, in
addition to its renal effects, has direct cardioprotective
effects at the cardiomyocyte level. These effects were
independent of DM comorbidity, suggesting that
empagliflozin may emerge as a new treatment in HFrEF.
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EDITORIAL COMMENT

Empagliflozin and HFrEF

Known and Possible Benefits of NHE1 Inhibition*

Seungho Jun, MD,* Miguel A. Aon, PuD,"* Nazareno Paolocci, MD, PuD*¢

“Where is the wisdom we have lost in knowledge?
Where is the knowledge
we have lost in information?”
—T.S. Eliot (1)

eart failure (HF) contributes to cardiovas-

cular morbidity and mortality in patients

with diabetes (DM). Mortality and hospital-
ization rate, the most meaningful endpoints for prog-
nosis in patients with HF, have a higher incidence in
subjects with concomitant DM compared with DM-
free patients with HF. HF and DM are highly
interweaved pathological conditions. In fact, hyper-
glycemia predicts the risk of developing HF, whereas
the latter frequently occurs in patients with DM,
worsening their prognosis. Moreover, a large cohort
of patients with HF has manifest or latent DM.
Finally, the presence of glucose intolerance in sub-
jects with HF increases the risk of disease progression
and death from a cardiovascular accident. Thus,
similar mechanisms may underlie the onset or pro-
gression of HF and DM. By extension, targeting a
biochemical/molecular alteration in one condition

*Editorials published in JACC: Basic to Translational Science reflect the
views of the authors and do not necessarily represent the views of JACC:
Basic to Translational Science or the American College of Cardiology.
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should also benefit the other. However, although
long-term measures apt to reduce glycemic levels
show benefit in patients with DM, these agents do
not improve cardiovascular outcomes in those with
HF. Thus, one could argue that correcting hyperglyce-
mia per se would unlikely arrest the myriad of other
triggers/cofactors and subsequent unrolling of count-
less signaling pathways/cascades of events ultimately
conducive of chronic cardiac decompensation.

At the same time, however, this failure could be
the impetus for a “we don’t know what we don’t
know” type of approach. This strategy, consisting of
searching for molecular/genome signatures that
distinguish, for example, one disease from another,
will allow us to gain information that can be used in
turn to enhance protein networks and mathematical
models; these networks and models will enable us to
unravel functionally meaningful interactions within
complex biological systems. This in silico analysis
may help to investigate, for example, the inner
workings of a given drug in a specific pathological
context. In essence, this approach may aid us in
solving a “we do know what we don’t know” type of
question, such as “Why correcting high glucose levels
is so beneficial in DM but not so much so in HF?” or
“Is a given drug effective by modifying the same or
different targets in different pathological contexts”?

In humans, sodium-glucose cotransporter-2
(SGLT?2) is a protein located in the proximal part of the
tubule in the kidneys, where it facilitates the reab-
sorption of 90% glucose, inhibiting SGLT2 results in
decreased blood glucose due to glucosuria. Members
of this new class of anti-type 2 DM drugs, such as
empagliflozin (EMPA), increase insulin sensitivity and
uptake in the muscle cells, while decreasing gluco-
neogenesis and improving the first phase of insulin
release from pancreatic B cells. Data from EMPA-REG
OUTCOME (Empagliflozin Cardiovascular Outcome
Event Trial in Type 2 Diabetes Mellitus Patients)
showed that, in patients with type 2 DM, the

https://doi.org/10.1016/j.jacbts.2019.10.005
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administration of empagliflozin led to lower rates of
death from cardiovascular causes, nonfatal myocar-
dial infarction (MI), or stroke, as well as HF-related
hospitalizations, compared with those patients
receiving a placebo. It is particularly relevant that
beneficial effects of empagliflozin on cardiovascular
outcomes emerged early and remained sustained
throughout the observation period. However, we still
need to fully uncover the potential, as well as the
underlying mechanisms, of empagliflozin as an anti-
HF measure. EMPA-REG OUTCOME has shown that it
is unlikely that these benefits stem from the reduction
or prevention of atherothrombotic events such as MI
or stroke. Moreover, HF and mortality diverged early
during treatment, suggesting that EMPA can benefit
cardiovascular function via glucose-independent
mechanisms, a hypothesis currently tested in the
EMPA-TROPISM (Safety and Efficacy of Empagliflozin
versus Placebo on Top of Guideline-directed Medical
Therapy in Heart Failure Patients with Reduced
Ejection Fraction without Diabetes) trial.

SEE PAGE 831

In this issue of JACC: Basic to Translational Science,
Iborra-Egea et al. (2) posed precisely this question:
through what mechanisms does empagliflozin benefit
the failing heart, with or without DM? To answer this
question, the investigators designed a complex
experimental matrix, including the emerging tool of
machine learning, with a family of algorithms that
correspond to artificial neural networks. In brief, they
used in-depth learning analysis (integrating massive,
publicly available databases) to investigate how
empagliflozin eventually improves outcomes in pa-
tients with HF and reduced ejection fraction (HFrEF)
with or without DM. The information gathered from
this in silico approach (i.e., the empagliflozin-
predicted mechanism of action that explains the
connection between a model’s input and output data)
was then validated in rats in which HFrEF was
induced by MI, either in the absence or presence of
empagliflozin. The machine learning approach
allowed them to identify the activation of the
sodium-hydrogen exchanger-1 (NHE1) cotransporter
as the most robust mechanism of action that was
similar for diabetic and nondiabetic patients, thus
suggesting a DM-independent mechanism. With the
same in silico (mathematical model) design, they
determined that, in the absence of empagliflozin,
NHEI1 is activated, prompting the induction of bacu-
loviral 1AP repeat-containing protein 2. This event, in
turn, induces the degradation of the proteasome-
mediated X-linked inhibitors of apoptosis (XIAP)
and baculoviral 1AP repeat-containing protein 5

JACC: BASIC TO TRANSLATIONAL SCIENCE VOL. 4, NO. 7, 2019
NOVEMBER 2019:841-4

(BIRC5), thus fueling HFrEF progression. These
changes were absent in empagliflozin-treated rats
with MI, thus accounting for the halted HF progres-
sion. In the hearts of rats with MI, the investigators
then validated these in silico findings by assessing the
messenger ribonucleic acid levels of XIAP and BIRC5
as the end-effectors of the proposed pathway, in the
absence and presence of empagliflozin. They found
that the drug counteracted the reduction in gene
expression of both XIAP and BIRCs5, thus preserving
their antiapoptotic effects. In essence, empagliflozin
can benefit the failing heart even in the absence of
overt diabetic conditions and very likely countering
NHE1-triggered myocyte apoptosis.

Empagliflozin has cardiac and extracardiac pro-
tective actions, including enhanced diuretic effi-
ciency, renal protection, augmented cardiac substrate
metabolism (i.e., enhanced ketone formation and
utilization), and decreased vascular stiffness. More-
over, empagliflozin can inhibit transforming growth
factor-beta-induced fibroblast activation, collagen
deposition, and fibrosis, as well as reduce production
of the proinflammatory adipokine leptin and increase
production of the anti-inflammatory adipokine adi-
ponectin. In terms of empagliflozin’s primary cardiac
effects, an essential study by Byrne et al. (3), con-
ducted in mice with pressure overload-induced HF,
revealed that empagliflozin-treated hearts exhibited
significantly improved cardiac output and cardiac
work ex vivo, with no differences in heart rate; these
findings suggest improved cardiac contractility inde-
pendent of and in addition to changes in vascular
resistance. However, mechanisms accounting for
these primary cardiac effects remained unclear.
Among its other merits, the current research by
Iborra-Egea et al. (2) contributes to filling this gap by
confirming and expanding previous evidence attest-
ing that NHE1 is a primary target of empagliflozin in
the heart. Baartscheer et al. (4) had already reported
that empagliflozin reduces [Na*] and [Ca®**]in isolated
ventricular myocytes, independently from the pres-
ence of glucose but in a manner sensitive to the NHE1
inhibitor cariporide, thus suggesting that empagli-
flozin inhibits this antiporter. More recently, Bertero
et al. (5) advanced the “sodium hypothesis” according
to which “...empagliflozin may reduce intracellular
sodium (Na*) load observed in failing cardiac myo-
cytes by inhibiting the sarcolemmal Na'‘/H"
exchanger. Because elevated intracellular Na* ham-
pers mitochondrial Ca®>" handling and thereby, de-
teriorates energy supply and demand matching and
the mitochondrial antioxidative defense systems,
empagliflozin may positively affect cardiac function
by restoring mitochondrial function, and redox state
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FIGURE 1 Empagliflozin and Heart Failure
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Some mechanisms that explain the benefits afforded by empagliflozin to patients with heart failure and reduced ejection fraction, and cardiac
effects already attributed to the inhibition of NHET activity. The dotted line represents additional yet to be verified salutary actions.

in the failing heart.” Accordingly, the long-term abla-
tion of NHE1 activity enhances the myocyte redox
potential and mitigates high-fat diet-induced
myocardial stress and fatty liver disease, leading to
better-preserved insulin sensitivity, while potentially
altering both cardiac and systemic metabolic substrate
handling in mice (6).

In aggregate, the study by Iborra-Egea et al. (2), as
well as earlier reports, imply that by reducing inter-
cellular Na* and Ca®", SGLT-2 inhibitors such as
empagliflozin can not only modulate myocyte me-
chanical function by affecting Ca®>" handling/cycling
but also afford myocardial protection by maintaining
proper myocardial redox balance, and possibly mito-
chondrial energy metabolism (Figure 1). In-depth
future studies shall evaluate whether empagliflozin
helps in maintaining mitochondrial energetic and
redox assets in HFTEF and other cardiac disorders.

Sarcolemmal NHE activity of human ventricular
myocytes stems from the NHE1 isoform, and
its expression is significantly higher in recipient hearts
with chronic end-stage HF than it is in unused
donor hearts. Moreover, inhibiting NHE1 can atten-
uate cardiomyocyte injury, remodeling, and systolic

dysfunction. Along with the fact that empagliflozinisa
well-tolerated drug that can be administered once
daily with a lower risk of inducing hypoglycemia,
these facts provide a solid mechanistic ground for
repurposing empagliflozin as an anti-HF drug, at least
for HFTEF treatment, which is the major translational
message emanating from the studies performed by
Iborra-Egea et al. (2). Among the additional questions
raised by their contribution is whether NHE1 expres-
sion/activity is altered also in patients with heart
failure with preserved ejection fraction. Is NHE1 up-
regulated under this condition too? Would features
of HF with preserved ejection fraction such as diastolic
dysfunction and left ventricular hypertrophy be
effectively corrected by empagliflozin? Another
important pending issue comes from the evidence that
aldosterone stimulates NHE1 in the heart and vascu-
lature; therefore, would empagliflozin be able to
obviate or attenuate cardiac and vascular stigmata
brought by any linked to hyper-
aldosteronism? This has self-evident implications

conditions

when we are in the need of attenuating the neuro-
hormonal overdrive typical of many cardiovascular
disorders.
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Thanks to the present study (2) and other con-
tributions, we are no longer outside, looking in,
regarding the role of NHE1 in HF pathogenesis.
Moreover, the multifaceted and complex approach
adopted herein by Iborra-Egea et al. reiterates that
gathering more information/predictions (integrating
big data with computer modeling) increases our
wisdom, namely our acuity in orienting ourselves
when facing a “we don’t know what we don’t
know” type of issue. One may argue, however, that
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despite the excellent help offered by machine
learning, sometimes human ingenuity/intuition gets
it first.

ADDRESS FOR CORRESPONDENCE: Dr. Nazareno
Paolocci, Division of Cardiology, Department of
Medicine, Johns Hopkins School of Medicine, Traylor
911, 720 Rutland Avenue, Baltimore, Maryland 21205.
E-mail: npaoloci@jhmi.edu.
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TRANSLATIONAL PERSPECTIVE

Limitations of Animal Studies for

Predicting Toxicity in Clinical Trials
Is it Time to Rethink Our Current Approach?

Gail A. Van Norman, MD

SUMMARY

here is no doubt that the use of animals in

science and medicine has significantly

benefitted human beings (Table 1). However,
many investigators are increasingly concerned that
animal experimentation may be based on a scientifi-
cally flawed premise and that it retains its accept-
ability only because clear alternatives have not been
identified. Dramatically rising costs and extremely
high failure rates in drug development have led
many to re-evaluate the value of animal studies.
This review focuses on questions regarding the scien-
tific validity of nonhuman animal models (hereafter
referred to simply as “animal research”) in predicting
human toxicity in preclinical pharmaceutical testing.

HISTORICAL PERSPECTIVE

In the United States, the use of animals to test human

pharmaceuticals dates to 1937, when a liquid

Animal testing is used in pharmaceutical and industrial research to predict human toxicity, and yet analysis suggests that
animal models are poor predictors of drug safety in humans. The cost of animal research is high—in dollars, delays in drug
approval, and in the loss of potentially beneficial drugs for human use. Human subjects have been harmed in the clinical
testing of drugs that were deemed safe by animal studies. Increasingly, investigators are questioning the scientific merit
of animal research. This review discusses issues in using animals to predict human toxicity in pharmaceutical develop-
ment. Part 1 focuses on scientific concerns over the validity of animal research. Part 2 will discuss alternatives to animal
research and their validation and use in production of human pharmaceuticals. (J Am Coll Cardiol Basic Trans Science
2019;4:845-54) © 2019 The Author. Published by Elsevier on behalf of the American College of Cardiology Foundation.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

formulation of a sulfa antibiotic dissolved in ethylene
glycol resulted in the deaths of 107 adults and chil-
dren. The incident resulted in passage of the 1938 U.S.
Federal Food, Drug, and Cosmetic Act, mandating
animal toxicity testing (1,2). In 1946, language was
incorporated into the Nuremberg code (3) and later
the Helsinki Declaration (4) requiring human experi-
ments to be “designed and based on the results of an-
imal experimentation [author’s italics] and a
knowledge of the natural history of the disease.” The
statement was written by Andrew Ivy, a strong pro-
ponent of animal research, but was not based on
scientific evidence that such a requirement would
improve safety or efficacy of human drug develop-
ment (3).

Today, the U.S. Food and Drug Administration
(FDA) generally requires preclinical testing of any
new drug or biological therapeutic “for pharmaco-
logic activity and acute toxicity in animals” prior to
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ABBREVIATIONS
AND ACRONYMS

FDA = U.S. Food and Drug
Administration

LR = likelihood ratio
NLR = negative likelihood ratio

NPV = negative predictive
value

PLR = positive likelihood ratio

PPV = positive predictive value

entering human clinical trials (5). In certain
cases, such as emergency treatment for
hazardous exposure, the FDA may even
approve in-human use based solely on ani-
mal testing under “The Animal Efficacy
Rule” (6).

Despite the deeply rooted assumption that
animal models accurately predict human
toxicity (7-9), even cursory examination of
the concordance of animal and human trials
raises concerns. A 2006 review of 76 animal

studies, for example, found that approximately 20%
were contradicted in humans and only 37% were ever
replicated in humans (10). A review of 221 animal
experiments found agreement in human studies just
50% of the time—essentially randomly (11). Review of
37 chemicals studied in the U.S. National Toxicology
Program concluded that toxicities other than carci-
nogenesis were not reproducible between rats and

mice, between sexes, or compared with historic con-
trol animals. Average positive predictive value (PPV)
from mouse to rat was 55.3% and 44.8% for long-term
and short-term studies, respectively. Combining or-
gan, length of exposure, and sex, PPV between mice

and rats hovered around 50%, which is no greater
than random chance (12). An analysis of 2,366 drugs
concluded that “results from tests on animals (spe-
cifically rat, mouse and rabbit models) are highly
inconsistent predictors of toxic responses in humans,
and are little better than what would result merely by
chance—or tossing a coin—in providing a basis to
decide whether a compound should proceed to
testing in humans” (13). Similar results were found
for nonhuman primates and dogs (14). Indeed, we
need go no farther than the failure rates in drug

development to have serious questions about

whether animal testing accurately predicts toxicity in
human trials.

About 12% of pharmaceuticals pass preclinical

testing to enter clinical trials (15). Of those, only 60%

successfully complete phase I trials (16). Overall,
approximately 89% of novel drugs fail human clinical
trials, with approximately one-half of those failures
due to unanticipated human toxicity (Figure 1) (17). If
animal tests accurately predict human toxicity, then
why are toxicity-related failure rates in human clin-
ical trials so high?

THE PRICE OF WRONG DECISIONS

Two critical “wrong” decisions regarding animal tests
of human pharmaceuticals are 1) falsely identifying a
toxic drug as “safe” and 2) falsely labeling a poten-
tially useful therapeutic agent as toxic.

JACC: BASIC TO TRANSLATIONAL SCIENCE VOL. 4, NO. 7, 2019
NOVEMBER 2019:845-54

When a human-toxic drug is identified as “safe” by
animal testing, the most likely outcome by far is that
the drug will fail in clinical testing, often due to un-
acceptable adverse human effects, and sometimes
significantly harming volunteer research subjects in
the process. Drugs that survive clinical trials and
attain market approval may still be recalled later due
to toxicity identified only after months or years of in-
human use. Vioxx (Merck, Kenilworth, New Jersey)
was found after release to significantly increase the
risk of cardiovascular morbidity and mortality,
costing Merck more than $8.5 billion in legal settle-
ments alone (18). An estimated 88,000 people suf-
fered heart attacks after taking Vioxx and 38,000 died
(19).

Of 578 discontinued and withdrawn drugs in
Europe and the United States, almost one-half were
withdrawn or discontinued in post-approval actions
due toxicity (20). Van Meer et al. (21) found that of
93 post-marketing serious adverse outcomes, only
19% were identified in preclinical animal studies. In
the first decade of the 21st century, approximately
one-third of FDA-approved drugs were subsequently
cited for safety or toxicity issues. or a combination
of both, including human cardiovascular toxicity
and brain damage, after remaining on the market
for a median of 4.2 years (22,23). The most common
toxicity types associated with drug withdrawals in
the United States and Europe are hepatic (21%),
cardiovascular (16%), hematological (11%), neuro-
logical (9%), and carcinogenicity (8%) (Figure 2)
(20).

Protein-based biologics (e.g., monoclonal anti-
bodies), fusion proteins, and recombinant proteins
now account for most development stage and mar-
keted biopharmaceuticals (15). These present a
particular challenge in predicting human toxicity,
due to their propensity to provoke production of an-
tidrug antibodies. Safety concerns include cross
reactivity, potentially exaggerated pharmacology,
and slow recovery from toxicity, among others
(15,24)—and immunogenic responses in animals do
not predict immunogenicity in humans (15,25-27).

There are many notable examples of cases in which
animal trials did not predict severe human toxicity.
Isuprel for treatment of asthma caused over 3,500
deaths in Great Britain alone, despite safety in rats,
guinea pigs, dog, and monkeys, all of which had
received doses far exceeding those administered in
humans (2,28). Thalidomide caused devastating
phocomelia in an estimated 20,000 to 30,000 infants
before it was withdrawn. However, animal tests failed
to reveal significant teratogenicity in 10 strains of
rats; 11 breeds of rabbit; 2 breeds of dog; 3 strains of
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TABLE 1 Animal Uses in Science, Medicine, and Research

Predictive models for human diseases and their processes

Predictive models for testing drugs and other chemicals for human
toxicity and efficacy

“Spare parts"— e.g., pig-derived aortic valve prostheses
Bioreactors or factories— e.g., production of monoclonal antibodies
Sources of tissue to study physiological principles

Educational “material" to educate and train biology and medical
students and others

Subjects in research to benefit other animals
Subjects of research to gain basic knowledge for its own sake

hamsters; 8 species of primates; and various cats,
armadillos, guinea pigs, swine, and ferrets (29). An
antibody to treat human autoimmune disease,
TGN1412, was given at 1/500th the dose found safe in
animal testing to 6 human volunteers in a phase I trial
(30,31), rendering them all critically ill within minutes
and leaving them all with long-term complications
(32-34). BIA-102474-101, a drug developed for a range
of disorders from anxiety to Parkinsonism, caused
deep brain hemorrhage and necrosis in all 5 human
volunteers during a phase I clinical trial after it was
administered in doses that were 1/500th of the safe
dose for dogs. One volunteer died (35). Fialuridine,
for treatment of hepatitis B, caused the deaths of 5
volunteers during phase II clinical trials despite being
safe in mice, rats, dogs, monkeys, and woodchucks in
doses that were hundreds of times higher. Two other
volunteers only survived after receiving liver trans-
plants (32).

When animal tests falsely identify a safe chemical
as “toxic,” the almost certain outcome is abandon-
ment of further development. Undoubtedly many
potentially beneficial drugs have failed animal testing
and been lost to patients, even though they would
have been both safe and effective (36,37). Because a
drug that shows toxicity in animal models is unlikely
to ever undergo human testing, the magnitude of this
type of “error” is unknown. However, many highly
beneficial drugs would have failed animal testing and
would never have been brought to market, except
that they were developed before animal testing was
required (38). Examples include penicillin (fatal to
guinea pigs) (39), paracetamol (toxic in dogs and cats)
(40), and aspirin (embryo toxicity in rats and rhesus
monkeys) (41).

Lack of animal tests has also caused deleterious
delays in critical drug approvals. Compassionate
human use of ganciclovir demonstrated efficacy and
safety in treating acquired immunodeficiency
syndrome-related cytomegalovirus retinitis in more

FIGURE 1 Failures in Translational Research: Preclinical and Clinical Trials
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Percentages of drugs that fail in preclinical trials (due to drug toxicity or failure of efficacy
in animal testing) and in clinical trials (due drug toxicity or failure of efficacy in human
testing) are shown in columns 1 and 2. The third column demonstrates what would
happen if animal and human toxicity were closely correlated and therefore drugs with
human toxicity were eliminated at the preclinical testing stage by animal toxicity
testing (one-half of all drug failures in clinical trials are due to toxicity issues despite

approximately 56%.

safety in animals). Success rates of clinical trials increase from 11.7% overall to

human patients than would generally be required
for a phase I clinical trial, but the FDA refused to
license it due to lack of animal studies. Ganciclovir
had also been used safely in over 300 patients un-
der compassionate use to treat cytomegalovirus
colitis—more than would generally be required in a
phase II clinical trial-but the FDA delayed clinical
trials for more than a year due to lack of animal
studies. The drug was finally approved after a
4-year delay (42).

TIME AND DOLLARS. Rodent testing in cancer ther-
apeutics adds an estimated 4 to 5 years to drug
development and costs $2 to $4 million. For industrial
toxicity testing, it takes about 10 years and $3 million
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FIGURE 2 Toxicity Failures in Pharmaceutical Development
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to complete all required animal studies to register a
single pesticide (43). Compared with the costs of
in vitro testing, animal tests range from 1.5x to >30x
as expensive (44,45).

No comprehensive reviews of the total overall cost
of animal testing in pharmaceutical development
appear to exist. In part, this may be because even the
total number of animals or of such studies is un-
known. The 2002 amendments to the Animal Welfare
Act exempted mice, rats, fish, and birds used in ani-
mal research from required reporting to the U.S.
Department of Agriculture (46). These are the 4 most
common types of animals used, and they account for
>90% of all U.S. animal subjects and 81% of European
animal subjects (45,47).

Costs of animal toxicity tests can be estimated
from other industries, however, and are eye-opening.
According to the Organization for Economic Devel-
opment, which determines animal testing guidelines
and methodology for government, industry, and
independent laboratories in its several dozen
member countries, the average cost of a single,
2-generation reproductive animal toxicity study
worldwide is €318,295 and for Europe alone is
€285,842 (45), or roughly $349,890 and $314,215,
respectively.

Contract research organizations account for most
of the animal testing done in the United States and
Europe. Statista, a global data portal for market and
economic sector statistics, estimates the global
markets for animal testing in 2018 at $7.4 billion for
drug discovery, $11.2 billion for preclinical develop-
ment and safety, $58.5 billion for clinical develop-
ment, and $2.3 billion for central laboratory testing
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(48). Keen (49) estimates that annual U.S. biomedical
and agricultural research and development in-
vestments involving animal research exceed $26
billion.

REPRODUCIBILITY AND INTERSPECIES
RELIABILITY OF ANIMAL TESTS

Reproducibility of animal studies within species,
even when carried out under rigorous protocols, is
questionable. Using a database of more than 800,000
animal toxicity studies performed for 350 chemicals
under rigorous guidelines, a reviewer found toxicity
was repeatable just 70% of the time in the same
species (45). Another reviewer found that results for a
single chemical often differed with animal model,
strain, dose, and delivery route. About 26% of
chemicals demonstrated contradictory results on
repeat testing in the same species. Furthermore,
discordant results sometimes ranged over 3 orders of
magnitude within the same species (50).

PPV, NPV, AND LR. Sensitivity reflects how likely a
positive test is to detect all subjects with a condition,
and specificity reflects how likely a negative test is to
exclude all subjects without the condition (Figure 3).
PPV reflects how often a positive test actually iden-
tifies a subject with the condition, and the power of
the negative predictive value (NPV) of a test reflects
the proportion of subjects with negative tests that
actually do not have the condition. Whereas sensi-
tivity, specificity, PPV, and NPV are often used to
describe the accuracy of tests, they are not sufficient
to inform us how much “value” to attribute to any
given test. For example, suppose a positive toxicity
test in mice for a group of drugs always predicts hu-
man toxicity (sensitivity = 100%), but it also indicates
human toxicity when it is not present—in fact the test
results always indicate that the drug is toxic. Such a
test would have virtually no use in determining hu-
man toxicity despite being 100% sensitive. A useful
toxicity test is 1 that also indicates accurately when
toxicity in animals is not present in humans or has
high specificity. Furthermore, we want to know how
often the test accurately indicates human toxicity,
compared with how accurately it indicates hu-
man nontoxicity.

Sensitivity, specificity, PPV, and NPV are all
strongly affected by the prevalence of the condition
they test for and are therefore of limited value in
assessing the reliability of a test when the preva-
lence of the condition is unknown. Lower preva-
lence increases the likelihood of false positive

results, and higher prevalence increases the
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likelihood of false negative results. Once a drug
tests positive for toxicity in animals, it is rarely
tested against humans, and the prevalence of the
real condition the test is being used to “detect”—
human toxicity—remains unknown.

However, the “value” of using a given test to
improve the post-test probability of ruling in or ruling
out a condition can be calculated using likelihood
ratios even if the prevalence of the condition is un-
known, so long as the sensitivity and specificity of the
test are known. LR are indicators of whether the re-
sults of a given test will “add weight” over the pre-
test probabilities (i.e., prevalence rate) of the
condition in deciding what the probability is that a
condition is actually present or absent.

There are 2 types of LR: the positive likelihood ratio
(PLR) indicates how much more likely it is that a
condition exists after a positive test result, when
compared with its pre-test probability. The negative
likelihood ratio (NLR) indicates how much the proba-
bility that a condition exists decreases compared with
its pre-test probability, given a negative test result.
The change in post-test probability from pre-test
probability is calculated by multiplying the pre-test
probability (prevalence) by the PLR or NLR. If the
change in post-test probability from the pre-test
probability is small (i.e., LR, the multiplier, is small),
then the test is unlikely to help determine the pres-
ence or absence of a condition over simply knowing its
prevalence. LR of <1.0 actually indicate a negative
shift in post-test probabilities. In other words, if a PLR
is <1.0, then for any subject that has a positive test
result, the probability that they have the condition
decreases compared with the pre-test probability. For
an NLR of <1.0, for any subject with a negative test, the
probability that they do not have the condition also
decreases compared with the pre-test probability. For
an LR of 1.0, there is no change from pre-test proba-
bilities (pre-test probabilities are simply multiplied by
1), and the test also was not useful. For LR >1.0, the
probability of the condition being present increases in
the face of a positive test, and the probability of the
condition being absent increases in the presence of a
negative test. For LR from 1.0 to 10, these changes are
relatively small (meaning the test will not add much),
but for LR >10, the changes increase exponentially
and are considered significant (51-54).

Using LR to calculate the probability that a test will
improve detection of a condition or ruling it out is
complex; it requires knowing the sensitivity and
specificity of a test and pre-test probabilities, con-
version of probabilities to odds and back again, and
then using a log table (i.e., a Fagan’s nomogram) or
log calculator to determine how much a test is likely
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FIGURE 3 Calculating LR

Mouse toxicity +

Mouse toxicity -

Rat toxicity + M*R* M-R*
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Positive Likelihood ratio (PLR) =

Sensitivity
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|

MR~
1 —

(1 — Specificity) B (
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Negative LR (iNLR) =
( MR- )
Specificity M-R* + MR
(1 — Sensitivity) - -M*R*
(1 - M*R* + M*R- )

in rat.

The likelihood that a test showing toxicity in a mouse predicts toxicity in the rat (positive
likelihood ratio [PLR]) or that a test showing no toxicity in a mouse predicts nontoxicity

in a rat (negative likelihood ratio [NLR]). M*R™ = toxicity present in both mouse and rat;
M*R™ = toxicity present in mouse but not in rat; MR = toxicity not present in mouse,

but present in rat; and M"R™ = toxicity not present in mouse and also not present

to improve (or decrease) the chances of detecting the
condition (53).

LR are increasingly being used to express trans-
latability of animal toxicity testing (52-55). Bailey
et al. (14) found that the presence of toxicity in a
species sometimes added evidentiary weight to the
risk of toxicity in another, but the reverse was not
true: negative toxicity tests in animals did not
significantly increase the probability that a toxic test
would also be negative in humans, and a lack of
toxicity in any species would not reliably indicate a
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probable lack of toxicity in any other species,
including comparisons of primate to human toxicity
tests (14). Furthermore, even in the presence of ani-
mal toxicity, LRs were extremely inconsistent and
varied considerably for different classes of drugs
(13,52). Similar findings have been reported in multi-
ple analyses and reviews in other studies (52,54-56).
A number of studies have reviewed LR of specific
drug toxicity tests for which both animal and human
data are available. In a review of 2,366 drugs,
including data from 3 of the most common animal
research species—rat, mouse, and rabbit—PLRs were
generally high (i.e., there is a likelihood that positive
toxicity tests in animals would show toxicity in
humans). But median NLRs were very low—1.12 (rab-
bit), 1.39 (mouse), and 1.82 (rat); in other words, they
were of little or no value in excluding human toxicity
(13). The investigators also examined canine models
and found that PPV and PLR for human toxicity were
not correlated with 1 another: NLR were low, indi-
cating that the dog provided little evidentiary weight
to ruling out toxicity in humans (52). Later analysis of
3,000 drugs found that tests inferring no toxicity in
any 1 species, including nonhuman primates, have no
evidentiary weight with regard to toxicity in any
other species (14). In a comparison study reported by
pharmaceutical companies of 150 drugs associated
with adverse events or toxicity in humans (55), LR
could not be determined due to a lack of specificity
reporting on the tests. Paglialunga et al. (56) exam-
ined translatability of respiratory safety pharma-
cology studies from animal models to humans and
found that PPV and PLR were so low that animal tests
provided little value in predicting human toxicity.

GROWING SCIENTIFIC CRITICISM

JACC: BASIC TO TRANSLATIONAL SCIENCE VOL. 4, NO. 7, 2019
NOVEMBER 2019:845-54

consultants agree that to identify carcinogenicity in
animal tests does not per se predict either risk or
outcome in human experience. . . . the Council is
concerned about the hundred[s] of millions of dollars
that are spent each year (both in the public and pri-
vate sectors) for the carcinogenicity testing of chem-
ical substances. The concern is particularly grave in
view of the questionable scientific value of the tests
when used to predict the human experience” (59).

The 2019 West Coast Regional Safety Pharmacology
Society Meeting discussed concerns about the lack of
concordance between animal and human safety
studies, including lack of canine and human concor-
dance for proarrhythmia risks of new cardiovascular
drugs and the failure of animal research to predict
drug-related risks in the human central nervous and
respiratory systems (60,61).

Regulatory and research leaders are increasingly
taking notice of the issue. In 2006, Michael Levitt,
then U.S. Secretary of Health and Human Services,
stated, “nine out of ten experimental drugs fail in
clinical studies because we cannot accurately predict
how they will behave in people based on laboratory
and animal studies” (62,63). A landmark review and
report by the Institute of Medicine in 2011 concluded
that the use of chimpanzees in biomedical research is
unnecessary (64). Although the reasons for it are
complex, in 2015, the National Institutes of Health
announced they would be ending all chimpanzee
research (65). Andrew Wheeler, administrator of the
U.S. Environmental Protection Agency, pledged in
September 2019 to phase out all toxicity testing in
mammals over the next 16 years (66).

IS THE SCIENTIFIC PREMISE BEHIND
ANIMAL MODELS VALID?

As early as 1962, scientists questioned the assumption
that animal models reliably predicted human re-
sponses. Lichtfield (57) examined 6 drugs studied in
animal models and found that rats and dogs demon-
strated PPVs (for human response) of 0.49 and 0.55,
respectively, essentially random chance. He opined
that the differences between species in specific drug
responses were so striking that one could actually use
the results of drug toxicity tests alone to identify
whether an entity was a rat, rather than a dog or a
man, and concluded there was no basis for predicting
adverse human effects for the 6 drugs from animal
studies. A 1990 analysis of the toxicities of 24 drugs
abandoned during human clinical trials demonstrated
that 16 had no animal model toxicity correlation (58).

In 1981, the Council on Scientific Affairs of the
American Medical Association stated, “The Council’s

Many concerns regarding reliability of animal models
in predicting human toxicity are not based on the
scientific underpinnings of interspecies translation,
but rather call out collateral, potentially correctable
issues, such as technical competence in executing
animal research, the soundness of animal research
study design, and publication bias (Table 2) (67-71).
Indeed, Knight (72) could find no review of animal
research studies that rated a majority of the experi-
ments as having “good” methodological quality. An
obvious solution would be correction of these prob-
lems to improve translation rates of animal research.
Despite widespread efforts to improve the quality of
methodology in animal studies, however, studies
examining whether such measures consistently
improve the reliability of animal models in predicting
human toxicity have yet to be published, although a
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TABLE 2 C

ly Used Arg ts Against Animal Research

Argument Critique

Methodological: Animal models should be abandoned because
the scientific methodology of the experiment was poor.

The quality of methodology in an individual experiment cannot be extrapolated
to the question of whether animal experimentation as a whole is invalid,
merely to whether the individual experiment is yielding true results.

Historical: Historically, medical dependence on animal
modeling is much less robust than we are led to believe.

Historical use of animal modeling is a poor measure of the validity of current
experimentation and methods. To determine whether animal modeling is
reliable in current science, we need to use modern scientific knowledge and
examine modern methodology to determine whether animal modeling is
predictive of human outcomes today. This takes into account information
and methods that may or may not have been historically available.

Reviews: Review articles have determined that certain animal
species have not been critical in various medical
developments, and therefore animal experimentation
should be abolished.

Alternatives: The existence of alternative models requires us to
abandon animal research.

The invalidity of using certain specific animals does not necessarily rule out
animal models as a whole.

Whereas alternatives to animal research exist or are developing in many areas of
medical research, in many instances such alternatives do not exist. This
argument does not address whether continued use of animal models is
scientifically valid, regardless of alternative methods, and it does not
attempt to define whether certain animal models are predictably successful
and others are predictably unsuccessful.

number of studies do demonstrate continued prob-
lems with predicting human efficacy (73).

Instead of methodologies and publication bias, an
increasing number of investigators propose that the
problem may lie with the basic premise of animal
testing itself (69,74). The biological sciences have
increasingly embraced theories regarding complex
systems (e.g., chaos theory and complexity theory) to
explain mechanisms in evolution, the biology of can-
cer, the divergent properties of animal species, as well
as the failures of translation of drug therapeutics from
animal species to humans (75,76). Because animals
and humans are classic examples of incompletely
understood complex systems, some investigators
propose that it may simply be scientifically invalid to
assume that toxicity of a substance in any one species
can reliably predict toxicity in any other, no matter
how stringent animal testing standards are made (69).

ALTERNATIVES TO ANIMAL TESTING

Alternatives to animal testing will be discussed in
more detail in part 2 of this review; they include
in vitro tests using cell lines, tissue samples, use of
alternative organisms such as bacteria, 3-dimensional
modeling and bioprinting, in silico tests, organ-on-
chip technologies such as 3-dimensional organoids,
computer modeling, and phase 0 in-human micro-
dosing trials (77-82). A comprehensive study of the
accuracy, LR, and costs of alternative testing methods
compared with animal toxicity testing has not been
published; however, there is data suggesting that
in vitro testing and other methods are significantly
faster and less expensive than animal models (42,44).

Using human cells, tissue, or organ models to form
the basis of an in vitro test may improve accuracy in
weeding out drugs with significant adverse human
effects; however, this assumption, too, will require
rigorous study.
Researchers
sooner rather than later to reduce animal research as
the result of public advocacy efforts. A 2019 spending
bill passed by the U.S. House of Representatives in-
cludes a directive to the National Institutes of Health
to accelerate the replacement of nonhuman primates
in research with alternative research models (83).
The FDA states that for the purposes of cosmetic
testing, they believe “that prior to use of animals,
consideration should be given to the use of scientifi-
cally valid alternative methods to whole-animal
testing” (84). The Interagency Coordinating Commit-
tee on Validation of Alternative Methods and the Na-
tional Toxicology Program Interagency Center for the
Evaluation of Alternative Toxicological Methods were
established in 1997 to coordinate the development,
validation, acceptance, and harmonization of alter-
native toxicological test methods throughout the U.S.
government (85) and have as a part of their mission the
explicit mandate to reduce or eliminate whole animal
testing. The Biennial Progress Report of the Inter-
agency Coordinating Committee on Validation of
Alternative Methods for 2016 to 2017 details actions
they have taken, including, among others: 1) publica-

will undoubtedly be challenged

tion of guidance documents waiving all acute dermal
lethality studies for pesticides and describing a pro-
cess for evaluating; 2) publication of notices reducing
the number of hamsters for potency testing of certain
vaccines; and 3) publication of a roadmap for



852

Van Norman

Animal Research and Human Pharmaceutical Toxicity

integrating predictive toxicology methods into safety
and risk assessments by the FDA (86). At this time, the
FDA generally still requires submission of preclinical
animal data in investigational new drug applications

(5).
CONCLUSIONS

Although animal toxicity testing has been the stal-
wart basis of “ensuring” safety of in-human clinical
testing and use, examination of the published data
raises significant questions about whether it is reli-
able and should be abandoned or at least
significantly curtailed in favor of other potentially

JACC: BASIC TO TRANSLATIONAL SCIENCE VOL. 4, NO. 7, 2019

NOVEMBER 2019:845-54

more reliable methods. Savings in time and cost for
new therapeutics could be substantial, if the safety
of nonanimal preclinical testing is proven. Increas-
ingly, scientific organizations and government
regulatory agencies are recognizing that alternative
methods may replace animal testing and improve
the flow and safety of new therapeutics to human
use.

ADDRESS FOR CORRESPONDENCE: Dr. Gail A. Van
Norman, Department of Anesthesiology and Pain Medi-
cine, University of Washington, 2141 8th Avenue West,
Seattle, Washington 98119. E-mail: gvn@uw.edu.
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HIGHLIGHTS

e Age-associated CVDs impose a great burden on current health systems. Despite the fact that current strong evidence
supports the links among aging, telomere attrition, and CVDs, there is no clear direction for the development of telomere
therapeutics against CVDs.

o This review focuses on immune modulation, CHIP, pharmaceutical interventions, and gene therapy for their therapeutic
roles in age-associated CVDs.

e The future goal of telomere cardiovascular therapy in young subjects is to prevent senescence and diseases,
whereas in older adult subjects, the goal is restoration of cardiovascular functions. Further studies on the
telomere-CHIP-atherosclerosis axis may shed insights on how to achieve these 2 different therapeutic targets.

SUMMARY

Telomeres are double-stranded repeats of G-rich tandem DNA sequences that gradually shorten with each cell division.
Aging, inflammation, and oxidative stress accelerate the process of telomere shortening. Telomerase counteracts this
process by maintaining and elongating the telomere length. Patients with atherosclerotic diseases and cardiovascular risk
factors (e.g., smoking, obesity, sedentary lifestyle, and hypertension) have shorter leukocyte telomere length. Following
myocardial infarction, telomerase expression and activity in cardiomyocytes and endothelial cells increase significantly,
implying that telomerase plays a role in regulating tissue repairs in heart diseases. Although previous studies have
focused on the changes of telomeres in heart diseases and the telomere length as a marker for aging cardiovascular
systems, recent studies have explored the potential of telomeres and telomerase in the treatment of cardiovascular
diseases. This review discusses the significant advancements of telomere therapeutics in gene therapy,

atherosclerosis, anti-inflammation, and immune modulation in patients with cardiovascular diseases.

(J Am Coll Cardiol Basic Trans Science 2019;4:855-65) © 2019 The Authors. Published by Elsevier on behalf of
the American College of Cardiology Foundation. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

elomeres are repetitive hexanucleotides becoming inappropriately degraded by DNA damage
(TTAGGG)n found at the end of linear chro- responses (1,2). In humans, telomeres are 10 to 15 kb
mosomes; they prevent chromosome ends of tandem DNA repeats. There are significant varia-
from being recognized as DNA strand breaks and tions of telomere length among individuals, but
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ABBREVIATIONS
AND ACRONYMS

AAV = adeno-associated virus
CVD = cardiovascular diseases

CHIP = clonal hematopoiesis of

indeterminate potential

LTL = leukocyte telomere

length

TCA = telomere-CHIP-
atherosclerosis

TERC = telomerase RNA
component

TERT = telomerase reverse

transcriptase

TRF2 = telomere repeat-
binding factor 2

telomeres invariably shorten with age and
cell division (3).

Although there could be asynchrony of
telomere length among different tissues (4),
peripheral leukocyte DNA has been most
commonly used in clinical studies to measure
leukocyte telomere length (LTL) (5). Several
methods have been used to measure LTL,
including terminal restriction fragment
analysis by hybridization with telomere
sequence probes, single telomere amplifica-
tion and blotting, flow cytometry of cells
following hybridization with fluorescent
peptide nucleic acid probes, quantitative
fluorescence in situ hybridization with fluo-
rescent telomere peptide nucleic acid probes,
and quantitative polymerase chain reaction assays
(6). Due to the different methods used in clinical trials
and large interbatch coefficients of variations, there is

no current gold standard of telomere length mea-
surement, and therefore, comparison of telomere
lengths between different clinical trials could be
misleading (7).

Traditional risk factors for cardiovascular diseases
(CVD), such as smoking, diabetes mellitus, dyslipi-
demia, hypertension, obesity, and shift work, have
been associated with short LTL (8). In the prospective
WOSCOPS (West of Scotland Primary Prevention
Study) trial, subjects in the lowest tertile of LTL had a
44% increased risk of 5-year major cardiovascular
events compared with subjects in the highest tertile
of LTL (9). Another meta-analysis study with 43,725
participants and 8,400 patients revealed that short
LTL had a pooled relative risk for coronary heart
disease of 1.54 (95% confidence interval: 1.30 to 1.83).
In addition, short LTL was associated with coronary
artery disease risk independent of traditional
vascular risk factors. The association of short LTL
with cerebrovascular disease is less significant than
that with coronary artery disease (10). Short LTL also
affects the prognosis of coronary artery disease. In a
prospective WHI (Women’s Health Initiative) study
with 1,525 post-menopausal women, shorter LTL was
associated with higher risks of mortality (11). Further
analysis showed that patients with myocardial
infarction had shorter LTL, which was equivalent to
that observed in individuals without myocardial
infarction but who were 8 to 12 years older in bio-
logical age (12). Shorter LTL was also associated with
increased proinflammatory activity in high-risk un-
stable plaque on virtual histology intravascular ul-
trasound (13) and delayed re-endothelialization after
drug-eluting stent implantation (14) in acute coro-
nary syndrome. When patients developed chronic
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heart failure, they were also observed to have shorter
LTL (15). Moreover, short LTL was also associated
with congestive heart failure severity and clinical
outcomes (16).

Despite the fact that current robust epidemiolog-
ical and animal study evidence supports the telomere
attrition links between age and CVDs, there is no clear
route that leads to the development of telomere
therapeutics against CVDs in the future due to the
following limitations. First, in adult somatic cells,
manipulation of the telomere system bears an onco-
genic risk (17,18). Thus, therapeutic techniques based
on the overexpression of telomerase and other
telomere-related signals should be applied after
considering cell-type and tissue interactions. Second,
there is still no clear mechanistic insight into the link
between telomere and/or telomerase and atheroscle-
rosis development (19). Third, the telomere system is
complex and regulated by various feedback mecha-
nisms, including circadian rhythm oscillations (20),
and a direct interruption of 1 target in the telomere
pathway can lead to various side effects.

TELOMERES AND TELOMERASE

Because DNA polymerase is unable to replicate the
3’ ends of chromosomes fully, the so-called “end-
replication problem,” telomeres shorten during each
cell replicated cycle (21). When telomeres reach a
critically short length, genomic instability activates
the DNA repair system and induces replicative arrest,
senescence, and cell death (22).

In primary human cells, each time a cell divides, 50
to 100 bases are lost from the telomeres on each
chromosome. This loss is much larger than the esti-
mation from end-replication mechanisms, indicating
that there are other contributing factors for telomere
attrition in human cells (23). Oxidative stress and tis-
sue inflammation have been observed to accelerate
telomere shortening and reduced replicative lifespans
(24). Telomere shortening is considered a biological
molecular clock and is the underlying mechanism
proposed to explain the limited lifespan of cells in
culture, known as the Hayflick limit (25). During the
progressive accumulation of senescent cells in aging,
there is a marked increase in the secretion of
proinflammatory cytokines, adhesion molecules,
growth factors, and proteases from senescent cells
(26,27). This inflammatory signaling initiates a vicious
cycle that enhances telomere dysfunction, triggers
replicative senescence, and promotes aging and
development of age-associated diseases (28).

Telomerase is a crucial component in telomere
maintenance and regulation. It consists of an RNA
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template known as telomerase RNA component
(TERC) and a DNA reverse transcriptase polymerase
known as telomerase reverse transcriptase (TERT)
(Figure 1). Telomerase synthesizes new telomeric
DNAs to compensate for the loss during cell divisions
(29). The overexpression of telomerase extends the
lifespan of cells in culture and transforms them into
cancerous cells (30). Adult somatic cells typically
have a low or undetectable level of telomerase ac-
tivity with limited longevity; high telomerase activity
is restricted to germ cells, pluripotent embryonic
stem cells, and hematopoietic progenitor cells (31).

Telomere length is determined by genetic and
nongenetic factors. Based on genome-wide associa-
tion studies, several genomic variants were identified
to be associated with the average LTL (32). A large-
scale meta-analysis also reported a consistent and
high heritability for telomere length (10). Several
nongenetic factors that contribute to inflammation
and oxidative stress were reported to have significant
impacts on LTL, such as psychosocial stress, alcohol
consumption, physical inactivity, unhealthy diet,
smoking, and obesity (33,34). Thus, shortened LTL
reflects inheritable genomic features, previous
mitotic history, cumulative exposure to inflammation
and oxidation stress, and the availability of telome-
rase activity for cells.

Although its causal relationships are still unclear,
based on epidemiology studies, telomere attrition is
considered to be associated with aging and aging-
related diseases, such as CVDs, chronic lung disease,
metabolic disorders, neurodegenerative diseases,
cognitive disorders, and dysregulated immune func-
tion (35). The lifespan of older adults was reported to
positively correlate with telomere length (36).

It was observed that the specific telomere syn-
dromes or telomeropathies that affect humans, such
as Hoyeraal-Hreidarsson syndrome, dyskeratosis
congenita, and aplastic anemia, are caused by germ-
line mutations in telomere maintenance genes. These
telomere syndromes present a diverse manifestation
but share the features of premature aging, loss of
tissue regenerative capacity, increases in inflamma-
tion, and prominent organ failure (37).

GENE THERAPY WITH TELOMERE AND
TELOMERASE FOR CVDs

Robust epidemiological and genetic evidence linking
telomere length and CVD risk support the thera-
peutic hypothesis that genetic manipulations of the
telomere system can be a potential treatment target
for CVDs. Mice with genetic knockout of TERC or
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TERT had progressively shorter telomeres over
generations and showed features such as severe
developmental defects, aging pathologies, and pre-
mature death (38). Reconstitution of TERC or TERT
expression in the TERC- or TERT-deficient mice with
critically short telomeres resulted in elongation of
telomeres, less DNA damage, decreases in aging
biomarkers, and delay in age-related pathologies
(39). In these mice models, short telomeres and
associated pathologies were treated and halted by
telomerase re-expression. These findings provided
the concept for therapeutic strategies to delay age-
associated pathologies by transiently increasing
telomerase expression.

Telomerase gene therapy was first achieved by
delivering mouse TERT with an adeno-associated vi-
rus (AAV) into young and old mice. This non-
integrative gene therapy resulted in elongated
telomeres, extended lifespans, and delayed age-
associated pathologies, such as insulin sensitivity,
osteoporosis, and neuromuscular coordination, in
both age groups (40). Importantly, telomerase-
treated mice did not develop cancer at a higher rate
than the corresponding control group (41). With the
nonintegrative and replication incompetent proper-
ties of AAVs, this strategy restricted TERT expression
to a few cell divisions and provided a relatively
genome-safe TERT activation. Thus, these studies in
mice supported the feasibility of telomerase activa-
tion treatment to overcome the adverse conse-
quences of critically short telomeres. Applications of
AAV-TERT gene therapy in specific telomere syn-
dromes also showed expected therapeutic effects in
preclinical mice models, such as aplastic anemia
and pulmonary fibrosis (42,43). A report for age-
associated diseases, such as CVDs, demonstrated
improved ventricular function and limited infarct
scars after acute myocardial infarction with TERT
gene therapy in a preclinical mouse model (44). TERT
gene therapy is a promising candidate that deserves
further research efforts for clinical implementation
for the treatment of age-associated diseases.

Apart from direct TERT delivery by nonintegrative
AAV vectors, new gene therapy methods using
modified mRNA for in vitro encoding of TERT in hu-
man fibroblasts can transiently increase telomerase
activity, rapidly extend telomeres, and increase pro-
liferative capacity without the risks of insertional
mutagenesis and off-target effects (45). In addition to
proof-of-concept experimental data in mice, the
development of safe strategies for transient and
controllable telomerase activation in humans can be a
subject of future studies.
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FIGURE 1 The Human Telomerase Complex
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genomic instability, tumorigenesis, and cardiovascular aging.

The human telomerase complex consists of human telomerase reverse transcriptase (TERT), telomerase RNA component (TERC), dyskerin, and
ribonucleoproteins (GAR1, NHP2, and NOP10). The telomerase complex protects chromosome ends by lengthening telomeres in DNA strands.
TERT is responsible for catalyzing the addition of DNA nucleotides to the ends of telomeres. TERC serves as an RNA template for telomere
replications by TERT. Shelterin complex protects telomeres and regulates telomerase activity. Shelterin has 6 subunits, including telomere
repeat binding factor 1 (TRF1), telomere repeat binding factor 2 (TRF2), repressor/activator protein 1 (RAP1), protection of telomere 1
(POT1), TRF1- and TRF2-interacting nuclear protein 2 (TIN2), and ACD shelterin complex subunit and telomerase recruitment factor (TPP1).
Without telomerase, telomeres lose approximately 120 bp of DNA in human cells. Shortened and dysfunctional telomeric ends will result in

PHARMACEUTICAL INTERVENTIONS FOR
TELOMERES AND TELOMERASE ACTIVITY

Because of the pertinence of telomerase in antiaging
gene therapy in mice models, several studies
focused on the therapeutic interventions for telome-
rase modulations in humans. Several cardiovascular
medications, which have been used for decades and
have been shown to have significant survival benefits
in patients, possess the effects of telomere length
maintenance and senescence prevention.

Statins (3-hydroxy-3-methylglutaryl coenzyme A
reductase inhibitors) exert various pleiotropic effects
to prevent the development of atherosclerotic plaque
(46). A cross-sectional analysis of 3,496 subjects from
the U.S. National Health and Nutrition Examination
Survey showed that telomere length appeared to be
longer with a longer duration of statin usage (47).

Statin therapy was associated with higher telomerase
activity independently of multiple covariates, such as
age, sex, smoking, lipid profile, and inflammation
(48). Statins can enhance telomerase activity and
protect telomeres through upregulation of the telo-
mere repeat-binding factor (TRF)-2 in endothelial
cells and endothelial progenitor cells (49). A more
specific analysis of human T-lymphocytes showed
that atorvastatin in pharmacologically relevant doses
led to a transient increase in telomerase activity in
T-cells. This effect, which could be blocked by
inhibitors of Akt and phosphatidylinositol-4,5-
bisphosphate 3 (PI3)-kinase, was more pronounced
in the CD4+ than in the CD8+ T-cell subsets (50). In
addition, it also prevented telomere shortening by
accelerating DNA repair through Nijmegen breakage
syndrome-1 protein stabilization and telomere main-
tenance in vascular smooth muscle cells (51).
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The crosstalk between angiotensin II and telomere
systems are noteworthy. Overexpression of TERT
in vivo modified the angiotensin II-induced
microvascular endothelial dysfunction (52). Angio-
tensin II induces oxidative stress and senescence in
vascular smooth muscle cells with telomerase-
independent oxidative stress-induced senescence
and telomerase-dependent replicative senescence
(53). Acute exposure of vascular smooth muscle cells
to angiotensin II results in vascular smooth muscle
senescence, which is not associated with telomerase
activity changes and cannot be reversed by TERT
overexpression. However, long-term exposure of
vascular smooth muscle cells to angiotensin II
induced reduction in proliferation and replicative
senescence with telomere shortening (54). Angio-
tensin II receptor blockers (e.g., losartan) and
angiotensin-converting enzyme inhibitors (e.g.,
captopril) were both shown to protect endothelial
progenitor cells from senescence and dysfunction
through telomerase cross-talk (55,56). However, some
studies showed that captopril and losartan had no
effect on telomere attrition caused by cardiac hyper-
trophy after abdominal aortic constriction in rats (57).
Therefore, the clinical use of angiotensin-converting
enzyme inhibitors or angiotensin II inhibitors for the
modification of telomere systems requires further
clinical studies.

Peroxisome proliferator-activated receptor ago-
nists (e.g., pioglitazone) can increase the activity of
telomerase and expression of TRF-2 in mice aorta and
in mononuclear cells. Pioglitazone-treated mice were
shown to possess the reduced senescence markers,
p16, cell-cycle checkpoint kinase 2, and p53 (58).
Angiotensin II-induced endothelial progenitor cells
senescence was significantly reversed by pioglitazone
through telomerase activity enhancement (59).
Moreover, pioglitazone was able to increase the TERT
and TRF-2 expression in the hearts of diabetic rats
(60).

The low potency telomerase activator TA-65, a
bioactive molecule extracted from Astragalus mem-
branaceus, has been historically used in Chinese
traditional medicine as an antiaging drug and has
been shown to have effects on telomere lengthening
in mice. TA-65 treatment induces telomerase-
dependent elongation of short telomeres and re-
verses DNA damages in fibroblasts (61) and human T
cells (62). Randomized, double-blind, and placebo-
controlled clinical trials showed that TA-65 treat-
ment increased high-density lipoprotein cholesterol
and reduced C-reactive protein in patients with
metabolic syndrome (63) and was also found to
elongate telomeres (64).
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In addition, sex hormones were also reported to
activate TERT transcription. For decades, androgen
therapy was considered as the first treatment choice
for aplastic anemia, without a clear understanding of
the underlying mechanism. A recent study showed
that the upregulated telomerase activity is respon-
sible for the effectiveness of the androgen treatment
effect in aplastic anemia. In mice with aplastic ane-
mia induced by short telomeres, testosterone therapy
halted telomere attrition and prevented subsequent
death, by enhancing telomerase expression and
lengthening telomeres (65). Moreover, a synthetic
androgen, danazol, which was used in the treatment
of human telomeropathies, was shown to elongate
telomeres in circulating leukocytes and improve he-
matological parameters (66).

Although specific telomere-lengthening effects of
telomerase activation affect cardiovascular health
and aging, noncanonical, extracellular, and non-
—telomere-lengthening functions of telomerase were
recently described (67). The off-target effects of
these telomerase activating or telomere-lengthening
compounds, including those in mitogen signaling
and oncogenesis, should be considered before clinical
usage.

INFLAMMATION, ATHEROSCLEROSIS,
AND CLONAL HEMATOPOIESIS OF
INDETERMINATE POTENTIAL

Atherosclerosis is the dominant pathology of CVD,
including myocardial infarction, heart failure, stroke,
and peripheral artery diseases (68). The prevalence of
these diseases progressively increases with age. In
addition, the risk factors of atherosclerotic diseases,
such as aging, smoking, obesity, sedentary lifestyle,
and unhealthy diet, have been reported to be associ-
ated with telomere shortening based on observational
epidemiological studies (69). As observed in 1 of these
studies, each kilobase pair shortening of telomeres in
peripheral blood cells was estimated to result in 2.8-
to 3.2-fold higher risk of myocardial infarction and
stroke (70).

Telomeres in coronary endothelial cells are shorter
in patients with atherosclerosis than in healthy in-
dividuals (71). Telomere shortening of endothelial
cells might play a role in atherogenesis by increasing
proinflammatory reactions and promoting high-risk
unstable atherosclerotic plaques (72). In human
abdominal aorta analysis, shorter telomere and
higher attrition were observed in aged vessels with
increased shear wall stress (73). Significant telomere
attrition, shorter telomeres, and DNA damages were
demonstrated in biopsied tissue from a failing heart;
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these effects were only specific to cardiomyocytes,
regardless of the age of the patients (74). Moreover,
asynchronous shortening of the telomere length be-
tween cardiac atrial tissue and leukocytes served as a
better biomarker than leukocyte length alone for
post-cardiovascular surgery events (75).

Atherosclerosis is an inflammatory disease that
involves vascular endothelium, smooth muscle, and
blood cells (76). With aging, telomeres shorten, and
blood cells start to accumulate somatic genetic mu-
tations. As these blood cells gain a competitive
expansion advantage, they give rise to some
expanded clones of leukocytes that circulate in the
peripheral blood, which is termed clonal hematopoi-
esis of indeterminate potential (CHIP) (77). More than
10% of septuagenarians exhibit CHIP, and its preva-
lence increases with age (78). Individuals with CHIP
have increased cardiovascular mortalities indepen-
dent of traditional risk factors (e.g., diabetes, hyper-
tension, and dyslipidemia) (79). Current evidence
shows that de novo mutations in DNMT3A, TET2, and
ASXL1 facilitate the clonal expansion of leukocytes
(80,81). Macrophages from TET2-knockout mice
resulted in the abnormal activation of the NLRP3
(Nucleotide-Binding Domain, Leucine-Rich-Contain-
ing Family, Pyrin Domain-Containing-3)-mediated
inflaimmasome and contribute to enhanced athero-
sclerosis (82). Mice with CHIP mutations in hemato-
poietic cells also exhibited aggravated the
development of heart failure (83).

Both telomere attrition and CHIP increase with age.
Accordingly, progressive leukocyte telomere attrition
can lead to genomic instability, which later results in
CHIP (84). Therefore, it is assumed that the manipu-
lation of the telomere system would be a possible
treatment target of CHIP-related CVDs. Although
current clinical evidence supports this concept,
further research needs to be conducted. In a whole-
genome sequencing study, the strongest association
of CHIP was found to be an 8-bp deletion in intron 3
of the TERT gene (85). In the same study, telomere
lengths were observed to be significantly shortened in
individuals with CHIP. Dyskeratosis congenita is a
rare progressive congenital disease with skin
pigmentation, nail dystrophy, and leukoplakia of the
oral mucosa. Dyskeratosis congenita is characterized
by short telomeres with poor telomere maintenance,
mainly caused by some abnormal mutations in ribo-
some and telomerase RNA components (86). Clonal
expansion of hematopoietic cells
synonymous coding somatic mutations is a common

bearing non-

feature that occurs in one-half of patients with dys-
keratosis congenita (87). The telomerase complex
controls hematopoietic cell differentiation and
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senescence in the induced pluripotent stem cell
model (88). The telomere-CHIP-atherosclerosis (TCA)
axis may provide several possible therapeutic targets,
including modulating telomerase activity, rescuing
senescent or mutated clonal cells, and inhibiting the
inflammation from CHIP (Central Illustration). How-
ever, future investigations are required to understand
the TCA axis before comprehensive clinical trials can
be undertaken in the future.

Furthermore, several aspects of the TCA axis
remain to be understood. First, telomere attrition and
CHIP are a progressive, long-term processes, like
atherosclerosis, and thus require better cellular or
animal models to simulate these 2 chronic processes
(e.g., low-density lipoprotein receptor knockout mice
for atherosclerosis). Second, the evidence for the
connection between telomere attrition and CHIP is
based on a clinical association study. Therefore, a
future study is required to understand their under-
lying mechanisms. Third, the telomere length varia-
tions between individuals and different attrition rates
between tissues are not directly linked to CHIP
occurrence and atherosclerosis. The connections
could be affected by other factors, such as different
responses to critical short telomeres or inflammation.
Even among patients with dyskeratosis congenita,
>10% of them do not develop CHIP (87). Lastly, there
is still no evidence showing that CHIP can be pre-
vented or reversed via telomere modulation.

IMMUNE MODULATION

Inflammation is a protective response to injury of a
process that delivers leukocytes to sites of infection
or tissue damage. Acute inflammation usually lasts
for hours and has many positive (e.g., interleukin-6/
tumor necrosis factor-a) and negative (e.g.,
interleukin-10) regulators. If infection and tissue
damage persists, if the healing process is somehow
disturbed, or if 1 of the negative control mechanisms
fails, inflammation may progress to a chronic state
that can last for weeks, months, or maybe years (89).
In many common chronic diseases, such as athero-
sclerosis, the chronic inflammatory process does not
follow a manifestation of an acute reaction but begins
as a low grade and smoldering response (90).

Aging, DNA damage, and stem cell failure are
closely associated with low levels of chronic inflam-
mation (91). Chronic low-grade inflammation in-
creases oxidative stress and enhances telomere
dysfunction (92). The
dysfunction and chronic
directional and can result in complex vicious cycles.

links between telomere

inflammation are bi-

Telomerase is active in the human coronary artery
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Progressive telomere attrition can lead to genomic instability, which later results in clonal hematopoiesis of indeterminate potential (CHIP). Individuals with CHIP have
increased atherosclerosis and cardiovascular mortalities independent of traditional risk factors, such as diabetes, hypertension, and dyslipidemia. Gene therapy,
pharmaceutical interventions, immune modulation, circadian clock, exercise, and diet are possible targets to modulate the telomere/telomerase system, CHIP, and
atherosclerosis pathway. AAV = adeno-associated virus; ARB = angiotensin Il receptor blocker; CRISPR = clustered regularly interspaced short palindromic repeats;
IL = interleukin; NF-kB = nuclear factor-kappa B; PPAR = peroxisome proliferator-activated receptor; TCA = telomere-CHIP-atherosclerosis; TERC = telomerase
RNA component; TERT = telomerase reverse transcriptase; TNF = tumor necrosis factor.

and its activity is increased during atherosclerosis
formation (93). Different proinflammatory mediators
increased TERT mRNA and telomerase activity in
macrophages in atherosclerosis through nuclear fac-
tor-kB signaling (93). Premature telomere erosion in
peripheral blood mononuclear cells is a common
phenomenon in obesity, myocardial infarction, and
atherosclerosis (8). In telomerase-deficient mice,
marked increases in proinflammatory cytokines
interleukin-6, CXCL16 (Chemokine (C-X-C motif)
ligand 16), and tumor necrosis factor-o were observed

in pulmonary tissues (94). Chronic inflammation ag-
gravates telomere dysfunction and cellular senes-
cence through oxidative
cyclooxygenase-2—dependent reactive oxygen spe-
cies production (95). From this evidence, the telo-
mere system and chronic inflammation are suspected
to be linked closely.

The aging process in humans is associated with
changes in circadian rhythm patterns (96). Circadian
rhythm controls telomeres and telomerase activity

stress activation and

through circadian locomotor output cycles kaput
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gene-aryl hydrocarbon receptor nuclear translocator-
like protein 1 heterodimers (97). Mice and humans
with circadian rhythm abnormalities not only have
increased vascular senescence (98), impaired endo-
thelial progenitor cell function, enhanced athero-
sclerosis (99), and obesity (100) but are also prone to
chronic inflammation and sepsis (101). The intersec-
tion of circadian mechanics into the linkage between
telomere and chronic inflammation provides more
opportunities in combating atherosclerosis. For
example, experimental evidence in mice indicate that
melatonin regulates the transactivation of telomerase
and the expression of core clock and clock-related
genes (102). Melatonin inhibits smooth muscle cell
inflammation and atherosclerosis in mice (103,104).
For example, physicians in emergency departments
are known to lose their telomerase oscillation, and
have low telomerase activities and circadian mis-
alignments that increases CVD risk factors (105).
Further research on the connections between telo-
merase and circadian rhythm will shed more light
upon this area.

However, the connections between telomere and
atherosclerosis are not definitive. Although mice with
double deficiency in ApoE and TERC have extensive
telomere attritions, a substantial reduction of
atherosclerosis was observed in them compared to
mice with normal telomerases (106). Short telomeres
result in immunosenescence and lead to protection
from atherosclerosis (107). Moreover, not all clinical
studies have found significant associations between
telomere lengths in white blood cells and morbidity
or mortalities (108).

AGING CARDIOVASCULAR PATIENTS AND
TELOMERE THERPAY

According to World Health Organization data, by
2020, all countries across the world will face signifi-
cant challenges to their health and social systems due
to the aging demographic shift (109). The number of
people aged 60 years and older will outnumber chil-
dren younger than 5 years. The pace of the aging
population will be faster in future decades. There are
3 significant differences in telomere therapy between
the young and older adult population. First, in older
adult individuals, the evidence supporting the telo-
mere length and remaining lifespan is controversial
(110). The contradictory results of these studies sug-
gest that in septuagenarians and octogenarians, the
role of telomere in survival becomes less important
(111). A recent study indicated that healthy lifestyle
habits such as not smoking and not being obese at the
age of 71 were the most significant associated factors
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with survival at the age of 85 years or older in men
(112). The efficacy of manipulation of the telomere
system with younger subjects versus older subjects
will need exploratory studies in the future. Second,
the goals of telomere cardiovascular therapy in young
subjects and older adults subjects are different. In
young subjects, the goal of telomere therapy is to
prevent cardiovascular senescence and diseases,
whereas in older adult subjects, the goal of telomere
therapy is to restoration of cardiovascular functions.
Third, the prevention of CHIP and atherosclerosis
with telomere targets in young subjects requires long-
term treatments. Moreover, the efficacy and effec-
tiveness of the treatment involving CHIP detection,
prevention, and correction in octogenarians are
questionable. Further clinical studies are required to
overcome these limitations.

TELOMERE THERAPY FROM
THE BENCH TO THE BEDSIDE

Telomere biology could be potentially involved in the
development of age-associated CVDs including
atherosclerosis, hypertension, myocardial infarction,
and heart failure. Critically shortened telomeres
activate a series of downstream changes that induce
cardiomyocyte cell cycle arrest and cellular senes-
cence (38). The reduced proliferative potential of
cardiovascular systems limits the regenerative ca-
pacity of aged and injured myocardium and vascula-
ture (113). Thus, therapeutic strategies to restore the
proliferative potential of adult cardiovascular sys-
tems are considered as a promising alternative treat-
ment for CVDs. In mouse models, telomerase gene
transfer therapy provides an attractive way for car-
diovascular restoration and deserves future in-
vestigations. Although we are still far from applying
the current knowledge in daily therapeutic protocols,
many studies seem to agree with the fact that a
combination of exercise, healthy diet, low everyday
stress, and anti-inflammatory agents intake may
prove to be beneficial in promoting human longevity
by modulating the telomere system and in slowing
down the effects of many chronic disorders. The
present knowledge in this regard still requires input
from different studies, and further investigations are
needed to uncover the true molecular relationships
involved in the previously described phenomena.
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Letters

TO THE EDITOR
Breastfeeding in
Patients With
Heart Failure

n

Lack of Evidence and Consensus

We read with interest the paper by Koczo et al. (1).
Breastfeeding in patients with peripartum cardiomy-
opathy (PPCM) remains highly controversial. Because
positive effects for the health of both mothers and
infants have been reported, exclusive breastfeeding
is recommended in healthy women up to 6 months. In
contrast, convincing data are scarce regarding infant
safety and breastfeeding women who take medica-
tions, and evidence to support breastfeeding by crit-
ically ill women is lacking (2). Potential long-term
sequelae induced by drugs may be underestimated
for the mother and the infant.

In this context, some aspects of the paper by Koczo
et al. (1) must be scrutinized.

First, only 15% of all women enrolled in the In-
vestigations of Pregnancy-Associated Cardiomyopa-
thy (IPAC) registry were breastfeeding at the time of
entry. This number is substantially lower than the
U.S. national rate (83.2%) reported by the Centers for
Disease Control and Prevention (3). In addition, the
total duration of breastfeeding in the IPAC registry is
unknown, thus precluding any firm conclusions.

Second, patients with severe heart failure were
substantially underrepresented in the breastfeeding
group (1). Mean left ventricular ejection fraction
(LVEF) was 39% at entry, and the vast majority of
patients were in New York Heart Association func-
tional class I and II (80%). Compared with other PPCM
cohorts, the breastfeeding group displayed only mild
cardiac dysfunction.

Third, in their original IPAC report (4), the authors
described significant numbers of heart trans-
plantations, ventricular assist device implantations,
and deaths. Moreover, there was a substantial dif-
ference in outcome depending on the LVEF at initial
diagnosis (<30% vs. >30%). Event rates (ventricular
assist device implantation or death) in the first year
postpartum were significantly higher in patients with
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LVEF <30% at baseline. These important outcome
data are not included in the current analysis (1).

In summary, it is not possible to make conclusions
regarding outcome and prognosis of PPCM patients
with moderate to severe heart failure based on this
analysis (1). Given the concerns, we advocate against
broadly recommending breastfeeding in patients with
PPCM, particularly in women with severe heart fail-
ure. In line with this advice, the European Society of
Cardiology advises against breastfeeding in women
with severe heart failure (Class IIb recommendation)
(5). If a shared decision is made to continue breast-
feeding (e.g., in patients with mild to moderate heart
failure), cautious use of heart failure drugs is recom-
mended (6).

Tobias Koenig, MD
Denise Hilfiker-Kleiner, PhD
*Johann Bauersachs, MD

*Department of Cardiology and Angiology
Hannover Medical School
Carl-Neuberg-Strasse 1
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REPLY: Breastfeeding in Patients With ,.)
Heart Failure

Lack of Evidence and Consensus

We appreciate the response of Dr. Koenig and
colleagues to our publication on breastfeeding in pa-
tients with peripartum cardiomyopathy (PPCM) in the
Investigations of Pregnancy-Associated Cardiomyop-
athy (IPAC) study (1). They have highlighted impor-
tant considerations in this patient population.

In response to concerns that “many mothers are
inappropriately advised to discontinue breastfeeding
or avoid taking essential medications because of fears
of adverse effects on their infants,” the American
Academy of Pediatrics published a comprehensive
database, LactMed, and reported on medications
within each heart failure drug class regarding signif-
icant adverse effects based on clinical studies and on
drug concentrations found in breast milk (2). Specif-
ically, there is evidence that supports the safety of
several beta-blockers and angiotensin-converting
enzyme inhibitors, including metoprolol and enalap-
ril (3).

Regarding the difference in the proportion of pa-
tients who were breastfeeding in IPAC compared with
the U.S. national average, women who were breast-
feeding in IPAC represented a more compensated
subset because 80% were New York Heart Association
functional class I and II, and metabolic demands
clearly limit the ability of women with more severe
heart failure to breastfeed. A retrospective study of
PPCM patients with a mean baseline left ventricular
ejection fraction of 28% included 67% that reported
breastfeeding and found no evidence that breast-
feeding limited subsequent myocardial recovery (4).

Although our study did not investigate physician
recommendations, in a recent study of patients with
PPCM, 69% reported their physician had instructed
them not to breastfeed (5). This may provide an
alternative explanation behind the decreased proportion
of patients in IPAC who reported breastfeeding.

Regarding heart transplant, ventricular assist de-
vice implantations, and death, the breastfeeding

cohort from IPAC experienced no events. As Dr.
Koenig and colleagues pointed out, most of the
complications occurred in patient with a baseline
ejection fraction < 30%, and women who breastfed in
IPAC tended to have a higher baseline ejection
fraction.

Our study supports that in women with compen-
sated heart failure, breastfeeding does not limit
myocardial recovery. Physicians should not deter
women who feel well enough to breastfeed based on
any theoretical concerns about the safety of heart
failure medications or subsequent impact on
myocardial recovery. We agree that more studies are
needed to elicit the potential impacts of breastfeed-
ing on outcomes in PPCM patients with more symp-
tomatic heart failure and worse baseline cardiac
function.
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Can One Person Make a Difference?

Remembering the Remarkable Life and Career of Alfred Bove

Douglas L. Mann, MD, Editor-in-Chief: JACC: Basic to Translational Science

“One person can make a difference, and
everyone should try.”
—John F. Kennedy (1)

Dr. Alfred Bove

performed my first research project with Alfred

“Fred” Bove, MD, PhD, in 1981, while I was a

medical resident at Temple University Hospital
(2). In keeping with my complete naiveté about how
to perform research, Fred suggested a clinical project
that was simple by today’s standards but allowed me
to learn first-hand about the difficulties inherent in
performing rigorous and reproducible quantitative
measurements. The project also afforded me the op-
portunity to learn something about statistics. Sadly,
Fred passed away on October 17, 2019, after a long
battle with cancer. During the years that Fred was
battling his illness, he also taught me a lot about
life: dignity in the face of hardship, respect for
everyone, passion and positivity for everything, and
the importance of maintaining a sense of humor
(albeit quirky).

Alfred Bove, MD, PhD, earned both his medical and
doctoral degrees at Temple University and was Pro-
fessor Emeritus, having served as Section Chief of
Cardiology (twice) and as Associate Dean. He was also

ISSN 2452-302X

an expert in underwater physiology and medicine,
which he learned as an undersea Medical Officer in
the U.S. Navy. After leaving the Navy, he became an
officer in the Naval Reserve and was active duty
during Operation Desert Storm; he retired from the
Navy after serving his country for 33 years. Fred
devoted his career to seeing patients, doing research,
and teaching medical students, residents, and fellows
at Temple. The breadth of his research interests was
extremely broad and included studies on basic car-
diac physiology, coronary disease, exercise physi-
ology, environmental medicine, and management
of heart failure and cardiovascular risk factors.
He was an early adopter of what has now become
telemedicine. As an educator, Fred was almost
without peer in terms of the breadth of his educa-
tional impact. He served as Editor-in-Chief of ACC’s
member magazine Cardiology, ACC’s former educa-
tional website Cardiosource.com, the news magazine
CardioSource WorldNews, and until very recently, was
also the editor-in-chief of ACCEL, the ACC’s audio
journal, which has had enormous impact for physi-
cians who were interested in keeping abreast of the
latest developments in cardiovascular medicine.
Along the way, he also became Master of the
American College of Cardiology, President and
Trustee of the American College of Cardiology, a team
physician for the Philadelphia 76ers, and was a leader
in the Undersea and Hyperbaric Medical Society. All
of this brings me to another 1 of Fred’s remarkable
qualities: he had boundless energy.

Can 1 person make a difference? If 1 is extraordi-
narily lucky, 1 gets the chance to meet and learn from
a person like Dr. Alfred Bove once in a lifetime. Fred
made a huge difference through his service to his
country, to the lives of his patients, and to the lives of
the countless trainees whom he influenced over the
50-year arc of his career. However, I think that Fred’s

https://doi.org/10.1016/j.jacbts.2019.10.009
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unique gift was not that he made a difference in the
lives of people but rather that he had the ability to
inspire so many of us to make a conscious decision to
try to make a difference with our own lives. For me
personally, he introduced me to the joys of research,
the imperative of teaching and mentoring others, and
the importance of facing personal challenges with
strength and courage. Since Fred’s death was
announced, there has been a constant stream of warm
comments about him on multiple e-mail chains and
texts. I wanted to close this remembrance with the
comments of Dr. Ralph Brindis (with permission),
who became the ACC president the year after

Fred: “A huge loss of an incredible man. Focused,
brilliant, kind and disciplined with a moral compass
surpassed by none. A mentor to so many at both
Temple and at the ACC. I learned so much at the feet
of this giant. His legacy will be long lasting.” I could
not agree more.

ADDRESS FOR CORRESPONDENCE: Dr. Douglas L.
Mann, Editor-in-Chief, JACC: Basic to Translational
Science, American College of Cardiology, Heart
House, 2400 N. Street NW, Washington, DC 20037.
E-mail: jaccbts@acc.org.
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