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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 to 1 or more individual authors), all mem-
bers 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 analysis and interpretation of
data, or both; 2) drafting of the manuscript or revising it critically for
important intellectual 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 Acknowl-
edgment 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 arranged as follows: 1) title page; 2) structured
abstract and key words; 3) condensed abstract; 4) abbreviationslist; 5) text; 6)
acknowledgments (if applicable); 7) Funding Sources 8) references; 9) figure
titles and legends; and 10) 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.

Translational Outlook. Translating biomedical research from the laboratory
bench, clinical trials or global observations to the care of individual patients
can expedite discovery of new diagnostic tools and treatments through
multidisciplinary collaboration. Effective translational medicine facilitates
implementation of evolving strategies for prevention and treatment of
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disease in the community. The Institute of Medicine identified two areas
needing improvement: testing basic research findings in properly designed
clinical trials and, once the safety and efficacy of an intervention has been
confirmed, more efficiently promulgating its adoption into standard practice
(Sung NS, Crowley WF, Genel M. The meaning of translational research and
Why it matters. JAMA 2008;299:3140-3148).

The National Institutes of Health (NIH) has recognized the importance of
translational biomedical research, emphasizing multifunctional collabo-
rations between researchers and clinicians to leverage new technology and
accelerate the delivery of new therapies to patients (www.ncats.nih.gov/
about/about.html).

Authors are asked to place their work in the context of the scientific con-
tinuum, by identifying impediments and challenges requiring further
investigation and anticipating next steps and directions for future research.

VISUAL ABSTRACT

Avisual abstractis asingle, concise, pictorial summary of the main findings of
the article. Our in-house medical illustrators will create the final printable
versions of these figures in consultation with the Editor-in-Chief and the
authors. The visual abstract is specially designed to be placed at the begin-
ning of the article and isaccompanied by 3-5 “bulleted highlights” and a short
summary written by the author and ultimately replaces the written abstract.
See examples of articles with visual abstracts:

Example #1: http://basictranslational.onlinejacc.org/content/1/1-2/3
Example #2: http://basictranslational.onlinejacc.org/content/1/1-2/32

ACKNOWLEDGMENTS

Acknowledgments or appendices should be concise. Signed letters of per-
mission from all individuals listed in the acknowledgments must be sub-
mitted to JACC: Basic to Translational Science.

REFERENCES

Identify references in the text by Arabic numerals in parentheses on the line.
The reference list should be typed double-spaced on pages separate from the
text. The references should be numbered consecutively in the order in which
they are mentioned in the text.

Do not cite personal communications, manuscripts in preparation, or other
unpublished data in the references; however, these may be included in the
text in parentheses. Do not cite abstracts that are older than 2 years. Identify
abstractsby the abbreviation “abstr” in parentheses. If letters to the editorare
cited, identify them with the word “letter” in parentheses.

Use Index Medicus (National Library of Medicine) abbreviations for journal
titles. Itisimportant to note that when citing an article from the JACC: Basic to
Translational Science, the correct citation format is J Am Coll Cardiol Basic
Trans Science.

Use the following style and punctuation for references:

Periodical
List all authors if 6 or fewer, otherwise list the first 3 and add et al.; do not use
periods after the authors’ initials. Please do provide inclusive page numbers
as in example below.

5. Glantz SA. It is all in the numbers. J Am Coll Cardiol 1993; 21:835-7.

Doi-based citation for an article in press
If the ahead-of-print date is known, provide as in example below.

16. Winchester D, Wen X, Xie L, et al. Evidence for pre-procedural statin
therapy: meta-analysis of randomized trials. J Am Coll Cardiol 2010 Sept 28
[E-pub ahead of print], http://dx.doi.org/10.1016/j.jacc.2010.09.028.

If the ahead-of-print date is unknown, omit as in example below.

16. Winchester D, Wen X, Xie L, et al. Evidence for pre-procedural statin
therapy: meta-analysis of randomized trials. J Am Coll Cardiol 2010 [E-pub
ahead of print], http://dx.doi.org/10.1016/j.jacc.2010.

Chapter in book
Provide authors, chapter title, editor(s), book title, publisher location, pub-
lisher name, year, and inclusive page numbers.

27. Meidell RS, Gerard RD, Sambrook JF. Molecular biology of thrombolytic
agents. In: Roberts R, editor. Molecular Basis of Cardiology. Cambridge, MA:
Blackwell Scientific Publications, 1993:295-324.

Online media
Provide specific URL address and date information was accessed.

10. Henkel J. Testicular Cancer: Survival High With Early Treatment. FDA
Consumer magazine [serial online]. January-February 1996. Available at:
http://www.fda.gov/fdac/features/196_test.html. Accessed August 31, 1998.

Material presented at a meeting but not published
Provide authors, presentation title, full meeting title, meeting dates, and
meeting location.

20. Eisenberg J. Market forces and physician workforce reform: why they
may not work. Paper presented at: Annual Meeting of the Association of
Medical Colleges; October 28, 1995; Washington, DC.

FIGURE LEGENDS

Figure legends should be typed double-spaced on pages separate from the
text; figure numbers must correspond with the order in which they are
mentioned in the text.

ALL FIGURES MUST HAVE A TITLE AS WELL AS A CAPTION.

For example, Figure 1: Title - Caption, etc.

All abbreviations used in the figure should be identified either after their
first mention in the legend or in alphabetical order at the end of each legend.

All symbols used (arrows, circles, etc.) must be explained.

If previously published figures are used, written permission from the original
publisher is required. See STM Guidelines for details: http://www.stm-assoc.
org/permissions-guidelines. Cite the source of the figure in the legend.

FIGURES

Figures and graphs submitted in electronic format should be provided in
EPS or TIF format. Graphics software such as Photoshop and Illustrator,
NOT presentation software such as Powerpoint, CorelDraw, or Harvard
Graphics, should be used to create the art. Color images must be at least
300 DPI. Gray scale images should be at least 300 DPI. Line art (black and
white or color) should be at least 1200 DPI and combinations of gray scale
images and line art should be at least 1200 DPI. Lettering should be of
sufficient size to be legible after reduction for publication. The optimal size
is 12 points. Symbols should be of a similar size. Figures should be no
smaller than 13 cmx 18 cm (5” x 7”). Please do not reduce figures to fit
publication layout. If the manuscript is accepted for publication, the pub-
lisher will re-size the figures accordingly.

ALL FIGURES MUST HAVE A TITLE AND A LEGEND.

Our editors encourage authors to submit figures in color, as we feel it
improves the clarity and visual impact of the images. If your original sub-
mission contains any line art or black and white figures that you would like to
change to color, please email the revised color figures to the JACC: Basic to
Translational Science editorial office during the revision process. Be sure to
include correspondence, with the manuscript number, explaining the
change.

Decimals, lines, and other details must be strong enough for reproduction.

Designate special features with arrows. All symbols, arrows, and lettering
on halftone illustrations must contrast with the background.

TABLES

Tables should be typed double-spaced on separate sheets, with the table
number and title centered above the table and explanatory notes below the
table. Use Arabic numbers. Table numbers must correspond with the order
cited in the text.


http://www.ncats.nih.gov/about/about.html
http://www.ncats.nih.gov/about/about.html
http://basictranslational.onlinejacc.org/content/1/1-2/3
http://basictranslational.onlinejacc.org/content/1/1-2/32
http://dx.doi.org/10.1016/j.jacc.2010.09.028
http://dx.doi.org/10.1016/j.jacc.2010
http://www.fda.gov/fdac/features/196_test.html
http://www.stm-assoc.org/permissions-guidelines
http://www.stm-assoc.org/permissions-guidelines

ALL TABLES MUST HAVE A TITLE.

Abbreviations should be listed in a footnote under the table in alphabetical
order. Footnote symbols should appear in the following order: *, 1, 1, §, ||, 1, #,
** 11, ete.

Tables should be self-explanatory, and the data presented in them should
not be duplicated in the text or figures. If previously published tables are
used, written permission from the copyright holder (typically the original
publisher) is required. Cite the source of the table in the legend.

VIDEO REQUIREMENTS
Inclusion of videos in the published paper is at the discretion of the Editors.

1. Video submissions for viewing online should be one of the following for-
mats: Audio Video Interleave (.avi), MPEG (.mpg), or Quick Time (.qt, .mov).
AVI files can be displayed via Windows Media Player
MPEG files can be displayed via Windows Media Player
http://www.microsoft.com/windows/windowsmedia
http://www.microsoft.com/windows/windowsmedia/players.aspx

Quick Time files require Quick Time software (free) from Apple,
http://www.apple.com/quicktime/download/index.html

2. Videos should be brief (<2-5 min). Longer videos will require longer

download times and may have difficulty playing online. Videos

should be restricted to the most critical aspects of your research. A
longer procedure can be restructured as several shorter videos and
submitted in that form.

. It is advisable to compress files to use as little bandwidth as possible

and to avoid overly long download times. Video files should be no
larger than 5 megabytes. This is a suggested maximum. If files are
larger please contact the JACC: Basic to Translational Science office.

. A video legends page giving a brief description of the content of

each video should be included in the manuscript. Please note that
ALL videos must be linked to figures or panels of a figure(s).

. If your paper is accepted for publication you may wish to supply the

editorial office with several different resolutions of your video files.
This will allow viewers with slower connections to download a
lower resolution version of your video.

It is important to note that when citing an article from
JACC: Basic to Translational Science, the correct
citation format is J Am Coll Cardiol Basic Trans Science



http://www.microsoft.com/windows/windowsmedia
http://www.microsoft.com/windows/windowsmedia/players.aspx
http://www.apple.com/quicktime/download/index.html

JACC: BASIC TO TRANSLATIONAL SCIENCE VOL. 4, NO. 1, 2019
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/).

LEADING EDGE TRANSLATIONAL RESEARCH

Neutrophil Subsets, Platelets, W
and Vascular Disease in Psoriasis

Heather L. Teague, PuD,* Nevin J. Varghese, BS,* Lam C. Tsoi, PuD,” Amit K. Dey, MD,* Michael S. Garshick, MD,°
Joanna I. Silverman, BA,* Yvonne Baumer, PuD,* Charlotte L. Harrington, BA,* Erin Stempinski, MS,*

Youssef A. Elnabawi, BS,* Pradeep K. Dagur, PuD,* Kairong Cui, PuD,* Ilker Tunc, PuD,* Fayaz Seifuddin, MSc,”
Aditya A. Joshi, MD,? Elena Stansky, BS,* Monica M. Purmalek, BS,? Justin A. Rodante, PA,* Andrew Keel, DNP,?
Tarek Z. Aridi, BS,® Carmelo Carmona-Rivera, PuD,? Gregory E. Sanda, BS,* Marcus Y. Chen, MD,?

Mehdi Pirooznia, MD, PuD,? J. Philip McCoy, Jr, PuD,” Joel M. Gelfand, MD,*f Keji Zhao, PuD,*

Johann E. Gudjonsson, MD, PuD,’ Martin P. Playford, PD,* Mariana J. Kaplan, MD,? Jeffrey S. Berger, MD,¢
Nehal N. Mehta, MD?

VISUAL ABSTRACT

HIGHLIGHTS

Psoriasis e LDGs are a subset of neutrophils that
patient

were elevated in psoriasis and associated

— with the severity of disease.

e In psoriasis, LDGs associated with
noncalcified coronary plaque burden
beyond cardiovascular risk factors and in
vitro, induced endothelial cell damage.

e Compared to normal-density granulocyte

. neutrophils, platelet-associated

Coronary artery W i biological pathways were upregulated in

yolume - _ : LDGs, suggesting enhanced platelet

SocoaryiNan<calcifec Surien adherence to the LDG surface.

e LDGs co-localized with platelets in

) ®LDGs induced circulation, and the LDG-platelet
~/) endothelial damage LDGs + platelet

®LDGs, but not NDGs,

wedre foundl to be elevated [~ ~ platelets __interaction interaction associated more strongly with
in direct relation to R .
psoriasis severity, and D ( ) non-calcified coronary burden by coronary
associated with NcB o |Resting U@l b.. “ CTA compared to LDGs alone
@; endothial g Y -
b cell ” 9
m Q
Platelets QS
activating Vs NDGs +
G 4 s
. platelet
interaction
a®
Endothelial [§ ®The LDG + platelet
cells @% interactions associated

damaged more strongly with

NCB than LDGs alone.

Teague, H.L. et al. J Am Coll Cardiol Basic Trans Science. 2019;4(1):1-14.

ISSN 2452-302X https://doi.org/10.1016/j.jachts.2018.10.008


https://doi.org/10.1016/j.jacbts.2018.10.008
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jacbts.2018.10.008&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

2 Teague et al.

Neutrophil Subsets, Platelets, and Vascular Disease in Psoriasis

ABBREVIATIONS
AND ACRONYMS

CCTA = coronary computed
tomography angiography

CVD = cardiovascular disease
FDR = false discovery rate

HAOEC = human aortic
endothelial cell

LDG = low-density granulocyte
MI = myocardial infarction

NCB = noncalcified coronary
plaque burden

NDG = normal-density
granulocyte

NET = neutrophil extracellular
trap

PASI = psoriasis area severity
index

SLE = systemic lupus
erythematosus

TB = total coronary plaque
burden

population (1-3). Psoriasis is associated with
detrimental effects beyond the skin; it signif-
icantly reduces the quality of life through
emotional and physical complications (4).
Most concerning,
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SUMMARY

Psoriasis is an inflammatory skin disease associated with increased cardiovascular risk and serves as a
reliable model to study inflammatory atherogenesis. Because neutrophils are implicated in atherosclerosis
development, this study reports that the interaction among low-density granulocytes, a subset of neutro-
phils, and platelets is associated with a noncalcified coronary plaque burden assessed by coronary computed
tomography angiography. Because early atherosclerotic noncalcified burden can lead to fatal myocardial
infarction, the low-density granulocyte—platelet interaction may play a crucial target for clinical intervention.

(J Am Coll Cardiol Basic Trans Science 2019;4:1-14) 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/).

soriasis is a chronic inflammatory,
immune-mediated skin disease that
affects 2% to 3% of the adult U.S.

multiple studies have is related to vascular disease. Neutrophils are

2019

1-14

inflammatory diseases such as systemic lupus ery-
thematosus (SLE), rheumatoid arthritis, and HIV,
neutrophils are associated with accelerated athero-
genesis (13-15). Circulating neutrophils in psoriasis
exhibit an activated phenotype, and the inflamma-
tory neutrophil protein calprotectin (S100A8/A9) is
elevated in psoriasis (16). Moreover, S100A8/A9

the

demonstrated that psoriasis patients have
increased susceptibility to early-onset atherosclerosis
and its ensuing complications, including myocardial
infarction (MI), stroke, and cardiovascular mortality
beyond traditional cardiovascular disease (CVD) risk
factors (1,2,5,6). CVD is the leading cause of mortality
in psoriasis, especially in patients with severe psoria-
sis (7,8).

The immune response plays a pivotal role in the
development of atherosclerosis, with neutrophils
playing an important role in plaque progression
(9-11). Circulating neutrophil frequency is reported
to be a potential biomarker of CVD (i12), and in

foremost immune cells to infiltrate the papillary layer
and subepidermal zone of the skin before psoriatic
lesion formation, which suggests they may be a
potential link between early-onset CVD and psoriasis
(17). The distinct subset of neutrophils termed
low-density granulocytes (LDGs) are of particular
interest. LDGs are neutrophils purified from the less
dense peripheral blood mononuclear cell (PBMC)
fraction after density gradient centrifugation (18-20)
and are associated with CVD in chronic inflamma-
tory disease states (19,21). LDGs have an enhanced
capacity to spontaneously form neutrophil extracel-
lular traps (NETs), a cell death process termed
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NETosis, which is characterized by the extracellular
release of chromatin material bound to proteins pre-
sent in neutrophil granules (22-24). However, the
stimulus that activates the spontaneous NETosis
mechanism in LDGs in inflammatory diseases remains
unclear.

Activated platelets have been described to play a
role among the various stimuli known to induce NETs
(25-27). Platelet activation characterized by the
expression of platelet molecules
(e.g., CD36) is associated with atherosclerosis and
other inflammatory conditions (25,26). Although
platelets are involved in NET formation, only a
few studies have investigated this in nonchronic
inflammatory states (25,26). Furthermore, when
spontaneous NETosis occurred at a higher frequency
in a small preliminary study, it was not studied, but
the reason may be related, in part, to unexplored
neutrophil-platelet interactions (28).

activation

In the present study, we aimed to characterized
LDGs and normal-density granulocytes (NDGs) in
psoriasis. Our goal was to understand the potential
relationship between neutrophil subsets and the
presence of early coronary artery disease in humans
with psoriasis. We hypothesized that LDGs would be
associated with psoriasis skin disease severity and
early noncalcified coronary plaque burden (NCB) as
assessed by coronary computed tomography angiog-
raphy (CCTA). Subsequently, we identified the inter-
action between LDGs and platelets as a prospective
mechanism that stimulated increased LDG NETosis,
which resulted in endothelial damage.

METHODS

STUDY POPULATION. Study approval for the cohort
study was obtained from the Institutional Review
Board of the National Heart, Lung, and Blood Insti-
tute in accordance with the principles of Declaration
of Helsinki. This study reported the baseline visits of
patients recruited longitudinally and consecutively
into 2 ongoing protocols from January 2013 to May
2017 (Supplemental Figure 1). To be included in the
study, psoriasis patients were required to have a
formal diagnosis of psoriasis confirmed by a health
care provider. All patients underwent CCTA to assess
coronary plaque burdens, as described previously
(29). Psoriasis skin disease severity was assessed with
the psoriasis area and severity index (PASI) score and
was measured as published (30). The PASI score
combines the severity of lesions and the area affected
into a single score, considering erythema, induration,
and desquamation within each lesion. A combination
of isolation and flow cytometry was used to
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determine the frequencies of LDGs and NDGs for each
patient. Exclusion criteria for healthy control subjects
included a history of systemic inflammatory or
vascular disease, active infectious disease, uncon-
trolled hypertension, and overweight to obese
individuals (body mass index >30 kg/m?). In total, 81
psoriasis patients and 36 healthy control subjects
were enrolled with comprehensive CCTA data
(Supplemental Figure 1). Strengthening the Reporting
of Observational Studies in Epidemiology (STROBE)
guidelines were followed for reporting the findings of
our observational study (31).

ACQUISITION OF CCTA. All patients underwent
CCTA on the same day as the blood draw, using the
same computed tomography scanner (320-detector
row Aquilion ONE ViSION, Toshiba, Japan).

ANALYSIS OF CCTA. A single, blinded reader
(blinded to treatment and time of scan) evaluated
coronary plaque characteristics across each of the
main coronary arteries at >2 mm using dedicated
software (QAngio CT, Medis Medical Imaging
Systems, Leiden, the Netherlands) (32,33). Results of
the automated contouring were also reviewed on
transverse reconstructed cross sections of the artery
on a section-by-section basis at 0.5-mm increments.
Lumen attenuation was adaptively corrected on an
individual scan basis using gradient filters and
intensity values within the artery.

LABORATORY PROCEDURES. For detailed methods
see the Supplemental Methods section.

WHOLE BLOOD PROCESSING AND IMMUNOPHENO-
TYPING. Briefly, lysed whole blood cells or ficoll-
separated PBMCs were incubated for 30 min in a
10-color antibody cocktail (Supplemental Table 1) and
acquired on a BD Biosciences LSRII flow cytometer
using DIVA 6.1.2 software (BD Bioscience, San Jose,
California). We determined the frequency of LDGs by
quantitating the percentage of CD14'°CD15MCD1o™
cells in the PBMC fraction by flow cytometry and used
the complete blood count to determine the frequency
of LDGs per microliter.

RNA SEQUENCING ANALYSIS. Paired NDGs or LDGs
(n = 50,000) were isolated from 7 psoriasis patients.
We performed quantile normalization and used
limma (34) for differential expression analysis to
identify genes that were dysregulated between the
NDG and LDG subsets, controlling for the individual
and batch effects. The false discovery rate (FDR) was
used for multiple testing, and significant differen-
tially expressed genes had a FDR =0.1 and [log2(fold
change)| = 1.5. We then identified functions or gene
ontologies that were enriched among differentially
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TABLE 1 Baseline Characteristics of Psoriasis Patients and Healthy Control Subjects

Healthy Control

Psoriasis Subjects
(n=281) (n =36) p Value
Demographic and clinical characteristics
Age, yrs 491 +12.9 33.6 +12.6 <0.001%
Males 52 (64) 22 (61) 0.75
Hypertension 18 (22) 3(8) 0.07
Hyperlipidemia 25 (31) 5 (14) 0.05
Type 2 diabetes 7 (9) 103) 0.25
Body mass index, kg/m? 285+5.2 241 £ 3.1 <0.001%
Current smoker 6 (7) 2 (6) 0.71
Lipid treatment 18 (22) 13) 0.008t
Clinical and laboratory values
Total cholesterol, mg/dl 185.3 +37.9 170.8 + 31.3 0.02*
High-density lipoprotein, mg/dl 56.6 +19.8 613 +16.2 on
Low-density lipoprotein, mg/dl 105.7 4+ 29.1 91.2 + 25.9 0.006t
Triglycerides, mg/dl 101.0 (79.0-142.0) 83.5 (72.0-97.5) 0.02*
C-reactive protein 2.2(0.9-4.1) 0.7 (0.5-1.6) <0.001%
Framingham risk score 2.0 (1.0-4.0) 1.0 (1.0-1.0) <0.001%
Absolute neutrophil count, K/pul 39+1.2 31+1.2 <0.001%
Psoriasis characteristics
Psoriasis area severity index score 7.4 (3.4-11.8)
Systemic treatment 8 (10)
Cytokines characterization
Tumor necrosis factor-o. 1.30 (0.85-1.85) 1.00 (0.65-1.36) 0.045*
Interleukin-6 1.32 (0.74-2.13) 0.70 (0.41-1.07) 0.006t
Interleukin-1f 0.13 (0.08-0.16) 0.10 (0.04-0.14) 0.08*
Interleukin-18 390 (307-543) 300 (220-449) 0.01*
Interleukin-17A 1.60 (0.88-2.85) 0.73 (0.30-1.03) <0.001%
Coronary CT angiography
Total burden, mm? (x100) 112 £ 0.43 0.93 +£ 0.27 <0.001%
Noncalcified burden, mm? (x100) 1.0 £ 0.43 0.91 + 0.27 <0.001%
Dense-calcified burden, mm? (x100)  0.006 (0.002-0.023) 0.009 (0.004-0.017) 0.31

Values are mean =+ SD, n (%), or median (interquartile range). The p values were calculated by using an unpaired
Student's t-test or Mann-Whitney U test for continuous variables and Pearson's chi-square test for categorical
variables. Significance set at *p < 0.05, tp < 0.01, and #p < 0.001.

CT = computed tomography.

expressed genes, and FDR =0.1 was used to declare
significance. All graphical illustrations and RNA-seq
analyses were conducted using custom scripts and
libraries implemented in R (R Foundation, Vienna,
Austria).

STATISTICAL ANALYSIS. Summary statistics were
presented as mean + SD for normally distributed
variables, medians and interquartile range were used
for non-normally distributed continuous variables,
and frequencies were used for categorical variables.
Normality was assessed by skewness and kurtosis.
Parametric variables were compared between groups
using Student’s t-test, whereas the Mann-Whitney U
test was performed for nonparametric variables.
Dichotomous variable comparisons were done using
Pearson’s chi-square test. Unadjusted regression
analyses were performed to evaluate for potential
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relationships between LDG frequency and coronary
plaque burden, and regression results were repre-
sented as standardized beta-coefficients with
p values. We conducted multivariable linear regres-
sion analyses to evaluate the association of coronary
plaque burden with LDG and NDG frequency. These
analyses were adjusted for traditional CVD risk as
assessed by the Framingham 10-year risk, body mass
index, type 2 diabetes, treatment with statins, and
treatment with systemics. Results were presented
with 95% confidence intervals, where applicable, and
p values <0.05 were considered statistically signifi-
cant. Statistical analyses were performed with STATA
version 12.0 (StataCorp, College Station, Texas).

RESULTS

CLINICAL CHARACTERISTICS OF STUDY PARTICIPANTS.
We summarized the characteristics of our study
population in Table 1. The study cohort consisted of
81 consecutively recruited psoriasis patients and 36
healthy control subjects for LDG and NDG frequency
comparisons (Table 1, Supplemental Figure 1). The
psoriasis cohort was middle aged (49.1 & 12.9 years),
with a slight male predominance (64%), and a low CV
risk as assessed by Framingham 10-year risk (median:
2; interquartile range: 1 to 4). The median PASI score
was 7.4 (interquartile range: 3.4 to 11.8), which was
consistent with moderate psoriasis skin disease
severity (Table 1).

CIRCULATING LDG COUNTS IN PSORIASIS ARE
ASSOCIATED WITH PSORIASIS SKIN DISEASE
SEVERITY. Both LDG and NDG subsets were elevated
in psoriasis patients compared with healthy control
subjects (1.3- and 2.0-fold, respectively) (Figure 1A).
The frequency of circulating LDGs was associated with
psoriasis severity (PASI: § = 0.28; p = 0.01), which
remained significant after adjustment for body mass
index, psoriasis treatment, and absolute neutrophil
count (B = 0.26; p = 0.03) (Figure 1B). However, an
association between NDG frequency and psoriasis skin
disease severity was not detected (p = —0.006; p =
0.92) (Figure 1C). We then compared the surface
markers of LDGs and NDGs in psoriasis to LDGs and
NDGs from healthy control subjects (Figure 1D) and
observed a significant elevation in CD15 in healthy
control and psoriasis LDGs compared with both
healthy control and psoriasis NDGs. This was
concomitant with a reduction in CD11b on psoriasis
LDGs and NDGs compared with healthy control NDGs
(Figure 1E). CD62L was significantly downregulated on
psoriasis LDGs compared with both psoriasis and
healthy control NDGs (Figure 1E). Increased shedding
of CD62L might indicate that psoriasis LDGs were in a
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FIGURE 1 LDGs Are Elevated in Psoriasis Patients and Are Associated With Psoriasis Severity
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(A) Normal-density granulocyte (NDG) and low-density granulocyte (LDG) frequencies were determined by flow cytometry and are elevated in psoriasis patients

(n = 81) compared with healthy control subjects (n = 36). Data are represented as mean + SEM. The Mann-Whitney test was performed, and significance was set at
*p < 0.05* and ***p < 0.001. Regression analyses between (B) LDGs but not (C) NDGs are associated with the psoriasis area severity index (PASI) score for the psoriasis
cohort (n = 81). (D) Surface marker expression of NDGs and LDGs was analyzed by flow cytometry and (E) showed a significant elevation in CD15 on psoriasis LDGs
compared with healthy control and psoriasis NDGs, as well as lower CD11b and CD62L expression on psoriasis LDGs compared with healthy control LDGs. Data are
represented as mean & SEM. Significance was established by 1-way analysis of variance (ANOVA) and a Tukey's multiple comparisons test set at *p < 0.05,

**¥%p < 0.001, and ****p < 0.0001. MFI = median fluorescence intensity.

higher state of activation compared with NDGs. No
change in the surface expression of CDi15, CD16,
CD11b, or CD62L was observed when comparing LDGs
from psoriasis patients with LDGs from healthy con-
trol subjects (Figure 1E).

NCB IN PSORIASIS ASSOCIATES WITH LDG
COUNTS. Evidence of early coronary atherosclerosis
in psoriasis patients is driven by an increase in NCB
(Table 1). Moreover, total coronary plaque burden
(TB) and NCB within 3 major epicardial coronary
arteries were positively associated with LDG

frequency (B = 0.18; p = 0.005), which persisted
beyond adjustment for traditional CVD risk factors
and lipid treatment (TB: § = 0.13; p = 0.026) (NCB:
B = 0.13; p = 0.019) (Figure 2A). Furthermore, no
association was observed between NDG frequency
and TB, as well as NCB, even when adjusted for
traditional risk factors (TB: f = —0.003; p = 0.98;
NCB: = —0.03; p = 0.76) (Figure 2B).

LDGs INDUCE APOPTOSIS IN HUMAN AORTIC
ENDOTHELIAL CELLS. Because psoriasis LDGs were
associated with NCB compared with psoriasis NDGs,
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FIGURE 2 LDGs and Their NETs Induce Endothelial Cell Damage
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we hypothesized that LDGs from psoriasis and their
NETs would exert enhanced cytotoxic effects on hu-
man aortic endothelial cells (HA0ECs) compared with
psoriasis NDGs. To normalize activation between
LDGs and NDGs from psoriasis due to the isolation
process, we sorted both LDGs and NDGs following an
identical gating strategy (Supplemental Figure 2). We
then measured the cytotoxic potential of psoriasis
LDGs compared with psoriasis NDGs by quantifying
the percentage of apoptotic CD146" HAOECs via flow
cytometry in a co-culture system (Figure 2C). LDGs
(2:1, LDGs-to-HAOECs) led to an increase in the per-
centage of apoptotic HAOECs by 1.6-fold compared
with the same number of NDGs (Figure 2D). To further
support our hypothesis that HAOEC death might have
been due be to LDG-derived NET formation, HAoECs
were simultaneously treated with DNase and LDGs.
DNase-treated co-cultures led to a 1.5-fold decrease in
the percentage of HAOEC deaths comparable with
NDGs, which resulted in increased HAoOECs in the
early apoptotic stage compared with LDGs alone
(Figure 2D). To further mimic the psoriasis-like in-
flammatory state, HAOECs were pre-treated with tu-
mor necrosis factor-o and interferon-y, followed by
psoriasis LDGs or NDGs (35). LDGs further increased the
percentage of HAOEC death upon activation (Figure 2E).

We next measured the cytotoxic potential of NETs
harvested from psoriasis LDGs and NDGs, which
contain NET-associated proteins and fragmented
DNA, on HAOECs. Upon treatment of HAoECs with
LDG or NDG NETSs, normalized to 50 pg of either LDG
or NDG NET-associated proteins, we determined that
HAOECs treated with LDG NETs showed a 32%
reduction in live HA0oECs concomitant with a 1.4-fold
increase in early apoptotic cells compared with NDG
NET-associated proteins (Figure 2F). No difference
was detected in the percentage of dead HAOECs sub-
sequent to LDG and NDG NET treatments (Figure 2F).
This suggested that the mechanism by which LDGs
exerted cytotoxic effects might, in part, rely on the
cellular interaction between LDGs and HAOECs or
intact DNA. To visualize the NETosis process between
psoriasis LDGs and NDGs, we acquired scanning
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electron microscopy images of NET formation over
time. Nonstimulated LDGs formed NETs by the 2-h
timepoint compared with psoriasis NDGs stimulated
with phorbol 12-myristate 13-acetate (PMA), which is
an inducer of NETosis. NETs were not observed until
4 h (Figure 2G). We observed the initial stages of
NETosis, characterized by rounding and flattening at
30 min for LDGs and 2 h for NDGs (24).

RNA SEQUENCING OF LDGs COMPARED WITH NDGs
REVEALS UPREGULATION OF GRANULE PROTEINS
AND ADHESION MOLECULES. To understand the
relationship between psoriasis LDGs and NCB, which
is a relationship not observed with psoriasis NDGs, we
studied RNA expression between these neutrophil
subsets derived from 7 patients with active psoriasis.
By comparing the transcriptomes between LDGs
and NDGs, we determined that 1,076 (Supplemental
Table 1) were differentially expressed (Figure 3A).
The volcano plots showed a separation of genes
corresponding to NDGs relative to LDGs (Figure 3B).
Functional analyses revealed that gene pathways that
were differentially expressed between LDGs and NDGs
were clustered in leukocyte activation (p =1 x 107'%;
FDR = 3 x 10~%) and cell activation (p = 2 x 1079
FDR = 4 x 10~8) (Figure 3C). In addition, the granule
proteins were upregulated at the gene level in LDGs
(Figure 3D and 3E), which is a mechanism that typically
stops before release from the bone marrow (36).
Transmission electron microscopy further confirmed
this finding, demonstrating LDGs had more electron-
dense granules that corresponded with primary
granules (Figure 3F) (37). Concomitant with increased
granule proteins, we observed that the adhesion
molecules intercellular adhesion molecule-2, integrin
subunit alpha M ITGAM), and integrin alpha subunit
L (ITGAL) were upregulated in LDGs (Figure 3D).

CO-LOCALIZATION OF LDGs WITH PLATELETS
CORRELATE WITH NCB. A stark difference in RNA
sequencing between LDG and NDG data was the
presence of platelet-associated biological pathways
upregulated in the LDG samples compared with
NDGs (Figure 4A). Therefore, we investigated the

FIGURE 2 Continued

(A) Psoriasis LDGs but not (B) psoriasis NDGs are associated with noncalcified coronary plaque burden (NCB) in psoriasis (n = 81). (C)
Representative flow cytometry plots from the cytotoxicity assay show (D) psoriasis LDGs (n = 7) increase apoptosis of human aortic
endothelial cells (HAoECs) compared with psoriasis NDGs (n = 5), an effect abrogated by DNase treatment (n = 4). Data are represented as
mean + SEM. Significance established by a 1-way ANOVA and a Tukey's multiple comparisons test set at *p < 0.05, **p < 0.01, and

***p < 0.0001. (E) Cytotoxicity of HAOECs pre-treated with tumor necrosis factor-a and interferon-vy is further increased by LDGs. Data are
represented as means + SEM. Significance established by 1-way ANOVA and a Tukey's multiple comparisons test and set at *p < 0.05 and
**p < 0.01. (F) HAoECs were incubated for 18 h with NDG neutrophil extracellular trap (NET) associated (n =5) or LDG-NET associated proteins
(n =5), and apoptosis was quantified using flow cytometry. Data are represented as mean = SEM. Significance established by unpaired 2-tailed
Student's t-test and set at **p < 0.01. (G) Scanning electron microscopy images of the formation of NETs from NDGs and LDGs over time
subsequent to purification. Cl = confidence interval; T/I = tumor necrosis factor alpha/interferon gamma; other abbreviations as in Figure 1.
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FIGURE 3 Granule Proteins and Adhesion Molecules Are Upregulated in LDGs Compared With NDGs at the Gene Level
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relationship of platelets and LDGs as a potential link to
the positive association between LDGs and NCB. From
the transcriptome data, we observed a clear upregu-
lation of platelet-specific biological processes in the
LDG sample, clustered in pathways that included
platelet alpha granules (p =4 x 10™°; FDR =2 x 1073),
platelet activation (p = 2 x 1073; FDR = 3 x 107?),
platelet alpha granule lumen (p =3 x 10 3; FDR = 6 x
107?), platelet activation signaling and aggregation
(p = 4 x 1073, FDR = 7 x 1072), and platelet degranu-
lation (p =6 x 1073; FDR = 9 x 10 ?) (Figure 4A). These
were selected pathways because they were not the
most significant from the biological pathways list. To
understand neutrophil-platelet interactions, we
tested the frequency of neutrophil platelet aggregates
and found an upregulation of neutrophil platelet ag-
gregates in psoriasis (Figure 4B). We then focused on a
subset of those genes and determined that CD40 and
SELP (platelet-specific receptors that bind to CD40LG
and SELPLG on neutrophils), as well as CD40LG and
SELPLG were upregulated in LDGs, which suggested
increased adhesion between platelets and LDGs
(Figure 4C). We measured CD36 expression because
CD36 promoted thrombosis, and we determined that
CD36 expression was upregulated on LDGs compared
with NDGs (Figures 4C and 4D) and were also associ-
ated with NCB (Figure 4E). After measuring the per-
centage of LDGs or NDGs that aggregated with
platelets in psoriasis using flow cytometry (Figure 4F),
we determined that the NDG platelet aggregation was
highly variable, and there was no difference in the
percentage of aggregates compared with LDGs when
considering the mean (Figure 4G). However, the per-
centage of LDG platelet aggregates had a positive
linear association with NCB, and this association was
specific to LDGs (Figure 4H). Scanning electron mi-
croscopy images confirmed the presence of platelets
that adhered to LDGs, a finding that was not observed
in the NDG samples (Figure 41).

SPONTANEOUS NETosis OF LDGs IS ASSOCIATED
WITH PLATELET FREQUENCY. In addition to our
previously described findings, the product of LDGs
and platelets in circulation were also correlated with
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NCB beyond traditional risk factors (B = 0.27; p <
0.001) (Figure 5A). This finding was similar to the
association between LDGs and NCB (Figure 2A);
however, the association between LDG platelet ag-
gregates and NCB was more robust. Consistent with
previous data, this association was attenuated and
not significant with the product of NDGs and platelets
(B = 0.11; p = 0.12) (Figure 5B). Lastly, we confirmed
that LDGs had increased spontaneous NETosis
(Figures 5C and 5D) and determined that the per-
centage of LDGs to spontaneously form NETs was
associated with the frequency of circulating platelets
(B = 0.78; p = 0.022) (Figure 5E).

DISCUSSION

We demonstrated the following: 1) an increase in LDG
frequency was associated with psoriasis severity and
TB, specifically NCB, in psoriasis beyond in vitro
traditional risk factors for CVD; 2) the frequency of
NDGs, the dominant neutrophil subset, was not
associated with TB or NCB; 3) psoriasis LDGs might
exert a cytotoxic effect on endothelial cells compared
with NDGs, similar to SLE; and 4) the amount of CD36
gene expression, a platelet gene, in LDGs and the
percentage of circulating platelet LDG aggregates
were associated with early atherosclerotic NCB. These
findings suggested that in an inflammatory environ-
ment platelets might potentially interact with LDGs
and promote vascular damage. These observations
suggested that the adherence of LDG to platelets
might be an important link between psoriasis skin
disease severity and early atherogenesis, as well as
represented a potential target for treatment of both
diseases in the future.

Neutrophils are critical to the development of
psoriasis, and a reduction in circulating neutrophils is
accompanied by regression of psoriatic plaque
development (38). Our previous study reported an
increased circulating frequency of activated neutro-
phils, as defined by lower CD62L and CD16 surface
expression, in psoriasis patients compared with
healthy control subjects (16). When we focused on
biologic-naive psoriasis patients and the different

FIGURE 3 Continued

PRTN3 = proteinase 3; other abbreviations as Figures 1 and 2.

RNA sequencing analysis was completed on 50,000 LDGs relative to NDGs from psoriasis patients. (A) Differentially expressed genes (n = 1,076) were identified
between NDGs and LDGs from psoriasis patients (n = 7). NDGs are the reference, as are upregulated genes in LDGs. (B) The volcano plot shows clear separation
between NDGs and LDGs. The upregulated (red) and downregulated (green) transcriptomes are NDGs, as LDGs are the reference sample. (C) The gene ontology
biological process analysis highlighted biological processes that were differentially expressed between NDGs and LDGs. Significance was established by false discovery
rate (FDR). (D) Granule proteins are upregulated in all patients (n = 7) and when normalized and by (E) FPKM values (n = 7). Data are represented as means + SEM.
Significance was established by the unpaired Mann-Whitney Student's t-test and set at *p < 0.05. (F) Transmission electron microscopy images of LDGs and NDGs
show LDGs had more electron dense granules. AZU1 = azurocidin 1; CTSG = cathepsin G; ELANE = neutrophil elastase; FPKM = fragments per kilobase of transcripts per
million; ICAM2 = intercellular adhesion molecule 2; ITGAL = integrin subunit alpha L; ITGAM = integrin subunit alpha M; MPO = myeloperoxidase; P = patient;
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FIGURE 5 Percentage of LDGs to Spontaneously Form NETs Is Associated With Circulating Platelet Counts
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platelets. Abbreviation as in Figures 1 to 3.

neutrophil subsets in this study, we determined that
CD62L expression on LDGs was significantly lower
compared with both healthy control and psoriasis
NDGs. We found CD62L expression to be decreased on
LDGs compared with NDGs. Although both CD16 and
CD62L mark a heightened activation state, only
CD62L was reduced on LDGs compared with NDGs in
psoriasis. This might, in part, be a result of the for-
mation of LDG platelet aggregates. Neutrophil
platelet aggregation in resting neutrophils reduces
CD62L expression, and primes neutrophils for adhe-
sion (39). This might explain why only the LDGs were
associated with psoriasis severity and psoriatic
comorbidities. In addition, this positive relationship
between LDG frequency and psoriasis severity sug-
gested that LDGs might potentially be a clinical target
for treating psoriasis.

Neutrophils are increasingly being recognized as
significant contributors to the pathogenesis of CVD.
Neutrophil frequency was a predictor of coronary
events (40), and more recently, this frequency was

involved in early atherosclerotic plaque development
(41). To understand if the development of in vivo
atherogenesis is related to neutrophils, we leveraged
CCTA as a reliable, noninvasive imaging technique to
detect atherosclerotic plaque composition in coro-
nary arteries. Comprehensive plaque characterization
permitted us to directly assess and correlate TB and
NCB with the frequencies of both neutrophil subsets
in circulation. Similar to psoriasis severity, we found
a positive linear relationship between LDGs and TB in
the major coronary arteries, primarily driven by NCB.
Furthermore, these activated neutrophils might, in
part, be responsible for early damage to both the
epidermis and endothelium.

We hypothesized that early plaque formation evi-
denced by the increase in NCB in psoriasis was
potentially related to the cytotoxic effects of LDGs by
2 factors. First, LDG NETs themselves are more cyto-
toxic than NDG NETs, and second, LDGs form NETs
spontaneously; therefore, the amount of circulating
NETs in psoriasis was increased due to increased
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LDGs. NETs are known to play a role in atherosclerotic
plaque development independently of autoimmu-
nity; NETs are released from neutrophils in response
to cholesterol-crystal priming, and within the
atherosclerotic lesion, NETs are localized to
cholesterol-rich areas (42). Impairments in DNA
clearance by DNase I were described in autoimmunity
and might lead to an enhanced half-life of immuno-
genic material present in NETSs, further exacerbating
endothelial damage. When endothelial cells were
treated with isolated NETs from LDGs or NDGs, we
did not observe an increase in endothelial cell
apoptosis from LDG NETs. However, the early stage of
apoptosis was elevated by LDG-NET treatment
compared with NDG NETs, and there was a significant
reduction in live HAoECs. Endothelial cell apoptosis
required a cell-cell interaction. Notably, DNase I
treatment abrogated the cytotoxic effect of LDGs,
which suggested that endothelial cell death was not
induced by LDGs independent of NET formation.
Studies focused on the effects of NETs showed mul-
tiple outcomes. At lower concentrations of NETs
normalized to DNA content, NETs that contained
fragmented DNA were not as potent at activating
human pulmonary artery endothelial cells (43).
However, at significantly higher DNA concentrations,
fragmented DNA induced endothelial cell apoptosis
to the same extent as intact DNA (44). In the present
study, the NDG and LDG NETs were composed of
NET-associated proteins and fragmented DNA. In
addition, we normalized the HAOEC treatments to
protein content as opposed to DNA concentrations.
This might explain the lack of apoptotic HAOECs
subsequent to LDG NET treatment.

To understand the enhanced cytotoxicity of LDGs
compared with NDGs, we completed RNA sequencing
of paired LDGs and NDGs derived from biologic-naive
psoriasis patients with severe, active skin disease and
identified a potential mechanistic target driving the
spontaneous NETosis of LDGs. First, RNA sequencing
data showed that LDGs were activated, which was
demonstrated by the differential biological pathways
corresponding to leukocyte activation, cell activation,
regulation of leukocyte activation, positive regulation
of cell activation, and regulation of cell activation.
These data are in agreement with the decrease in
surface expression of CD62L observed on the LDG
surface compared with both healthy and psoriasis
NDGs. Second, we determined that P-selectin and P-
selectin ligand transcriptomes were upregulated in
LDGs compared with NDGs. P-selectin is a platelet-
specific receptor that is upregulated on activated
platelets and binds to the P-selectin ligand on neu-
trophils. Concomitantly, CD40 and CD40 ligand were
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upregulated in the LDG sample. This is of interest
because activated platelets are reported to induce
NET formation from neutrophils in acute lung injury
and sepsis (25-27). Furthermore, for the neutrophil
inflammatory response to fully ensue, stimulation
through the P-selectin ligand is required and drives
neutrophil migration (45). Blockade of P-selectin
ligand signaling altered neutrophil migration and
protected mice against thromboinflammatory injury
(45). Although it was clear that the interaction of
platelets and neutrophils through P-selectin and
P-selectin ligand is essential, it was shown that
high-mobility group box-1 on platelets directs neu-
trophils to undergo NETosis (27). High mobility
group box-1 expression increases on the platelet
surface upon activation and elicits NET formation
through a receptor for advanced glycation end
products, a process that is independent of toll-like
receptor-4 (27).

We determined that the frequency of LDGs co-
localized with platelets had a linear association with
early NCB. This observation was further strengthened
by a significant association between the fragments
per kilobase of transcript per million reads of CD36 in
the LDG sample and NCB. The CD36 reads were most
likely contributed by platelets co-localized with LDGs
because our samples were immunophenotyped by
flow cytometry to exclude other cell populations that
might express CD36. Combined, our data highlighted
a potential role for the LDG-platelet interactions in
early atherogenesis. It was possible that the associa-
tion between the percentage of LDGs to spontane-
ously form NETs and platelet counts was driven by an
increase in activated platelets in psoriasis. Further
investigations are required to validate this hypothesis
and decipher a biological mechanism by which
platelets contribute to NET formation in psoriasis.
Recent studies provided insight into which LDGs
undergo spontaneous NETosis (46,47). Spontaneous
NETosis in isolated SLE LDGs occurs within 50 min.
This was reported to occur by a mitochondrial reac-
tive oxygen species—dependent mechanism (47). A
similar NETosis timeframe was observed when neu-
trophils were treated with platelet activating factor.
Because the adherence of platelets to LDGs might
stimulate the release of platelet activating factor, and
the NETosis timeframe seen in our studies was
similar, we proposed that platelet activating factor
was involved in the mechanism of LDG-dependent
NETosis.

This study could be extended to other auto-
inflammatory pathologies such as SLE. In SLE pa-
tients, activated platelets enhance the interferon
response, and platelet depletion in an SLE murine



JACC: BASIC TO TRANSLATIONAL SCIENCE VOL. 4, NO. 1, 2019
FEBRUARY 2019:1-14

model significantly improved disease measures and
survival (48).

STUDY LIMITATIONS. There were important limita-
tions to our study. This was an observational study;
therefore, it was subjected to potential for con-
founders and needs experimental follow-up. We also
acknowledged that our control group was not
adequately matched to our psoriasis group, which
was a limitation. Thus, our results should be inter-
preted with caution. Our plaque characterization and
quantification by CCTA was used as a surrogate
marker for atherosclerosis, although intravascular
ultrasound would be the gold standard to prove these
findings (49). In vitro characterization studies are
lacking and will be conducted to determine potential
drivers of neutrophil platelet aggregation. The RNA
sequencing should be followed up with validation
studies of protein content and include control sam-
ples to determine if LDGs from healthy control sub-
jects have a similar RNA signature compared with
psoriasis LDGs. In addition, future studies using sin-
gle cell RNA sequencing to better characterize our
findings and validation studies should be conducted.

CONCLUSIONS

We demonstrated that LDG frequency is elevated in
psoriasis and is related to skin disease severity and
NCB. Our in vitro studies showed that psoriasis LDGs
were cytotoxic to the endothelium following direct
contact. This study identified the interactions be-
tween LDGs and platelets as a mechanistic focus of
future studies to determine how spontaneous NETo-
sis of LDGs might be partly dependent upon platelets.
Furthermore, this LDG-platelet interaction might

Teague et al.
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provide a potential therapeutic target in the future to
reduce atherosclerosis in psoriasis.
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PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: Neutrophils

inflammatory diseases. Finally, the inter-relationship of LDG,

matory disease—associated atherosclerosis.

on the effect of antiplatelet therapy on neutrophil—platelet
aggregate interactions.

TRANSLATIONAL OUTLOOK 2: Studies in vivo should

phil platelet aggregates and atherosclerosis are reduced.
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VISUAL ABSTRACT HIGHLIGHTS

e Long-term SGLT2 inhibition with dietary

Ch rOI"IiC StUdy canagliflozinin diabetic and nondiabetic
4 weeks of diet rats attenuates myocardial ischemia/

reperfusion injury ex vivo.
o This suggests that the improvement in
3 myocardial infarct size by SGLT2
Decreased infarct size inhibition may occur independent of the
in both diabetic &
non-diabetic rat hearts glycemic status.
o Canagliflozin improved hyperglycemia in
diabetic rats but importantly did not
cause hypoglycemia in nondiabetic rats.

o Short-term perfusion of the nondiabetic

heart with canagliflozin, solubilized in the

Langendorff perfusion buffer, had no

Acute StLIdy impact on the myocardial infarct size.
Direct in vitro infusion of SGLT inhibitor

SGLT2 No change in infarct
inhibitor size in non-diabetic
rat hearts
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SUMMARY

The authors hypothesized that despite similar cardiovascular event rates, the improved cardiovascular survival
from sodium glucose transporter 2 (SGLT2) inhibition, seen clinically, could be via a direct cytoprotective effect,
including protection against myocardial ischemia/reperfusion injury. Langendorff-perfused hearts, from dia-
betic and nondiabetic rats, fed long-term for 4 weeks with canagliflozin, had lower infarct sizes; this being the
first demonstration of canagliflozin's cardioprotective effect against ischemia/reperfusion injury in both diabetic
and nondiabetic animals. By contrast, direct treatment of isolated nondiabetic rat hearts with canagliflozin,
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ABBREVIATIONS
AND ACRONYMS

DMSO = dimethyl sulfoxide

NHE = sodium hydrogen
exchange

NS = not significant

SGLT2 = sodium glucose
transporter 2

ZDF = Zucker Diabetic Fatty

he remarkable cardiovascular benefits of

sodium/glucose co-transporter 2 (SGLT2)

inhibitors are now well recognized in high-
risk type 2 diabetic patients following the landmark
clinical trials, EMPA-REG OUTCOME (Empagliflozin
Cardiovascular Outcome Event Trial in Type 2 Dia-
betes Mellitus) (1) and CANVAS (CANagliflozin Car-
dioVAScular Assessment Study) (2), and is further
supported by positive outcome data from DECLARE-
TIMI 58 trial (Multicenter Trial to Evaluate the Effect
of Dapagliflozin on the Incidence of Cardiovascular
Events-Thrombolysis In Myocardial Infarction 58)
announced at the recent European Society of Cardiol-
ogy World Congress. These studies, both designed as
noninferiority investigations mandated by the regula-
tory authorities, revealed an unexpected benefit and
superiority over existing standard diabetic care,
with a significant reduction of cardiovascular mortal-
ity. Equally remarkably, this reduction in cardiovas-
cular mortality was seen notably early—within 1 to 2
months—following the introduction of the respective
SGLT2 inhibitor. The mechanism underlying the
reduction in cardiovascular mortality is not clear
and has been subject to much conjecture: seemingly,
improvements in blood sugar control were compara-
tively minor and improvements in terms of diuresis,
weight loss, and blood pressure reduction inadequate
to fully explain the differences observed. Indeed,
many, including ourselves, have speculated a poten-
tial pleiotropic beneficial effect for this class of
glucose-lowering therapy (3-5).

The hypothesis that SGLT2 inhibitors may have
pleiotropic effects appears to be supported by other
observations from the clinical trial data, not least that
SGLT2 inhibition appears to have minimal impact
upon the cardiovascular event rate—be it myocardial

solubilized in the isolated Langendorff perfusion buffer, had no impact on infarct size. This latter study
demonstrates that the infarct-sparing effect of long-term treatment with canagliflozin results from either

a glucose-independent effect or up-regulation of cardiac prosurvival pathways. These results further
suggest that SGLT2 inhibitors could be repurposed as novel cardioprotective interventions in high-risk
cardiovascular patients irrespective of diabetic status. (J Am Coll Cardiol Basic Trans Science 2019;4:15-26)
© 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/).

infarction or stroke, admissions with unstable angina
or the need for a coronary revascularization proced-
ure (1,2). As such, there appears to be minimal impact
of SGLT2 inhibition upon macrovascular (arterial
atheromatous) disease—but overall, despite experi-
encing the same frequency of cardiovascular events,
survival nonetheless appears to be better in those
taking SGLT2 inhibitors, a benefit that strikingly
manifests within the first few months of treatment.

Cellular injury, necrosis, and programmed cell
death (apoptosis, necroptosis, autophagy) are
important pathophysiological features of a number of
maladaptive processes in the heart, including
myocardial ischemia and heart failure (6). We there-
fore hypothesized that despite a similar cardiovas-
cular event rate from events such as acute myocardial
ischemia, the improved cardiovascular survival
arising from SGLT2 inhibition was through direct
myocardial cytoprotection. In a rat, this can be tested
in an experimental model of injurious ischemia/
reperfusion injury, whereby diabetic animals treated
with an SGLT2 inhibitor would be anticipated to have
smaller myocardial infarcts. Moreover, if the cardio-
vascular benefits of SGLT inhibitors are genuinely
pleiotropic, we hypothesized that the benefits of
SGLT2 inhibition would also be found in those
without diabetes.

In designing our experiments, we observed that
whereas the survival curves in the EMPA-REG and
CANVAS trials separate quickly, it still takes weeks to
see the survival curves diverge. As such, we under-
took to treat both diabetic and nondiabetic rats for a
period of 4 weeks. Moreover, because treatment with
an SGLT2 inhibitor will invariably affect circulating
blood glucose at the time of myocardial infarction
in vivo, we harvested the hearts and undertook the

ZL = Zucker Lean
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FIGURE 1 Characterization of the ZL and ZDF Phenotypes
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(A) Body weight index. The diabetic ZDF rats were significantly larger than the nondiabetic ZL rats. Canagliflozin administration in the ZL led
to a significant reduction in body mass index that was absent in the ZDF diabetic rats. n = 8 to 10 per group. (B) Random glucose con-
centration on day of experiment. As expected, ZDF diabetic rats had significantly higher blood glucose concentrations compared to the
nondiabetic ZL controls (p < 0.0001; n = 6 to 9 per group). Canagliflozin had no impact upon blood glucose in the ZL group (p =NS; n =9
to 10 per group), but significantly reduced glucose in the diabetic ZDF rats (p < 0.0001; n = 6 to 9 per group). (C to E) Renal manifestations
of diabetes in the ZDF rats. (C) Urine glucose, measured by urinalysis strip test. No glucosuria was detectable in the control ZL rats, but there
was significant glucosuria in ZL rats on canagliflozin. As expected, significant glucosuria was found in both ZDF control and canagliflozin-
treated groups. (D) Blood urea nitrogen was significantly higher in the ZDF rats compared with the nondiabetic ZL: 11 + 2 mg/dl versus
19 &+ 2 mg/dL (p = 0.006, n = 6 per group). (E) A similar pattern was observed in the urine albumin/creatinine ratio—the diabetic ZDF rats

demonstrating a significantly higher albumin excretion compared with the nondiabetic ZL rat: 160 + 39 mg/g versus 3,319 + 577 mg/g
(p = 0.0004; n = 4 to 5 per group). ZDF = Zucker Diabetic Fatty; ZL = Zucker Lean.

experiments in an ex vivo Langendorff model, with
perfused glucose concentration controlled in all
experiments.

Finally, we wished to ascertain whether the SGLT2
inhibitor would have a direct, cardioprotective effect
in the isolated heart, and to this end, we undertook a
further group of experiments with “acute” exposure
to the SGLT2 inhibitor, with the drug added to the
Langendorff perfusate throughout the perfusion
protocol.

Using the SGLT2 inhibitor, canagliflozin, in a
reverse-translational study, we found that long-term
pre-administration over 4 weeks led to a significant

attenuation of myocardial infarct size in both diabetic
Zucker Diabetic Fatty (ZDF) and nondiabetic Zucker
Lean (ZL) rats. This observation may have significant
impact for future translational studies in the repur-
posing of this new class of glucose-lowering drugs in
all patients, irrespective of diabetic status, with high-
risk cardiovascular disease.

METHODS

For a detailed description of all methods, see the
Supplemental Appendix. In brief, ZL and ZDF rats
were monitored weekly with random blood glucose
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FIGURE 2 Impact of Canagliflozin in Nondiabetic ZL and Diabetic ZDF Rats
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(A) Canagliflozin had a rapid and sustained impact upon circulating blood glucose in the diabetic ZDF rats compared with the untreated
animals. By contrast, canagliflozin had no impact upon circulating blood glucose in the nondiabetic ZL rats (p = 0.002; n = 8 to 10 per
group). (B) After 4 week's treatment, canagliflozin had little impact upon blood urea nitrogen in either ZL or ZDF rats (p = NS; n = 6 to 8 per
group). (€) As with BUN, there was little impact from 4-week oral canagliflozin administration in either ZL or ZDF rats upon albumin/
creatinine ratios (p = NS; n = 4 to 8 per group). (D) Kaplan-Meier survival curve. Two animals, both in the control diabetic ZDF group, had to
be euthanized for severe urinary sepsis. All other groups completed without events. Abbreviations as in Figure 1.

assessment, and fed either standard or high-fat chow,
either fortified with canagliflozin or without (control)
for a period of 4 weeks before harvesting the heart
and Langendorff perfusion. All feeds, both with and
without drug, were prepared by Research Diets (New
Brunswick, New Jersey) based on the diet formula-
tions provided by Janssen Research and Development
(Springhouse, Pennsylvania). Using this formulation,
the canagliflozin-fortified feed results in a circulating
canagliflozin concentration (10 pmol/l) equivalent to
that found in human subjects taking maintenance
canagliflozin, 300 mg daily (7). Different diets were
used for nondiabetic ZL and diabetic ZDF rats to
account for the quantity of food eaten by these rats:
the details of these feeds are detailed in the
Supplemental Appendix.

Animals used for the acute administration of can-
agliflozin were nondiabetic Sprague-Dawley rats

where canagliflozin (Janssen Research and Develop-
ment) or vehicle, dimethyl sulfoxide (DMSO) (0.05%
DMSO, Sigma Aldrich, Poole, United Kingdom) was
perfused throughout the Langendorff experiment.
RANDOMIZATION. All experiments were block
randomized. Analysis was performed by 2 blind ob-
servers and arbitrated by a third independent adju-
dicator if required. Once all results were available, the
data were unblinded and analyzed.

STATISTICAL ANALYSIS. All analyses were per-
formed using GraphPad Prism version 6 (GraphPad
Software, San Diego, California). The specific statis-
tical test used is reported next to each result. An
unpaired t-test was used for 2 independent groups of
continuous variables and a 1-way analysis of
variance with Tukey’s multiple comparison test for 3
or more independent groups. Data are presented as
mean + SEM. N values are either displayed in the

19


https://doi.org/10.1016/j.jacbts.2018.10.002

20

Lim et al.

SGLT2 Inhibition Attenuates Myocardial Infarction

JACC: BASIC TO TRANSLATIONAL SCIENCE VOL. 4, NO. 1, 2019
FEBRUARY 2019:15-26

FIGURE 3 A CONSORT-Style Diagram for Infarct Assessment in the 4-Week Administration Study
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Thirty-six animals were started into the study, of which 29 completed through to analysis. Reasons for and timings of animal exclusions shown
in all groups. Pre priori exclusion criteria are shown in the Supplemental Appendix. Abbreviations as in Figure 1.

figure or described in the figure legend for each
experiment. A significance level of 5% (o = 0.05) and
80% power (B = 0.20) were used. Statistical signifi-
cance was reported if p was <0.05 and results where
p was >0.05 were reported as nonsignificant.

RESULTS

CHARACTERIZATION OF THE ZDF DIABETIC
PHENOTYPE. To ensure that our ZDF rats repre-
sented a reasonable facsimile of the diabetic cohort
represented within the EMPA-REG and CANVAS
studies, we undertook characterization of the

nondiabetic ZL and diabetic ZDF rats. We found, as
expected, that the ZDF rats were obese and hyper-
glycemic (Figures 1A and 1B) and hyperglucosuric
(Figure 1C). In addition, the ZDF rats were found to
have evidence of end-organ manifestations of their
diabetes, as represented by abnormal renal function
and albuminuria (Figures 1C and 1D). We are therefore
confident that the ZDF represents a reasonable
approximation of the human obese type 2 diabetic
phenotype with significant and established diabetes
at the time of experimentation.

Unexpectedly, we found that diabetic rats treated
with canagliflozin were heavier than untreated


https://doi.org/10.1016/j.jacbts.2018.10.002

JACC: BASIC TO TRANSLATIONAL SCIENCE VOL. 4, NO. 1, 2019
FEBRUARY 2019:15-26

diabetic rats; the expected weight loss from the
calorific depletion associated with SGLT2-dependent
glycosuria however, observed in the
canagliflozin-treated nondiabetic ZL rats. Growth

was,

curves are shown in Supplemental Figure 1: the
control-diet diabetic ZDF rats started heavier than the
nondiabetic ZL rats, but failed to gain significant
weight over the 4 weeks of feeding. By contrast,
nondiabetic ZL rats gained weight in a linear fashion
over the same 4-week period. Interestingly, the
pattern and rate of weight gain seen in nondiabetic
rats were mirrored in diabetic ZDF rats fed with
canagliflozin, suggesting a healthier
concomitant with better-controlled diabetes, an
interpretation fitting with empirical observations of
these animals’ physical condition.

CHARACTERIZATION OF THE EFFICACY OF
CANAGLIFLOZIN IN LOWERING CIRCULATING
GLUCOSE. To ensure that oral administration of

animal

canagliflozin, via fortification of the chow, was an
effective antihyperglycemic intervention in our rat
model, we observed the random glucose profile in
both nondiabetic ZL and diabetic ZDF rats throughout
the treatment lead-in period. We found that canagli-
flozin was highly effective in lowering blood glucose
concentrations in the ZDF rats within a short period
from the onset of oral drug administration. Signifi-
cantly improved blood glucose control was evident
throughout the canagliflozin treatment course
compared with control, with random blood glucose of
16 &+ 4 mmol/l versus 29 + 1 mmol/l, respectively (p =
0.002) (Figure 2A).

Importantly, canagliflozin had no impact upon
circulating glucose in the nondiabetic ZL rats, with
equivalent blood glucose being recorded in both
groups (p = NS) (Figure 2A). Importantly, we found no
evidence of hypoglycemia in either canagliflozin
treatment group, despite the presence of significant
glucosuria in the canagliflozin-treated nondiabetic ZL
rats (Figure 1C).

Interestingly, there was no attenuation of renal
dysfunction in the diabetic canagliflozin-treated
group (p = NS) (Figures 2B and 2C). Unfortunately,
our urinalysis assay saturates at glucose levels in
excess of 110 mmol/l, but higher urinary glucose
would be anticipated in this group (Figure 1C).
With respect to animal mortality, only 2 deaths
euthanized
and these

recorded—both animals were
for severe wurinary tract infection,
events were found to occur only in animals in
the untreated control diabetic ZDF group (Figures 2D

were

and 3). The impact of diabetes and canagliflozin
upon un-paced heart rate and liver: body weight ratio
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FIGURE 4 Infarct Size Reduction Following Long-Term 4-Week Oral Administration of
Canagliflozin
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(A) In both diabetic ZDF and nondiabetic ZL rats, we found a significant reduction of
infarct size compared with control. In nondiabetic rats, infarct size was reduced from
55 + 7% to 27 + 3% (p = 0.001; n = 6 to 8 per group). In the diabetic ZDF rats, a similar
reduction of infarct size was also observed with infarct size reducing from 37 + 3% to
20 + 2% (p = 0.007; n = 6 to 8). There was a modest, but significant, difference in
infarct size between control diet-treated ZL and ZDF rats (p = 0.04). (B) Area at risk in
all groups was equivalent (p = NS; n = 6 to 8 per group). Cana = canagliflozin; IS:AAR =
infarct size/area at risk ratio; ND = nonsignificant; Veh = vehicle; other abbreviations as
in Figure 1.

are summarized in Supplemental Figures 3 and 4,
respectively.

IMPACT OF 4-WEEK ORAL CANAGLIFLOZIN ON
MYOCARDIAL INFARCT SIZE. For this investigation,
we used 36 animals. Of these, 9 had to be excluded
for reasons summarized in Figure 3. Twenty-seven
animals completed the full experimental protocol.
We found a small, but significant, difference be-
tween myocardial infarct size in the control arms of
the diabetic ZDF and the nondiabetic ZL rat heart
groups (p = 0.04) (Figure 4A, Supplemental Figure 2).
This difference is expected in Langendorff-perfused
hearts where glucose is the sole energy substrate
(see review [8]). We found that canagliflozin, mir-
roring the important data by Andreadou et al. (9) in
the mouse, significantly reduced myocardial infarct
size in diabetic ZDF rats. Infarct size relative to the
control chow-fed ZDF rats was significantly attenu-
ated, from 37 + 3% to 20 + 2% of the area at risk
(p = 0.001) (Figure 4A). Importantly, canagliflozin
also significantly abrogated myocardial injury in
the nondiabetic ZL rats, reducing infarct size from
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FIGURE 5 Infarct Sizes Following Short-Term Ex-Vivo Administration in Nondiabetic
Sprague-Dawley Rats
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(A) In contrast to the cardioprotective effect of 4-week oral administration of canagli-
flozin, we found no evidence of infarct reduction with short-term, ex-vivo administration
of canagliflozin: infarct sizes of 45 + 4% versus 38 + 3% (p = NS, n = 6 per group) in the
vehicle control group. (B) There was no difference in the area at risk in either of the
treatment groups (DMSO vehicle control versus canagliflozin; p = NS; n = 6 per group).
DMSO = dimethyl sulfoxide; other abbreviations as in Figures 1 and 4.

55 + 7% to 27 + 3% (p = 0.001) (Figure 4A). The areas
at risk in all control and treatment groups were
similar with no statistical difference (Figure 4B). The
impact of canagliflozin upon coronary flow and left
ventricular developed pressure are summarized in
Supplemental Figures 5 and 6, respectively.

EFFECT OF SHORT-TERM ADMINISTRATION
OF CANAGLIFLOZIN AT THE TIME OF
ISCHEMIA/REPERFUSION INJURY. To ascertain

whether acute administration of canagliflozin is pro-
tective against injurious ischemia/reperfusion injury
in the nondiabetic rat, we subjected the isolated
Sprague-Dawley rat heart to ischemia/reperfusion
injury in the presence of vehicle (0.05% DMSO) or 10
umol/l canagliflozin throughout the perfusion proto-
col (during 40-min stabilization, 35-min regional
ischemia, and throughout the 2 h of reperfusion). The
concentration used is equivalent to the plasma con-
centration of canagliflozin in diet-fed ZDF rats (7).
Baseline characteristics were identical between
groups: both demonstrating a nondiabetic level of
random blood glucose and identical anthropological
measurements between groups (Supplemental
Table 1). No rats had to be excluded from this study,
and all rat data were included in the final analysis.
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Of note, short-term, ex-vivo canagliflozin failed to
significantly alter infarct size, with treatment versus
control of 38 + 3% versus 45 + 4%, respectively (p =
0.15) (Figure 5A). There was no difference in the area
at risk between any of the groups (Figure 5B).

DISCUSSION

Our study provides the first evidence to our knowl-
edge that long-term oral administration of canagli-
flozin over a period of 4 weeks is cardioprotective,
ameliorating myocardial infarct size in both diabetic
and nondiabetic rats, independent of glucose con-
centration at the time of ischemia/reperfusion injury.
The latter observation, that canagliflozin-induced
protection in the nondiabetic rat, is particularly
noteworthy: a clinically available SGLT2 inhibitor,
canagliflozin, appears to have a cardiovascular and
cardioprotective role that extends beyond (and
probably also independent of) its intended indication
in the management of hyperglycemia in type 2 dia-
betes mellitus.

LONG-TERM ORAL CANAGLIFLOZIN ATTENUATES
MYOCARDIAL INFARCTION IN THE DIABETIC RAT.
In the diabetic ZDF rats, attenuating the extent of
myocardial necrosis hints towards a novel mecha-
nism underlying the significant reduction of cardio-
vascular mortality found in the clinical outcome
studies, EMPA-REG and CANVAS (1,2). Although the
clinical data reveal no evidence that SGLT2 in-
hibitors reduce the number of cardiovascular events
such as acute coronary syndromes, they may reduce
the myocardial injury that occurs as a consequence
of these events. A reduction of myocardial necrosis
may thus improve both the immediate and long-term
survivability of acute myocardial infarction and
reduce the progression into ischemic cardiomyopa-
thy and heart failure—a hypothesis that warrants
further investigation.

Interestingly, the protection from long-term
ingestion of canagliflozin was found in hearts that
were removed and perfused, ex vivo, with a
perfusate that contained a fixed concentration of
glucose (11 mmol/l). We designed the experiments
this way intentionally to avoid potential confound-
ing the effects of glucose-lowering by canagliflozin at
the time of ischemia/reperfusion injury. Moreover,
Langendorff perfusion removes, through washout,
other metabolic substrates that may confound can-
agliflozin administration (e.g., hepatic generation of
ketones (10), as discussed further later in the text)
are excluded as a potential mechanism of car-
dioprotection. Moreover, that these explanted hearts
were protected, despite 40 min of crystalloid
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washout before ischemia, suggests a mechanism that
imbues a “memory,” potentially through the
recruitment of signaling pathways. And if a signaling
pathway, it is a pathway whose efficacy, unlike that
of ischemic conditioning (11), is seemingly not
affected by the presence of significant diabetes (the
severity of the diabetic phenotype confirmed by
evidence of the development of nephropathy). One
such mechanism may be through a Jak-STAT3
pathway, as suggested by Iliodromitis’s group
(9)—but there may be others.

LONG-TERM ORAL CANAGLIFLOZIN ATTENUATES
MYOCARDIAL INFARCTION IN THE NONDIABETIC
RAT. Although the observation that canagliflozin
attenuates infarct size in the diabetic rat is important,
the principal novelty in this study comes from our
data in the nondiabetic group of animals. We observe
that long-term oral canagliflozin administration
significantly reduces myocardial infarct size in the
nondiabetic ZL rat heart. These data have 3 provoca-
tive implications:

1. The potentially paradigm-shifting observation that
SGLT2 inhibitors may be repurposed for the man-
agement of high-risk nondiabetic patients with
significant pre-existing cardiovascular disease.

2. Canagliflozin is not a pure diabetic drug, and pos-
sesses pleiotropic effects that extend beyond
purely lowering serum glucose.

3. The cardioprotective effect of canagliflozin is only
manifest when administered orally over a period of
weeks, which challenges current thinking in terms
of mechanisms that appear to extend beyond a
direct effect upon either the myocardium or kidney.

EX-VIVO CANAGLIFLOZIN FAILS TO PROTECT THE
NONDIABETIC RAT HEART. In contrast to the long-
term oral administration, the short-term administra-
tion of canagliflozin, ex vivo, administered at a con-
centration of 10 pmol/l (equivalent to the circulating
concentration in patients taking canagliflozin, 300 mg
once daily [7]) throughout the perfusion protocol,
failed to reduce infarct size. This concentration of
canagliflozin is also equivalent to a rat steady-state
circulating serum canagliflozin concentration from
oral digestion of drug, and a concentration that is
sufficient to inhibit both SGLT2 and SGLTi1, but
insufficient to abrogate GLUT (glucose transporter)
activity (12). The observation that short-term ex vivo
administration of canagliflozin fails to protect the
isolated heart may provide some further clues to the
potential mechanism of action, because it appears to
preclude a direct-acting cardioprotective effect of the
drug upon the myocardium. Administering the drug
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ex vivo removes any confounding endocrine effects
that the drug might elicit from any other organ sys-
tem in vivo, as might occur in our long-term admin-
istration model. Thus, in the absence of infarct
attenuation from ex vivo administration of canagli-
flozin, it would appear that the cardioprotective ef-
fect of SGLT inhibition is unlikely to be through the
drug acting directly upon the myocardium itself
and hints toward an endocrine (and downstream
signaling) or metabolic effect to explain the beneficial
effect of long-term oral administration of canagli-
flozin. However, our data appear not to support a
metabolic effect: in our long-term canagliflozin
model, the protection was seen ex vivo with a sole
metabolic substrate: glucose at a concentration of 11
mmol/l. This makes preferential energy-substrate
switching, as proposed in the ketone hypothesis
(10), unlikely as an explanation for the car-
dioprotection observed. Following explantation and
Langendorff perfusion of the heart, ketones will be
rapidly washed out of the coronary circulation
because the crystalloid-perfused Langendorff model
is associated with far higher coronary flows than
found in vivo (13). Thus, ketones will rapidly fall to
negligible levels within the myocardium, and are
unlikely to supplant the plentiful supply of glucose as
the heart’s primary fuel source in the Langendorff
perfused model. Of course, we have not excluded the
role of endogenous myocardial glycogenesis, but
interestingly, long-term SGLT2 inhibition leads to
diminution of kidney and liver glycogen stores (14).
The role of glycogen in myocardial ischemia reper-
fusion injury is complex—canonical succinate syn-
thesis through gluconeogenesis during myocardial
ischemia is likely beneficial, but potentially delete-
rious during reperfusion through reversal of complex
II of the mitochondrial transport chain (15). The
impact of glycogen depletion on myocardial injury
would be interesting to study further.

The sodium hydrogen exchange (NHE) hypothesis
appeared to be a strong and attractive contender to
explain the cardioprotection in our long-term cana-
gliflozin administration studies (16,17). Previous in-
vestigations using cariporide and amiloride in animal
models reveal highly efficacious anti-ischemic bene-
fits of NHE inhibition against myocardial infarction,
particularly when administered before the onset of
myocardial ischemia (18-21). Thus, we had antici-
pated the short-term ex vivo study to provide further
evidence of infarct size limitation. Indeed, in the
excellent study from Zuurbier’s group (17), with 3
pumol/1

canagliflozin, they demonstrated highly

effective attenuation of NHE activity. Given the
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similarity in concentration of canagliflozin in our and
in Zuurbier’s cell-based model, we were surprised
that we found no protection in our ex-vivo model.
Might the protective effects of long-term adminis-
tration of canagliflozin be mediated through NHE in-
hibition? Encouragingly, protection was observed in
both diabetic and nondiabetic animals as expected.
However, with 40 min of washout before induction of
ischemia, it seems somewhat unlikely that significant
quantities of canagliflozin would remain within the
heart. Our data would therefore appear to suggest
that the observed protection from long-term admin-
istration of canagliflozin is less likely to be mediated
through NHE inhibition, but perhaps through another
pleiotropic pathway capable of triggering a “memory”
effect through activation of signaling cascades.
Already identified candidate pathways include the
aforementioned Jak/STAT3 pathway (9) that may also
help attenuate oxidative stress and fibrotic myocar-
dial remodeling (22) or perhaps through AMPK (23)
(also found in kidney to reduce ischemia/reperfu-
sion injury [24]), although these are not hypotheses
that we have yet tested.

Finally, SGLT2 inhibitors have been found to
imbue significant protection in the vasculature of
diabetic ZDF rats, with preservation of endothelial
function. This endothelial protection appears to be
mediated through attenuation of long-term gluco-
toxicity and amelioration of oxidative stress (25). This
could translate into myocardial protection ex vivo,
but we did not find significant differences in coronary
flow in our model between -canagliflozin-treated
versus control-treated animals (data shown in the
Supplemental Appendix). Moreover, if the protection
were mediated primarily as a mechanism designed to
abrogate glucotoxicity,
explain why canagliflozin protects the nondiabetic
heart. However, it would be interesting to repeat
these experiments in the nondiabetic ZL rat to see
whether the cytoprotective phenotype is evident in

this hypothesis fails to

the absence of injurious elevated blood glucose.

CANAGLIFLOZIN-MEDIATED CARDIOPROTECTION
APPEARS INDEPENDENT OF  CIRCULATING
GLUCOSE. As expected, we found canagliflozin to be
highly effective at reducing circulating blood glucose
in our diabetic rat model. Although we did not see
the random blood glucose level in canagliflozin-
treated diabetic ZDF rats fall into the nondiabetic
range, the drug was highly
effective at reducing infarct size, suggesting that
complete restoration of random blood glucose into

nonetheless still

the “normal” nondiabetic range is unnecessary to
imbue the cardioprotection observed. Moreover,
canagliflozin failed to have an impact on circulating
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blood glucose levels in the nondiabetic animals:
in both
nondiabetic control and canagliflozin-treated rats.

random glucose levels were identical
There are 2 observations in respect to this data: 1)
that canagliflozin can be administered to nondiabetic
animals without fear of triggering potentially inju-
rious hypoglycemia; and 2) that lowering blood
glucose is not a prerequisite for attenuation of
myocardial infarct size. Therefore, glucose lowering
in the diabetic ZDF animals is a good biomarker of
canagliflozin-mediated SGLT2 inhibition, but the
in vivo lowering of glucose is not conditional for the
triggering of infarct-size reduction when the heart is
explanted and perfused ex vivo. Furthermore, as
alluded to above, as the hearts were maintained with
a perfused glucose concentration of 11 mmol/l
throughout perfusion, any confounding effect of
differences in circulating glucose concentration is
effectively removed from our experiment.

Finally, it is also interesting to observe that
long-term oral canagliflozin is equally protective in
both nondiabetic and diabetic animals. This contrasts
with the majority of cardioprotective interventions
whose efficacy is blunted in the presence of the dia-
betic phenotype (11). This, therefore, leads us to
speculate that the mechanisms of protection are
different from, and potentially additive to, more
established experimental models of myocardial pro-
tection, such as ischemic or pharmacological condi-
tioning. If this were to be the case, then it offers the
opportunity to augment myocardial protection
through combined therapeutic approaches at the time
of presentation of an acute coronary syndrome, to
optimize patient outcome.

ABSENCE OF RENOPRESERVATION. In establishing
our diabetic model, we wanted to determine the
severity of the diabetic phenotype. The SGLT2
outcome studies have all been performed in models
of established type 2 diabetes mellitus, and typically
in patients with high cardiovascular risk. We there-
fore wanted to ascertain whether our model dis-
played characteristics of diabetic end-organ damage
in the form of albuminuria. Our diabetic ZDF rats did
indeed display evidence of significant albuminuria at
the point at which the hearts were harvested for
ex vivo Langendorff perfusion. The lack of any
meaningful difference between the canagliflozin-fed
and control ZDF rats is not, however, unexpected.
The renoprotective effects of SGLT2 inhibition typi-
cally take many months to manifest (2,26), which
contrasts with the comparatively rapid separation of
the cardiovascular outcome curves. We designed our
study primarily as an investigation into car-
dioprotection; a study with renoprotection as a
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primary endpoint would likely mandate a much
longer duration of drug treatment.

DIABETIC COMPLICATIONS. It was initially surpris-
ing that the only serious, life-threatening complica-
tion found during our long-term study was infective.
As might have been anticipated, the source of infec-
tion was, in both cases, urinary tract. However, these
2 events were in the nontreated control diabetic ZDF
rats and not in animals treated with canagliflozin. In
total, 2 animals in the control ZDF group had to be
euthanized for serious sepsis; neither of the
canagliflozin-treated groups (diabetic or nondiabetic)
had evidence of septic complications. Both diabetic
ZDF groups had significant glycosuria, whereas the
untreated control ZDF also had significant hypergly-
cemia. The sepsis, therefore, is much more likely to
be secondary to the uncontrolled diabetes in the
control animals, whereas the infective risk associated
with canagliflozin-induced glucosuria was easily
managed by simple animal husbandry and hygiene
methods. No animal deaths were found related to
cardiovascular causes, but our study was not powered
for this endpoint, nor was it run for a sufficient period
for such complications to become manifest.

STUDY LIMITATIONS. In designing our studies, we
accepted a number of compromises. To avoid the
confusion that may ensue with polypharmacy, we did
not treat the control diabetic animals to manage their
hyperglycemia. These animals displayed high levels
of glycemia, and 2 animals had septic complications
that were rapidly identified and managed. We there-
fore feel that prolonging the duration of study beyond
4 weeks as designed would not have been feasible.
However, the infarct size data are compelling:
administering canagliflozin, irrespective of diabetic
status, resulted in a pronounced reduction of
myocardial infarct size.

As all diabetic patients in the clinical outcome
studies were undertaken in the presence of anti-
hyperglycemic agents, a future study may be con-
structed at the outset to include diabetic animals
managed with metformin, the backbone of contem-
porary type 2 diabetic management. Indeed, this may
well be mandated in any future study designed to
look at cardiovascular complications and renal out-
comes where much longer treatment periods would
need to be considered.

We do not believe that the severity of the diabetes
had an adverse impact upon the outcome of our
study; in fact, the infarct size of the diabetic animals
was entirely in line with previous short-term studies
in other diabetic models (such as streptozocin-treated
or Goto-Kakizaki lean diabetic rats) and from our own

Lim et al.

SGLT2 Inhibition Attenuates Myocardial Infarction

group and others (27,28). However, having estab-
lished that canagliflozin is cardioprotective, it would
be useful to demonstrate that this protective pheno-
type is reproducible on top of existing strategies for
managing elevated blood sugar.

Interestingly, it is well recognized that diabetic
hearts, when Langendorff-perfused with glucose as
the sole substrate, will have a smaller infarct size
compared with the nondiabetic heart under the same
conditions (see review [8]). Although a reductionist
approach in metabolic substrate provision has its
limitations, there are advantages in that we have
excluded other potential metabolic substrates that
have been postulated (such as ketone bodies). From
our data, future more in-depth analysis of the
myocardial metabolome may be undertaken, and for
example, the impact of any glycogen depletion that
may result from long-term SGLT2
investigated.

inhibition,

Finally, our short-term canagliflozin study was
performed in Sprague Dawley rats, rather than the ZL
strain. Neither strain of rat are diabetic. Both strains
reveal similar infarct sizes when subjected to 35 min
of regional ischemia and 2 h reperfusion. Although
there are differences between individual strains of
murine and rat models, and their sensitivity to
myocardial ischemia/reperfusion injury, given base-
line similarities in infarct size, we would have ex-
pected canagliflozin to be as protective in Sprague
Dawley rats as the ZL. The absence of protection
observed is, therefore, informative, but minor strain
differences cannot be completely excluded.

CONCLUSIONS

We demonstrate that long-term oral administration of
canagliflozin results in significant reduction in
myocardial infarct size, irrespective of glucose
lowering or the presence of diabetes. This protection
appears not to be mediated via a direct effect of
canagliflozin upon the myocardium, but via an in-
termediate signaling mechanism that has yet to be
identified. Our study, therefore, provides new in-
sights into the potential cardiovascular benefits of
SGLT2 inhibition and even points to a potential and
important translational repurposing of these drugs to
reduce cardiovascular mortality in nondiabetic
patients.

ADDRESS FOR CORRESPONDENCE: Prof. Derek M.
Yellon, The Hatter Cardiovascular Institute, Univer-
sity College London, 67 Chenies Mews, London WC1E
6HX, United Kingdom. E-mail: d.yellon@ucl.ac.uk.
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PERSPECTIVES

circulating blood glucose.

COMPETENCY IN MEDICAL KNOWLEDGE: SGLT2
inhibitors are known to improve cardiovascular outcomes
in high-risk diabetic patients. We demonstrate for the first
time that SGLT2 inhibitors attenuate infarct size in both
diabetic and nondiabetic rats. This class of antihypergly-
cemic drug, therefore, appears to have cardioprotective
properties that extend beyond their ability to lower

TRANSLATIONAL OUTLOOK 1: Long-term SGLT2 in-
hibition is cardioprotective, reducing myocardial infarct
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size following injurious myocardial ischemia. This is a
favorable characteristic for a diabetic therapy, supporting
their use in diabetic patients with high risk of, or estab-
lished, cardiovascular disease.

TRANSLATIONAL OUTLOOK 2: Our data suggest that
infarct limitation is also seen in nondiabetic animals,
raising the tantalizing potential for repurposing these

drugs to improve cardiovascular outcomes in all high-risk

cardiovascular patients, irrespective of diabetic status.
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HIGHLIGHTS

e This study evaluated the impact of the
sodium-glucose — linked co-transporter-2
inhibitor, empagliflozin, on cardiac func-
tion and structure in a nondiabetic model
of heart failure with preserved ejection
fraction in the deoxycorticosterone
acetate salt-sensitive rat.

o Deoxycorticosterone acetate rats
developed hypertension, left ventricular
hypertrophy, and diastolic dysfunction as
measured by the time constant of
relaxation, Tau.

o Empagliflozin therapy, which did not
significantly reduce blood pressure,
increased hematocrit, reduced left
ventricular and cardiomyocyte
hypertrophy, and reduced wall stress,
which led to improved diastolic function
(shortening of Tau).

o Empagliflozin treatment did not modify
molecular markers of metabolism or
hypertrophy, nor did it significantly affect
key proteins involved in myocardial
calcium handling.

e This study concluded that the sodium-
glucose —linked co-transporter-2 inhibi-
tor, empagliflozin, in a nondiabetic model
of heart failure with preserved ejection
fraction improved cardiac diastolic func-
tion and reduced wall stress primary
through a reduction in cardiac preload,
and also altered hemodynamics.
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ABBREVIATIONS
AND ACRONYMS

ANP = atrial natriuretic peptide

DOCA = deoxycorticosterone

acetate

GADPH = glyceraldehyde

2.nh,

SUMMARY

h 1ohvd
p e dehydr

HF = heart failure

HFpEF = heart failure with
preserved ejection fraction

HFYEF = heart failure with
reduced ejection fraction

LV = left ventricular

SGLT2i = sodium-
glucose —linked co-
transporter-2 inhibitor

UNX = uninephrectomy

espite significant advances in car-
diovascular diagnostics and thera-

peutics, heart failure (HF) remains
a common condition with significant morbidity and
considerable mortality; regardless of underlying eti-
ology, approximately 25% of those hospitalized will
die (1). Although there have been major advances
with multiple therapeutic agents of proven benefit
in HF with reduced ejection fraction (HFrEF), heart
failure with preserved ejection fraction (HFpEF) lacks
evidence-based therapies (2).

SEE PAGE 38
Sodium-glucose—-linked co-transporter-2 inhibitors

(SGLT2is) increase urinary glucose
off-loading energy, lower plasma glucose and reduce

excretion

body weight, as well as inducing modest diuresis that
assists in blood pressure reduction. In addition to its
antihyperglycemic actions, recent cardiovascular
outcome studies have demonstrated a reduction in
HF hospitalizations (3,4). Although the importance of
these trials cannot be overstated, their outcomes are
mostly unexpected. It is uncertain whether this drug
class may provide similar benefit in both HFpEF and

JACC: BASIC TO TRANSLATIONAL SCIENCE VOL. 4, NO. 1, 2019
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Recent studies send an unambiguous signal that the class of agents known as sodium-glucose-linked
co-transporter-2 inhibitors (SGLT2i) prevent heart failure hospitalization in patients with type 2 diabetes.
However, the mechanisms remain unclear. Herein the authors utilize a rodent model of heart failure with pre-
served ejection fraction (HFpEF), and demonstrate that treatment with the SGLT2i empagliflozin, reduces left
ventricular mass, improving both wall stress and diastolic function. These findings extend the observation that
the main mechanism of action of empagliflozin involves improved hemodynamics (i.e., reduction in preload and
afterload) and provide a rationale for upcoming trials in patients with HFpEF irrespective of glycemic status.
(J Am Coll Cardiol Basic Trans Science 2019;4:27-37) © 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/).

HFTEF or in only 1 of these conditions. Moreover, the
magnitude of the effect of this therapy on HF hospi-
talization and the rapidity of its onset suggest that the
cardioprotective properties of SGLT2is are greater
than their ability to lower glucose. These findings
have led not only to speculation as to how this anti-
hyperglycemic drug class might exert its salutary ef-
fects but have also led to consideration that they may
be also effective in the nondiabetic setting.

Recognizing the limited cardiac function data
available from the aforementioned cardiovascular
outcome trials in diabetes and the unmet clinical
need in treating HFpEF, we sought to determine the
effects of SGLT2 inhibition in HFpEF in the nondia-
betic setting using a well-established animal model of
the disease.

METHODS

ANIMALS. Experiments were conducted in 8-week
old male Sprague-Dawley rats according to standard
protocol for the deoxycorticosterone acetate (DOCA)
hypertensive salt model, in which implants were
prepared by mixing 200 mg of mineralocorticoid in
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silicone rubber (5). Implanted rats then received
1% sodium chloride as drinking water, whereas
uninephrectomy (UNX) rats were given tap water.
One week later, rats were randomized to receive
either empagliflozin mixed in chow (0.35 mg/g, gift of
Boehringer Ingelheim, Ingelheim, Germany) or a
control diet that coincided with DOCA implantation.

Four weeks after DOCA implantation, rats under-
went echocardiography and cardiac catheterization.
All procedures were performed in the research
vivarium under anesthesia using 2.5% isoflurane.
Systolic blood pressure was measured in conscious
animals using an occlusive tail-cuff plethysmograph
(Powerlab, ADInstruments, Colorado Springs, Colo-
rado) (6). Before the animals were killed, they were
housed in metabolic cages, and 24-h urine collections
were obtained for measurement of glucose, sodium,
and f3-OH butyrate excretion. Animals then under-
went echocardiography and cardiac catheterization as
described in the following. After these procedures,
animals were killed, and their hearts were harvested
for structural and molecular measurements. Tibial
length was measured to provide a morphometric
index for cardiac hypertrophy and lung weight (7).
All animals were housed with 2 per cage at the St.
Michael’s Hospital Animal Research Vivarium in
a temperature-controlled (22°C) room with a 12-h
light/dark cycle and ad libitum access to commercial
standard rat chow.

All animal studies were approved by the St. Mi-
chael’s Hospital Animal Care Committee in accor-
dance with the Guide for the Care and Use of
Laboratory Animals (National Institute of Health
Publication No. 85-23, revised 1996).

ECHOCARDIOGRAPHY. Transthoracic echocardiog-
raphy was performed, as previously described (8),
under light anesthesia (1% isoflurane supplemented
with 100% oxygen) before the animals were killed.
Images were acquired using a high-frequency ultra-
sound system (Vevo 2100, MS-250 transducer,
Visualsonics, Toronto, Ontario, Canada). Two-
dimensional, long-axis images of the left ventricle
(LV) in parasternal long- and short-axis views with
M-mode measurements at mid-papillary muscle level
and linear dimensions were analyzed offline (Vevo
2100 software, version 1.8) using the standard leading
edge-to-leading edge technique by a single investi-
gator, who was blinded to treatment. The percentage
of fractional shortening (FS%) was calculated
according to the formula: FS% = (LVIDd - LVIDs)/
LVIDd x 100, where LVIDd and LVIDs are end-
diastolic diameter and end-systolic diameter,
respectively, as previously described. LV wall stress

(o) was calculated by the equation: ¢ = PR; /2h(1 + h/
2R;), where P = systolic pressure, R; = LV inner
diameter (LVID), and h = LV wall thickness (9). Three
consecutive cardiac cycles were averaged for all
analyses.

CARDIAC CATHETERIZATION. Cardiac catheteriza-
tion was performed as previously published (6).
Briefly, rats were anesthetized with 2% isoflurane,
intubated using a 14-gauge catheter, and ventilated
using a pressure-controlled ventilator (TOPO venti-
lator, Kent Scientific, Torrington, Connecticut). Ade-
quacy of anesthesia was assessed by lack of response
to surgical manipulation and loss of muscular tone.
Rats were placed in the supine position on a water
circulating heating pad and a 2-F pressure—volume
catheter (SPR-838, Millar Instruments, Inc., Hous-
ton, Texas) was inserted into the right carotid artery
and advanced into the LV, and pressure—volume
loops were generated. All pressure—volume loops
were obtained with the ventilator turned off for 5 to
10 s and the animal apneic.

Data were acquired and recorded with a MPVS ultra
data acquisition system (Millar Instruments) and
LabChart Pro software (CHART 8.1 ADInstruments
Inc., Colorado Springs, Colorado) under steady-state
conditions and following inferior vena cava occlu-
sion (pre-load reduction). Conductance signals
acquired with the Millar catheter were calibrated with
the estimated LV volumes derived from echocardi-
ography by using a 2-point calibration method,
and matching LV maximal and minimal conductance
signals and end-diastolic and end-systolic volume
were measured in the long-axis view. Using the
pressure conductance data, functional parameters
were then calculated, as previously reported (10).

HISTOPATHOLOGY. The extent of cardiac myocyte
hypertrophy was determined on hematoxylin and
eosin—stained sections, as previously reported (7). In
brief, stained sections were scanned digitally by high
resolution microscopy (Ultra-Resolution Digital
Scanning System, Aperio Technologies Inc., Vista,
California), and images were analyzed with NDP
view2 software (Hamamatsu Photonics, Hamamatsu
City, Japan). Cardiac myocytes with elliptical nuclei
in the transverse section were selected. Diameter
measurements were taken membrane-to-membrane
across the narrowest point crossing the nucleus. The
average diameter of 30 to 50 myocytes per animal was
measured, as previously described (11).

WESTERN BLOTTING. For preparation of cytosolic
fraction, heart tissues were minced and homogenized
in homogenization buffer containing sucrose
(250 mM), Tris-hydrogen chloride (10 mM),
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TABLE 1 Animal Characteristics

UNX + Control UNX + Empa DOCA + Control DOCA -+ Empa

Body weight (g) 542 + 25 490 + 13* 423 +£13 352 + 9%t
LV weight/TL (mg/mm) 22 +1 20+ 0 3N+ 25 £ 1t
LW/TL (mg/mm) 39 +1 37 +£1 44 + 1* 38 + 1t
Right kidney weight/TL (mg) 51+1 62 +£1* 104 + 5* 90 + 3*t
Food intake (g/24 h) 32+2 3141 26 + 2* 25 + 1*
Water intake (ml/24 h) 19+5 42 + 4 151 + 14* 228 + 25*t
Urine volume (ml/24 h) 28 + 4 49 + 5% 150 + 13* 219 + 24*t

Values are mean + SEM. n

UNX control group. tp < O

n =16 and 15 in deoxycorticosterone acetate (DOCA) control and Emp groups, respectively. *p < 0.05 versus

LV weight/TL = left ventricular weight/tibial length; LW/TL = lung weight/tibial length ratio.

= 7 to 8 in uninephrectomy (UNX) control and UNX empagliflozin (Empa) groups;

.05 versus DOCA control group.

ethylenediaminetetraacetic acid (1 mM), sodium
orthovanadate (1 mM), sodium flouride (1 mM), and a
protease inhibitor cocktail (12). Immunoblotting of
heart homogenates was performed on nitrocellulose
membranes with antibodies in the following concen-
trations: phosphorylated phospholamban (phospho-
PLN, Ser16) 1:1,000 (A285); Sarcoplasmic reticulum
uptake Ca2+-ATPAase (SERCA2a) 1:1,000 (IID8F6);
phospho-PLN (Thr17) 1:1,000 (#sc-17024, Santa Cruz
Biotechnology, Dallas, Texas), phosphorylated Ca2-+/
calmodulin-dependent protein kinase II (CAMKII)
1:1000 (#sc-32289, Santa Cruz Biotechnology), total
CAMKII 1:1000 (#sc-5306, Santa Cruz Biotechnology),
Peroxisome proliferator-activated receptor gamma

Systolic blood pressure

FIGURE 1 Time Course for Systolic Blood Pressure
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Time course for systolic blood pressure. n = 16 and 15 in
deoxycorticosterone acetate (DOCA) control and empagliflozin (empa)

empa groups. *p < 0.05 versus UNX + vehicle.

respectively. n = 7 to 8 in uninephrectomy (UNX) control and UNX
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coactivator 1-alpha -PGC-1alpha 1:1,000 (#ab54481,
Abcam Cambridge, Massachusetts), Peroxisome pro-
liferator-activated receptor gamma coactivator 1-beta
(PGCf) 1:1000 (#ab176328 Abcam), Glyceraldehyde-3-
Phosphate Dehydrogenase (GAPDH) 1:5000 (#2118s,
Cell signalling Technology, Danvers, Massachusetts)
(12). Densitometry was performed using Image J
version 1.39 (National Institutes of Health, Bethesda,
Maryland).

GENE EXPRESSION. The abundance of atrial natri-
uretic peptide (ANP), collagen 1/III, CD 36, PGCia
and B, Glut 1 and 4, hexokinase, pyruvate kinase,
pyruvate dehydrogenase, carnitine palmitoyl-
transferase, uncoupling protein-3, nuclear respira-
tory factor-1, phosphoglucomutase-1, long-chain
acyl-CoA dehydrogenase, GAPDH, pyruvate dehy-
drogenase El-o subunit, ribosomal protein L13A
(rRPL13a), and peroxisome proliferator—activated
receptor-o. were assessed by measuring their mRNA
by quantitative real-time polymerase chain reaction
in LV tissue stored at —80°C (10). In brief, SYBR
Green (Life Technologies Corporation, Thermo
Fisher, Waltham, Massachusetts) green-based mea-
surement of gene expression was performed on the
QuantStudio 7 Flex Real-Time PCR System (Applied
Biosystems, Foster City, California) according to the
manufacturer’s instructions using the pre-designed
sequence-specific primers from Integrated DNA
Technologies (Coralville, Iowa). Data were analyzed
using the Applied Biosystems Comparative Com-
puter Tomography method. See
Table 1 for primers.

Supplemental

STATISTICAL ANALYSIS. Data are expressed as
means + SEM, unless otherwise specified. Between-
group differences were analyzed by 2-way analysis
of variance with Fisher’s least significance difference
post hoc test. Statistical analysis was performed using
GraphPad Prism 6 for Mac OS X (GraphPad Software
Inc., San Diego, California). A p value of <0.05 was
regarded as statistically significant.

RESULTS

ANIMAL CHARACTERISTICS. Compared with UNX
control rats, DOCA salt rats demonstrated significant
reductions in both body weight and food intake, as
well as hypertension, that developed 2 weeks after
DOCA initiation (Table 1, Figure 1). Water intake and
urine output also increased in parallel. Empagliflozin
administration to DOCA salt animals further reduced
body weight compared with control rats, without
affecting food intake. DOCA salt animals displayed
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increased heart weight and lung weight when
indexed to tibial length, which was reduced with
empagliflozin (Table 1). Both water intake and urine
output were increased in proportion to each other in
rats that had received empagliflozin in both control
and DOCA salt settings.

LABORATORY PARAMETERS. Hematocrit and he-
moglobin were lower in DOCA salt animals compared
with control animals, and although these were not
normalized to levels seen in control rats, hematocrit
and hemoglobin were both substantially higher
among DOCA salt rats that received empagliflozin
(Table 2). Plasma sodium and 24-h urinary sodium
excretion were increased in DOCA salt rats, although
neither was affected by empagliflozin administration
(Table 2).

Regardless of assignment to control or DOCA
salt groups, animals that received empagliflozin
showed substantial glucosuria, and, although still
within the normoglycemic range, plasma glucose
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TABLE 2 Laboratory Parameters
UNX -+ Control UNX-+ Empa DOCA + Control DOCA + Empa

Hct (%) 421+ 0.7 41.0 £ 0.6 32.1 +£1.8* 36.5 £ 0.8*t
Hb (g/l) 138.6 £ 1.9 136.6 £ 2.7 108.7 + 4.6 121.5 + 3.6*t
U Na (mmol/l) 79.6 +12.0 446 + 4.7 147.5 + 16.0* 127.6 + 13.4*
U Na (mmol/d) 2.03 +0.31 219+ 0.33 22.3 + 3.19* 26.6 + 3.08*
P Na (mmol/l) 133.6 +£ 0.7 135.6 + 0.6 140.5 + 0.7¢ 141.7 + 0.5
P Glu (mmol/l) 6.18 +£ 0.19 591+ 0.8 6.34 £ 0.13 571 £ 0.12*%t
U Glu (mmol/l) 1.05 + 0.58 60.0 + 0.0* 0.9 + 0.18 41.91 + 4.38*t
U Glu (mmol/d) 0.03 + 0.02 2.9 + 0.31* 0.15 + 0.04 8.15 + 0.75%t
HbA:c (%) 4.92 +£ 0.18 4.66 + 0.07 4.02 + 0.02* 4.12 £+ 0.10*
BHB (umol/d) 1.65 + 0.34 3.70 £ 0.41 13.43 £ 1.35% 15.18 + 1.30*
Values are mean + SEM. *p < 0.05 versus UNX + control group. tp < 0.05 versus DOCA + control group.

BHB = B-hydroxybutyrate; Glu = glucose; Hb = hemoglobin; Hct = hematocrit; Na = sodium; P = plasma;
U = urine; other abbreviations as in Table 1.

in DOCA salt rats was lower in those that received
empagliflozin (Table 2). Urinary excretion of
3-OH-butyrate was higher in DOCA salt animals
than that in control animals and did not differ

FIGURE 2 Representative Echocardiograms

Representative echocardiograms (M-MODE) in (A) UNX + control, (B) UNX + empagliflozin, and (C) UNX + DOCA + control, and (D) UNX +
DOCA + empa. Both left ventricular internal diameter systole (LVIDs) and wall thickness were reduced by empa in DOCA salt rats. *p < 0.05
versus UNX treated with vehicle. LVIDd = left ventricular internal diameter diastole; other abbreviations as Figure 1.
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TABLE 3 Cardiac Function as Assessed by Echocardiography and Conductance
Catheterization

UNX + Control UNX + Empa DOCA -+ Control DOCA + Empa
EF (%) 80 +2 80 +2 84 + 2* 88 + 1*
LVIDd (mm) 82+03 81+0.2 79 +0.2 7.3 +£0.2%
LVIDs (mm) 4.0+0.2 4.0 +0.2 35+03 2.9 + 0.2%f
LV mass corr. (mg) 1053 + 57 975 + 22 1520 + 90* 164 + 51t
LVPWs (cm) 0.35 + 0.01 0.35 + 0.01 0.45 + 0.02* 0.43 £+ 0.01*
SBP (mm Hg) 16 +£1 n2+2 188 + 6* 182 + 6*
Wall stress, o (g/cm?) 58 £ 5 61+5 73 £ 6* 53 + 41
HR (beats/min) 370 £ 10 327 +£10 334 + 6* 334 + 8*
EDP (mm Hg) n+1 12+2 n+1 n+1
dP/dtmax (mm Hg/s) 6,557 + 451 6,664 + 324 6,092 + 494 6,599 + 377
dP/dtmin (mm Hg/s) —7,596 + 441 —7,387 + 317 —5,580 + 546* —6,505 + 548
EDPVR (mm Hg/pl) 0.017 + 0.004 0.019 + 0.003 0.024 + 0.003 0.023 + 0.002
Tau (ms) 1.5+ 0.2 12.7 £ 0.7 15.1 + 0.4* 13.5 + 0.6*t

Values are mean + SEM. n = 7 to 8 in UNX control and UNX Empa groups; n = 15 in DOCA control and Empa
groups, respectively. *p < 0.05 versus UNX + vehicle. tp < 0.05 versus DOCA + vehicle.

dP/dtmin, = maximal rate of pressure decline; EDP = end-diastolic pressure; EDPVR = end-diastolic pressure—
volume relationship; EF = ejection fraction; HR = heart rate; LVIDd = left ventricular internal diameter in
diastole; LVIDs = left ventricular internal dimension in systole; LV mass corr. = left ventricular mass corrected;
LVPWs = left ventricular posterior wall in systole; SBP = systolic blood pressure; other abbreviations as in
Table 1.

according to treatment assignment to empagliflozin
or vehicle (Table 2).

ECHOCARDIOGRAPHY. DOCA salt rats demonstrated
preserved EF with increased wall thickness and LV
mass compared with control rats (Figure 2, Table 3).

FIGURE 3 Steady-State Pressure—Volume Loops
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Empa-treated UNX + DOCA salt animals display a leftward shift
with a reduction in end-diastolic volume (blue curve)
compared with the UNX + DOCA salt control animals (gray
curve). Abbreviations as in Figures 1 and 2.

JACC: BASIC TO TRANSLATIONAL SCIENCE VOL. 4, NO. 1, 2019
FEBRUARY 2019:27-37

Empagliflozin therapy reduced LV end-systolic
dimension, LV mass, and posterior wall thickness
(Table 3).

CONDUCTANCE CATHETERIZATION. A high-fidelity
LV pressure manometer was used to assess diastolic
function. DOCA salt administration prolonged Tau
and reduced dp/dtyin, which indicated impaired
diastolic relaxation; these abnormalities were both
ameliorated by empagliflozin (Table 3). Similarly, wall
stress that was increased in DOCA salt rats was
reduced with empagliflozin. In contrast, late diastolic
relaxation, as assessed by the end-diastolic
pressure—volume relationship, was not increased by
DOCA salt and was unaffected by empagliflozin
(Table 3, Figure 3).

HISTOLOGY. In keeping with the observed morpho-
metric changes, DOCA
increased cardiomyocyte size compared with control

salt rats demonstrated
rats, which was significantly reduced by empagli-
flozin therapy (Figure 4). Furthermore, DOCA salt
treatment increased perivascular and interstitial LV
fibrosis compared with control vehicle. Empagliflozin
therapy did not affect the extent of LV fibrosis in

either the perivascular or interstitial compartments.

MOLECULAR STUDIES. To assess the mechanism in
which early active energy-dependent relaxation
was improved with empagliflozin therapy, we
assessed a range of proteins involved in calcium
handling and the hypertrophic response. There was
no significant change in SERCA2A content, nor in
the total and/or phosphorylated phospholamban
expression at either pSeri6 or pThri7 sites.
Furthermore, we assessed total and phosphorylated
calcium and/or calmodulin-dependent protein ki-
nase II to better elucidate the change in car-
diomyocyte hypertrophy and identification of LV
hypertrophy. There was no significant change seen
with either DOCA or empagliflozin administration
(Supplemental Figure 1).

DOCA salt treatment increased ANP, collagen 1, and
III mRNA compared with control vehicle (p < 0.05).
Empaglifozin treatment had no effect on collagen 1/1II
or ANP mRNA (Figure 5).

Because of the surprising absence of altered
protein expression in key cardiac calcium handling
proteins, we went on to assess whether the observed
functional benefits were secondary to improved
myocardial energetics. As a result, we performed RTq
polymerase chain reaction on a panel of genes known
to be involved in metabolism. UNX + DOCA had
minimal effect on gene expression of the metabolic
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FIGURE 4 Stained Sections
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(A to D) Representative hematoxylin and eosin and (E to H) picrosirius red stained sections. Hearts of UNX + DOCA salt rats showed evidence of (I) myocyte
hypertrophy, together with both (J and K) perivascular and interstitial fibrosis. Empa reduced cardiomyocyte size in UNX + DOCA animals but had no effect on either
interstitial or perivascular fibrosis. n = 7 to 8 in UNX control and UNX empa groups; n = 16 and 15 in DOCA control and empa groups, respectively. *p < 0.05 treated
with UNX + control. p < 0.05 treated with UNX + DOCA + control. CSA = cross-sectional area; other abbreviations as in Figure 1.

genes presented (Supplemental Figure 2). However,
there was a significant reduction in both PGCi¢ and
fatty acid protein and/or CD36 expression that was
improved by empagliflozin therapy (p < 0.05). The
changes in mRNA expression were not accompanied
by changes in protein abundance (Supplemental
Figure 1).

DISCUSSION

Despite significant advances in the treatment of
HF1EF, HFpEF lacks evidence-based therapies. We
used a model of hypertension-induced HFpEF, the
DOCA salt rat that demonstrates the cardinal mani-
festations of HFpEF. Without significantly affecting

either blood pressure or glycemia, the SGLT2i,
empagliflozin, reduced LV mass and attenuated the
increased wall stress and impaired diastolic function
that develop in this nondiabetic disease model.
Administration of the mineralocorticoid, DOCA, in
combination with dietary salt loading increased car-
diac  afterload, which created pathological
changes that are highly reminiscent of human hy-
pertensive heart disease, with increased LV mass,
cardiomyocyte hypertrophy, cardiac interstitial
fibrosis, and impaired diastolic function (13). From a
pathophysiological perspective, the requirement of
the LV to approximate aortic pressure in systole in-
creases intraventricular wall stress that can be further
exacerbated by chamber dilatation. To mitigate an
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Hearts of DOCA salt rats showed evidence of atrial natriuretic peptide (ANP) activation, together with increased collagen | (Col I) and Il mRNA. Empa had no effect on
either ANP, or Col | or Il mRNA. n = 8 for control (Cont) UNX; n = 7 for UNX empa; n = 14 for control DOCA; n = 13 for empa DOCA. *p < 0.05 compared to UNX
animals treated with UNX + control. RPL13a = ribosomal protein L13A housekeeping gene; other abbreviations as in Figure 1.

increase in wall stress, there is an increase in wall
thickness (i.e., hypertrophy) that allows the workload
to be shared among a greater number of sarcomeric
units. Although initially beneficial, the resultant
changes in the pressure—volume relationship lead not
only to cardiomyocyte hypertrophy but also to inter-
stitial fibrosis, impaired relaxation, and ultimately
HFpEF.

In contrast to vehicle-treated rats, the present
study found that the administration of empagliflozin
reduced LV mass and attenuated cardiomyocyte
hypertrophy in conjunction with diminished wall
stress and improved diastolic function. The attenu-
ation in diastolic dysfunction was confined to the
early, energy-dependent active phase of diastole
as reflected by the shortening of the isovolumic
relaxation constant (Tau) and a reduction in
the minimum rate of ventricular pressure change
(dP/dtyin). In contrast, dysfunction in the Ilater
energy-independent passive phase of diastole, as
indicated by the end-diastolic pressure—volume
relationship, was unaffected either by DOCA salt or
by empagliflozin.

The previously noted changes in cardiac structure
and function with empagliflozin provided a number
of novel insights into the potential mode of action of
the SGLT2 drug class in the HFpEF setting. As in
humans with an excess of mineralocorticoid, the
administration of DOCA in conjunction with a high
salt diet leads to intravascular volume expansion,
as indicated by reduced hematocrit. LV chamber
volume, although not increased in this model, was
nevertheless reduced by empagliflozin commensurate

with an increase in hematocrit. Among animals on a
normal diet that had not received DOCA, and in which
intravascular volume was presumably normal, empa-
gliflozin did not affect either hematocrit or chamber
volume. These findings suggested that the beneficial
effects of SGLT2 inhibition on the prevention of HF
might be most marked when intravascular volume is
increased.

The histopathological response to increased after-
load included both cardiomyocyte hypertrophy and
fibrosis with impairments in both the metabolically
active, early component of diastole, together with the
passive, later compliance-based phase. Unlike many
other ostensibly cardioprotective agents that were
examined in the DOCA salt model, which included
angiotensin-converting enzyme inhibitors,
tensin receptor blockers, mineralocorticoid receptor
antagonists (14), dual vasopeptidase inhibitors (15),
and endothelin antagonists (16), empagliflozin
reduced hypertrophy and not fibrosis. Although
interventions that reduce cardiac fibrosis also atten-
uated the abnormalities in passive diastolic compli-
ance (6,17,18), this component of diastolic function
was not abnormal in DOCA salt rats in the present
study.

To elucidate the molecular mechanisms behind

angio-

the improved diastolic function and early active
relaxation, we performed Western blot analyses of a
range of proteins involved in cardiac calcium
handling. We observed minimal changes in proteins
involved in relaxation or the hypertrophic response
(Supplemental Figure 1). The lack of change led us to
investigate whether the improved cardiac diastolic
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function was secondary to improved myocardial en-
ergetics induced by empagliflozin therapy. We used
RTq polymerase chain reaction to assess a wide
range of genes known to be involved in fatty acid
transport, fat, and glucose oxidation, as well as
mitochondrial biogenesis (Supplemental Figure 2)
(19). Much to our surprise, these results demon-
strated minimal change in gene expression. We
observed downregulated expression of uncoupling
protein 3, PGCi1o, pyruvate kinase, and CD36/fatty
acid protein only in DOCA salt UNX animals.
Empagliflozin therapy improved PGCla gene
expression in DOCA UNX animals, but we observed
no change in protein content. Although at first these
findings appeared incongruous to the functional
improvements seen, they were in keeping with data
from a wide body of investigators who demonstrated
that most of benefits in rodents occurred from the
hemodynamic effects and hemoconcentration, and
not from altered energetics as a result of ketone
metabolism (20,21).

To date, a wide range of hypotheses have been put
forward to explain the reduction in HF hospitaliza-
tion seen in the cardiovascular trials with SGLT2s,
EMPA-REG Outcome trial (Empagliflozin, Cardiovas-
cular Outcomes, and Mortality in Type 2 Diabetes
trial) and CANVAS (CANagliflozin cardioVascular
Assessment Study) trial, using 2 different SGLTs,
empagliflozin and canagliflozin, respectively, and a
third trial that will report shortly (3,4). Among these
theories, considerable interest has focused on the
proposal by Ferranini and Mayoux (22) that these
salutary cardiac effects of SGLT2 inhibitors may be
dependent on augmented ketone body formation and
increased hematocrit. As elaborated on in their sem-
inal paper, the investigators speculated that the
reduction in HF with empagliflozin reflected the
improved cardiac energetics that follow augmented
fR-hydroxy-butyrate  production coupled with
enhanced oxygen delivery to the myocardium as a
consequence of hemoconcentration. In the present
study, conducted in the nondiabetic setting, we did
not observe any differences in f3-hydroxy-butyrate
between rats that had received either empagliflozin
or vehicle. We did find an increase in hematocrit and
improved cardiac function in animals treated with
empagliflozin, which was consistent with the results

Connelly et al.
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of the recently published mediation analysis (20).
Whether the relationship between hematocrit and
cardiovascular outcome as seen in the EMPA-REG
Outcome study might be a consequence of volume
contraction, improved oxygen delivery, or both,
could not be discerned from the present experimental
study.

STUDY LIMITATIONS. Our study was not without
limitations. First, empagliflozin therapy was
commenced soon after DOCA was first administered.
As such, further studies would be required to assess
whether late treatment might also reverse the struc-
tural and functional manifestations of established
HFpEF. Second, although DOCA salt is a well-
validated model of HFpEF (23-25), it is only
1 example of the disorder. However, work by other
investigators in an alternate model of HEpEF (pres-
sure overload) demonstrated similar findings with
improvement in diastolic function in response to
SGLT2 inhibition (26). Similar to our work, the
exact molecular mechanism by which this occurred
remains elusive and requires further investigation.
Finally, although we did not find any statistical
differences in systolic blood pressure, as shown in
Figure 1, levels were numerically slightly lower in
DOCA salt animals that received empagliflozin
compared with those that did not throughout much
of the study.

CONCLUSIONS

Empagliflozin therapy reduced Ilung weight,
improved LV mass, and ameliorated diastolic
dysfunction in a rodent model of HFpEF. Potential
pathophysiological mechanisms that underlie these
salutary changes are likely multifactorial. Such
factors include diminished pre-load and possibly
afterload that reduce myocardial oxygen demand,
along with an elevated hematocrit that proves
increased oxygen delivery.

ADDRESS FOR CORRESPONDENCE: Dr. Kim A.
Connelly, Keenan Research Centre, Li Ka Shang
Knowledge Institute, St. Michael’s Hospital, 61
Queen Street East, Toronto, Ontario M5C 2T2, Can-
ada. E-mail: Connellyk@smbh.ca.

35


https://doi.org/10.1016/j.jacbts.2018.11.010
mailto:Connellyk@smh.ca

36

Connelly et al.
Empagliflozin Improves Diastolic Function

PERSPECTIVES

mental model of HFpEF.

COMPETENCY IN MEDICAL KNOWLEDGE: Despite 3
large trials demonstrating that SGLT2is reduced HF hos-
pitalizations in patients with type 2 diabetes, the mech-
anisms underlying the observed benefit remain unclear.
Currently, changes in hematocrit, pre-load, and afterload,
together with altered myocardial energetics and meta-
bolism, remain likely factors. We assessed the impact of
empagliflozin on cardiac function structure in the UNX
DOCA salt-sensitive rat, which was a nondiabetic experi-

TRANSLATIONAL OUTLOOK: Our study demon-
strated that UNX male Sprague-Dawley rats that received
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water (DOCA salt) developed hypertension and HFpEF in
the absence of diabetes. Without significantly lowering
blood pressure, empagliflozin reduced LV mass and
ameliorated myocyte hypertrophy, which normalized LV
wall stress and improved diastolic function. Impor-
tantly, these changes occurred in the absence of al-
terations in key calcium handling and hypertrophy
signalling pathways, as well as key molecular markers
of metabolism. These finding suggested that the impact

of empagliflozin occurred primarily through altered

hemodynamic effects, which provides a strong rationale

DOCA in conjunction with 1% sodium chloride in drinking

for clinical studies in both HFrEF and HFpEF, regardless
of diabetes status.

REFERENCES

1. Yeung DF, Boom NK, Guo H, Lee DS, Schultz SE,
Tu JV. Trends in the incidence and outcomes of
heart failure in Ontario, Canada: 1997 to 2007.
CMAJ 2012;184:E765-73.

2. Bhatia RS, Tu JV, Lee DS, et al. Outcome of
heart failure with preserved ejection fraction in a
population-based study. N Engl J Med 2006;355:
260-9.

3. Zinman B, Wanner C, Lachin JM, et al. Empa-
gliflozin, cardiovascular outcomes, and mortality
in type 2 diabetes. N Engl J Med 2015;373:
2117-28.

4. Neal B, Perkovic V, Mahaffey KW, et al. Cana-
gliflozin and cardiovascular and renal events in
type 2 diabetes. N Engl J Med 2017;377:644-57.

5. Viel EC, Benkirane K, Javeshghani D, Touyz RM,
Schiffrin EL. Xanthine oxidase and mitochondria
contribute to vascular superoxide anion genera-
tion in DOCA-salt hypertensive rats. Am J Physiol
Heart Circ Physiol 2008;295:H281-8.

6. Connelly KA, Kelly DJ, Zhang Y, et al. Inhibition
of protein kinase C-beta by ruboxistaurin pre-
serves cardiac function and reduces extracellular
matrix production in diabetic cardiomyopathy. Circ
Heart Fail 2009;2:129-37.

7. Bugyei-Twum A, Abadeh A, Thai K, et al. Sup-
pression of NLRP3 inflammasome activation ame-
liorates chronic kidney disease-induced cardiac
fibrosis and diastolic dysfunction. Sci Rep 2016;6:
39551.

8. Connelly KA, Advani A, Kim S, et al. The cardiac
(pro)renin receptor is primarily expressed in
myocyte transverse tubules and is increased
in  experimental diabetic  cardiomyopathy.
J Hypertens 2011;29:1175-84.

9. Dong H, Mosca H, Gao E, Akins RE, Gidding SS,
Tsuda T. Integrated wall stress: a new methodo-
logical approach to assess ventricular workload
and myocardial contractile reserve. J Transl Med
2013;11:183.

10. Connelly KA, Kelly DJ, Zhang Y, et al. Func-
tional, structural and molecular aspects of dia-
stolic heart failure in the diabetic (mRen-2)27 rat.
Cardiovasc Res 2007;76:280-91.

11. Civitarese RA, Talior-Volodarsky I,
Desjardins JF, et al. The alphall integrin mediates
fibroblast-extracellular matrix-cardiomyocyte in-
teractions in health and disease. Am J Physiol
Heart Circ Physiol 2016;311:H96-106.

12. Batchu SN, Thieme K, Zadeh FH, et al. The
dipeptidyl peptidase-4 substrate CXCL12 has
opposing cardiac effects in young mice and aged
diabetic mice mediated by Ca(2+) flux and phos-
phoinositide 3-kinase gamma. Diabetes 2018;67:
2443-55.

13. lyer A, Chan V, Brown L. The DOCA-salt hy-
pertensive rat as a model of cardiovascular
oxidative and inflammatory stress. Curr Cardiol
Rev 2010;6:291-7.

14. Brown L, Duce B, Miric G, Sernia C. Reversal of
cardiac fibrosis in deoxycorticosterone acetate-
salt hypertensive rats by inhibition of the renin-
angiotensin system. J Am Soc Nephrol 1999;10
Suppl 11:5143-8.

15. Pu Q, Amiri F, Gannon P, Schiffrin EL.
Dual  angiotensin-converting  enzyme/neutral
endopeptidase inhibition on cardiac and
renal fibrosis and inflammation in DOCA-salt
hypertensive rats. J Hypertens 2005;23:
401-9.

16. Ammarguellat F, Larouche I, Schiffrin EL.
Myocardial fibrosis in DOCA-salt hypertensive rats:
effect of endothelin ET(A) receptor antagonism.
Circulation 2001;103:319-24.

17. Yuen DA, Connelly KA, Advani A, et al. Culture-
modified bone marrow cells attenuate cardiac and
renal injury in a chronic kidney disease rat model
via a novel antifibrotic mechanism. PLoS One
2010;5:€9543.

18. Zhang Y, Connelly KA, Thai K, et al. Sirtuin 1
activation reduces transforming growth factor-
betal-induced fibrogenesis and affords organ
protection in a model of progressive, experimental
kidney and associated cardiac disease. Am J Pathol
2017;187:80-90.

19. Kato T, Niizuma S, Inuzuka Y, et al. Analysis of
metabolic remodeling in compensated left ven-
tricular hypertrophy and heart failure. Circ Heart
Fail 2010;3:420-30.

20. Inzucchi SE, Zinman B, Fitchett D, et al. How
does empagliflozin reduce cardiovascular mortal-
ity? Insights from a mediation analysis of the
EMPA-REG OUTCOME trial. Diabetes Care 2018;
41:356-63.

21. Lopaschuk GD, Verma S. Empagliflozin's fuel
hypothesis: not so soon. Cell Metab 2016;24:
200-2.

22, Ferrannini E, Mark M, Mayoux E. CV Protection
in the EMPA-REG OUTCOME trial: a “thrifty sub-
strate” hypothesis. Diabetes Care 2016;39:
1108-14.

23. Ogata T, Miyauchi T, Sakai S, Takanashi M,
Irukayama-Tomobe Y, Yamaguchi I. Myocardial
fibrosis and diastolic dysfunction in deoxy-
corticosterone  acetate-salt hypertensive rats


http://refhub.elsevier.com/S2452-302X(18)30298-5/sref1
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref1
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref1
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref1
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref2
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref2
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref2
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref2
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref3
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref3
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref3
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref3
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref4
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref4
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref4
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref5
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref5
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref5
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref5
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref5
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref6
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref6
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref6
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref6
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref6
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref7
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref7
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref7
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref7
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref7
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref8
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref8
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref8
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref8
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref8
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref9
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref9
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref9
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref9
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref9
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref10
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref10
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref10
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref10
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref11
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref11
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref11
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref11
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref11
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref12
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref12
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref12
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref12
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref12
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref12
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref12
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref13
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref13
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref13
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref13
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref14
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref14
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref14
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref14
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref14
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref15
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref15
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref15
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref15
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref15
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref15
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref16
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref16
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref16
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref16
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref17
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref17
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref17
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref17
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref17
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref18
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref18
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref18
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref18
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref18
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref18
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref19
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref19
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref19
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref19
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref20
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref20
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref20
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref20
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref20
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref21
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref21
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref21
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref22
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref22
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref22
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref22
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref23
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref23
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref23
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref23

JACC: BASIC TO TRANSLATIONAL SCIENCE VOL. 4, NO. 1, 2019

FEBRUARY 2019:27-37

is ameliorated by the peroxisome proliferator-
activated receptor-alpha activator fenofibrate,
partly by suppressing inflammatory responses
associated with the nuclear factor-kappa-B
pathway. J Am Coll Cardiol 2004;43:1481-8.

24. Schwarzl M, Hamdani N, Seiler S, et al.
A porcine model of hypertensive cardiomyopathy:
implications for heart failure with preserved ejec-
tion fraction. Am J Physiol Heart Circ Physiol 2015;
309:H1407-18.

25. Allan A, Fenning A, Levick S, Hoey A, Brown L.
Reversal of cardiac dysfunction by selective ET-A
receptor antagonism. Br J Pharmacol 2005;146:
846-53.

26. Byrne N, Parajuli N, Levasseu RJ, et al.
Empagliflozin prevents worsening of cardiac
function in an experimental model of pres-
sure overload-induced heart failure. J Am
Coll Cardiol Basic Trans Science 2017;2:
347-54.

Connelly et al.
Empagliflozin Improves Diastolic Function

KEY WORDS diastole, heart failure with
preserved ejection fraction, sodium-
glucose—linked co-transporter-2 inhibitor,
systole

APPENDIX For supplemental tables and
figures, please see the online version of
this paper.

37


http://refhub.elsevier.com/S2452-302X(18)30298-5/sref23
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref23
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref23
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref23
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref23
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref24
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref24
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref24
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref24
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref24
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref25
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref25
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref25
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref25
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref26
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref26
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref26
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref26
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref26
http://refhub.elsevier.com/S2452-302X(18)30298-5/sref26

JACC: BASIC TO TRANSLATIONAL SCIENCE

VOL. 4, NO. 1, 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/).

EDITORIAL COMMENT

The Growing Case for

Use of SGLT2i in Heart Failure

Additional Benefits of Empagliflozin in a HFpEF Rodent Model*

Chae-Myeong Ha, PuD, Adam R. Wende, PuD

eart disease associated with diabetes melli-

tus (DM) continues to be the leading cause

of death worldwide. However, with the
development of renal sodium glucose transport inhib-
itors (SGLTi) there appears to be new hope. Specif-
ically, the use of SGLTi as a treatment for type 2
diabetes (T2D) leads to lower blood glucose levels
by inhibiting SGLT2, which accounts for ~90% of
glucose reabsorption in the kidney proximal convo-
luted tubule. At this point, a number of SGLT2i have
been approved for treatment of T2D, namely: empa-
gliflozin (1), canagliflozin (2), and dapagliflozin (3),
which have each shown improvement in cardiovascu-
lar outcomes in clinical trials. These gliflozins have
demonstrated cardiovascular beneficial effects
including reduced mortality from cardiovascular
causes (1-3), and decreased hospitalization from heart
failure (1,3). The mechanisms of these successes in
clinical trials have begun to be worked out by multi-
ple groups that recently found improvements in car-
diac function by administering empagliflozin to db/
db diabetic mice (4,5). In these studies, Verma et al.
(4) found that ATP production and cardiac function
was improved following 4 weeks of empagliflozin

administration to db/db mice compared with vehicle
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Basic to Translational Science or the American College of Cardiology.
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treatment. This effect is associated with preserved
cardiac glucose and lipid metabolism (4). Addition-
ally, in female db/db mice, Habibi et al. (5) showed
that 5 weeks of empagliflozin treatment improved
diastolic function, myocardial fibrosis, and mitochon-
drial expansion. On the other hand, the effect of
empagliflozin on pressure overload-induced heart
failure resulting from transverse aortic constriction
(TAC), in the absence of diabetes, also had protective
effects. In this study, Byrne et al. (6) found that 2
weeks of oral administration of empagliflozin after
TAC improved cardiac systolic function as measured
in vivo or ex vivo. However, there were no changes
in remodeling of cardiac mass, left ventricle struc-
ture, cardiac fibrosis, and immune cell infiltration
into the cardiac tissue (6). In either case, both the hu-
man trials and these mechanistic studies in rodent
models that show encouraging results of SGLT2i ther-
apy in either diabetes or pressure overload-induced
heart failure suggests that these agents should be
examined for treatment of additional heart failure
etiologies.

SEE PAGE 27

One area of cardiovascular disease that has proven
exceptionally resistant to current therapy options is
that of heart failure with preserved ejection fraction
(HFpEF). These patients have symptoms suggestive
of heart failure, but with normal left ventricular
ejection fraction. This disease is associated with age,
female sex, hypertension, obesity, renal dysfunction,
and atrial fibrillation (7). It has complex pathophysi-
ology in addition to diastolic dysfunction. The cur-
rent treatment options available have been able to
relieve volume overload and alleviate other concur-
rent chronic diseases in patients to reduce or prevent
hospitalizations (8). This limitation of therapeutic
options for HFpEF appears to be coming to an end

https://doi.org/10.1016/j.jacbts.2019.01.003
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with the paper by Connelly et al. (9) in this issue of
JACC: Basic to Translational Science.

Connelly et al. (9) examined the hypothesis that
SGLT2i may have beneficial effects in nondiabetic
HFpEF, extending what was previously observed in
patients with diabetes (1,10) and experimental
models of pressure overload-induced heart failure
model (6). The complex nature of hypertension,
which results from various factors including genetic,
lifestyle, and autonomic nerve systems, can limit
modeling of HFpEF. A growing number of re-
searchers have used a deoxycorticosterone acetate
(DOCA)-salt model to replicate an overactive sym-
pathetic nervous and renin-angiotensin system.
DOCA leads to a renal sodium imbalance, resulting in
hypervolemia (11). The addition of 0.6% to 1% NacCl
to drinking water or uninephrectomy intensifies the
hypertension. The DOCA model more accurately
replicates multiple physiological connections to
neurological, cardiovascular, renal circulation, and
immune system changes in addition to the cardiac
blood pressure outcome. Connelly et al. (9) used a
rat model of uninephrectomy with DOCA and 1%
NaCl water to induce HFpEF. Then in these or con-
trol animals a subset were treated with
empagliflozin-containing chow. The resulting 4
groups were followed and assessed systemically in
metabolic cage, for biochemical endpoints, cardiac
function by echocardiography and cardiac catheri-
zation, cardiac remodeling by histopathology, and
molecularly. The authors found that empagliflozin
attenuated cardiac hypertrophy, preserved lung
weight, and ameliorated diastolic dysfunction.
However, empagliflozin had no effect on systolic
blood pressure, cardiac fibrosis, and fibrosis-related
gene expression. This partially improved cardiac
function, but had no effect on fibrosis similar to re-
sults previously reported for empagliflozin-treated
experimental diabetic and pressure-overload rodent
models (5,6). Although a specific mechanism is not
fully elucidated, the authors point out, “potential
pathophysiological mechanisms that underlie these
salutary changes are likely multifactorial.” Despite
this limitation, the continued successes of multiple
groups to show protection via empagliflozin treat-
ment of heart failure resulting from diverse etiol-
ogies is promising. This strongly supports the need
for continued mechanistic work to define the regu-
lated pathways and help elucidate the possibility
and efficacy of this drug class for future use. One
important distinction of this study and the TAC
study mentioned in the previous text is that the
mechanism may be independent of other known
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FIGURE 1 Schematic of Clinical Observations, Promises, and the Future of SGLT2i

SGLT2i J
Cardiovascular o = Jv

outcome trials [1,2,3]
Cardiovascular Caused Death

Heart Failure Hospitalization r?

<

Rodent - 3

Experimental . [

— . ; Energy synthesis =

Model - E - : i 3

{ Diastolic function 4 =

T2D: db/db model [4,5] g

: o

= =

- 720y 2

<t {% Systolic function t* =

8§ 1— QW :

= [6] ]

+ POH: TAC model S

Empagliflozin

- = 2 Diastolic function 4

~

§ .
9 9]
Hypertension: DOCA model

Patient trials of SGLT2i for the treatment of diabetes have revealed improved cardio-
vascular outcomes, reduced mortality, and better quality of life as it pertains to hospi-
talization (top) (1-3). Rodent studies have revealed cardiac benefits in either diabetes or
pressure overload which is expanded to HFpEF in the study published by Connelly et al.
(9) (lower) (4-6). The figure was produced using images modified from Servier Medical
Art (smart.servier.com). DOCA = deoxycorticosterone acetate; POH = pressure
overload-induced heart failure; SGLT2i = sodium/glucose cotransporter 2 inhibitor;

T2D = type 2 diabetes; TAC = transverse aortic constriction.

beneficial effects of SGLT2i, such as lowering glucose
in diabetes. However, because this may not be
related to calcium-channel expression or fatty acid
oxidation-related gene expression, as suggested by
Connelly et al. (9), other interesting possibilities
remain.

It is noteworthy that the effects of empagliflozin
have similar patterns to the prior reports with a T2D
model (4,5) and that of other heart disease models
without diabetes, such as TAC (6) and now HFpEF (9)
(Figure 1). However, a number of limitations con-
cerning the specific mechanisms, such as changes in
circulating metabolites, improved hemodynamics
through natriuresis, osmotic diuresis, neurohormonal
changes, or immune system adaptation, must be
accounted for when considering SGLT2i as a thera-
peutic option for heart failure treatment. In addition
to the specific physiological mechanisms, SGLT2i for
heart failure should be fully defined in the current
model by measuring energy production efficiency in
heart muscle (12), gene regulation, and post-
translational protein modifications, which are in
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part regulated by sensing of energy status, the
difference in contractility caused by the effect of
calcium flux control in the process of regulating
sodium reabsorption, or changes in the mitochondrial
environment around the cardiac sarcomeres. Many
questions remain regarding SGLT2i’s efficacy in the
failing heart, but the study by Connelly et al. (9)
extends our knowledge on the potential benefits
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of SGLT2i on myocardial function and applicable
disease etiologies.

ADDRESS FOR CORRESPONDENCE: Dr. Adam R.
Wende, University of Alabama at Birmingham, 901
19th Street South, BMR2 Room 506, Birmingham,
Alabama 35294. E-mail: adamwende@uabmc.edu.

REFERENCES

1. Zinman B, Wanner C, Lachin JM, et al. Empagli-
flozin, cardiovascular outcomes, and mortality in
type 2 diabetes. N Engl J Med 2015;373:2117-28.

2. Neal B, Perkovic V, Mahaffey KW, et al. Cana-
gliflozin and cardiovascular and renal events in
type 2 diabetes. N Engl J Med 2017;377:644-57.

3. Wiviott SD, Raz |, Bonaca MP, et al. Dapagli-
flozin and cardiovascular outcomes in type 2 dia-
betes. N Engl J Med 2019;380:347-57.

4. Verma S, Rawat S, Ho KL, et al. Empagliflozin
increases cardiac energy production in diabetes:
Novel translational insights into the heart failure
benefits of SGLT2 inhibitors. J Am Coll Cardiol
Basic Trans Science 2018;3:575-87.

5. Habibi J, Aroor AR, Sowers JR, et al. Sodium
glucose transporter 2 (SGLT2) inhibition with

empagliflozin improves cardiac diastolic function
in a female rodent model of diabetes. Cardiovasc
Diabetol 2017;16:9.

6. Byrne NJ, Parajuli N, Levasseur JL, et al.
Empagliflozin prevents worsening of cardiac
function in an experimental model of pressure
overload-induced heart failure. J Am Coll Cardiol
Basic Trans Science 2017;2:142.

7. Andersen MJ, Borlaug BA. Heart failure with
preserved ejection  fraction: current un-
derstandings and challenges. Curr Cardiol Rep
2014;16:501.

8. Redfield MM. Heart failure with preserved
ejection fraction. N Engl J Med 2016;375:1868-77.

9. Connelly KA, Zhang Y, Visram A, et al
Empagliflozin improves diastolic function in a

nondiabetic rodent model of heart failure with
preserved ejection fraction. J Am Coll Cardiol Basic
Trans Science 2019;4:27-37.

10. Tikkanen I, Narko K, Zeller C, et al. Empagli-
flozin reduces blood pressure in patients with type
2 diabetes and hypertension. Diabetes Care 2015;
38:420-8.

11. Basting T, Lazartigues E. DOCA-salt hyper-
tension: an update. Curr Hypertens Rep 2017;
19:32.

12. Lopaschuk Gary D, Verma S. Empagliflozin's
fuel hypothesis: not so soon. Cell Metabolism
2016;24:200-2.

KEY WORDS heart failure, HFpEF, SGLT2i


mailto:adamwende@uabmc.edu
http://refhub.elsevier.com/S2452-302X(19)30011-7/sref1
http://refhub.elsevier.com/S2452-302X(19)30011-7/sref1
http://refhub.elsevier.com/S2452-302X(19)30011-7/sref1
http://refhub.elsevier.com/S2452-302X(19)30011-7/sref2
http://refhub.elsevier.com/S2452-302X(19)30011-7/sref2
http://refhub.elsevier.com/S2452-302X(19)30011-7/sref2
http://refhub.elsevier.com/S2452-302X(19)30011-7/sref3
http://refhub.elsevier.com/S2452-302X(19)30011-7/sref3
http://refhub.elsevier.com/S2452-302X(19)30011-7/sref3
http://refhub.elsevier.com/S2452-302X(19)30011-7/sref4
http://refhub.elsevier.com/S2452-302X(19)30011-7/sref4
http://refhub.elsevier.com/S2452-302X(19)30011-7/sref4
http://refhub.elsevier.com/S2452-302X(19)30011-7/sref4
http://refhub.elsevier.com/S2452-302X(19)30011-7/sref4
http://refhub.elsevier.com/S2452-302X(19)30011-7/sref5
http://refhub.elsevier.com/S2452-302X(19)30011-7/sref5
http://refhub.elsevier.com/S2452-302X(19)30011-7/sref5
http://refhub.elsevier.com/S2452-302X(19)30011-7/sref5
http://refhub.elsevier.com/S2452-302X(19)30011-7/sref5
http://refhub.elsevier.com/S2452-302X(19)30011-7/sref6
http://refhub.elsevier.com/S2452-302X(19)30011-7/sref6
http://refhub.elsevier.com/S2452-302X(19)30011-7/sref6
http://refhub.elsevier.com/S2452-302X(19)30011-7/sref6
http://refhub.elsevier.com/S2452-302X(19)30011-7/sref6
http://refhub.elsevier.com/S2452-302X(19)30011-7/sref7
http://refhub.elsevier.com/S2452-302X(19)30011-7/sref7
http://refhub.elsevier.com/S2452-302X(19)30011-7/sref7
http://refhub.elsevier.com/S2452-302X(19)30011-7/sref7
http://refhub.elsevier.com/S2452-302X(19)30011-7/sref8
http://refhub.elsevier.com/S2452-302X(19)30011-7/sref8
http://refhub.elsevier.com/S2452-302X(19)30011-7/sref9
http://refhub.elsevier.com/S2452-302X(19)30011-7/sref9
http://refhub.elsevier.com/S2452-302X(19)30011-7/sref9
http://refhub.elsevier.com/S2452-302X(19)30011-7/sref9
http://refhub.elsevier.com/S2452-302X(19)30011-7/sref9
http://refhub.elsevier.com/S2452-302X(19)30011-7/sref10
http://refhub.elsevier.com/S2452-302X(19)30011-7/sref10
http://refhub.elsevier.com/S2452-302X(19)30011-7/sref10
http://refhub.elsevier.com/S2452-302X(19)30011-7/sref10
http://refhub.elsevier.com/S2452-302X(19)30011-7/sref11
http://refhub.elsevier.com/S2452-302X(19)30011-7/sref11
http://refhub.elsevier.com/S2452-302X(19)30011-7/sref11
http://refhub.elsevier.com/S2452-302X(19)30011-7/sref12
http://refhub.elsevier.com/S2452-302X(19)30011-7/sref12
http://refhub.elsevier.com/S2452-302X(19)30011-7/sref12

JACC: BASIC TO TRANSLATIONAL SCIENCE
© 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

Cardiomyocyte SMAD4-Dependent

VOL. 4, NO. 1, 2019

L)

TGF-3 Signaling is Essential to
Maintain Adult Heart Homeostasis

Prachi Umbarkar, PuD,” Anand P. Singh, PuD,* Manisha Gupte, PuD,* Vipin K. Verma, PuD,* Cristi L. Galindo, PuD,*
Yuanjun Guo, MD,*" Qinkun Zhang, MD,* James W. McNamara, PuD,° Thomas Force, MD,? Hind Lal, PuD?

VISUAL ABSTRACT

P ¥

Gt

-
Echocardiography-

%
Electrocardiography -

Cardiac dysfunction
Conduction abnormalities

KO et

Cardiomyocytes

Adult Cardiomyocyte
SMAD4 Knock Out

J
Histology
studies

RNA-Seq Cardiomyocyte Sarcorere
Analysis contraction
1 . kinetics
cMyBP-CY

Hypercontractility

| J
Dilated
cardiomyopathy

Umbarkar, P. et al. J Am Coll Cardiol Basic Trans Science. 2019;4(1):41-53.

HIGHLIGHTS

o SMADA4 is the central intracellular
mediator of TGF-fB pathway.

e CM-specific loss of SMAD4 causes cardiac
dysfunction independent of fibrotic
remodeling.

o Deletion CM-SMAD4 affects CM survival.

e CM-SMAD4 loss leads to down-regulation
of several ion channels' genes, resulting
in cardiac conduction abnormalities.

o CM-SMAD4 deletion alters sarcomere
shortening kinetics, in parallel with
reduction in cardiac myosin-binding pro-
tein C levels.

o These results demonstrate a fundamental
role for CM-SMAD4-dependent TGF-f3
signaling in adult heart homeostasis.
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ABBREVIATIONS
AND ACRONYMS

CM = cardiomyocyte

cMyBP-C = cardiac myosin-
binding protein C

CSA = cross-sectional area
CTL = control

DCM = dilated cardiomyopathy
KO = knockout

LV = left ventricle/ventricular

MAPK = mitogen-activated
protein kinase

MCM = MerCreMer

PI3K = phosphoinositide-3
kinase

RNA-Seq = RNA sequencing

TAK1 = transforming growth
factor beta-activated kinase 1

TAM = tamoxifen

TGF = transforming growth
factor

SUMMARY

eart failure is a major health
problem worldwide. At present,
approximately 6.5 million people
in the United States experience heart failure,
and this number is expected to grow to more
than 8 million by 2030 (1,2). Heart failure has
increased spending on health care services,
resulting in an economic burden of about

$31 billion/year (2). Although diagnosis and treat-
ments have improved, a poor survival rate in heart
failure patients suggests a critical need for research
in cardiac pathophysiology.

SEE PAGE 54

Transforming growth factor (TGF)-B are cytokines
that play pleiotropic roles in a wide range of
cellular processes during embryonic development,
tissue homeostasis, and disease (3,4). The TGF-p su-
perfamily consists of more than 30 ligands that
belong to subfamilies like the TGF-f, bone morpho-
genetic proteins, activins, inhibins, growth differen-
tiation factors, and Nodal and anti-Miillerian
hormones. In canonical TGF-§ signaling, TGF- li-
gands bind to specific Ser/Thr kinase receptors (type I
and type II), which mediate activation of receptor-
specific SMADs. Activated receptor-specific SMADs
form heteromeric complexes with a common
mediator-SMAD, SMAD4. This SMAD complex trans-
locates into the nucleus, where it regulates tran-
scription of various genes via other transcriptional
cofactors (5,6). In addition to SMAD-dependent ca-
nonical signaling, TGF-$ can regulate the activity of
other signaling pathways, such as TGF-f-activated
kinase 1 (TAK1), mitogen-activated protein kinases
(MAPKs), phosphoinositide-3 kinase (PI3K), Ras

JACC: BASIC TO TRANSLATIONAL SCIENCE VOL. 4, NO. 1, 2019
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The role of the transforming growth factor (TGF)-f pathway in myocardial fibrosis is well recognized. However,
the precise role of this signaling axis in cardiomyocyte (CM) biology is not defined. In TGF-f signaling, SMAD4 acts
as the central intracellular mediator. To investigate the role of TGF-f signaling in CM biology, the authors deleted
SMAD4 in adult mouse CMs. We demonstrate that CM-SMAD4-dependent TGF-f signaling is critical for main-
taining cardiac function, sarcomere kinetics, ion-channel gene expression, and cardiomyocyte survival. Thus, our
findings raise a significant concern regarding the therapeutic approaches that rely on systemic inhibition of the
TGF-f pathway for the management of myocardial fibrosis. (J Am Coll Cardiol Basic Trans Science 2019;4:41-53)
© 2019 The Authors. Published by Elsevier on behalf of the American College of Cardiology Foundation. Thisis an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

homolog family member A, protein phosphatase 2A,
and nuclear factor kB (7-13). Collectively, these are
referred to as noncanonical or SMAD-independent
pathways. The extent of interactions among these
canonical and noncanonical signaling molecules var-
ies considerably depending on the context, but are
essential to deliver spatially and temporally specific
TGF-f signaling outputs (14).

TGF-Bs are often chronically overexpressed in
diseased hearts and are instrumental in eliciting
multiple, even opposing cellular responses (15-20).
For instance, excessive TGF-f signaling contributes to
cardiac dysfunction in muscular dystrophy, whereas
blockade of TGF-B signaling using neutralizing Abs
(N-Abs) increases left ventricular (LV) dilatation and
mortality after myocardial infarction (21,22). More-
over, disruption of cardiomyocyte (CM) TGF-B
signaling by deletion of the TGF-f receptor mitigates
pressure overload-induced maladaptive remodeling
via noncanonical TAK1 signaling (23). An elegant
study by Kong et al. (24) demonstrated that TGF-§-
SMADS3 signaling activation in cardiac fibroblasts is
required for cardiac repair following myocardial
infarction. Despite studies suggesting the importance
of TGF-P signaling to cardiac pathophysiology, the
exact role of CM canonical TGF-f signaling in cardiac
homeostasis has remained enigmatic.

In the present study, we examined the role of CM
canonical TGF-f signaling in maintaining adult heart
homeostasis. As SMAD4 is a central intracellular
mediator of canonical TGF-f} signaling, we examined
the effects of CM-specific SMAD4 deletion on
cardiac function. A previous study has shown that
CM-specific SMAD4 deletion results in developmental
cardiac defects and embryonic lethality (25). Hence,

All authors attest they are in compliance with human studies committees and animal welfare regulations of the authors’ in-
stitutions and Food and Drug Administration guidelines, including patient consent where appropriate. For more information, visit

the JACC: Basic to Translational Science author instructions page.
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(A) Experimental design showing 10-week-old mice were fed a tamoxifen (TAM) diet for 2 weeks followed by a 4-week wash-out period. T1
and T2 represent time points selected for studies. (B) Representative Western blot and quantification of SMAD4 expression in control (CTL)
and knockout (KO) hearts at 4 weeks after TAM treatment. (C) Representative Western blot quantification of SMAD4 expression in car-
diomyocytes (CMs) isolated from CTL and KO hearts at 4 weeks after TAM treatment. (D) Representative Western blot quantification of
SMAD4 expression in non-CMs isolated from CTL and KO hearts at 4 weeks after TAM treatment. *p = 0.0286, **p = 0.0079. All p values

we designed a model in which SMAD4 is conditionally
deleted in adult mouse CMs using tamoxifen (TAM)-
inducible alpha-myosin heavy chain promoter-driven
Cre recombinase. We report that CM-specific knock-
down of SMAD4 significantly alters the cardiac con-
tractile function at cellular as well as organ level.
Moreover CM-specific SMAD4 deficiency is associated
with a reduction in gene expression of several ion
channels and cardiac conduction abnormalities.
These findings provide the first evidence that
endogenous CM canonical TGF-f signaling is essential
for maintaining adult heart homeostasis.

METHODS

A detailed description of the Methods is provided in
the Supplemental Appendix.

MICE. To achieve conditional deletion of SMAD4
specifically in CM, SMAD4%"f mice (Stock No. 017462,
The Jackson Laboratory, Bar Harbor, Maine) were
crossed with mice carrying the MerCreMer (MCM)
transgene driven by the alpha-myosin heavy chain
promoter (Myh6-Cre*/*) (Stock No. 005657, The
Jackson Laboratory). Further details of generation
and characterization of the CM-specific SMAD4
knockout (KO) mice are described in the Results sec-
tion. The Institutional Animal Care and Use

Committee of Vanderbilt University Medical Center
approved all animal procedures and treatments used
in this study (protocol #M1700133-00).

STATISTICAL ANALYSIS. Analyses were performed
using GraphPad Prism (version 7.02, GraphPad Soft-
ware, La Jolla, California). Differences between 2 data
groups (SMAD4 protein expression, ion-channel gene
expression, morphometric, and electrocardiography
parameters) were evaluated for significance by the
Mann-Whitney test. For comparisons of more than 2
groups (echocardiographic and CM-contractility pa-
rameters, protein expression studies), analysis of
variance followed by Tukey’s multiple comparison
test was applied. All data are expressed as mean +
SEM. For all tests, a p value <0.05 was considered
statistically significant.

RESULTS

GENERATION AND CHARACTERIZATION OF
CM-SPECIFIC SMAD4 KO MICE. To investigate the
role of CM TGF-B signaling in the adult heart, we
generated a mouse model in which SMAD4 is condi-
tionally deleted in CM-specific manner. SMAD4"/f
mice were crossed with Myh6-Cre*/* mice to generate
SMAD4Yficre*’~. Also, Myh6-Cre*/* transgenic mice

were crossed with C57BL/6 mice (Stock No. 000664,
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FIGURE 2 CM-Specific Deletion of SMAD4 Causes Cardiac Dysfunction
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other abbreviations as in Figure 1.

CTL and SMAD4 KO mice underwent baseline transthoracic echocardiographic examination and then were subjected to a TAM treatment for 2 weeks. After
a 4-week wash-out period, mice were then followed with serial echocardiography assessment at the time points shown. (A) Representative images of
serial echocardiographic measurements. (B) Left ventricular internal dimension in diastole (LVID,d). ****p < 0.0001 versus MerCreMer (MCM) group,
**¥p = 0.0008 versus MCM group. (C) LVID in systole (LVID,s). ****p < 0.0001 versus MCM. (D) LV ejection fraction (LVEF). **p = 0.0035 versus MCM
group (time = 4 weeks), **p = 0.0014 versus MCM group, #p = 0.0161 versus CTL group (time = 8 weeks). (E) LV fractional shortening (LVFS). *p =
0.0220 versus MCM group (time = 4 weeks), *p = 0.0184 versus MCM group, ##p = 0.0096 versus CTL (time = 8 weeks). BL = baseline; Wk = weeks;
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FIGURE 3 CM-Specific SMAD4 Deletion Induces Cardiac Remodeling
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Morphometric studies were performed at the end of 8 weeks after TAM treatment. (A) Heart weight (HW) to tibia length (TL). (B) Lung weight (LW) to TL.
(C) Quantification of cardiomyocyte cross-sectional area (CSA). ***p = 0.0002 versus MCM group. (D) Masson's trichome staining. Representative
trichome-stained LV regions. (E) Quantification of LV fibrosis. *p = 0.0165 versus MCM group. Scale bar = 30 pm. Abbreviations as in Figures 1 and 2.

weeks of age, when physiological development is
largely complete, all male mice were placed on a TAM
chow diet (400 mg/kg, TD.130859, Harlan Sprague-
Dawley, Indianapolis, Indiana) for 2 weeks followed

The Jackson Laboratory) to generate Myh6-Cre*/". A
well-established TAM chow diet protocol was used to
induce the CM-specific expression of Cre recombi-
nase, as we previously reported (26,27). Briefly, at 10

FIGURE 4 CM-Specific SMAD4 Deletion Induces Cardiac Remodeling
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Morphometric studies were performed at the end of 4 weeks after TAM treatment. (A) HW to TL. (B) LW to TL. (C) Quantification of cardiomyocyte CSA.
(D) Masson's trichome staining. Representative trichome-stained LV regions. (E) Quantification of LV fibrosis. Scale bar = 30 um. Abbreviations as in

Figures 1 to 3.
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FIGURE 5 CM-Specific SMAD4 Deletion Leads to Cardiac Cell Death
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(A) Representative images show terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL)-positive cardiomyocytes from the
CTL and KO hearts. (B) Quantification shows significantly increased number of TUNEL-positive myocytes in KO mice at 8 weeks after TAM
treatment. **p = 0.0069 versus CTL group. Scale bar = 30 um. Abbreviations as in Figures 1 to 3.

by regular chow for an additional 4 weeks (to allow
the clearance of TAM from the mice) (Figure 1A).
SMAD4"%/Cre*/~/TAM mice were the conditional KO
mice, whereas littermates SMAD4%"f/Cre”-/TAM rep-
resented control (CTL) animals. Myh6-Cre*/-/TAM
mice were used as no-flox Cre CTL animals (MCM).
There were no differences in mortality between CTL
and SMAD4 KO mice up to the termination of the
study (i.e., 8 weeks after TAM treatment). Western
blot analysis of LV tissue lysates confirmed that TAM
treatment led to a ~60% reduction in SMAD4 protein
levels in KO (Figure 1B). To confirm CM-specific
SMAD4 deletion, Western blotting was performed
with protein extracted from isolated CMs and non-
myocytes. SMAD4 protein levels were significantly
low (~90% deletion) in CMs, as expected, non-
myocytes displayed no change (Figures 1C and 1D).

CM-SPECIFIC DELETION OF SMAD4 CAUSES
DILATED CARDIOMYOPATHY. We performed serial
M-mode echocardiography to assess the effect of CM-
SMAD4 deletion on cardiac function. Importantly, to
account for any confounding effects of Cre over-
expression or TAM on cardiac function, these critical
controls were also included in the study (Figure 2A,
Supplemental Table 1). At baseline, MCM, CTL, and
SMAD4 KO hearts had comparable chamber di-
mensions and ventricular function. At 4 weeks after

TAM treatment, SMAD4 KO animals had a substantial
increase in LV internal dimension in diastole and
systole in comparison with CTL animals, indicating
dilative remodeling of the LV (Figures 2B and 2C).
These changes were associated with marked LV
dysfunction as reflected by a significant decline in LV
ejection fraction and LV fractional shortening
(Figures 2D and 2E). At 8 weeks after TAM treatment,
MCM displayed a modest but significant reduction in
LV ejection fraction and LV fractional shortening as
compared with the CTL group. Considering the fact
that SMAD4 KO mice had a significant decline in
cardiac function parameters as compared with both
the CTL and MCM groups, our findings strongly
indicate that cardiac dysfunction developed in
SMAD4 KO animals is the specific effect of deletion of
CM-canonical TGF-f signaling.

At the end of each time point, heart weight to tibia
length and lung weight to tibia length ratios were
compared. These parameters were comparable be-
tween the SMAD4 KO and CTL groups at both time
points (Figures 3A, 3B, 4A, and 4B). For the assessment
of cardiac hypertrophy, CM cross-sectional area (CSA)
was measured. We found no significant difference in
CSA between the SMAD4 KO and CTL groups at 4
weeks after TAM treatment (Figure 4C). However, at 8
weeks, CSA was significantly higher in SMAD4 KO
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FIGURE 6 Effect of CM-Specific SMAD4 Deletion on CM Contraction Kinetics and on Contractility-Regulating Proteins
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CMs were isolated from the hearts of experimental mice at the end of each time point and sarcomere shortening parameters assessed (n = 10 to 20 CMs/heart and 8 to
9 hearts/group). (A) Sarcomere peak shortening normalized to resting sarcomere length (% peak shortening). *p = 0.0104, **p = 0.0033 versus CTL group. (B)
Maximal relengthening (+dL/dT) velocity. *p = 0.0101, **p = 0.0035. (C) Maximal shortening (-dL/dT) velocity. *p = 0.0102, **p = 0.0041. Western blot analysis of
proteins that regulate calcium homeostasis and cardiomyocyte contractility. Representative Western blots and quantification. (D) Phospholamban (PLN). **p =
0.0099. (E) Sarco/endoplasmic reticulum Ca®*-ATPase 2a (SERCA2a). (F) Cardiac myosin binding protein C (cMyBP-C). *p = 0.0317. All p values are versus the CTL
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FIGURE 7 RNA-Seq Analysis Reveals Alteration in lon Channel Genes in SMAD4 KO Mice
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RNA sequencing (RNA-Seq) analysis was performed at 4 weeks after TAM treatment. (A) Hierarchical clustering of 161 genes detected as significantly
differential (at least 1.5-fold, p value <0.05) between the CTL and SMAD4 KO groups. (B) Gene Ontology analysis. (C) Quantitative polymerase chain
reaction analysis of ion-channel genes: kcna2 (***p = 0.0006), kend2 (*p = 0.0291), kcnel (*p = 0.0111), clenl (**p = 0.0016), scn4b (***p = 0.0006),
cacng6 (*p = 0.0130), and kenv2 (**p = 0.0012). All p values are versus the CTL group. Abbreviations as in Figures 1 and 2.

mice than respective CTL animals (Figure 3C). Cardiac
fibrosis was assessed by performing Masson’s
trichome staining. Examination of trichome-stained
heart sections demonstrated that fibrosis was absent
in SMAD4 KO mice at 4 weeks after TAM treatment
(Figures 4D and 4E) and was prominently seen in
these animals at 8 weeks (Figures 3D and 3E). To
confirm the histology data, we analyzed expression
levels of molecular markers for fibrotic remodeling
by the quantitative polymerase chain reaction
method. In agreement with the trichome staining
results, we saw an increasing trend in the levels of
colial, colia2, and col3alr in the KO group
(Supplemental Figure 1). CM dropout due to cell
death causes remodeling of the heart. Hence, we
also examined cardiac sections for the presence of
DNA fragmentation, a classical marker of cell death,
by terminal deoxynucleotidyl transferase dUTP nick-
end labeling staining. Cell death was significantly
evident at 8 weeks after TAM treatment (Figures 5A
and 5B). Considered together, these results
demonstrate that CM-specific disruption of
canonical TGF-B signaling via deletion of the critical
intermediate regulator SMAD4 leads to dilated
cardiomyopathy (DCM) development. Thus, CM-
SMAD4 is indispensable for adult heart homeostasis.

CM-SPECIFIC SMAD4 DELETION DOES NOT AFFECT
MAPK AND PI3K-AKT SIGNALING PATHWAYS. Pre-
vious studies showed that the TGF-$ could activate

MAPK and PI3K-AKT signaling pathway

independently of SMADs (7,8,12). Thus, to verify
whether any aberrant changes in the MAPK or PI3K-
AKT pathway contributed to the observed cardiac
phenotype in SMAD4 KO mice, we examined the
protein levels of phosphorylated ERK1/2, p38, and
AKT by Western blotting at both time points. The
phosphorylation levels of ERK1/2, p38, and AKT were
comparable in the LV lysates from SMAD4 KO and
CTL mice (Supplemental Figures 2A to 2C). These re-
sults rule out the possible causal role of the MAPK
and PI3K-AKT signaling pathways in the development
of cardiac dysfunction in SMAD4 KO.

CM CONTRACTILITY IS AFFECTED BY CM-SPECIFIC
SMAD4 DELETION. To determine whether the
observed in vivo LV systolic dysfunction was attrib-
utable to defects in contractility of CMs, we assessed
sarcomere contractility of CMs isolated from SMAD4
KO and CTL mice. Surprisingly, SMAD4 KO CMs dis-
played significantly higher sarcomere peak short-
ening, as well as sarcomere shortening and
relengthening velocities compared with CMs isolated
from CTL mice (Figures 6A to 6C).

Calcium homeostasis is a key factor in regulating
CM contractility. Therefore, we next examined the
effect of SMAD4 deletion on calcium handling pro-
teins. Total protein levels of sarco- or endoplasmic
reticulum Ca®"-ATPase 2a (SERCA2a) and its inhibitor
phospholamban were comparable in SMAD4 KO and
CTL hearts. However, phospholamban was hyper-
phosphorylated in SMAD4 KO hearts, indicating a
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FIGURE 8 CM-Specific SMAD4 Deletion Causes Cardiac Conduction Abnormalities
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Electrocardiography (EKG) analysis was performed on mice at 4 weeks after TAM treatment and the following ECG parameters were
examined: (A) heart rate (*p = 0.0426), (B) QRS interval (*p = 0.0127), (C) QT interval (***p = 0.0007), (D) QTc interval (**p = 0.0027),
and (E) representative ECG traces. All p values are versus the CTL group. BPM = beats per minute; other abbreviations as in Figure 1.
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reduction in its inhibitory effect on SERCA2a pump
activity (Figures 6D and 6E).

The observed increase in CM contraction kinetics
suggested that there might be alterations in myofila-
ment calcium sensitivity and cross-bridge cycling
rates. As cardiac myosin-binding protein C (cMyBP-C)
is known to regulate these processes, we examined
levels of these proteins by Western blotting. Indeed,
cMyBP-C was significantly down-regulated in the
SMAD4 KO hearts at 4 weeks after TAM treatment
(Figure 6F). These results support our observation of
improved CM contractility in SMAD4 KO mice.

RNA SEQUENCING RESULTS REVEAL DOWN
REGULATION IN CARDIAC ION CHANNELS’ GENES
EXPRESSION IN SMAD4 KO MICE. To examine the
primary consequences of CM-SMAD4 deletion on the
cardiac transcriptome, RNA sequencing (RNA-Seq)
analysis was performed at 4 weeks after TAM treat-
ment. Comparison of SMAD4 KO versus littermate
CTL animals resulted in the identification of 166
transcripts with significant differential expression
(shown in Cluster), including 151 characterized gene
products, and 15 uncharacterized transcripts (com-
plementary DNAs, Expressed sequence tags, or long
noncoding RNAs). Of the 151 altered genes, only 55
were up-regulated, with the majority (96 genes)
down-regulated by at least 1.5-fold with p < 0.05
(Figure 7A).

Gene Ontology analysis identified ion trans-
membrane transport as the top over-represented
biological process in SMAD4 KO hearts (Figure 7B).
Based on this finding, we identified the ion-channel
genes that were significantly down-regulated (Clcni,
Kcnd2, Kcna2, Cacng6, Kcnel, Scn4b, Kcnv2). We
validated their gene expression by quantitative po-
lymerase chain reaction and consistent with the RNA-
Seq results, these genes showed significant down-
regulation in the hearts of SMAD4 KO mice,
compared with littermate CTL animals (Figure 7C).

SMAD4 KO MICE EXHIBIT ELECTROCARDIOGRAPHIC
ABNORMALITIES. The identification of ion trans-
membrane transport as the top biological process in
RNA-Seq analysis prompted us to examine whether
CM-specific SMAD4 deletion causes any electrophys-
iological defects in SMAD4 KO mice. Thus, electro-
cardiography analysis was performed on SMAD4 KO
and littermate CTL mice at 4 weeks after TAM.
Indeed, slower heart rates were evident in SMAD4 KO
than littermate CTL animals (Figure 8A). Further-
more, SMAD4 KO mice displayed prolongation of
QRS, QT, and QTc intervals (Figures 8B to 8E).

DISCUSSION

Herein we examined the contribution of CM
canonical TGF-f signaling to the heart function. We
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Deletion of canonical TGF-p signaling in adult CMs by targeting SMAD4 leads to down-regulation of several ion-channel genes and a key
sarcomeric protein, cMyBP-C. These adverse effects of SMAD4 deletion results in cardiac conduction abnormalities and hyper contractile
phenotype and are at least in part responsible for dilated cardiomyopathy development. Importantly, CM-specific canonical TGF-f signaling
does not seem to be a significant contributor of fibrosis in adult hearts. Abbreviations as in Figures 1, 6, and 7.

demonstrated that CM-specific SMAD4 deletion in the
fully mature heart causes DCM. Interestingly, cardiac
dysfunction in SMAD4 KO mice was seen despite
improved CM contractility and preceded by the
development of pathological features of DCM such as
hypertrophy and fibrosis. Furthermore, we also
observed down-regulation of ion channels’ gene
expression and cardiac conduction abnormalities in
SMAD4 KO mice. These results highlight a funda-
mental role for CM-specific canonical TGF-f signaling
in the regulation of adult heart function (Figure 9).
In SMAD4 KO mice, development of marked car-
diac dysfunction preceded the fibrotic remodeling
indicating that fibrosis was not a cause of observed
phenotype. It is well established that canonical TGF-8
signaling is critical to fibroblast biology and fibrosis

(24,28-31). Additionally, the previous study by the
Kass lab (23) demonstrated that the activation of the
noncanonical TGF-$ pathway in CMs contributes to
maladaptive fibrotic remodeling in pressure-
overloaded hearts. Thus, it is possible that fibrosis
observed at a later point could be a maladaptive
response evoked by fibroblasts with intact TGF-B
signaling or the effect of activation of noncanonical
TGF-f signaling spared in CMs. Furthermore, a study
pertaining to muscle-specific SMAD4 deletion in
muscular dystrophy models revealed that functional
enhancement of dystrophic muscle occurs without a
significant reduction in fibrosis (21). In line with this
report, our study also provides valuable evidence that
CM-specific canonical TGF-f signaling is not a sig-
nificant contributor to fibrotic remodeling and
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highlights its ability to alter cardiac performance by
targeting CM-specific pathways.

Wang et al. (32) demonstrated that targeted
disruption of SMAD4 in CMs results in the early
onset of cardiac hypertrophy and implicated the
excessive activation of MEK1-ERK1/2 as the possible
underlying mechanism. In stark contrast, herein we
demonstrate that CM-SMAD4 does not regulate
MEK1-ERK1/2 signaling or cardiac hypertrophy in the
adult heart. This discrepancy might be due to dif-
ferences in the timing of CM-specific SMAD4 dele-
tion. Wang et al. (32) deleted SMAD4 in mouse
embryos using alpha-myosin heavy chain promoter-
driven Cre. Considering the essential role of SMAD4
in cardiogenesis (25), the phenotype of the animals
used in the previous study might have been
compromised by developmental defects. However,
in our model, SMAD4 deletion was done when the
physiological development of mice is complete, thus
excluding the causal role of developmental defects
in the observed cardiac phenotype. We believe that
inducible loss-of-function approaches are likely of
greater biological relevance in identifying the true
targets of SMAD4 in the fully mature heart compared
with transgenesis, embryonic knockout, or cell cul-
ture approaches.

To our complete surprise, SMAD4 KO mice dis-
played enhanced CM contractility. This finding con-
trasted with decreased cardiac function seen in these
animals. However, further studies performed to
ascertain these intriguing observations revealed that
there was a remarkable reduction in cMyBP-C in
SMAD4 KO hearts. MyBP-C is a crucial sarcomeric
protein that has structural as well as regulatory
functions in muscles. Genetic studies have identified
MYBPC3 (cardiac isoform) as one of the major
mutated genes that results in the development of
hypertrophic and dilated cardiomyopathies (33,34).
Several mouse models bearing such mutations
showed haploinsufficiency and reduction in cMyBP-C
levels (35-38). These models had increased myofila-
ment calcium sensitivity and faster cross-bridge
cycling rate, and developed a hypercontractile
phenotype. Additionally, pathological features such
as fibrosis, hypertrophy, and arrhythmogenesis were
seen in these models. Thus, considering the pheno-
typic similarities in MYBPC3 mutants and SMAD4 KO
mice, we speculate that reduction in cMyBP-C protein
in SMAD4 KO heart may, at least in part, be respon-
sible for development of cardiac abnormalities in
these animals.

The disagreement between contractile function
assessed in isolated myocytes and intact hearts of

Umbarkar et al.
Canonical TGF-p Signaling in Cardiac Homeostasis

SMAD4 KO suggests that there might be impaired
muscle force transduction, increased myocyte death,
or compromised electrical activation of the myocar-
dium. To examine whether CM-specific SMAD4
deletion has any effect on key proteins involved in
muscle force transmission, we assessed levels of
intercalated disc and costameric proteins by Western
blotting. The expression of these proteins was not
different in CTL and KO animals (Supplemental
Figures 3A to 3D). However, analysis of terminal
deoxynucleotidyl transferase dUTP nick-end labeling
data suggested that in SMAD4 KO there is a pro-
gressive increase in cardiac cell death. Considering
the prosurvival effect of TGF-§ superfamily members
on CM, it is not surprising that CM-specific SMAD4
deletion resulted in the CMs death in SMAD4 KO mice
(39-41). Together, these evidences support our hy-
pothesis that cardiac cell death might have contrib-
uted to the development of cardiac dysfunction in
SMAD4 KO mice.

The most striking finding from RNA-Seq analysis
was the significant down-regulation of several ion-
channel genes in hearts from SMAD4 KO mice. Of
these, the pivotal role of Kcnd2 is demonstrated in
encoding primary repolarizing current in rodents
and when selectively eliminated in mice resulted in
QT prolongation (42). Additionally, a mutation in
gene SCN4B which codes for sodium channel B4
subunit has been implicated in congenital long-QT
syndrome type 10 in humans (43). In keeping with
these reports and RNA-Seq results, electrocardiog-
raphy analysis revealed that SMAD4 KO mice
exhibit QT prolongation. These observations sug-
gest that down-regulation in the expression of ion-
channel genes could possibly account for the
alteration in the electrocardiography parameters of
SMAD4 KO animals. However, given the possibility
that QRS and QT prolongation may have resulted
from the developing pathology, additional studies
with more comprehensive electrophysiological as-
sessments are necessary to explain whether SMAD4
KO mice exhibit causal relationship between con-
duction and contractility defects. To our knowl-
edge, only a few reports have provided evidence
for a direct role of TGF-f signaling in modulating
ion channels essential for cardiac electrophysiology.
For instance, Kaur et al. (44) showed that TGF-§-1
increases the transcription and activity of sodium
channels in adult rat CMs. On the other hand,
Ramos-Mondragon et al. (45) reported reduction in
the expression and activity of sodium channel in
TGF-p1-treated neonatal rat atrial myocytes. It is
important to note that these studies are performed
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in isolated CMs, which differ in biophysical and
electrophysiological properties compared with the
entire organ. With that said, our study is the first
to provide evidence for the significant role of CM-
specific SMAD4-dependent TGF-f signaling in
regulating gene expression of ion channels that are
essential for cardiac conduction.

CONCLUSIONS

In summary, we report that CM-specific deletion of
canonical TGF-f signaling in fully mature CMs leads
to cardiac dysfunction and dilated cardiomyopathy.
Although canonical TGF-p signaling has been sug-
gested as a critical target for the management of
adverse fibrotic remodeling, our findings strongly
suggest that cell-specific TGF-p responses should be
considered when developing anti-TGF-f strategies
for treating cardiac diseases to avoid interference
with its beneficial actions.

ACKNOWLEDGMENTS The authors would like to
thank Dr. Sakthivel Sadayappan, University of Cin-
cinnati, for providing expert advice and antibodies to

JACC: BASIC TO TRANSLATIONAL SCIENCE VOL. 4, NO. 1, 2019

FEBRUARY 2019:41-53

PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: Vast
published data has established the central role of
canonical TGF-f signaling in fibroblast activation,
wound healing, and myocardial fibrosis. However, the
role of canonical TGF-f signaling in fully mature
functional CMs is not clear. Our studies establish that
the CMs canonical TGF-f signaling is essential to
preserve adult heart homeostasis. We also establish
that this signaling axis in CMs is critical for maintain-
ing cMyBP-C levels, sarcomere kinetics, and expres-
sion of key ion channels. Thus, the role of CM
canonical TGF-f signaling in myocardial physiology
appears to be substantial.

TRANSLATIONAL OUTLOOK: Pharmacological
targeting of canonical TGF-f signaling is highly
implicated for the management of multiple organ
fibrosis including the myocardial fibrosis. In light of
our finding presented herein, we suggest caution in
going forward with the drugs that target canonical
TGF- signaling in the heart. Strategies for such drug

detect cardiac myosin binding protein C.
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development may include the cell-specific targeting
or delineation of potential downstream targets. Thus,
our finding identifies what we believe to be a new
paradigm for pharmacological targeting of canonical
TGF-B1 signaling and raises a significant concern
regarding the approaches relies on systemic inhibition.
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EDITORIAL COMMENT

It’s a SMAD, SMAD World

Cell Type-Specific SMAD Signaling in the Heart*

Amy D. Bradshaw, PuD

n the report by Umbarkar et al. (1) in this issue of

JACC: Basic to Translational Science, the outcome

of targeted reductions in SMAD4, a downstream
mediator in the transforming growth factor (TGF)-B
signaling pathway, in cardiac myocytes is evaluated.
As SMAD4 global deletion results in embryonic
lethality (2), the authors set out to address the func-
tional significance of SMAD4 expression in myocytes
in the adult heart using an inducible transgenic
approach. The resulting cardiac phenotype is charac-
terized by significant differences in cardiac contrac-
tile function as measured both in individual cells
and in whole hearts. Deletion of SMAD4 in cardiac
myocytes leads to alterations in expression of cardiac
myosin binding protein-C and in mRNA encoding a
number of ion channels. Changes in protein expres-
sion are reflected in a slower heart beat in SMAD4
mutant mice versus wild-type counterparts. The au-
thors conclude that SMAD4 functions in adult cardiac
myocytes to maintain homeostatic activity and myo-
cyte viability and performance.

SEE PAGE 41

As Umbarkar et al. (1) point out, TGF-§ is a well-
characterized mediator of fibrotic collagen deposi-
tion in the heart. For example, inhibition of TGF-§
signaling through administration of an anti-TGF-§
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antibody following induction of pressure overload, a
murine model of cardiac fibrosis, is shown to reduce
myocardial collagen content (3). Recently, targeted
disruption of SMAD3, another downstream factor in
the TGF-B signaling pathway, in activated fibro-
blasts is shown to reduce fibrotic deposition of
collagen in response to pressure overload (4). In
addition, signaling via TGF-B receptor II is demon-
strated to be central to collagen accumulation
resulting from cardiac myosin binding protein-C-
induced cardiomyopathy, another model of cardiac
fibrosis (5). Accordingly, TGF-B is an attractive
target for therapies to treat fibrosis and has merited
well-deserved attention in this regard. However, the
pluripotent nature of TGF-f signaling, which is
highly cell-type dependent, has led many to caution
against global inhibition of TGF-f as a viable path to
treat fibrosis. Umbarkar et al. (1) offer their recent
findings as further proof that nontargeted inhibition
of TGF-B activity is predicted to have adverse ef-
fects on other cell types in the heart, including
cardiac myocytes.

Interestingly, in contrast to SMAD4, targeted
deletion of SMAD3 in cardiac myocytes does not
result in phenotypic alterations in cardiac function in
the homeostatic adult heart (6). Whereas SMAD3 is
implicated in the canonical TGF-f signaling pathway,
SMAD4 is also known to act in bone morphogenic
protein (BMP) signaling. TGF-f} is member of the BMP
super family, which contains at least 20 different
members. Accordingly, BMP signaling in myocytes is
predicted to also be influenced by diminished SMAD4
activity. Whereas relatively less is known concerning
the role(s) of BMP signaling in the healthy adult heart,
this area merits further investigation. The significant
difference in cardiac myocyte physiology brought
about by cell-specific SMAD4 deletion, not seen in the
SMAD3-deleted myocyte-specific mice, suggests that
signaling pathways associated with other BMP family
members, in addition to TGF-fB, might be significant

https://doi.org/10.1016/j.jacbts.2019.01.006
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for maintaining healthy cardiac myocyte activity in
adult heart.

Two genetic pathologies associated with mutations
in SMAD4 protein are Myhre’s syndrome and juvenile
polyposis—hereditary hemorrhagic telangiectasia (JP-
HHT). Gain of function in SMAD4 gives rise to
Myhre’s syndrome characterized by short stature,
dysmorphic facial features, and hearing loss among
other pathologies (7). Recently, cardiovascular dis-
ruptions including pericardial disease and restrictive
cardiomyopathy have been described in patients with
Myhre’s syndrome. To date, specific differences in
myocyte function have not been reported in this
syndrome; however, given the results presented by
Umbarkar et al. (1), one might predict SMAD4-
dependent phenotypic abnormalities in this cell
type as well. Global loss of function of SMAD4 in
people results in JP-HHT, characterized by arterio-
venous malformations and early-onset colorectal
cancer (8). Whether cardiac myocytes are affected in
people with JP-HHT also remains to be determined,
but might also provide interesting insight into the
role of SMAD4 in cardiac myocytes.

TGF-B signaling is well accepted as a central
determinant of cardiac fibroblast activity, particularly
in regard to fibroblast activation and extracellular
matrix (ECM) deposition and accumulation in fibrosis.
However, receptors for TGF-f are expressed in mul-
tiple cell types in the heart, including smooth muscle
cells, myocytes, endothelial cells, and inflammatory
cells. As each cell type activates a distinct functional
outcome in response to TGF-B stimulation, global
inhibition of TGF-p is predicted to have consequences
beyond fibroblast activation and ECM accumulation,
as Umbarkar et al. (1) point out. In the heart, the

Bradshaw
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concept that the regulation of TGF-f signaling, even if
directed solely to activated fibroblasts to control
collagen production, might also be problematic. As
with many tissues, having optimal levels of cardiac
collagen is critical for function. Illustrated by fibro-
blast deletion of SMADS3, loss of SMAD3 in activated
fibroblasts gives rise to increased rupture and accen-
tuates adverse remodeling following infarction,
whereas, in response to pressure overload, less
pathological fibrosis is observed with deletion of
SMAD3 in activated fibroblasts (4,6). Simplistically,
overdeposition of collagen can lead to increases in
stiffness associated with diastolic dysfunction,
whereas decreases in collagen content can lead to
cardiac rupture after infarction (9). However, a
growing appreciation that alterations in collagen as-
sembly and cross-linking, fiber alignment, and ECM
composition each influence progression of cardiac
remodeling in disease is emerging. Each of these
processes is likely to be influenced by TGF-f signaling
in fibroblasts and in inflammatory cells. Likewise,
insight into the role of TGF-f in controlling myocyte
activity also deserves further analysis, as these
pathways might also be exploited to improve cardiac
function in disease. Fine-tuning distinct pathways
and outcomes in cardiac cell types to TGF-f (and
other TGF-p family members) is necessary to design
innovative approaches for treating cardiac dysfunc-
tion in adult heart failure.
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SUMMARY

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

he role of inflammation in the genesis and
progression of coronary artery disease (CAD)
and other manifestations of atherosclerosis
has long been established (1). Inflammatory cells drive
the initial stages of plaque formation, express growth
factors and cytokines that progress disease, and can
worsen patient outcomes after an acute coronary
syndrome (2). The recent CANTOS (Canakinumab
Anti-inflammatory Thrombosis Outcome Study) trial
showed that systemic administration of canakinumab,
a selective antibody against the inflammatory cyto-
kine interleukin (IL)-1p, significantly lowered the inci-
dence of recurrent cardiovascular events (3). By
systemically reducing inflammation while having no
effect on lipid levels, CANTOS was a large-scale
clinical trial showing that pharmaceutical anti-
inflammatory therapy was effective in reducing car-
diovascular events. Although these results will have
a significant impact on the immediate direction of
therapeutic interventions, systemic canakinumab
treatment was associated with a higher risk of fatal
infection and sepsis, most likely resulting from sus-
tained global immune suppression. Accordingly,
future translation of therapies for the treatment of
CAD based on anti-inflammatory approaches will
benefit from local, targeted modulation of
inflammation.
The severity and extent of host foreign body
immune responses toward cardiovascular interven-
tional devices significantly affect their long-term

Cardiovascular disease is an inflammatory disorder that may benefit from appropriate modulation of
inflammation. Systemic treatments lower cardiac events but have serious adverse effects. Localized
modulation of inflammation in current standard treatments such as bypass grafting may more effectively
treat CAD. The present study investigated a bioactive vascular graft coated with the macrophage polarizing
cytokine interleukin-4. These grafts repolarize macrophages to anti-inflammatory phenotypes, leading

to modulation of the pro-inflammatory microenvironment and ultimately to a reduction of foreign

body encapsulation and inhibition of neointimal hyperplasia development. These resulting functional
improvements have significant implications for the next generation of synthetic vascular grafts.

(J Am Coll Cardiol Basic Trans Science 2019;4:56-71) © 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
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factor

factor

performance. The modification of implantable medi-
cal devices using anti-inflammatory surface coatings
has been previously explored (4). The most effective
strategies rely on the controlled release of anti-
inflammatory agents to halt local inflammatory re-
sponses in the surrounding tissue. Dexamethasone is
a commonly used synthetic glucocorticoid hormone
shown to reduce the levels of tumor necrosis factor
(TNF)-a, IL-1B, IL-6, and interferon gamma. o-Mela-
nocyte-stimulating hormone is a linear peptide
shown to reduce TNF-o levels while increasing anti-
IL-10
release strategies using anti-inflammatory agents
typically involved nonspecific, passive diffusion
through polyelectrolyte layers, biodegradable coat-
ings, or swelling coatings. Although these approaches
have led to a reduction in some aspects of the foreign

inflammatory levels. Previous controlled-

body response, including protein adsorption and cell
adhesion in vitro, complications such as recurrent
inflammatory responses and subsequent device
replacement may potentially arise when drug elution
is complete. Furthermore, nonspecific blockade of
immune cell recruitment after elution of anti-
proliferative drugs, as is the case for drug-eluting
stents, can impair the resolution of chronic inflam-
mation and hinder long-term device integration and
function (5). Improved application of these strategies
would therefore aim to better retain the bioactivity,
stability, and residence time of locally delivered
agents while more selectively modulating the
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immune response to facilitate prolonged functional
benefits.

We have identified macrophages and their broad
spectrum of phenotypes as master effectors of the
foreign body response toward implanted materials. At
the 2 ends of the spectrum are the M1 (pro-inflam-
matory) and M2 (anti-inflammatory) phenotypes,
which regulate a host of inflammatory cytokines to
either propagate or halt innate inflammation, respec-
tively. Modification of the material surface to induce
the M2 phenotype of responding macrophages may
potentially represent an effective means of mitigating
foreign body responses to implanted materials.

In the present study, we developed a novel off-the-
shelf bioactive device coating for local and lasting
modulation of the inflammatory response to implants.
A plasma immersion ion implantation (PIII) surface
treatment was used that facilitates the rapid covalent
attachment of biomolecules while preserving their
bioactivity (6). One of the most well-established and
highly documented biomolecules responsible for M2
macrophage phenotype polarization is the cytokine
IL-4 (7). Bioactive signaling chemokines such as IL-4
have not previously been immobilized on material
surfaces without chemical linkers, representing a
fundamentally new off-the-shelf approach to local
regulation of inflammation. Herein we examined the
in vitro behavior of macrophages in response to
bioactive IL-4 surfaces before assessing the in vivo
inflammatory responses in 2 distinct mouse models.
Comprehensive immunohistochemical analysis of
both subcutaneous and carotid arterial graft implants
was used to quantitatively assess macrophage
phenotype, local cytokine expression, and measures
of functional outcome (including fibrous encapsula-
tion and neointimal hyperplasia).

METHODS

PlIl SURFACE TREATMENT. Surface modification of
electrospun polycaprolactone (PCL) scaffolds was
conducted by using PIII as previously described (8).
Briefly, nitrogen was admitted into a custom-built
vacuum chamber to a working pressure of 2 x 1073
Torr, and plasma discharges were generated by
inductively coupled radiofrequency power at a fre-
quency of 13.56 MHz. Scaffolds were placed on an
electrically biased stainless-steel holder. Ion acceler-
ation was achieved through application of -20 kV
pulses with a temporal width of 20 pus at a frequency
of 50 Hz, drawing a current of 1.3 mA. PIII treatment
was run for 800 s, providing ion fluences of 1 x 10'®
ions/cm?®. Characterization methods of PIII-treated
surfaces can be found in the Supplemental Methods.
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BIOACTIVE IL-4 SURFACE CREATION. For in vitro
experiments, scaffolds were biopsy punched into 5-
mm diameter circular discs and placed into Eppen-
dorf tubes. Recombinant mouse IL-4 (2 pg/ml in
sterile phosphate-buffered saline) was added to each
scaffold for 1 h at room temperature. To test IL-4
attachment, scaffolds were washed in sodium
dodecyl sulfate (5% in phosphate-buffered saline) for
4 h at room temperature before enzyme-linked
immunoadsorbent assay (ELISA) using an anti-IL-4
monoclonal antibody (Thermo Fisher Scientific, Wal-
tham, Massachusetts) and horseradish peroxidase-
conjugated secondary antibody (Abcam, Cambridge,
Massachusetts). For in vivo experiments, both flat
scaffolds and PCL conduits (0.5 mm diameter) were
incubated in recombinant mouse IL-4 (2 pg/ml in
sterile phosphate-buffered saline) for 1 h at room
temperature and rinsed in sterile phosphate-buffered
saline before implantation.

In vivo performance of bioactive IL-4
subcutaneous implants. Study approval was ob-
tained from the Sydney Local Heath District Animal
Welfare Committee (protocol number 2013/050). Ex-
periments were conducted in accordance with the
Australian Code of Practice for the Care and Use of
Animals for Scientific Purpose. Mice were given four
1.5-cm incisions (two rows side-by-side) on their
dorsal surfaces to create subcutaneous pockets, as
previously described (9). Scaffolds were then inserted
into each pocket (5 mice per time point equaling 5
scaffolds per group per time point) and sutured
closed by using 6-0 silk sutures. Explants were taken
at 3, 7, and 14 days’ post-implantation; analysis is
detailed in the Supplemental Methods.

In vivo performance of bioactive IL-4 vascular
grafts. Study approval was obtained from the Syd-
ney Local Heath District Animal Welfare Committee
(protocol number 2015/016). Experiments were con-
ducted in accordance with the Australian Code of
Practice for the Care and Use of Animals for Scientific
Purpose. C57/BL6 mice (male, 9 to 10 weeks old,
25 + 2 g) were purchased from Australian Bio-
Resources (Moss Vale, NSW, Australia). Vascular
grafts (5 per group) were implanted into the carotid
artery by using a previously described technique (10).
Briefly, the right common carotid artery was double
ligated, and polyimide cuffs (Cole-Parmer North
America, Vernon Hills, Illinois) were placed around
each end. Overhanging arteries were everted on the
plastic cuff, and grafts were then sleeved over each
end and secured with 8-0 sutures. Clamps were
removed, and blood flow was confirmed with pulsa-
tion. After 28 days, mice were perfused with hepa-
rinized saline (50 U/ml), and the grafted carotid artery
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was isolated and dissected proximal and distal to the
graft. Analysis of the vascular cross-sections is
detailed in the Supplemental Methods.

RESULTS

CREATION OF A NOVEL IL-4-IMMOBILIZED
BIOMATERIAL SURFACE. Control surfaces were PIII
treated in nitrogen plasma for a duration of 800 s.
Energetic ions accelerated by the 20-kV negative bias
penetrate through the scaffold surface, breaking
chemical bonds along their path and displacing atoms
in the polymer structure. This results in a highly
crosslinked, dense, carbonized structure at the sur-
face of the scaffold (Figure 1A). The high density of
broken bonds and displaced atoms allow for creation
of new bonds (Figure 1B). The unpaired electrons that
remain manifest as reactive radical groups (Figure 1C)
embedded in the treated layer that gradually diffuse
to the surface via thermally activated, local restruc-
turing (Supplemental Results). Radical diffusion
leads to surface oxidation, allowing direct covalent
immobilization of IL-4 upon contact with the scaffold
surface (6). Mechanical testing of scaffolds (n = 6 each
group) exhibited no significant differences in Young’s
modulus or strain after PIII treatment (Supplemental
Figure 1).

Bioactive IL-4 surfaces were created by incubating
the PIII-treated surfaces in an IL-4 solution (2 pg/ml)
for 1 h at room temperature (Figure 1D). Robust, co-
valent immobilization was shown by washing sur-
faces in sodium dodecyl sulfate (5%) for 4 h at room
temperature to remove any passively adsorbed mol-
ecules (11,12), followed by IL-4 quantification using
ELISA (n = 3 each group) (Figure 1E). Although the
PIII-treated scaffolds retained IL-4 (bioactive IL-4),
IL-4 was completely removed from the untreated
PCL surfaces (passive IL-4).

BIOACTIVE IL-4 SURFACES MODULATE MACROPHAGE
PHENOTYPE IN VITRO. RAW264.7 murine macro-
phages were seeded onto bioactive IL-4 surfaces to
evaluate macrophage polarization (Figure 2A), as
commonly reported (13-15). Macrophage morphology
and material interaction were first characterized by
using scanning electron microscopy. At 8 h post-
seeding, cells cultured on bioactive IL-4 surfaces
appeared more spread, with a notably rougher cell
surface (Figure 2B). Cytoskeletal morphologies,
observed by wusing confocal microscopy, further
showed strikingly different morphology. Expression
of M2 phenotype genes, arginase-1, CD163, CD206,
and IL-10 revealed that passive IL-4 surfaces
enhanced the expression of only arginase-1 and IL-
10 but had no significant effect on CD163 or
CD206. Similarly, PIIl-only surfaces significantly
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increased arginase-1 expression but not the other
markers. Only bioactive IL-4 surfaces significantly
increased all marker expression at 8 h post-seeding
compared with control (Figure 2C). These results
show that IL-4 covalently immobilized on PIII-
treated surfaces robustly polarizes macrophages to-
ward an M2 phenotype and demonstrates that this
immobilization approach is necessary for sustained
bioactivity.

BIOACTIVE IL-4 SUBCUTANEOUS IMPLANTS
REDUCE INFLAMMATORY CYTOKINES AND FIBROUS
ENCAPSULATION. A 14-day subcutaneous mouse
back model of acute inflammation was initially used
to evaluate the in vivo functionality of bioactive IL-4
surfaces (16) (5 scaffolds per group) (Figure 3A), before
further evaluation in a vascular context. Immuno-
staining markers for total macrophages (CD68"), M1
(major histocompatibility complex Class II), and M2
(CD206) phenotypes were used to assess macrophage
responses (Figure 3B). Increasing macrophage
recruitment, observed on control surfaces, was
reduced by 79 + 6% and 86 + 7% on bioactive IL-4
surfaces at days 7 and 14, respectively (Figure 3B,
top). Bioactive IL-4 surfaces also increased M2
macrophage polarization by 159 + 11% at day 3, sug-
gesting earlier M2 polarization compared with control
(Figure 3B, middle). Bioactive IL-4 surfaces also
exhibited a 360 + 15% higher M2/M1 macrophage ratio
at day 14 compared with control, indicating a pre-
dominantly M2 phenotype residing at the implant
surface in the late phases post-implantation
(Figure 3B, bottom). These results were observed in
representative images illustrating a large accumula-
tion of macrophages on control surfaces with a pre-
dominantly M1 phenotype. In contrast, bioactive IL-4
surfaces exhibited a significant reduction in total
macrophage accumulation and an enhancement of
the M2 phenotype (Figure 3C).

To corroborate these findings, quantitative poly-
merase chain reaction (QPCR) and ELISA analysis for
classic M1 and M2 markers were conducted at days 3
and 7 post-implantation to assess gene and protein
expression changes, respectively. qPCR results
revealed that bioactive implants had significantly less
TNF-o and inducible nitric oxide synthase at day 3
(Supplemental Figure 2A) and the ELISA results
showed significantly reduced IL-1p and IL-6 in bioac-
tive implants at days 3and 7 (Supplemental Figure 2B).
These results were consistent with our immunohisto-
chemistry and validated the presence of a robust
anti-inflammatory microenvironment surrounding
bioactive subcutaneous implants by independently
demonstrating an upregulation of M2 markers and a
downregulation of M1 markers.
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FIGURE 1 Characterization of Plll Treatment on PCL Control Surfaces
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(A) Plasma immersion ion implantation (PIIl) schematic with representative images of control surfaces before (top) and after (bottom) treatment.

(B) Attenuated total reflectance Fourier-transform infrared spectroscopy (ATR FT-IR) surface characterization. (C) Electron paramagnetic resonance (EPR)
characterization. (D) Diagram of experimental groups. (E) Interleukin-4 (IL-4) retention enzyme-linked immunoadsorbent assay (n = 3 per group).

PCL = polycaprolactone; RT = room temperature; SDS = sodium dodecyl sulfate.
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FIGURE 2 In Vitro Biofunctionality of IL-4 Bioactive Surfaces
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(A) Schematic of experimental design. (B) Scanning electron microscopy (SEM) (top row; scale bar represents 50 um) and confocal micro-
scopy (bottom row; scale bar represents 5 um) of cultured macrophages. (C) Quantitative polymerase chain reaction (qQPCR) of M2 Phenotype
genes (n = 5 per group). Abbreviations as in Figure 1.
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FIGURE 3 Implantation of Bioactive IL-4 Surfaces in Subcutaneous Mouse Model
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implant surface: total CD68" macrophages (top), CD206" M2

Further immunohistochemical analysis was conduct-
ed to confirm the expression of inflammatory cyto-
kines (5 scaffolds per group). IL-10 and transforming
growth factor (TGF)-f were chosen as classic anti-
inflammatory cytokines, whereas IL-1f and TNF-a
are well-characterized pro-inflammatory cytokines
(17). Bioactive IL-4 surfaces increased IL-10
expression by 432 + 26% at day 7 compared with

controls (Figure 4A). TGF-B expression was also
increased 1025 + 11% at day 7 on bioactive IL-4
surfaces. Representative images show this increased
IL-10 and TGF-B present at the scaffold/tissue
interface in bioactive surfaces (Figure 4B). Corre-
sponding changes to classically pro-inflammatory
cytokines occurred at later time points, with
significant differences at day 14. IL-1f and TNF-a
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FIGURE 5 Functional Outcomes of Bioactive IL-4 Surfaces In Vivo
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expression was 84 + 7% and 53 + 5% less, respec-
tively, on bioactive IL-4 surfaces compared
with control (Figure 4C).
images clearly show these striking changes at
the material interface where bioactive IL-4 implants
seem to all drastically reduce IL-18 and TNF-a
(Figure 4D).

We next sought to characterize functional changes

Again, representative

arising from an increased proportion of M2 macro-
phages and positive regulation of local cytokine pro-
duction. The fibrotic capsule thickness for the control
implants increased steadily over time, as expected,
from 90 + 5.1 um at day 3 to 276.6 +132.1 um by day 14
(Figure 5A). In contrast, the capsule thickness on
bioactive IL-4 surfaces was reduced at all time points
with a final reduction of 65 + 4% at day 14, compared
with control, evident in representative images
(Figure 5B). Furthermore, peak collagen deposition in
PCL controls occurred at day 7 comprising 3.8 4 2% of
the capsule area, with less (2.0 = 0.7%) by day 14
(Figure 5C). In bioactive IL-4 surfaces, collagen was
reduced at day 7 with a significant reduction at day
14, as seen in representative images (Figure 5D). Re-
ductions in collagen deposition over time further
suggest significant modulation of the host foreign
body response.

BIOACTIVE IL-4 SYNTHETIC ARTERIAL GRAFTS
REDUCE LOCAL INFLAMMATION AND NEOINTIMAL
HYPERPLASIA. Small diameter vascular grafts were
manufactured with bioactive IL-4 surfaces on both
the luminal and adventitial surfaces, implanted into
an established mouse carotid interposition grafting
model, and explanted at 28 days (Figure 6A). Consis-
tent with results from the subcutaneous implant
study, IL-4 grafts significantly reduced total macro-
phages present by 54 + 6% compared with control
(Figure 6B). These macrophages also showed a 47 &
12% increase in the M2 phenotype and a correspond-
ing decrease in the M1 phenotype by 52 + 9%,
demonstrating similar macrophage polarization ef-
fects. This outcome was further supported by a 93 +
11% increase in the M2/M1 ratio of bioactive IL-4
grafts compared with control. These changes are
highlighted in representative images, showing fewer
total macrophages and enhanced expression of CD206
with less major histocompatibility complex class II
(Figure 6C).

Further examination that
inflammatory IL-10 and TGF-f levels were signifi-
cantly increased by 122 + 11% and 539 + 35%,
respectively, in bioactive IL-4 grafts compared
with controls (Figures 7A and 7B). In addition,

revealed anti-
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pro-inflammatory IL-1 and TNF-o expression was 43 +
9% and 50 + 3% less in bioactive IL-4 grafts (Figures 7C
and 7D). Representative images of graft cross-sections
demonstrate clear increases in levels of IL-10 and
TGF-B, as well as corresponding reductions in IL-13
and TNF-a (Figure 7E).

To confirm these findings, QPCR and ELISA ana-
lyses were conducted on vascular grafts at days 3 and
7 post-implantation. qPCR results showed that the
bioactive grafts had significantly less TNF-o and

inducible nitric oxide synthase at days 3 and 7, in
addition to reduced CD86 at day 7 (Supplemental
Figure 3A). ELISA results supported that bioactive
grafts had less IL-1f, IL-6, and TNF-o at day 7
(Supplemental Figure 3B). Consistent with the
immunohistochemistry data, these additional results
further support our proposed immunomodulatory
effects of bioactive surfaces.

In a vascular graft context, inflammatory processes
drive both fibrous encapsulation and neointimal
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FIGURE 7 Immunohistochemical Analysis of Inflammatory Cytokines in Vascular Grafts
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FIGURE 8 Functional Outcomes of Bioactive IL-4 Surfaces for Synthetic Vascular Grafts
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hyperplasia leading to graft failure. Adventitial
capsule thickness on bioactive IL-4 grafts was 50 + 1%
less than control (Figure 8A). In addition, neointimal
hyperplasia in bioactive IL-4 grafts was significantly
less throughout the length of the graft (Figure 8B). The
greatest decreases were observed at the proximal and
distal anastomoses, with a reduction of 69 + 6.7% and
61 + 6.1%, respectively, relative to control. The mid-
section of the graft also saw significantly less hyper-
plasia (51 + 9.6%) compared with control (Figure 8C).
No significant changes to re-endothelialization
were observed between the grafts (Supplemental
Figure 4). Further characterization of the neo-
intima observed increases in smooth muscle cells
and proliferating cells compared to control while
the elastin in the neointima was not significantly
different (Supplemental Figure 5). Collectively,
these results suggest that local modulation of
macrophage phenotypes and cytokine profiles were
responsible for significant reductions in neointimal
hyperplasia.

DISCUSSION

CAD has become increasingly characterized as a
chronic inflammatory disorder, prompting consider-
ation of new anti-inflammatory therapeutic in-
terventions. An overabundance of immune cells is
common to atherosclerosis progression and neo-
intimal hyperplasia development. The underlying
immune cell presence arises from a complex interplay
of inflammatory cytokines, which act to coordinate,
propagate, and sustain inflammatory responses.
Clinical evidence highlights the therapeutic potential
of inhibiting cytokine expression to reduce inflam-
mation and improve outcomes. Although the
deployment of cardiovascular materials and devices
in high-risk areas is an established treatment for CAD,
accelerated inflammatory responses are a major cause
of failure (18). In search of the next generation of CAD
therapies, there remains an unmet need for cardio-
vascular devices fabricated from materials capable of
modulating local inflammatory responses.

The present study describes rapid resolution of the
inflammatory response to implanted materials in 2
separate mouse models, leading to durable functional
improvements. Previous studies have shown the
feasibility of local modulation of inflammation, using
drug release or direct injection approaches to influ-
ence cell populations and chemokine profiles (19).
Together, these studies have highlighted the limita-
tion of using nonspecific suppressive drugs and the
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transient effects of these approaches, with most
studies showing changes only in the first few days
after implantation. Our results show that electrospun
PCL scaffolds and conduits can be robustly function-
alized with bioactive IL-4 to drive rapid polarization
of macrophages to an anti-inflammatory M2
phenotype.

Multiple studies have now reported that implanted
materials that promote an early shift to more M2-like
macrophages at the material interface have an
improved host response. The “alternatively acti-
vated” M2 phenotype is driven by signaling from M2-
polarizing cytokines, including IL-4 (20). Previous
research on IL-4-mediated regulation of the local
response to materials has been limited to short-term
elution from flat scaffolds. Examples include release
from silk scaffolds over 24 h successfully polarizing
macrophages in vitro (21) and microsphere-mediated
release from poly(lactic-co-glycolic acid) scaffolds
that increased the proportion of CD206" macrophages
after 1 day in vivo, but local gene expression changes
beyond this time were inconsistent (20). Similarly,
release of IL-4 from polypropylene meshes showed
no change to the number of local macrophages but a
shift toward M2 phenotype at 14 days in a mouse
subcutaneous implant model (22). Together, these
studies illustrate the promise of early-stage macro-
phage polarization at the tissue implant interface to-
ward an M2 phenotype. However, the applicability of
this approach to any functional application, such as in
a high-blood flow environment, has yet to be
performed.

Robust immobilization of IL-4 onto the surface of
PCL substrates was consistent with previous use of
PIII surface activation of polymers to immobilize
other biomolecules, including fibrillin-1 to polytetra-
fluoroethylene (PTFE) (23) and tropoelastin to
expanded polytetrafluoroethylene (ePTFE) (24) and
polyurethane conduits (6). In vitro macrophage in-
teractions with bioactive IL-4 surfaces provided evi-
dence of retained IL-4 bioactivity. The effects of IL-4
immobilization through PIII are consistent with the
transient and variable effects on gene expression
previously described for eluted IL-4 (20,21). PIII
treatment is also well suited to the modification of
implanted materials due to the established benefits of
a long shelf-life post-treatment and the rapid cova-
lent binding of a range of biomolecules during solu-
tion incubation (6). At the bedside, these off-the-shelf
features would allow for the preparation of bioactive
surfaces by simply taking pre-treated PIII materials/
devices off the shelf and immersing them in IL-4
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solutions, ready for transplant into patients with
minimal time and cost expenditures.

The findings of the present study suggest that
simultaneous changes to the local expression of both
pro- and anti-inflammatory cytokines may be a more
suitable approach to achieve rapid and comprehensive
resolution of inflammation. Modulating macrophage
phenotype and behavior is potentially an effective way
of accomplishing this goal, demonstrating a preferable
immunomodulatory strategy in the context of materials
for vascular repair. Furthermore, these changes led to
functional reductions in fibrous encapsulation sustained
for at least 14 days. In contrast, studies using passive
release of IL-4 commonly report upregulation of M2
macrophages surrounding implants but typically no
significant differences in total cell accumulation (20) or
macrophages (22) at the implant interface. In fact, M2
macrophage polarization is greatest at distances farthest
from the surface of drug elution, accentuating the
disadvantage of passive release strategies in which IL-4
diffuses away from the implant site. Significant re-
ductions in cell accumulation and fibrous encapsulation
seen on bioactive IL-4 surfaces demonstrate improved
functional outcomes compared with passive release
strategies. More broadly, our findings suggest the po-
tential utility for a diverse range of tissue repair appli-
cations. Previous studies have highlighted benefits for
regulating the inflammatory response to scaffolds in the
context of soft tissue and wound repair, as well as
potentially in cardiac patches to treat myocardial
infarction in which the role of macrophage polarization
has recently been highlighted (25). Studies thus far share
the limitation of being restricted to analysis in tissue,
with none to date modulating inflammation in flowing
blood.

The present study reports sustained effectiveness
in a vascular graft context with direct implications
for vascular materials and devices deployed in con-
tact with circulation. Regulating fibrotic encapsula-
tion is important for limiting compliance mismatch
between the graft and adjacent native vasculature,
which has long been correlated with poor patency in
small-diameter applications (26). Restenosis, the
main source of long-term graft occlusion, is caused
by neointimal hyperplasia and widely accepted to be
inflammation driven. Previous studies have clearly
reported this link observing reduced neointima for-
mation after inhibition of leukocyte trafficking (27),
release of dexamethasone (28), the cytotoxic drugs
paclitaxel and sirolimus (29), and specific anti-
inflammatory CX;CR1 antagonists (30). Although
these strategies have collectively shown promising

in vitro results, beneficial long-term outcomes
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in vivo have not been reported, with efficacy often
limited to the period of drug elution. In addition to
the benefit of immobilization to address these is-
sues, bioactive IL-4 surfaces drive a rapid shift of
the native immune response that would be expected
to have lasting effects long after the IL-4 bio-
molecules are removed from the surface. By
elevating M2 macrophage populations, yielding
favorable modulation of the inflammatory response
through regulation of both pro- and anti-
inflammatory cytokines, the foreign body response
is more quickly resolved. Our research has signifi-
cant implications for improving the inflammatory
response to all implants, with potential applications
for cardiovascular devices in contact with flowing
blood such as the prevention of foreign body
encapsulation and neointimal hyperplasia in small
diameter conduits.

STUDY LIMITATIONS. Limitations to this study
include the use of a small animal model of grafting,
with a nondiseased phenotype, and a short-time
frame of neointimal hyperplasia assessment. While
the mouse grafting model used in this study facili-
tates quantification of clinically relevant endpoints
such as neointimal hyperplasia and re-endotheliali-
zation, the established pre-clinical pathway includes
larger animals including sheep. The sheep model
more closely resembles human pathology and in-
corporates additional considerations of graft efficacy
including thrombogenicity and longer-term graft
performance. The wild-type mice used in this study
have a healthy vasculature, lacking the persistent
inflammatory environment commonly present in
atherosclerosis and CAD. Use of fat-fed or transgenic
animals may potentially benefit future studies
investigating bioactive vascular grafts in cardiovas-
cular disease phenotypes. The findings of this study
justify the further assessment of bioactive IL-4 sur-
faces in the context of atherosclerosis and in larger
animal models with implications for improving the
efficacy of all implants, including small diameter
vascular grafts.

CONCLUSIONS

The present study evaluated a novel bioactive device
coating that modulates macrophage phenotype and
extensively suppresses local inflammatory responses.
The bioactivity of our surfaces relies on a covalently
immobilized layer of IL-4, a key regulator of macro-
phage recruitment and anti-inflammatory polariza-
tion, to provide comprehensive suppression of
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inflammation. As a subcutaneous implant, bioactive
IL-4 surfaces exhibited increased polarization of
macrophages to their anti-inflammatory M2 pheno-
type, reducing the overall recruitment of macro-
phages. This finding also correlates with the
favorable regulation of inflammatory cytokine pro-
duction that led to striking reductions in the forma-
tion of the foreign body fibrotic capsule at 2 weeks
after implantation. Using these materials as vascular
grafts, we observed the same striking effects on
macrophage reduction, M2 polarization, and positive
regulation of the local cytokine environment, which
translate to important functional outcomes, most
notably a significant reduction in foreign body
encapsulation and neointimal hyperplasia develop-
ment after 1 month in vivo. The collective findings of
our 2 models have significant implications for
improving the inflammatory response and the long-
term performance of medical implants, with demon-
strated potential for cardiovascular devices in contact
with flowing blood.
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PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: CAD
and other manifestations of atherosclerosis have
become increasingly characterized as inflammatory
disorders. The success of future interventional thera-
pies for CAD requires effective delivery of anti-
inflammatory agents that can provide localized and
sustained suppression of inflammation while avoiding
the adverse effects of systemic administration,
including infection. Representing an alternative
approach to systemic treatment, this study investi-
gates the targeted delivery of the anti-inflammatory
cytokine IL-4 through bioactive coatings on materials
capable of being implanted into the vasculature.

TRANSLATIONAL OUTLOOK: Given their roles as
major effectors of innate immunity, targeting macro-
phage phenotype and behavior may represent a more
focused and comprehensive approach to immunomo-
dulation, with potentially greater impact on improved
cardiac outcomes for implanted vascular materials.
Bioactive surfaces with immobilized IL-4 can modu-
late local inflammation in a sustained and robust
manner. These have numerous applications for im-
plants and devices being implanted into high-risk
cardiovascular areas, with the immediate benefits of
improving device performance as well as the long-
term advantages of mitigating chronic inflammation
that drive CAD pathology.

REFERENCES

1. Hansson GK. Inflammation, atherosclerosis, and
coronary artery disease. N Engl J Med 2005;352:
1685-95.

2. Mulvihill NT, Foley JB. Inflammation in acute
coronary syndromes. Heart 2002;87:201-4.

3. Ridker PM, Everett BM, Thuren T, et al. Antiin-
flammatory therapy with canakinumab for
atherosclerotic disease. N Engl J Med 2017;377:
1119-31.

4. Bridges AW, Garcia AJ. Anti-Inflammatory
polymeric coatings for implantable biomaterials
and devices. J Diabetes Sci Technol 2008;2:
984-94.

5. Hiroyuki O, Tsutomu T, Kiyoshi Y. Therapies
targeting inflammation after stent implantation.
Curr Vasc Pharmacol 2013;11:399-406.

6. Bilek MM. Biofunctionalization of surfaces by
energetic ion implantation: review of progress on
applications in implantable biomedical devices and
antibody microarrays. Appl Surf Sci 2014;310:3-10.

7. Pajarinen J, Tamaki Y, Antonios JK, et al. Mod-
ulation of mouse macrophage polarization in vitro

using IL-4 delivery by osmotic pumps. J Biomed
Mater Res A 2015;103:1339-45.

8. Kondyurin A, Bilek M.
aggressive environment. lon Beam Treatment of
Polymers. Amsterdam, the Netherlands: Elsevier,
2008:243-60.

10—Protection in an

9. Liu H, Wise SG, Rnjak-Kovacina J, et al.
Biocompatibility of silk-tropoelastin protein poly-
mers. Biomaterials 2014;35:5138-47.

10. Chan AH, Tan RP, Michael PL, et al. Evaluation
of synthetic vascular grafts in a mouse carotid
grafting model. PLoS One 2017;12:e0174773.

11. Bilek MM, McKenzie DR. Plasma modified sur-
faces for covalent immobilization of functional
biomolecules in the absence of chemical linkers:
towards better biosensors and a new generation of
medical implants. Biophysical Reviews 2010;2:
55-65.

12. Bilek MM, Bax DV, Kondyurin A, et al. Free
radical functionalization of surfaces to prevent
adverse responses to biomedical devices. Proc
Natl Acad Sci U S A 2011;108:14405-10.

13. Liu CP, Zhang X, Tan QL, et al. NF-kB pathways
are involved in M1 polarization of RAW 264.7
macrophage by polyporus polysaccharide in the tu-
mor microenvironment. PLoS One 2017;12:e0188317.

14. Liu CY, Xu JY, Shi XY, et al. M2-polarized
tumor-associated macrophages promoted
epithelial-mesenchymal transition in pancreatic
cancer cells, partially through TLR4/IL-10
signaling pathway. Lab Invest 2013;93:844-54.

15. Li B, Cao H, Zhao Y, et al. In vitro and in vivo
responses of macrophages to magnesium-doped
titanium. Sci Rep 2017;7:42707.

16. Tan RP, Lee BSL, Chan AH, et al. Non-invasive
tracking of injected bone marrow mononuclear
cells to injury and implanted biomaterials. Acta
Biomater 2017;53:378-88.

17. Anderson JM, Rodriguez A, Chang DT. Foreign
body reaction to biomaterials. Semin Immunol
2008;20:86-100.

18. Inoue T, Croce K, Morooka T, Sakuma M,
Node K, Simon DI. Vascular inflammation and

repair: implications for reendothelialization,


mailto:richard.tan@hri.org.au
http://refhub.elsevier.com/S2452-302X(18)30272-9/sref1
http://refhub.elsevier.com/S2452-302X(18)30272-9/sref1
http://refhub.elsevier.com/S2452-302X(18)30272-9/sref1
http://refhub.elsevier.com/S2452-302X(18)30272-9/sref2
http://refhub.elsevier.com/S2452-302X(18)30272-9/sref2
http://refhub.elsevier.com/S2452-302X(18)30272-9/sref3
http://refhub.elsevier.com/S2452-302X(18)30272-9/sref3
http://refhub.elsevier.com/S2452-302X(18)30272-9/sref3
http://refhub.elsevier.com/S2452-302X(18)30272-9/sref3
http://refhub.elsevier.com/S2452-302X(18)30272-9/sref4
http://refhub.elsevier.com/S2452-302X(18)30272-9/sref4
http://refhub.elsevier.com/S2452-302X(18)30272-9/sref4
http://refhub.elsevier.com/S2452-302X(18)30272-9/sref4
http://refhub.elsevier.com/S2452-302X(18)30272-9/sref5
http://refhub.elsevier.com/S2452-302X(18)30272-9/sref5
http://refhub.elsevier.com/S2452-302X(18)30272-9/sref5
http://refhub.elsevier.com/S2452-302X(18)30272-9/sref6
http://refhub.elsevier.com/S2452-302X(18)30272-9/sref6
http://refhub.elsevier.com/S2452-302X(18)30272-9/sref6
http://refhub.elsevier.com/S2452-302X(18)30272-9/sref6
http://refhub.elsevier.com/S2452-302X(18)30272-9/sref7
http://refhub.elsevier.com/S2452-302X(18)30272-9/sref7
http://refhub.elsevier.com/S2452-302X(18)30272-9/sref7
http://refhub.elsevier.com/S2452-302X(18)30272-9/sref7
http://refhub.elsevier.com/S2452-302X(18)30272-9/sref8
http://refhub.elsevier.com/S2452-302X(18)30272-9/sref8
http://refhub.elsevier.com/S2452-302X(18)30272-9/sref8
http://refhub.elsevier.com/S2452-302X(18)30272-9/sref8
http://refhub.elsevier.com/S2452-302X(18)30272-9/sref9
http://refhub.elsevier.com/S2452-302X(18)30272-9/sref9
http://refhub.elsevier.com/S2452-302X(18)30272-9/sref9
http://refhub.elsevier.com/S2452-302X(18)30272-9/sref10
http://refhub.elsevier.com/S2452-302X(18)30272-9/sref10
http://refhub.elsevier.com/S2452-302X(18)30272-9/sref10
http://refhub.elsevier.com/S2452-302X(18)30272-9/sref11
http://refhub.elsevier.com/S2452-302X(18)30272-9/sref11
http://refhub.elsevier.com/S2452-302X(18)30272-9/sref11
http://refhub.elsevier.com/S2452-302X(18)30272-9/sref11
http://refhub.elsevier.com/S2452-302X(18)30272-9/sref11
http://refhub.elsevier.com/S2452-302X(18)30272-9/sref11
http://refhub.elsevier.com/S2452-302X(18)30272-9/sref12
http://refhub.elsevier.com/S2452-302X(18)30272-9/sref12
http://refhub.elsevier.com/S2452-302X(18)30272-9/sref12
http://refhub.elsevier.com/S2452-302X(18)30272-9/sref12
http://refhub.elsevier.com/S2452-302X(18)30272-9/sref13
http://refhub.elsevier.com/S2452-302X(18)30272-9/sref13
http://refhub.elsevier.com/S2452-302X(18)30272-9/sref13
http://refhub.elsevier.com/S2452-302X(18)30272-9/sref13
http://refhub.elsevier.com/S2452-302X(18)30272-9/sref14
http://refhub.elsevier.com/S2452-302X(18)30272-9/sref14
http://refhub.elsevier.com/S2452-302X(18)30272-9/sref14
http://refhub.elsevier.com/S2452-302X(18)30272-9/sref14
http://refhub.elsevier.com/S2452-302X(18)30272-9/sref14
http://refhub.elsevier.com/S2452-302X(18)30272-9/sref15
http://refhub.elsevier.com/S2452-302X(18)30272-9/sref15
http://refhub.elsevier.com/S2452-302X(18)30272-9/sref15
http://refhub.elsevier.com/S2452-302X(18)30272-9/sref16
http://refhub.elsevier.com/S2452-302X(18)30272-9/sref16
http://refhub.elsevier.com/S2452-302X(18)30272-9/sref16
http://refhub.elsevier.com/S2452-302X(18)30272-9/sref16
http://refhub.elsevier.com/S2452-302X(18)30272-9/sref17
http://refhub.elsevier.com/S2452-302X(18)30272-9/sref17
http://refhub.elsevier.com/S2452-302X(18)30272-9/sref17
http://refhub.elsevier.com/S2452-302X(18)30272-9/sref18
http://refhub.elsevier.com/S2452-302X(18)30272-9/sref18
http://refhub.elsevier.com/S2452-302X(18)30272-9/sref18

JACC: BASIC TO TRANSLATIONAL SCIENCE VOL. 4, NO. 1, 2019

FEBRUARY 2019:56-71

restenosis, and stent thrombosis. J Am Coll Cardiol
Intv 2011;4:1057-66.

19. Browne S, Pandit A. Biomaterial-mediated
modification of the local inflammatory environ-
ment. Front Bioeng Biotechnol 2015;3:67.

20. Minardi S, Corradetti B, Taraballi F, et al. IL-4
release from a biomimetic scaffold for the
temporally controlled modulation of macrophage
response. Ann Biomed Eng 2016;44:2008-19.

21. Reeves AR, Spiller KL, Freytes DO, Vunjak-
Novakovic G, Kaplan DL. Controlled release
of cytokines using silk-biomaterials for macro-
phage polarization. Biomaterials 2015;73:272-83.

22. Hachim D, LoPresti ST, Yates CC, Brown BN.
Shifts in macrophage phenotype at the biomaterial
interface via IL-4 eluting coatings are associated
with improved implant integration. Biomaterials
2017;112:95-107.

23. Hajian H, Wise SG, Bax DV, et al. Immobilisa-
tion of a fibrillin-1 fragment enhances the

biocompatibility of PTFE. Colloids Surf B Bio-
interfaces 2014;116:544-52.

24. Wise SG, Liu H, Kondyurin A, et al. Plasma ion
activated  expanded  polytetrafluoroethylene
vascular grafts with a covalently immobilized re-
combinant human tropoelastin coating reducing
neointimal hyperplasia. ACS Biomaterials Sci Eng
2016;2:1286-97.

25. Mongue-Din H, Patel AS, Looi YH, et al.
NADPH oxidase-4 driven cardiac macrophage
polarization ~ protects  against  myocardial
infarction-induced remodeling. J Am Coll Cardiol
Basic Trans Science 2017;2:688.

26. Baird RN, Abbott WM. Pulsatile blood-flow in
arterial grafts. Lancet 1976;308:948-50.

27.Lavin B, Gomez M, Pello OM, et al
Nitric oxide prevents aortic neointimal hyper-
plasia by controlling macrophage polarization.
Arterioscler  Thromb Vasc Biol 2014;34:
1739-46.

Immunomodulatory Vascular Grafts

28, Liu X, De Scheerder |, Desmet W. Dexameth-
asone-eluting  stent: an  anti-inflammatory
approach to inhibit coronary restenosis. Expert
Rev Cardiovasc Ther 2004;2:653-60.

29. Wessely R, Schomig A, Kastrati A. Sirolimus
and paclitaxel on polymer-based drug-eluting
stents: similar but different. J Am Coll Cardiol
2006;47:708-14.

30. Ali MT, Martin K, Kumar AH, et al. A novel
CX3CR1 antagonist eluting stent reduces stenosis by
targeting inflammation. Biomaterials 2015;69:22-9.

KEY WORDS covalent biomolecule
immobilization, inflammation, interleukin-4,
neointimal hyperplasia, plasma-based ion
implantation, radical functionalized surface,
vascular graft

APPENDIX For supplemental figures, results,
and methods, please see the online version of
this paper.

Tan et al.

l


http://refhub.elsevier.com/S2452-302X(18)30272-9/sref18
http://refhub.elsevier.com/S2452-302X(18)30272-9/sref18
http://refhub.elsevier.com/S2452-302X(18)30272-9/sref40
http://refhub.elsevier.com/S2452-302X(18)30272-9/sref40
http://refhub.elsevier.com/S2452-302X(18)30272-9/sref40
http://refhub.elsevier.com/S2452-302X(18)30272-9/sref19
http://refhub.elsevier.com/S2452-302X(18)30272-9/sref19
http://refhub.elsevier.com/S2452-302X(18)30272-9/sref19
http://refhub.elsevier.com/S2452-302X(18)30272-9/sref19
http://refhub.elsevier.com/S2452-302X(18)30272-9/sref20
http://refhub.elsevier.com/S2452-302X(18)30272-9/sref20
http://refhub.elsevier.com/S2452-302X(18)30272-9/sref20
http://refhub.elsevier.com/S2452-302X(18)30272-9/sref20
http://refhub.elsevier.com/S2452-302X(18)30272-9/sref21
http://refhub.elsevier.com/S2452-302X(18)30272-9/sref21
http://refhub.elsevier.com/S2452-302X(18)30272-9/sref21
http://refhub.elsevier.com/S2452-302X(18)30272-9/sref21
http://refhub.elsevier.com/S2452-302X(18)30272-9/sref21
http://refhub.elsevier.com/S2452-302X(18)30272-9/sref22
http://refhub.elsevier.com/S2452-302X(18)30272-9/sref22
http://refhub.elsevier.com/S2452-302X(18)30272-9/sref22
http://refhub.elsevier.com/S2452-302X(18)30272-9/sref22
http://refhub.elsevier.com/S2452-302X(18)30272-9/sref23
http://refhub.elsevier.com/S2452-302X(18)30272-9/sref23
http://refhub.elsevier.com/S2452-302X(18)30272-9/sref23
http://refhub.elsevier.com/S2452-302X(18)30272-9/sref23
http://refhub.elsevier.com/S2452-302X(18)30272-9/sref23
http://refhub.elsevier.com/S2452-302X(18)30272-9/sref23
http://refhub.elsevier.com/S2452-302X(18)30272-9/sref24
http://refhub.elsevier.com/S2452-302X(18)30272-9/sref24
http://refhub.elsevier.com/S2452-302X(18)30272-9/sref24
http://refhub.elsevier.com/S2452-302X(18)30272-9/sref24
http://refhub.elsevier.com/S2452-302X(18)30272-9/sref24
http://refhub.elsevier.com/S2452-302X(18)30272-9/sref25
http://refhub.elsevier.com/S2452-302X(18)30272-9/sref25
http://refhub.elsevier.com/S2452-302X(18)30272-9/sref26
http://refhub.elsevier.com/S2452-302X(18)30272-9/sref26
http://refhub.elsevier.com/S2452-302X(18)30272-9/sref26
http://refhub.elsevier.com/S2452-302X(18)30272-9/sref26
http://refhub.elsevier.com/S2452-302X(18)30272-9/sref26
http://refhub.elsevier.com/S2452-302X(18)30272-9/sref27
http://refhub.elsevier.com/S2452-302X(18)30272-9/sref27
http://refhub.elsevier.com/S2452-302X(18)30272-9/sref27
http://refhub.elsevier.com/S2452-302X(18)30272-9/sref27
http://refhub.elsevier.com/S2452-302X(18)30272-9/sref28
http://refhub.elsevier.com/S2452-302X(18)30272-9/sref28
http://refhub.elsevier.com/S2452-302X(18)30272-9/sref28
http://refhub.elsevier.com/S2452-302X(18)30272-9/sref28
http://refhub.elsevier.com/S2452-302X(18)30272-9/sref29
http://refhub.elsevier.com/S2452-302X(18)30272-9/sref29
http://refhub.elsevier.com/S2452-302X(18)30272-9/sref29

JACC: BASIC TO TRANSLATIONAL SCIENCE

© 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

MiR-29b Mediates the

VOL. 4, NO. 1, 2019

®

Chronic Inflammatory Response in
Radiotherapy-Induced Vascular Disease

Suzanne M. Eken, MD, PuD,? Tinna Christersdottir, MD,® Greg Winski, MD,* Traimate Sangsuwan, MSc,®
Hong Jin, MD, PuD,? Ekaterina Chernogubova, PuD,* John Pirault, PuD,® Changyan Sun, MSc,® Nancy Simon, MSc,?
Hanna Winter, MSc,® Alexandra Backlund, PuD,* Siamak Haghdoost, PuD,“# Goran K. Hansson, MD, PuD,?

Martin Halle, MD, PuD,>"* Lars Maegdefessel, MD, PuD»®*

miR-29b¥
miR-146b4

Maladaptiv
vascular
remodeling

fibrosis

maladaptive
vascular
remodeling

Eken, S.M. et al. J Am Coll Cardiol Basic Trans Science. 2019;4(1):72-82.

innate
immune

\ response

HIGHLIGHTS

Radiotherapy is a powerful treatment
strategy in patients with oncological
diseases.

Radiation-induced vasculopathy can dose
dependently increase the risk of ischemic
cardiovascular diseases (e.g., myocardial
infarction, heart failure, stroke).

The microRNA miR-29b is repressed in
radiation-induced vasculopathy (human
irradiated vs. nonirradiated tissue spec-
imen, as well as in murine and cell culture
models of irradiation).

Pentraxin-3 and dipeptidyl-peptidase 4
are the main downstream effectors of
miR-29b in radiation-induced
vasculopathy.

miR-29b mimics were able to limit
pentraxin-3 and dipeptidyl-peptidase 4
levels in the irradiated vasculature (mu-
rine model) and to constrain the burden
of vascular inflammation.
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SUMMARY

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

xtraordinary efforts and great successes in
cancer therapy have led to a growing cohort
of cancer survivors (1). Despite being cancer-
free, these patients have an increased risk of devel-
oping disease, ranging from cognitive impairment to
heart failure, which can be attributed to previous can-
cer treatment (2). In this context, radiation-induced
vascular disease or radiation vasculopathy (VRTx) is
an under-recognized problem with high-impact long-
term sequelae, such as stroke and myocardial infarc-
tion (3-5). In a manner proportional to radiation
dosage and location, radiation therapy for breast can-
cer and Hodgkin lymphoma increases the risk for
ischemic heart disease (6,7). In patients with head
and neck cancer, carotid artery irradiation is a signifi-
cant risk factor for carotid occlusive disease (5,8,9). In
free flap tissue transfer (FFT) surgery, a procedure
involving transplantation of a vascularized tissue by
using microvascular anastomosis to repair large de-
fects after tumor resection, irradiation is reported to
be a risk factor for vascular complications (10-12).
The underlying pathophysiological mechanism of
VvRTX is a chronic inflammatory reaction initiated by
the cellular response to ionizing radiation (13). In the
vessel wall, this action induces various maladaptive
events, including unbridled vascular cell prolifera-
tion, remodeling, and oxidative stress as well as tu-
mor growth factor (TGF)-B-regulated nuclear factor
kappa B activation. This type of chronic inflammatory
reaction is known to cause intimal hyperplasia and
accelerated atherosclerotic plaque development (14),

As a consequence of the success of present-day cancer treatment, radiotherapy-induced vascular disease is
emerging. This disease is caused by chronic inflammatory activation and is likely orchestrated in part by
microRNAs. In irradiated versus nonirradiated conduit arteries from patients receiving microvascular free tissue
transfer reconstructions, irradiation resulted in down-regulation of miR-29b and up-regulation of miR-146b.
miR-29b affected inflammation and adverse wound healing through its targets pentraxin-3 and dipeptidyl-
peptidase 4. In vitro and in vivo, we showed that miR-29b overexpression therapy, through inhibition

of pentraxin-3 and dipeptidyl-peptidase 4, could dampen the vascular inflammatory response.

(J Am Coll Cardiol Basic Trans Science 2019;4:72-82) © 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
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leading to cardiovascular morbidity and
mortality as well as reconstruction compli-
cations with FFT (15) in these patients.
Different cellular processes initiating the
pathological vascular response are difficult to
influence separately. MicroRNAs (miRNAs)
have generated a great deal of attention

because of their ability to critically regulate
biological pathways (16). miRNAs can inhibit gene
expression at different levels by acting as master
regulators of protein output (17). miRNA modulation
can influence and reverse disease processes and is
used in preclinical as well as clinical studies (18,19).
The vasculature, a sensitive and tightly regulated
system, is especially under miRNA control, with it
being implicated and applied in various vascular
diseases (20,21). Moreover, miRNAs play a crucial role
in the DNA damage response (22).

The current study investigated mechanisms
through which down-regulation of miRNAs is
involved in the adverse vascular response to irradia-
tion and explored application of miRNA modulators
as a therapeutic modality to reduce vRTx through
dampening of the innate immune response and in-
hibition of an adverse healing response.

METHODS

HUMAN TISSUE SPECIMENS. Samples from Kar-
olinska University Hospital’s Biobank of Irradiated
Tissues at Karolinska (Stockholm, Sweden) were

the Ragnar Soderberg Foundation (M-14/55), a DZHK Junior Research Group grant, a European Research Council Starting Grant
(NORVAS), the Karolinska Institute Cardiovascular Program Career Development Grant, and the Swedish Research Council (2015-
03140_4) (all to Dr. Maegdefessel). The authors have reported that they have no relationships relevant to the contents of this

paper to disclose.

All authors attest they are in compliance with human studies committees and animal welfare regulations of the authors’
institutions and Food and Drug Administration guidelines, including patient consent where appropriate. For more infor-

mation, visit the JACC: Basic to Translational Science author instructions page.
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knockout

DIG = digoxigenin
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peptidase 4

FFT = free flap tissue transfer

HCtAEC = human carotid
artery endothelial cell

HCtASMC = human carotid
artery smooth muscle cell

mRNA = messenger
ribonucleic acid

miRNA = microRNA

NR = nonirradiated

PTX3 = Ptx3, pentraxin-3
RNA = ribonucleic acid
SMC = smooth muscle cell
TGF = tumor growth factor

VRTx = radiation vasculopathy
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TABLE 1 Patient Characteristics
Time After Donor

Age (yrs)/ RT Radiotherapy Artery Current NSAID

Sex Dose (Gy) (weeks) Origin Smoking  CVD Use
77[F 50 200 Forearm No No No
64/M 68 44 Forearm Yes Yes Yes
53/F 64 176 Fibula Yes No Yes
45/F 64 119 Fibula No No Yes
61/F 68 126 Fibula No No Yes
79/M 64 620 Fibula No Yes Yes
66/M 46 350 Fibula No No Yes
52/M 68 100 Fibula No No Yes
60/F 68 217 Fibula No No No
60/M 46 50 Forearm No No No
65/F 68 79 Forearm No No Yes
70/M 66 128 Fibula No No Yes
66/M 68 126 Thigh No No No
39/F 68 83 Forearm No No Yes
62/M 64 406 Fibula No No No
CVD = cardiovascular disease; NSAID = nonsteroidal anti-inflammatory drug.

analyzed. Fifteen pairs of arterial biopsy samples
were harvested during head and neck cancer recon-
struction with microvascular free tissue transfer in 15
pre-operatively irradiated patients. Before perform-
ing microvascular anastomosis, biopsy samples were
harvested from radiated branches of the external ca-
rotid artery (recipient site) and from the nonradiated
(donor) artery of the transferred autologous tissue
(Table 1). Biopsy samples were freed from surround-
ing tissue and surgical material under a dissection
microscope, where care was taken not to damage the
endothelium. Vascular tissue was placed in RNAlater
(Thermo Fisher Scientific, Waltham, Massachusetts)
or Allprotect Tissue Reagent (Qiagen, Hilden, Ger-
many), frozen and stored at -80°C until ribonucleic
acid (RNA) extraction. For immunohistochemical
analysis, tissue from a paired subset of 3 patients was
fixed in 10% formalin and paraffin embedded.

The study was approved by the Ethical Committee
of Stockholm and was performed in agreement with
institutional guidelines and the principles of the
Declaration of Helsinki. All enrolled patients gave
written, informed consent.

IN VITRO EXPERIMENTS. Cell culturing. Primary,
proliferating human carotid artery smooth muscle
cells (HCtASMCs) and human carotid artery endo-
thelial cells (HCtAECs) (Cell Applications, San Diego,
California) were cultured up to passages 5 through 8
in subtype-specific growth medium (Cell Applica-
tions). Cells were seeded on 6-, 12-, or 24-well
plates and treated or radiated at a density of 70% to

JACC: BASIC TO TRANSLATIONAL SCIENCE VOL. 4, NO. 1, 2019
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80%. Endothelial cells were cultured and seeded in
gelatin-coated (Attachment Factor Protein 1X,
Thermo Fisher Scientific) flasks and plates.
Luciferase reporter
assay was performed as previously described (23). In
brief, HEK293 cells (Public Health England Culture
Collections, Salisbury, United Kingdom) were seeded
on 96-well (PTX3,1 x 10* cells/well) and 24-well (1 x 10°
cells/well) plates. At 50% to 60% confluence, cells were
transfected with luciferase reporter plasmid pLS,
pLS-DPP4-3'UTR, or its mutant (100 ng/well, Active
Motif), together with control or pre-miR-29b (10 nmol/1
final concentration) by using DharmaFECT DUO
Transfection Reagent (Thermo Fisher Scientific) ac-
cording to the manufacturer’s protocol. After a 24-h
transfection period, luciferase activity was quantified
by using the LightSwitch Luciferase Assay Kit (Thermo
Fisher Scientific) according to the manufacturer’s
instructions.

assay. Luciferase reporter

Irradiation. Cells were placed inside a biological
irradiator and were treated with 2 doses of 2 Gy (0.4
Gy/min; total irradiation time, 2 x 5 min) with 24 h
between radiation dosages. Control cells were taken
out of the incubator for a similar amount of time but
did not receive irradiation.

KINETIC LIVE CELL IMAGING FOR PROLIFERATION
AND APOPTOSIS. Cells in 6-well (for protein anal-
ysis) or 24-well (for RNA analysis) plates were used
for these experiments. Directly after irradiation, me-
dium was removed and replaced with fresh medium
(Cell Applications). Cells were placed in a live-cell
imaging incubator (IncuCyte, Essen Bioscience,
Hertfordshire, United Kingdom) and images taken
every 2 h for the course of 5 days. Proliferation was
defined as an increase in cell confluence as the
average of 9 pictures per well in a 24-well plate or 16
pictures per well in a 6-well plate. For apoptosis
measurements, cell medium was supplied with
caspase-3/7 reagent (Essen Bioscience) at a concen-
tration of 5 umol/l, as recommended by the manu-
facturer. Apoptosis was measured as the number of
positive cells per photographed area. Experiments
were run in triplicate.

IN VIVO IRRADIATION. In vivo experiments were
approved by the Swedish Board for Agriculture
(ethical permit no. N89/13). For in vivo irradiation,
we used 10-week-old C57BL6/N apolipoprotein E
knockout (Apoe”) mice (Taconic Biosciences,
Rensselaer, New York) weighing 20 to 30 g. Anes-
thesia consisted of intraperitoneal injection of 750 ng
ketamine (Ketalar, Pfizer, Sollentuna, Sweden), 10 pul
(1 mg/ml) of medetomidine (Domitor, Orion Pharma
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Animal Heath, Sollentuna, Sweden), and 75 pul of
phosphate-buffered saline. Depth of anesthesia was
verified with a pedal reflex test. Animals (n = 9 to 11
per group) were fixated onto a heating pad and
covered by a 7-mm-thick lead chamber with an open
area (1.5 x 2.2 cm) also restricted by a collimator (2.5 x
2 c¢cm) exposing the upper chest and neck region to
radiation beams. Mice were placed in a biological
irradiator (X-RAD 320, Precision X-Ray Inc., North
Branford, Connecticut), and the uncovered area was
irradiated at 0.7 Gy/min to a total dose of 14 Gy at
320 kV, 12.5 mA, 8 FOS, with an F2 filter consisting of
aluminum, copper, and tin. Control mice received
sham irradiation.

After irradiation, mice received atipamezole (Anti-
sedan, Orion Pharma Animal Heath) 20 pl (5 mg/ml)
for anesthesia reversal. Harvesting and organ handling
are described in the Supplemental Methods section.

IN VIVO miR-29B MODULATION. For miR-29b over-
expression, radiated mice (n = 6) received 2 dosages
of 2 mg/kg miR-29b mimics (Ambion, Thermo Fisher
Scientific) using the vector reagent Jet-PEI (Polyplus-
transfection SA, Illkirch-Graffenstaden, France) for
transfection. Control mice (n = 6) received 0.5 mg/kg
(dosage according to the manufacturer’s instructions)
Jet-PEI-carried mimics with random (scrambled) se-
quences (Thermo Fisher Scientific). Mimics and con-
trols were injected intraperitoneally 1 day before and
1 day after irradiation. Tissues were harvested 14 days
after irradiation.

PREPARATION OF CELLS AND TISSUE SAMPLES
FOR QUANTITATIVE REVERSE TRANSCRIPTION-
POLYMERASE CHAIN REACTION. RNA isolation was
performed according to standardized procedures
described in the Supplemental Methods section.
miRNA and messenger ribonucleic acid (mRNA)
expression was quantified according to quantitative
polymerase chain reaction using TagMan (Thermo
Fisher Scientific) FAM- or VIC-labeled mRNA and
miRNA assays (Supplemental Tables 1 to 3).

TISSUE HISTOLOGY. Human tissue was fixed for 48 h
in 10% formalin at room temperature, paraffin
embedded, and cut into 5-pm-thick slides. Hematox-
ylin and eosin, Oil Red O, Sirius Red, and immuno-
histochemical stainings were performed according to
standardized protocols. All primary antibodies were
purchased from Abcam, Cambridge, United Kingdom
(Supplemental Table 4). Dipeptidyl-peptidase 4
(DPP4)- and pentraxin-3 (PTX3)-positive cells were
measured by counting the cells in 4 high-power fields
of 2 to 4 different (human or mouse) vessels per group
(nonradiated vs. irradiated in human; miR-29b

miR-29b Tempers Radiation-Induced Vasculopathy

modulated in mice upon radiation or sham irradia-
tion). Counting was performed by a blinded investi-
gator using ImageJ software (National Institutes of
Health, Bethesda, Maryland). All histological analyses
were obtained at room temperature by using a
Hamamatsu NanoZoomer Slide Scanner with
NDP.view2 software (Hamamatsu Photonics, Hama-
matsu, Japan). More details are provided in the
Supplemental Methods section.

IN SITU HYBRIDIZATION. For in situ hybridization,
we used Exiqon miRCURY locked nucleic acid double
digoxigenin (DIG)-labeled probes (50-30 probe
sequence for miR-29b, AACACTGATTTCAAATGGT
GCT; miR-146b, AGCCTATGGAATTCAGTTCTCA) with
the accompanying kit and protocol (Qiagen, Hilden,
Germany). In brief, tissue sections were de-
paraffinized. Nucleases were inactivated with pro-
teinase K followed by a 2-h hybridization at hybridi-
zation temperature (53°C). Slides were washed in
saline sodium citrate buffers. DIG-labeled probes were
detected by using standard DIG detection methods.

STATISTICAL METHODS. SPSS version 22 (IBM Cor-
poration, Armonk, New York) was used to analyze
patient data. To compare 2 groups, Student’s t-test was
used. Paired data were analyzed by using paired-
sample t-tests. Differences between =2 groups versus
a control group were analyzed with 1-way analysis of
variance plus a Bonferroni correction for multiple
comparisons. Statistical analysis for the murine
experimental data was conducted by using GraphPad
Prism software version 7.0 (GraphPad Software, La
Jolla, California). Differences in RNA expression were
calculated as fold change versus control by using
the mean delta Ct (°Ct, defined as Ct'28¢t RNA minys
Ctendogenous controly within groups. To correct for
multiple t-tests in the live cell imaging experiments,
the Holm-Sidak method with an alpha of 0.05 was
used.

RESULTS

miR-29B IS DECREASED AND miR-146B INCREASED
IN RADIATED VERSUS NONRADIATED VASCULAR
TISSUE. In 15 pairs of arterial tissue samples from
15 patients undergoing microvascular free tissue
transfer reconstructions (FFT), we compared the
expression of 11 well-known miRNAs in cardiovascu-
lar disease, cancer, or both (Supplemental Table 1,
Figure 1A). For some tissue pairs, miRNA expression
could not be measured because of insufficient total
RNA quantity (Figure 1B). Patient age ranged from 39
to 79 years (median, 62 years). Total radiation dosage
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FIGURE 1 miRNA and Target Profiling in Radiated Versus Nonradiated Human Arteries
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(A) Expression of 11 vascular disease-related microRNAs (miRNAs) in radiated (R) versus nonradiated (NR) arteries. n = 12 per group. Mean + SEM. *p < 0.05;

**p < 0.01; ***p < 0.001. (B) miR-29b was down-regulated and miR-146b upregulated in radiated versus nonradiated arteries harvested at microvascular tissue
transfers. n = 15. *p < 0.05; ***p < 0.001. (C) Fluorescent in situ hybridization of miR-29b showing its expression in the tunica media of nonradiated vessels. Pentraxin-
3 (PTX3) and dipeptidyl-peptidase 4 (DPP4) protein expression is increased throughout the vessel wall after radiation. ACTA2 = smooth muscle actin; DAPI = 4/,6-
diamidino-2-phenylindole. Bars, 100 pm. (D) Quantification of staining for miR-29b target protein markers. n = 3 in each group. HPF = high-power field. **p < 0.01

in 1-way analysis of variance. (E) miR-29b target PTX3 was up-regulated after irradiation. n = 10. **p < 0.01. (F) miR-29b target DPP4 was upregulated after
irradiation. n =10. *p < 0.05, **p < 0.01, ***p < 0.001 in paired-sample t-tests. (G) miR-29b mimics significantly inhibited DPP4 and PTX3 luciferase activity compared
with scrambled control (scr) oligonucleotides. Mean + SEM. **p < 0.01, ***p < 0.001 in Student's t-test of scrambled versus miR-29b mimic. EV = empty vector;

mut = mutated seed sequence; Neg ctrl = negative control.

was between 46 and 68 Gy (median, 66 Gy). Tissue
was harvested during FFT, which occurred between
44 and 620 weeks after radiotherapy (median, 126
weeks). Other patient characteristics are listed in
Table 1.

Among other miRNAs, miR-29b and miR-146b
were significantly deregulated in radiated tissue,
miR-29b being decreased and miR-146b increased
(Figure 1B).
miR-29b
quantitative reverse transcription-polymerase chain

Fluorescent in situ hybridization of
in these arteries was concordant with

reaction results, both miRNAs having a clear predilec-
tion for the intimal-medial layer, where smooth
muscle cells (SMCs) reside (Figures 1C and 1D, top 2
rows). miR-143-145 and miR-503 were down-regulated
along with miR-29b (Figure 1A). These 2 miRNAs
were not further investigated because they could
not be detected in human SMCs or endothelial cells
in vitro (miR-503) or because of their mRNA target
profile was more associated with SMC development
and phenotype than with innate immunity (miR-143-
145 cluster).
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FIGURE 2 Murine Vascular miR-29b, miR-146b, Ptx3, and Dpp4 Expression After Irradiation
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*p < 0.05; **p < 0.01in Student's t-test. Abbreviations as in Figure 1.

(A) Descriptive figure of the irradiated area in our in vivo radiation model. (B) Expression of miR-29b, but not of miR-146b, was altered in irradiated
arterial tissue. n = 9 to 11in each group. (C) Irradiation caused up-regulation of Ptx3 gene expression but not Dpp4 gene expression. Mean & SEM.

EXPRESSION OF miR-29B TARGETS PTX3 AND DPP4
IS INCREASED UPON IRRADIATION. In previously
published RNA analyses with the same method used
in different samples, with a more recent harvest after
irradiation (13,24), we searched for experimentally
validated (25) miR-29b and miR-146b gene targets
regulated in a direction inverse to that of the miRNA.
In radiated versus nonradiated tissue, PTX3 was
the most profoundly upregulated miR-29b target
(Figure 1E). DPP4 levels were also significantly higher
in radiated tissue (Figure 1F). The predicted miR-29b
gene target DPP4 (or CD26) is related to radiation
injury and impaired wound healing (26). With lucif-
erase reporter assay, PTX3 and DPP4 were validated
as miR-29b targets in HEK293 cells (Figure 1G).

In formalin-fixed, paraffin-embedded arterial tis-
sue from a subset of patients, we could localize PTX3
and DPP4 protein expression in the intimal and
medial layer of radiated arteries, whereas expression
in their nonradiated counterparts was markedly
lower (Figures 1C [bottom two rows] and 1D).

IRRADIATION AFFECTS VASCULAR miR-29B AND
PTX3 EXPRESSION IN A MURINE MODEL. Male
Apoe”’~ mice were subjected to irradiation using a
model based on the method described by Stewart
et al. (27). In mice receiving a single irradiation dose
of 14 Gy in a designated mediastinal and neck area,

including the heart and large vessels (Figure 2A),
irradiated arteries exhibited a significant down-
regulation of miR-29b and no significant up-regula-
tion of miR-146b at 14 days compared with those
given sham irradiation (Figure 2B). There was signif-
icant concordant up-regulation of Ptx3 after irradia-
tion. Dpp4 gene expression showed a trend toward
up-regulation but was not significantly affected
(Figure 2C). Histological analysis of the carotid artery
10 weeks after irradiation revealed no striking fibrotic
or atherosclerotic differences between the radiated
and sham radiated mice (Supplemental Figure 1).

miR-29B AND miR-146B EXPRESSION LEVELS, AND
THEIR TARGETS, REACT TO IRRADIATION IN
VITRO. Using a biological irradiator, we exposed
human carotid artery SMCs and endothelial cells
(HCtASMCs and HCtAECs) to 2 consecutive irradiation
(radiotherapy) doses of 2 Gy, with 24 h between
radiotherapy fractions, which was determined by the
common clinical radiotherapy regimen for head and
neck tumors (28). Radiotherapy significantly inhibi-
ted HCtASMC proliferation, which was statistically
significant from 4 days after the last exposure
(Supplemental Figures 2A and 2B). HCtAEC prolifer-
ation was not significantly affected (Supplemental
Figure 2C). We measured miRNA and target gene
expression 24 h after radiotherapy. In radiated
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FIGURE 3 Irradiation Affects miR-29b, miR-146b, and Target Gene Expression In Vitro; Pathological Changes Are Partly Corrigible With miRNA Mimics
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(A) In human carotid artery smooth muscle cells (HCtASMCs), 2 x 2 Gy of irradiation resulted in significantly reduced miR-29b expression; miR-146b expression was not
affected. *p < 0.05. (B) The opposite was observed with human carotid artery endothelial cells (HCtAECs). *p < 0.05. (C) miR-29b target gene expression in
HCtASMCs after irradiation. n = 6 in each group. Mean + SEM. *p < 0.05, **p < 0.01 in Student's t-test. (D) Western blot analysis showed an increase in PTX3 protein
expression after irradiation. (E) Treatment with miR-29b mimics resulted in undetectable soluble collagen in supernatant from radiated HCtASMCs but not from
control HCtASMCs. **p < 0.01; ***p < 0.001; ****p < 0.0001. (F) miR-29b mimic treatment reduced PTX3 expression in HCtASMCs. n = 6 in each group. Mean +
SEM. *p < 0.05, ****p < 0.0001 in 1-way analysis of variance. DPP4 gene expression remained unchanged but was reduced on the protein level as shown with
(G) Western blotting of HCtASMCs. Other abbreviations as in Figure 1.

HCtASMCs, but not in HCtAECs, miR-29b was down-
regulated (Figure 3A). Radiated HCtAECs, but not
HCtASMCs, exhibited up-regulation of miR-146b
(Figure 3B). In HCtASMCs, expression of the miR-29b
targets B4GALT5, DPP4, and COL1A1 was increased
(Figure 3C). Although PTX3 gene expression was not
increased, Western blotting showed elevated levels of
PTX3 protein in these cells (Figure 3D).

miR-29b is known to regulate extracellular matrix
function by targeting collagen genes (29). Gamma
radiation is well known to cause a TGF-B-mediated
fibrotic response induced by fibroblasts (30) and

SMCs (31). In radiated cells, a nonsignificant upward
trend was observed in soluble collagen secretion, as
measured in supernatant sampled 24 h after radio-
therapy (Supplemental Figure 2D).

MODULATION OF miR-29B ALTERS EXPRESSION OF
INFLAMMATION- AND FIBROSIS-RELATED TARGETS
IN VITRO. Transfection of HCtASMCs with miR-29b
mimics before radiotherapy completely abrogated
soluble collagen secretion (Figure 3E) and decreased
post-radiotherapy PTX3 expression, whereas anti-
miR-29b greatly stimulated PTX3 expression
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FIGURE 4 miR-29b Mimics Dampen Acute VRTx
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Jet-PEI-delivered miR-29b mimics caused decreased DPP4 protein expression in aortic root plaque, as well as a reduction in PTX3 protein in the vessel wall. Staining for
the macrophage surface glycoprotein galectin-3 (Mac-2) revealed significantly increased macrophage influx in scrambled- compared with mimic-treated mice. Bars,
200 pm. n =12 in each group. Mean + SEM. ***p < 0.001, ****p < 0.0001 in 1-way analysis of variance. vRTx = radiation vasculopathy; other abbreviations as in Figure 1.

(Figure 3F). Interestingly, anti-miR-29b had no marked
profibrotic effect in radiated cells, possibly because
further suppression of already low miR-29b levels does
not add to the fibrotic stimulus. In nonradiated cells,
however, it induced a significant increase in soluble
collagen production. Profibrotic DPP4 was not affected
by miR-29b on the gene expression level, but Western
blotting in HCtASMC lysates showed that expression of
DPP4 protein was negatively affected by transfection
with miR-29b mimics (Figure 3G). Because DPP4 has a
soluble form, detectable in blood plasma and associ-
ated with a profibrotic phenotype, we assessed DPP4
expression in the supernatant of ECs or SMCs but could
not detect the protein, independent of irradiation
(data not shown).

MODULATION OF miR-29B AFFECTS TARGET
PROTEIN EXPRESSION AND INFLAMMATION IN
VIVO. We subjected 12 Apoe”’~ male mice to the 1 x
14 Gy irradiation protocol, of which 6 received miR-
29b mimics 1 day before and 1 day after irradiation.
Target genes Ptx3 and Dpp4 were not significantly

affected (Supplemental Figure 3A), but on the protein
level, PTX3 and DPP4 expression showed marked
differences in the medial layer of aortic ring tissue in
scrambled- versus mimic-treated mice (Figure 4, left 2
panels). Staining for the macrophage surface glyco-
protein galectin 3 (Mac-2) revealed marked macro-
phage influx in aortic ring atherosclerotic plaques of
scrambled- compared with miR-29b mimic-treated
mice (Figure 4, right panel). Smooth muscle actin
staining revealed no differences in SMC quantity
between miR-29b mimic-treated and control mice
(Supplemental Figure 3B). Collectively, miR-29b
mimics dampened the direct inflammatory reaction
to irradiation, without affecting SMC content.

DISCUSSION

Irradiation is an important risk factor for atheroscle-
rosis and subsequent cardiovascular disease (32,33).
As master regulators in many cellular processes initi-
ated by vascular injury, miRNAs can be crucial actors
in vRTx. miRNAs play a crucial role in the DNA damage
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response (22), and miRNA inhibition or stimulation
can blunt irradiation effects on cell survival and pro-
liferation (34). We have identified 2 miRNAs known to
play a crucial role in vascular cell biology and pa-
thology in relation to atherosclerosis, miR-29b and
miR-146b, to be down- respectively up-regulated in
irradiated vascular tissue. The expression of 2 well-
known vascular miRNAs, miR-143 and miR-145,
was also altered, but they were not further investi-
gated; we consider that down-regulation of the athe-
roprotective miR-143-145 cluster as confirmation that
irradiation induces an atheroprone phenotype.

miR-146a and miR-146b arise from 2 evolutionarily
conserved miRNA genes located on chromosomes 5
and 10, respectively. In their mature form, they differ
only by 2 nucleotides in the 3’ end. miR-146b, unlike
miR-146a, is responsive to interleukin-10 and there-
fore might be involved in inflammation resolution
(35). Enforced miR-146b expression in monocytes re-
duces production of a multitude of inflammatory cy-
tokines (35,36), suggesting that this miRNA is part of a
negative feedback loop limiting inflammation (37).
We observed up-regulation of miR-146b in irradiated
human arterial tissue. It is likely that this up-
regulation is symptomatic of the chronic inflamma-
tory response in VRTx and can be seen as an attempt
to resolve inflammation. Inhibition of miR-146b
would likely aggravate the inflammatory reaction
and therefore be counterproductive; potentially
beneficial effects of miR-146b mimics could be a
direction for further investigation.

The miR-29 family of miRNAs consists of miR-29a
and miR-29b-1, of which the encoding gene is
located on chromosome 7, and miR-29b-2 and
miR-29c, originating from chromosome 1. miR-29b-1
and miR-29b-2 have identical mature sequences, are
therefore indistinguishable on polymerase chain re-
action, and share the name miR-29b. In a vascular
biological context, miR-29b is best known as regulator
of the collagen- and extracellular matrix-associated
mRNAs critically involved in cardiovascular fibrosis
(38). miR-29b limits collagen gene expression and
thus can weaken the vascular wall in abdominal aortic
aneurysms (39), as well as the matrix of fibrous caps
in atherosclerosis (40). Strategies of inhibiting miR-
29b are thus an attractive option for increasing
vessel wall and lesion stability. In VRTx, conversely,
excess collagen production and turnover is pathog-
nomonic for the maladaptive healing response.
Inhibition of collagen production through miR-29b
stimulation might therefore put an end to the down-
ward spiral of inflammation and fibrosis in VRTx.
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DPP4 (also known as CD26) is a transmembrane
glycoprotein with an extracellular domain binding to
adenosine deaminase and matrix proteins such
as fibronectin and collagen (41). The function of DPP4
in vascular disease is under intensive investigation
because its inhibitor, alogliptin (a novel glucose-
lowering agent in the treatment of type 2 diabetes
mellitus), displays antiatherogenic effects in low-
density lipoprotein receptor knockout (42) and
Apoe™’~ mice (43). In addition, DPP4/CD26 indicates a
type of fibroblasts with an increased profibrotic po-
tential responsible for wounding- and irradiation-
induced skin fibrosis and scarring, as well as tumor
growth, through activation of the serine protease
fibroblast activation protein-a (26). DPP4 has previ-
ously been proposed as a target of miR-29b (44), an
interaction we were able to confirm in the VvRTx
context.

PTX3 is a secreted pattern recognition molecule
providing resistance against fungal, bacterial, and
viral pathogens. Together with its family members
C-reactive protein and serum amyloid P component,
it initiates complement activation and phagocytosis.
In contrast to C-reactive protein, PTX3 is evolution-
arily well conserved (45) and expressed within the
vasculature, making it a good target to study in
humans as well as animal models within this context.
Interestingly, PTX3 has inflammatory as well as reg-
ulatory capacities, as its release induces both proin-
flammatory and anti-inflammatory signaling (46,47).
PTX3 is a validated target of miR-29b (48) and a key
regulatory protein in pathophysiological processes in
which innate immunity, inflammation, and extracel-
lular matrix remodeling intersect (45).

In vVRTX, we have previously described sustained
high expression of PTX3 mRNA at earlier time points
after radiotherapy (24). The current study is the first
to describe gene expression patterns in irradiated
human arteries at a median of >2 years after radio-
therapy. Tissue damage caused by radiation injury is
commonly divided into early and late adverse effects,
according to the time elapsed from treatment to
symptoms. Early adverse effects typically affect
rapidly proliferating cells, such as epithelial cells of
the skin and mucosa, whereas late adverse effects
often are an effect of a progressive, systemic disease
in which symptoms may not be evident until decades
after radiotherapy (49,50).

STUDY LIMITATIONS. VRTx is the result of a patho-
logic stimulus (irradiation), creating a cascade of in-
flammatory reactions. Depending on timing after
irradiation, various maladaptive vascular changes can
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be observed, and timing of (preventive) therapy ap-
pears crucial. This study proposes miR-29b over-
expression as a potential preventive therapy, but could
not identify an optimal administration time-point,
whichin partrelatesto the experimental murine model
not completely being able to reflect all moieties of
human radiotherapy-induced disease. The lack of an
ideal in vivo model that is able to mimic the various
features of human disease remains problematic for
most cardiovascular diseases. Furthermore, other
miRNAs and targets that were not assessed by us,
might likely also play important roles in vRTx and
could be modulated to prevent the disease. Their ef-
fects remain to be elucidated in further studies.

CONCLUSIONS

In vivo and in vitro, we showed that PTX3 and DPP4
expression are hallmarks of radiation injury to
vascular tissues and can be suppressed with miR-29b
mimics. These findings not only suggest that stimu-
lation of miR-29b can be a candidate therapy to pre-
vent VRTxX but also stress the importance of a cautious
approach when considering miR-29b inhibition as
therapy against various atherosclerotic disease man-
ifestations. In patients with vRTx associated with
perivascular fibrosis (51), miR-29b stimulation, rather
than inhibition, might be the most effective treatment.
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PERSPECTIVES

COMPENTENCY IN MEDICAL KNOWLEDGE: Radiotherapy
is an established and powerful therapeutic strategy for the
treatment of patients with cancer. The downside for this form of
curative approach is a substantial increase in cardiovascular
complications. Thus, supportive treatment schemes need to be
developed to limit the risk and burden of radiotherapy-induced
vasculopathies. The targeting of miRNAs via antisense oligonu-
cleotides could serve as a sufficient and effective approach to
limit the multiple features (inflammation, fibrosis, and prolifer-
ation) associated with radiotherapy-induced vasculopathies.

TRANSLATIONAL OUTLOOK: Safety and efficiency of miRNA
mimics are currently under investigation, and interestingly a
Phase I clinical trial utilizing miR-29 mimics (promiR-29,
Remlarsen) is ongoing in cutaneous fibrotic disorders. Here,
mimics are being applied topically to the skin, which limits un-
desired off-target effects in organ systems in which systemically
administered miRNA modulators assimilate to a much higher
degree (e.g., liver, kidney). For the treatment of vascular dis-
eases, cell type-specific or local ways of delivery (using stents
and balloons) could limit off-target effects, while triggering local
uptake and efficiency of these potent therapies.
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VISUAL ABSTRACT
Ve
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permanent transient
ligation ligation
Myocardial Ischemia/ Human Cardiac
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o
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HIGHLIGHTS

e To study the role of CTGF in post-MI car-
diac repair and LV remodeling, we antag-
onized the function of CTGF with a mAb.

o Treatment of mice with CTGF mAb during
post-MI cardiac repair improved survival
and resulted in better preserved LV
systolic function.

e Treatment with CTGF mAb during post-MI
LV remodeling reduced the heart weight
to body weight ratio, LV mass, car-
diomyocyte hypertrophy, and fibrosis in
the remote nonischemic myocardium.

e CTGF mAb treatment induced c-Jun
N-terminal kinase phosphorylation in
ischemic hearts in vivo and in cultured
human cardiac fibroblasts.

o In conclusion, treatment of mice with
CTGF mAb in a model of MI enhances
cardiac repair and reduces adverse
post-MI LV remodeling.
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ABBREVIATIONS
AND ACRONYMS

CTGF = connective tissue
growth factor

ECM = extracellular matrix

ERK = extracellular signal-
regulated kinase

FB = fibroblast

I/R = ischemia—reperfusion
HF = heart failure

Ig = immunoglobulin

JNK = c-Jun N-terminal kinase
LV = left ventricular

mAb = monoclonal antibody
MI = myocardial infarction

TGF = transforming growth
factor

SUMMARY

eart disease is the leading cause of
death in the western world with
almost one-half of those deaths
attributable to coronary heart disease (1). In

response to cardiac stresses, such as myocardial

infarction (MI), the heart undergoes structural and
functional remodeling, with cardiomyocyte hypertro-
phy and excessive production of the extracellular ma-

trix (ECM) as

typical features (2). Molecular

mechanisms that underlie cardiac fibrotic disorders

are still mostly unclear, and no specific therapies
exist for treatment of myocardial fibrosis.

SEE PAGE 95

Connective tissue growth factor (CTGF/CCN2) be-

longs to the CCN family (Connective tissue growth
factor [CTGF], Cystein rich protein [CYR61], and
Nephroblastoma overexpressed [NOV]) of matricel-
lular proteins that consists of 6 homologous cysteine-
rich proteins (3). Dysregulation of CCN protein
expression or activities takes place in chronic
inflammation or tissue injury, such as fibrosis,

atherosclerosis,

restenosis after vascular injury,

arthritis, cancer, diabetic nephropathy, and retinop-

athy (3,4). CTGF expression is elevated in human
fibrotic diseases of virtually every organ or tissue (4).
Patients with heart failure (HF) show elevated levels
of plasma CTGF, which correlates with the severity of

the disease (5). Plasma levels of CTGF are also useful

in differentiating acute HF patients from patients
with other causes of dyspnea and peripheral edema

(6).

CTGF expression in the myocardium is also

induced in various animal models of myocardial
fibrosis (for review, see Daniels et al. [7] and Leask
[8]). Cardiomyocyte-specific overexpression of CTGF
in transgenic mice alone did not induce fibrosis but
did enhance pressure overload—induced -cardiac
fibrosis (9). On the other hand, pressure overload
induced fibrosis was not attenuated in mice where
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Myocardial infarction (MI)—induced cardiac fibrosis attenuates cardiac contractile function, and predisposes to
arrhythmias and sudden cardiac death. Expression of connective tissue growth factor (CTGF) is elevated in
affected organs in virtually every fibrotic disorder and in the diseased human myocardium. Mice were subjected
to treatment with a CTGF monoclonal antibody (mAb) during infarct repair, post-MI left ventricular (LV)
remodeling, or acute ischemia—reperfusion injury. CTGF mAb therapy during infarct repair improved survival
and reduced LV dysfunction, and reduced post-MI LV hypertrophy and fibrosis. Mechanistically, CTGF mAb
therapy induced expression of cardiac developmental and/or repair genes and attenuated expression of in-
flammatory and/or fibrotic genes. (J Am Coll Cardiol Basic Trans Science 2019;4:83-94) © 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/).

CTGF was deleted in cardiomyocytes and cardiac fi-
broblasts (10), but not from other cell types in which
CTGF may have been produced (11). However, no data
are available from studies in which the function of
CTGF was antagonized in the ischemic heart or during
post-MI fibrotic remodeling.

FG-3019 (pamrevlumab) is a human monoclonal
antibody (mAb) against CTGF that has shown efficacy
in a randomized, placebo-controlled phase 2 clinical
trial in subjects with idiopathic pulmonary fibrosis
(12), as well as in phase 2 clinical trials for treatment
of pancreatic cancer and Duchenne muscular
dystrophy (NCT02210559 and NCT02606136, respec-
tively). A chimeric antibody, designated FG-3149, has
the binding motif of FG-3019 and a mouse IgG2a
constant region. FG-3149 binds CTGF with similar
affinity as FG-3019 but is less immunogenic in rodents
than the human antibody. FG-3149 has shown activity
in animal models of bronchopulmonary dysplasia (13),
pressure overload—induced HF (14), and genetic car-
diomyopathy (15,16). In the present study, we aimed to
investigate the role of CTGF in cardiac repair following
MI, in post-MI cardiac fibrosis, and
ischemia—reperfusion (I/R) injury.

in acute

METHODS

STUDY DESIGN. The
approved by Animal Experiment Committee in State

experimental design was
Provincial Office of Southern Finland, and the
methods were carried out in accordance with the
national regulations of the usage and welfare of lab-
oratory animals. Mice were subjected to MI by per-
manent ligation of the left anterior descending
coronary artery or to I/R injury by transient ligation of
the left anterior descending coronary artery, and
treated with either CTGF mAb or control mouse
immunoglobulin-G (IgG). The protocols are shown in
Figure 1. A more detailed description of Methods is
available in the Supplemental Material.


http://creativecommons.org/licenses/by-nc-nd/4.0/
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RNA SEQUENCING ANALYSIS. RNAseq analysis was
performed via single-end sequencing chemistry at a
75 base-pair read length (Illumina NextSeq, [llumina,
Inc., San Diego, California). Sequences were de-
multiplexed, and FASTQ generation was performed
(Basespace, Illumina). Sequences were aligned to 10
mm, annotated using the RefSeq Gene 2013.04.01
build, and gene expression levels were quantitated
using reads per kilobase of transcript, per million
mapped reads (RPKM, Strand NGS, Strand Life Sci-
ences, Bengaluru, India). Genes with a raw read count
of >20 in at least 1 sample were used for further
analysis. Altered transcripts were defined as having a
>1.5-fold difference in expression at p < 0.05 (t-test).
Gene ontology analysis was performed using gene
ontology consortium software (17,18). To identify
common upstream regulators, gene sets were loaded
into Pathway Studio MammalPlus 12.0.1.9 (Elsevier,
Amsterdam, the Netherlands), and links to common
regulators were identified.

STATISTICAL ANALYSIS. Statistical analysis was
performed with SPSS software (IBM, Armonk, New
York). When 2 groups were compared, Student’s t-test
or Mann-Whitney U test was performed. To compare
multiple groups, 1-way analysis of variance was used,
followed by Tukeys’s post hoc test to compare all the
groups or Dunnett’s post hoc test to compare other
groups with the control IgG-treated MI or I/R group.
The Kruskall-Wallis test was performed when data
did not represent normal distribution. Survival anal-
ysis was calculated by the Kaplan-Meier method, and
groups were compared by the log-rank (Mantel-Cox)
test. Data are shown as mean + SD. Differences were
considered statistically significant at p < 0.05.

RESULTS

THERAPY WITH CTGF mAb DURING POST-MI CARDIAC
REPAIR IMPROVES SURVIVAL (STUDY I). To investigate
for the effect of CTGF mAb during cardiac repair after
MI, mice were subjected to experimental MI, and 3
days after ligation, treatment began with either IgG or
CTGF mAb for 4 days (Study I) (Figure 1). CTGF mAb
significantly improved post-MI survival (p < 0.05)
(Figure 2A). Echocardiography analysis at 7 days post-
MI showed better preserved LV systolic function in
mice treated with CTGF mAb compared with mice
treated with control IgG (ejection fraction: 27.1 + 5.2%
vs. 16.3 + 3.4%; p < 0.05) (Figure 2B, Table 1). No
difference was observed in LV diameter or LV poste-
rior wall thickness (Figure 2B, Table 1). Analysis for
inflammation in the infarcted area by CD45 staining
showed no difference between MI groups, and

no difference was observed in expression of
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FIGURE 1 Summary of Experimental Protocols
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Study |, protocol for inhibition of connective tissue growth factor (CTGF) during post—
myocardial infarction (MI) cardiac repair (treatment initiation on day 3, treatment
completion on day 7). Study I, protocol for CTGF inhibition during post-MI cardiac
remodeling (treatment initiation on day 7, treatment completion at the end of week 7).
Study IlI, protocol for CTGF inhibition during and/or after acute ischemia (treatment 24
and 1 h before ischemia or only at reperfusion). IgG = immunoglobulin-G; LAD = left
anterior descending; mAb = monoclonal antibody.

inflammatory genes in the remote LV between the MI
groups (Supplemental Figure 1). Histological analysis
of LV sections showed a decrease in septum thickness
versus the scar thickness ratio in CTGF mAb-treated
mice compared with control IgG-treated mice, which
resulted in an observed decrease in the infarct
expansion index (Figure 2C). Analysis for collagen
content in the remote zone showed no difference be-
tween the experimental groups (Figure 2D). Analysis
for central signaling pathways from the infarct scar
showed induction of extracellular signal-regulated
kinase (ERK) and c-Jun N-terminal kinase 2 (JNK2)
phosphorylation in MI hearts treated with CTGF
mAb (Figure 2E). No difference was observed in
p38 or SMAD2 signaling between the MI groups
(Figure 2E).

CTGF mAb REDUCES POST-MI LV HYPERTROPHY
AND FIBROSIS (STUDY II). To investigate for the
potential of CTGF mAb in post-MI remodeling, mice
were subjected to experimental MI, and 1 week later
treatment began with either control IgG or CTGF mAb
for 6 weeks (Study II) (Figure 1). There was no dif-
ference in overall survival in MI groups because only 1
mouse was lost in the IgG group and none were lost in
CTGF mAD group during the treatments. Two weeks
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Mice were subjected to MI, and 3 days after surgery randomly divided to receive either IgG vehicle or CTGF mAb for 4 days. (A) Survival of animals during
the experiment. (B) Left ventricular (LV) ejection fraction (EF), end-diastolic dimension (LVID;d), and posterior wall thickness (LVPW;d) were analyzed by
echocardiography at 7 days after Ml injury. (C) Ratio of thickness of septum versus thickness of infarct and the infarct expansion index. (D) Analysis of
interstitial fibrosis from picrosirius red—stained LV sections under polarized light. Masson's trichrome-stained sections from the same tissue block are also
shown. Scale bar: 50 pm. (E) Western blot analysis of LV samples from infarct areas for phosphorylated extracellular signal-regulated kinase (p-ERK), c-
Jun N-terminal kinase (p-JNK), p38, and SMAD2. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as loading control. Data are presented
as mean =+ SD; number of animals was sham (n = 4), 1gG (n = 5), and CTGF mAb (n = 8). *p < 0.05; **p < 0.01; ***p < 0.001. Abbreviations as in Figure 1.
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after initiating treatment, echocardiography analysis

] ) . TABLE 1 CTGF mAb Therapy During Post-MI Cardiac Repair Enhances
showed no difference in LV structure or function

LV Function (Study I)
between the MI groups (Supplemental Table 1).

. sh -4 MI +1gG (n =5)  MI + CTGF mAb (n = 8
Analysis of harvested hearts after 6 weeks showed am (n = 4) +196 (0 =5) * mAb (0 - 8)
. LVEDD 434 + 031 5.84 + 0.45* 5.51 + 0.75*
that CTGF mAb treatment resulted in a reduced heart )
oht to bod oht rati d with the IeG LVESD (mm) 343+ 031 5.41 + 0.50t 4.81 + 0.74*
weilg O. ody weight ra 1(_) compared wi ? g LVEDPW (mm) 0.63 + 0.07 0.80 + 0.19 0.66 + 0.04
treated mice (p < 0.01) (Figure 3A). Echocardiogra- LVESPW (mm) 0.91 4+ 012 0.98 £ 0.13 0.97 + O.M
phy analysis at 6 weeks showed that mice treated LVED Vol (ul) 85.5 + 14.0 170 + 30.0* 151 + 47.7*
with CTGF mAb had significantly lower LV mass and LVES Vol (ul) 49.1 +121 143 + 30.1t 111 + 40.0*
left atrial size (p < 0.01 and p < 0.05, respectively) EF (%) 459 +7.46 16.3 + 3.36% 27.1 £ 5.221§
(Figure 3A). No difference was observed in LV systolic FS (%) 22.8 +4.27 7.46 £1.574 12.8 + 2.611§
function. Full echocardiography data are listed in HR (beats/min) 46545 488 £ 49 453£43
SV () 36.0 + 8.08 28.0 + 3.42 39.4 + 957
Supplemental Table 2. -
) ) ) ) CO (ml/min) 17.0 + 5.47 13.8 + 2.82 17.9 + 5.30
Cardiomyocyte size was increased in both MI E/E 440+ 654  —409 + 142 374617
groups compared with sham-operated mice, but | gt (ms) 14.6 £ 128 14.8 + 3.68 15.6 + 2.84
treatment with CTGF mADbD significantly reduced the LV mass (mg) 84.5 + 15.2 157 + 48.8* N7 + 275
MlI-induced increase in cardiomyocyte hypertrophy HW/BW (mg/g) 5.34 + 0.59 7.27 £1.75 6.07 + 0.66

(Figure 3B). Histological analysis of hearts subjected
to experimental MI showed that CTGF mAb treatment
significantly attenuated the increase in capillary size
in the LV (p < 0.05) without changing the capillary
density (Figure 3C). Picrosirius red staining showed
reduction in MI-induced fibrosis in the remote, non-
ischemic myocardium in mice treated with CTGF mAb
compared with MI mice treated with IgG (Figure 3D)
(p < 0.01). Determination of length of infarction
showed no difference between the MI groups
(Supplemental Figure 2).

CTGF mAb REGULATES GENES RELATED TO
FIBROSIS AND/OR INFLAMMATION AND CARDIAC
REPAIR (STUDY II). To explore potential mechanisms
that mediated the cardioprotective effects of CTGF
mAb, we performed RNA sequencing analysis of
samples from mice subjected to chronic MI and
treated with either control IgG (n = 5) or CTGF mAb
(n = 5) for 6 weeks. We identified >1,000 genes with
significantly altered expression after MI (fold change
[FC] >1.5; p < 0.05) (Data Set 1 in the Supplemental
Material). CTGF mAb treatment significantly
affected expression of 72 transcripts in MI hearts (FC
>1.5; p < 0.05) (Supplemental Table 3), 60 of which
were also MI-altered. Gene ontology enrichment
analysis indicated that 24 of 72 transcripts affected by
CTGF mAb treatment were related to fibrosis and/or
inflammation. An investigation of shared upstream
regulators indicated that many transcripts are known
to be co-regulated by multiple inflammatory factors,
such as transforming growth factor (TGF)-f1, tumor
necrosis factor-o, and interleukin-1f (Figure 3E).
Normalized RNAseq data showed downregulation of
selected MI-induced genes, and reduced expression
of PAI-1 (Serpinel) was also confirmed by Western
blotting (Supplemental Figure 3).

Values are mean + SD. The mice were subjected to myocardial infarction (M), and 3 days after
surgery randomly divided to receive either immunoglobulin (IgG) vehicle or connective tissue
growth factor (CTGF) monoclonal antibody (mAb) for 4 days, and subjected to echocardiography
analysis. LV mass and heart weight versus body weight (HW/BW) were analyzed. *p < 0.05. tp <
0.01. #p < 0.001 versus sham. §p < 0.05 versus Ml + IgG.

CO = cardiac output; E/E’ = mitral E/E’ ratio; EF = ejection fraction; FS = fractional shortening;
HR = heart rate; IVRT = isovolumic relaxation time; LV = left ventricular; LVEDD = LV end-
diastolic dimension; LVESD = end-systolic dimension; LVEDPW = LV end-diastolic posterior
wall thickness; LVESPW = LV end-systolic posterior wall thickness; LVED Vol = LV end-diastolic

volume; LVES Vol = LV end-systolic volume, SV = stroke volume.

CTGF mAD treatment upregulated expression of 42
transcripts related to cardiac development and/or
repair, including Nkx2-5 and Cited4 (Cbp/P300
interacting transactivator with Glu/Asp rich carboxy-
terminal domain 4) in post-MI hearts (Figure 3F,
Supplemental Figure 4). In addition, although it did
not meet fold-change cutoffs, RNAseq analysis
revealed significant induction of GATA binding pro-
tein 4 (GATA-4) expression in CTGF mAb-treated
hearts compared with hearts treated with control
IgG (Supplemental Figure 4).

CTGF mAb HAS NO EFFECT ON INFARCT SIZE
FOLLOWING MYOCARDIAL I/R INJURY (STUDY III).
To assess if antagonizing the function of CTGF
affected acute cardiac I/R injury, wild-type mice were
subjected to 30 min of ischemia followed by reper-
fusion (Study III) (Figure 1). Analysis for cardiac injury
by determination of apoptosis at 3 h after reperfusion
showed no difference between the control IgG and
CTGF mAbD treatments (Figure 4A). When assessed 24
h after reperfusion, CTGF mAb treatment had no ef-
fect on the size of the area at risk (Figure 4B). Analysis
of infarct size revealed no difference between the
groups, which suggested that CTGF mAb had no ef-
fect on cardiomyocyte viability following I/R injury
(Figure 4B). Echocardiography analysis at 24 h after
reperfusion showed no difference in LV structure or
function between the groups (Supplemental Table 4).


https://doi.org/10.1016/j.jacbts.2018.10.007
https://doi.org/10.1016/j.jacbts.2018.10.007
https://doi.org/10.1016/j.jacbts.2018.10.007
https://doi.org/10.1016/j.jacbts.2018.10.007
https://doi.org/10.1016/j.jacbts.2018.10.007
https://doi.org/10.1016/j.jacbts.2018.10.007
https://doi.org/10.1016/j.jacbts.2018.10.007
https://doi.org/10.1016/j.jacbts.2018.10.007
https://doi.org/10.1016/j.jacbts.2018.10.007
https://doi.org/10.1016/j.jacbts.2018.10.007

Vainio et al.

JACC: BASIC TO TRANSLATIONAL SCIENCE VOL. 4, NO. 1, 2019

Antagonizing the Function of CTGF in the Ischemic Heart FEBRUARY 2019:83-94

FIGURE 3 CTGF mAb Protects Against Post-MI LV Hypertrophy and Fibrosis (Study II)
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The effect of CTGF inhibition on central signaling
mechanisms in the ischemic heart was assessed 3 h
after reperfusion with Western blotting. Analysis
for reperfusion injury salvage kinase pathways in
the ischemic area showed no difference in phos-
phorylation of protein kinase B (Akt) or ERK be-
tween the mice treated with IgG or CTGF mAb
(Figure 4C). In contrast, phosphorylation of JNK2
and the signal transducer and activator of tran-
scription 3 were significantly increased in hearts of
mice treated with CTGF mAb (Figure 4C). CTGF mAb
had no effect on SMAD, p38, or protein kinase C
(PKC)-o. phosphorylation (Figure 4C).

JNK PATHWAY MEDIATES EFFECTS OF CTGF mAb.
To more directly investigate the molecular function
of CTGF mAb, we treated human cardiac FBs with
CTGF mAb. Immunoblotting showed that treatment
with CTGF mAb modestly reduced both basal and
TGF-B1-induced aSMA and collagen-1 expression
(Figure 5A). Examination of the affected signaling
pathways showed that similar to findings in vivo,
CTGF mAb induced IJNK2 phosphorylation
(Figure 5A). Antagonizing the function of CTGF also
modestly reduced focal adhesion kinase (FAK) phos-
phorylation, but had no effect on ERK or SMAD2
phosphorylation (Figure 5A).

Quantitative analysis for the effect of CTGF mAb on
collagen production showed that CTGF mAb signifi-
cantly reduced both basal and TGF-fi-induced
collagen production, but had no effect on basal or
TGF-B1-induced FB proliferation (Figure 5B). We then
investigated if JNK played a role in mediating the
effects of CTGF mAb. Treatment of human cardiac
FBs with JNK inhibitor I abrogated the reduced
collagen production in CTGF mAb-treated cells,
but had no effect on collagen production in
control IgG-treated cells (Figure 5B). In contrast, FB
proliferation was not affected by JNK inhibition
(Figure 5B).

Antagonizing the Function of CTGF in the Ischemic Heart

DISCUSSION

ECM forms the structural backbone of the heart, and
provides efficient mechanical and electrical coupling
during contraction. In HF, excessive accumulation of
ECM not only increases ventricular stiffness, but also
disrupts normal electrical coupling, which pre-
disposes to conduction abnormalities, arrhythmias,
and sudden cardiac death. However, fibrotic wound
healing is necessary to form a stable infarct scar to
prevent cardiac wall rupture. Therapy for HF patients
with angiotensin-converting enzyme inhibitors,
angiotensin II receptor antagonists, and mineralo-
corticoid receptor antagonists have been shown to
attenuate the development of cardiac fibrosis (19,20).
In addition, novel approaches, such as inhibition of
fibronectin polymerization, may provide novel ther-
apeutic approaches (21). In the present study, we
investigated the potential of CTGF mAb therapy in
protecting the heart from MI-induced injury and
fibrosis.

TREATMENT WITH CTGF mAb DURING CARDIAC
REPAIR. Repair of the infarcted heart can be divided
into 3 overlapping phases: the inflammatory, prolif-
erative, and maturation phases (22). The inflamma-
tory phase in mouse hearts subjected to I/R injury
lasts up to 72 hours after injury and is likely longer in
hearts undergoing permanent MI. This is followed by
a proliferative phase (days 3 to 7), which is charac-
terized by FB proliferation, differentiation of FBs to
myofibroblasts, and angiogenesis. Following repair of
the infarct, activation of FBs occurs in both the peri-
infarct area and the remote myocardium, which
contribute to adverse remodeling of the LV. It is well
documented that CTGF expression is elevated during
wound healing in different tissues (23). In our study,
treatment with CTGF mAb during the proliferative
phase of cardiac repair (starting at day 3 after MI)
resulted in better preserved ejection fraction at 1

FIGURE 3 Continued

(n = 5). Abbreviations as in Figures 1 and 2.

Mice were subjected to MI and 1 week after surgery randomly divided to receive IgG vehicle or CTGF mAb for 6 weeks. (A) Analysis for heart
weight to body weight (HW/BW) ratio, LV mass, left atrial end-diastolic area (LAA;d), and EF. (B) Analysis of cardiomyocyte cross-sectional
area from Masson trichrome—stained LV sections. (C) Analysis of mean capillary cross-sectional size and the number of capillaries per car-
diomyocyte in the nonischemic myocardium from CD31 staining, (D) Analysis of interstitial fibrosis from picrosirius red—stained LV sections
under polarized light. Scale bar: 50 um. (A to D) Data are presented as mean + SD; number of animals was sham (n = 5), IgG (n = 7), and
CTGF mAb (n = 8). *p < 0.05; **p < 0.01; ***p < 0.001. (E) Hierarchical clustering of RNAseq data for transcripts that were altered by MI
and at least partially normalized by CTGF mAb, indicating that many of these genes are regulated by transforming growth factor-$1 (TGF-f1),
tumor necrosis factor (TNF)-a, or interleukin (IL)-1p. Red highlights indicate genes associated with various fibrotic disorders. (F) Hierarchical
clustering of RNAseq data showing transcripts whose expression was increased in hearts of mice treated with CTGF mAb. Known cardiac
development and/or repair related genes are highlighted (red). (E and F) Number of animals was sham (n = 3), IgG (n = 5), and CTGF mAb
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FIGURE 4 Antagonizing the Function of CTGF mAb During Cardiac I/R Injury (Study IlI)
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week after MI and also improved survival. We also
found that CTGF mADb treatment started at day 3 after
MI reduced infarct scar thinning and infarct expan-
sion. Infarct expansion is associated with a decrease
in LV systolic function and increased infarct rupture,
which most often occurs at the infarct border zone
during the first week after MI (24,25). In the present
study, CTGF mAb-treated mice had less thinning of
the infarct scar, which might have resulted in better
preserved LV systolic function and provided protec-
tion from infarct rupture, and led to better post-MI
survival. RNA sequencing data of samples from MI
hearts treated with IgG or CTGF mAb showed that
treatment with CTGF mAb induced expression of a
number of genes involved in cardiac repair and/or
development. Clear induction of Nkx2-5, a key nodal
transcription factor in cardiogenesis, was noted, and
further data mining revealed significant induction of
GATA-4 expression in CTGF mAb-treated hearts.
GATA-4 and Nkx2-5 physically interact and drive
expression of a number of genes in cardiomyocytes
(26), and are key mediators of cardiac repair and
regeneration in the adult heart (27,28).

Cited4 encodes for the CREB-binding protein (CBP)/
p300-interacting transactivator. Cardiomyocyte-
specific overexpression of Cited4 in mice has also
been shown to induce an increase in heart weight and
cardiomyocyte size with normal systolic function, and
to induce functional recovery and reduction in fibrosis
long term after I/R injury (29). Induction of car-
dioprotective genes in hearts of CTGF mAb-treated
mice might have contributed to better post-MI sur-
vival and better preserved LV systolic function after
MI.

CTGF mAb IN DEVELOPMENT OF MYOCARDIAL
FIBROSIS FOLLOWING MI. In the present study, we
found that CTGF mADb treatment for 6 weeks post-MI
resulted in reduced fibrosis in the remote, non-
ischemic myocardium. In addition, CTGF mAbD treat-
ment during post-MI LV remodeling reduced the
MI-induced increase in cardiomyocyte size and LV

Antagonizing the Function of CTGF in the Ischemic Heart

mass. RNA sequencing analysis of samples from sur-
viving myocardium at 7 weeks after MI identified
downregulation of MI-induced expression of inflam-
matory and fibrotic genes in hearts of CTGF
mAb-—treated mice. Previously, treatment with CTGF
mAb in a genetic model of dilated cardiomyopathy
showed that CTGF mainly regulated the genes related
to ECM structural proteins and remodeling enzymes
(15). These data, together with our present data, thus
suggested that the antifibrotic effect of CTGF mAb in
MI hearts arises from downregulation of inflamma-
tory and fibrotic genes. The effect of CTGF mAb on
cardiomyocyte hypertrophy in the present study
probably also stemmed from altered FB function and
altered release of local growth factors and cytokines
from activated FBs.

Investigation of the mechanisms of CTGF action in
cultured human FBs indicated that CTGF mAb reduced
collagen production, but had no effect on FB prolifer-
ation. Recent studies indicated that the increase in LV
fibrosis in the remote myocardium during post-MI LV
remodeling was dependent on activation of existing
FBs rather than FB proliferation, which mainly occurs
2 to 7 days post-MI in the infarct region (30). It is
known that CTGF can modulate many signaling path-
ways independently of TGF-f (31). However, with
respect to TGF-f signaling, it was previously reported
that CTGF did not modulate canonical signaling (i.e.,
via SMAD 2/3), but instead modulated at least 2 non-
canonical TGF-B signaling pathways, SMAD 1 and
ERK (32). We found that CTGF mAb consistently acti-
vated the JNK2 isoform both in vivo and in vitro, but
had no effect on SMAD signaling. Although there are
previous data that showed that JNK2 is a negative
regulator of FB proliferation (33), we found that inhi-
bition of JNKs abrogated the antifibrotic effect of CTGF
mAb in cultured human FBs.

EFFECT OF CTGF mAb ON ACUTE I/R INJURY. Pre-
vious data from studies that used transgenic mice
with cardiac-restricted overexpression of rat CTGF
suggested that CTGF protects the myocardium from

FIGURE 4 Continued

Mice were treated with 1gG vehicle or CTGF mAb and subjected to ischemia—reperfusion injury (I/R). (A) Quantitative analysis of TUNEL-
positive cells in hearts subjected to 30 min of ischemia and 3 h of reperfusion is shown. TUNEL-positive cells are marked with arrows; scale
bar: 20 um. (B) Mice were treated with IgG vehicle or CTGF mAb 24 h before ischemia and at reperfusion, or with CTGF mAb at reperfusion
only. Infarct size and area at risk were analyzed from triphenyl tetrazolium chloride (TTC)—stained myocardial sections. (C) Western blot
analysis of samples from infarct area 3 h after I/R injury. Analysis of phosphorylated protein kinase B (Akt), ERK, JNK, signal transducer and
activator of transcription 3 (STAT3), p38, protein kinase C alpha (PKCa), SMAD2, and SMAD1/5 is shown. GAPDH was used as a loading
control. Ratio of p-JNK to GAPDH and p-STAT3 to GAPDH data in the bar graphs are presented as mean + SD. Number of animals in 3-h I/R
experiment, including TUNEL labeling, was sham (n = 3), IgG (n = 6), and CTGF mAb (n = 6). Number of animals in 24-h I/R experiment
including TTC staining was IgG (n = 11), CTGF mAb (n = 12), and CTGF in reperfusion (n = 12). TUNEL = terminal deoxynucleotidyl
transferase dUTP nick end labeling; other abbreviations as in Figures 1 and 2.
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FIGURE 5 CTGF mAb Activates JNK and Reduces Collagen Production in Cultured Human Cardiac Fibroblasts
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inhibitor (JNKi) [(L)-Form, 2 uM)], where indicated. (A) Western blot analysis for phosphorylated JNK2, p-ERK, phosphorylated SMAD2,
phosphorylated focal adhesion kinase (p-FAK), smooth muscle alpha actin (z-SMA), and collagen 1 (Col1) is shown. Vinculin was used as
loading control. (B) Quantitative analysis for collagen production and fibroblast proliferation. Data are presented as mean =+ SD. **p < 0.07;
**¥p < 0.001 versus IgG; #p < 0.05 versus IgG + TGF-1; $$$p < 0.001 versus CTGF mAb. N = 5 per group. Abbreviations as in Figures 1 to 3.
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acute I/R injury (34). In the present study, we used
strategies to administer CTGF mAb before I/R injury
or immediately at reperfusion. Our data showed that
treatment with CTGF mAb did not increase infarct
size or compromise the recovery of LV systolic func-
tion at 24 h after I/R injury, as might be expected if
CTGF were cardioprotective in acute I/R.

STUDY LIMITATIONS. There were some possible
limitations to this study. Experimental MI surgery
itself might have resulted in inflammatory effects (35)
that could have affected the analysis of post-MI
inflammation at 7 days after MI. However, our
model for MI surgery, which included pericardial
incision without open-chest surgery, resulted in
shortened recovery and reduced inflammation
compared with conventional open-chest models (36).
Unfortunately, experimental MI in rodents and open-
chest cardiac surgery in patients can damage the
pericardium and may induce pericardial adhesions.
CTGF mAb therapy during the proliferative phase of
infarct repair might have had an effect on the devel-
opment of the post-operative pericardial adhesions,
which possibly contributed to increased survival and
better preserved ejection fraction. Similar limitations
should be considered when investigating any anti-
fibrotic intervention during infarct repair in rodent MI
models. In addition, analysis for infarct size at 24 h
after I/R injury did not rule out the possibility that
CTGF mAb could have had an effect on I/R injury
analyzed at a later time point.

CONCLUSIONS

We found that therapy with CTGF mAb during the
proliferative phase of post-MI cardiac repair

Vainio et al.
Antagonizing the Function of CTGF in the Ischemic Heart

attenuated infarct expansion, improved survival, and
attenuated the decrease in LV systolic function.
Intervention with CTGF mAb during post-MI LV
remodeling reduced LV fibrosis and attenuated the
MI-induced cardiomyocyte hypertrophy and increase
in LV mass. Mechanistically, therapy with CTGF mAb
attenuated the MI-induced increase in inflammatory
and pro-fibrotic genes and enhanced expression of
genes related to cardiac development and/or repair.
In addition, studies with cultured human FBs indi-
cated a role for JNK in reducing the collagen pro-
duction by CTGF mAb. Further studies in large animal
models are needed to establish if CTGF mAb provides
a novel therapy for MI patients.
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and attenuated development of LV fibrosis.

TRANSLATIONAL OUTLOOK: Further work is needed to

imal models of myocardial infarction.
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EDITORIAL COMMENT

Connecting the Dots for Connective

Tissue Growth Factor Roles in
Cardiac Wound Healing After

Myocardial Infarction*

Taben M. Hale, PuD,* Merry L. Lindsey, PuD®

n response to myocardial infarction (MI), the for-

mation of scar comprised of extracellular matrix

(ECM) is essential to maintain structure of the
left ventricle (LV); however, too much or different
ECM composition can generate an LV that is overly
stiff and increases pre-load to the myocardium. Con-
nective tissue growth factor (CTGF) (also known as
CCN2) is a matricellular protein that influences fibro-
blast activation, cell migration, and cardiomyocyte
hypertrophy (1). Cardiac fibroblast-mediated produc-
tion of macrophage-recruiting chemokines are
induced by CTGF (2,3). CTGF is low in the healthy
adult heart and is markedly up-regulated in response
to cardiac injury (4,5). CTGF gene expression is
induced as early as 2 days after MI and remains
elevated for up to 8 weeks (4,6). Therefore, under-
standing the mechanisms whereby CTGF regulates
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LV remodeling will provide insight into cardiac
wound healing and help to elucidate additional tar-
gets that may be of therapeutic use.

SEE PAGE 83

In the study by Vainio et al. (7) in this issue of
JACC: Basic to Translational Science, the potential of
CTGF monoclonal antibody (mAb) therapy was tested
in 3 different study protocols in mice: one inhibiting
during the initial inflammation and scar formation
period, a second evaluating chronic administration
effects in a permanent occlusion MI model, and the
third examining acute effects following ischemia and
reperfusion (7). CTGF mAb during the early prolifer-
ative phase of MI limited infarct expansion, increased
survival, and limited the development of LV systolic
dysfunction. Starting administration later reduced
remote fibrosis and myocyte hypertrophy. The
mechanisms of action were to modulate develop-
ment, inflammation, and ECM genes to promote
repair. Jnk signaling in fibroblasts was identified as a
major node of action.

This paper is interesting because CTGF is known
for its role in activating fibroblast polarization to an
ECM synthesizing cell phenotype (8), yet its inhibi-
tion enhanced rather than impaired repair. This
report also highlights that timing is a crucial factor for
consideration in drug administration, as different
benefits were seen when the mAb was started at 3
days versus 7 days after MI and was evaluated at 1
week versus 7 weeks.

Protocol 1. The first protocol started mAb admin-
istration at 3 days after MI and evaluated at day 7
after MI. Under this administration, they observed
less reduction in ejection fraction at 1 week, indi-
cating that CTGF treatment slowed the progression of

https://doi.org/10.1016/j.jacbts.2019.01.004


https://doi.org/10.1016/j.jacbts.2019.01.004
http://www.basictranslational.onlinejacc.org/content/instructions-authors
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jacbts.2019.01.004&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

96

Hale and Lindsey
Connecting the CTGF Dots After M|

LV dilation. There was increased survival, although
the cause was not given; rupture, acute heart failure
indicated by lung congestion, and sudden cardiac
death due to arrhythmias are the 3 causes typically
observed. There was less infarct scar thinning and
infarct expansion. From these findings, the authors
conclude that enhanced ejection fraction and frac-
tional shortening meant improved systolic physi-
ology. Improved systolic physiology indicates
myocyte actions versus diastolic physiology that in-
dicates ECM differences. Because diastolic function
also contributes to these equations and neither alone
showed differences, the effect was likely due to the
combination. The improvement in systolic properties
is not likely due to preservation of myocytes in the
infarct region, because initiation at 3 days after MI
would not limit ischemic injury. The effect, therefore,
was on surviving myocytes in the remote and border
zones. Because treatment was started 3 days after MI
surgery, it would have been good to see the day 3
echocardiography results to show that the 2 groups
started out treatment looking the same. Day 7 was an
appropriate time to evaluate, as most of inflammation
and ECM responses occur by this time (9).

Protocol 2. The second protocol started mAb
administration 1 week after MI and evaluated at week
7 MI. They observed reduced ECM accumulation (i.e.,
collagen) in the remote region. Myocyte size and LV
mass were reduced, indicating a tempered hypertro-
phic response to MI. Infarct size was not different, as
would be expected since treatment started 1 week
after MI, a time when salvage would not be expected.
RNA-seq showed repair (inflammation and ECM
genes) and development genes increased with mAb
treatment. The 2 most prominent development genes
were Nkx2.5 and Gata4. This protocol revealed
transforming growth factor (TGF) p-independent
signaling stimulated by CTGF, which provides new
targets for therapeutic exploration.

Protocol 3. The third protocol started mAb admin-
istration 24 h before MI (a prevention rather than
inhibition strategy) and evaluated after 30 min
ischemia and 3 or 24 h reperfusion. This protocol
revealed findings that are in contrast to a previous
report using cardiac myocyte-specific overexpression
of rat CTGF, which showed protection from acute
ischemia/reperfusion injury (10). Using the CTGF
mAb strategy, the current study noted protection
with inhibition, opposite the overexpression strategy
used previously. These results highlight that trans-
lational protocols often do not recapitulate genetic
models. We also have seen that matrix metal-
loproteinase-9 null and inhibition strategies show
divergent effects on MI remodeling (11,12),
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highlighting the distinction between modifying gene
expression under artificial conditions and using clin-
ically relevant antibody or inhibitor strategies.
Although therapeutic efficacy was not determined by
measuring Ab concentrations in plasma or LV, it is
likely that 100% inhibition was not achieved,
providing another difference from gene deletion
strategies. This protocol shows that the effects of the
antibody are not acute and are not myocyte-centric,
consistent with the other 2 study protocols showing
that inflammation and ECM were the primary mo-
lecular targets.

Combined, the 3 study protocols reveal a lot about
CTGF roles in MI wound healing. Standards have been
set up for ischemia studies, and for the most part
these are met in this study (9). At the same time, there
were a few study limitations that should be noted.
Because all 3 study protocols were distinct, results
cannot be interwoven among them. Protocols 1 and 2
are translational, whereas protocol 3 is preventative.

The heart rate in the sham group (Table S1 in
Vainio et al. [7]) was under 400 beats/min, and frac-
tional shortening was an average of 25%, which is low
for control mice (13). It is unusual for heart rate to
increase with MI in the mouse permanent occlusion
model, and a lack of wall thinning at day 7 after MI is
not typical (9,13). It is likely there was wall thinning
and infarction was achieved, based on the histological
section shown in Figure 2C in Vainio et al. (7). The
results combined indicate some technical issues with
echocardiography acquisition that may be compli-
cating data interpretation.

The 30-min ischemia period was the minimum
time needed to induce infarction, and a lack of effect
may indicate that minimal damage occurred. This
protocol would not mimic the patient scenario, where
30 min to reperfusion is not the usual treatment
window. The early increase in Jun kinase 2 and signal
transducer and activator of transcription (STAT)3 to
then signal fibroblast activation could indicate that
CTGF treatment was stimulating a much earlier acti-
vation than typically seen.

Knockdown of CTGF in cardiac fibroblasts in-
creases expression of CCN5 (3). Whereas CTGF pro-
motes fibroblast activation, ECM accumulation, and
cardiac hypertrophy, CCN5 has opposing effects (5).
CCN5 was not measured in this study, and whether
the improved cardiac outcomes in response to CTGF
mAb are due to suppression of CTGF or up-regulation
of CCN5 would be of interest to determine in future
studies.

Regardless of the study limitations, the study by
the Kerkela team reveals several mechanisms
whereby CTGF is regulating negative components of
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cardiac wound repair after MI through effects on
propagating inflammation and ECM accumulation in
the remote region. This study also highlights the
benefits of using translational protocols to bridge
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HIGHLIGHTS

This study combined ALDH activity with
cell surface marker expression to develop
a multiparametric flow cytometry assay to
assess proangiogenic progenitor and
proinflammatory cell content in the
peripheral blood of patients with T2D
compared with age-matched control
subjects.

Patients with T2D exhibited an increased
frequency of proinflammatory ALDH"
cells with granulocyte side scatter
properties and a decreased frequency of
circulating monocytes with an M2
phenotype that is associated with
proangiogenic and anti-inflammatory
functions.

Patients with T2D exhibited significant
depletion of circulating provascular
ALDH"CD34+ progenitor cells with
primitive, migratory, endothelial, and
pericyte phenotypes.

Subgroup analyses that stratified patients
with T2D according to age, duration of
T2D, insulin requirement, and
glycosylated hemoglobin levels revealed
that only the duration of T2D correlated
with vascular progenitor cell depletion.
Flow cytometric assessment of circulating
ALDH" cell subsets represents a
promising translational approach for
identifying patients with T2D at increased
risk for cardiovascular comorbidities.
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SUMMARY

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

pproximately 400 million individuals world-

wide experience type 2 diabetes (T2D), and

this number is expected to rise to >600
million by 2045 (1-3). Although various mechanisms
have been suggested to mediate the vascular compli-
cations of diabetes, there is growing interest in the
theory that diabetes may lead to chronic inflamma-
tion, which in turn increases oxidative stress on
vascular regenerative cells, inciting a state of vasculo-
penia. This damaging microenvironment also contrib-
utes to the death and dysfunction of bone marrow
(BM)-derived and circulating proangiogenic progeni-
tor cells, leading to an inability to respond to vessel
damage (4). Thus, ongoing endothelial damage
combined with reduced blood vessel regenerative
capacity in patients with T2D culminates in a 2- to
5-fold increased risk for the development of ischemic
cardiovascular diseases, including critical limb
ischemia, myocardial infarction, and stroke (1,3).
Although newer antihyperglycemic agents reportedly
improve cardiovascular outcomes in diabetes (5-15),
the unmet need and residual risk remain prohibi-
tively high in T2D (16).

Detection of vascular regenerative cell exhaustion is required to combat ischemic complications during type 2
diabetes mellitus (T2D). We used high aldehyde dehydrogenase (ALDH) activity and surface marker co-
expression to develop a high-throughput flow cytometry-based assay to quantify circulating proangiogenic and
proinflammatory cell content in the peripheral blood of individuals with T2D. Circulating proangiogenic
monocytes expressing anti-inflammatory M2 markers were decreased in patients with T2D. Individuals with
longer duration of T2D exhibited reduced frequencies of circulating proangiogenic ALDH"CD34+ progenitor
cells with primitive (CD133) and migratory (CXCR4) phenotypes. This approach consistently detected
increased inflammatory cell burden and decreased provascular progenitor content in individuals with T2D.

(J Am Coll Cardiol Basic Trans Science 2019;4:98-112) © 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
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To minimize the risks associated with reduced
blood flow causing ischemia, multiple endogenous
mechanisms can be activated to reverse vascular
dysfunction (4). These processes
include vasculogenesis, the creation of de novo ves-
sels from endothelial progenitor cells; angiogenesis,
the sprouting of new blood vessels from pre-existing

multicellular

vessels; and arteriogenesis, the beneficial remodel-
ing of pre-existing collateral vessels to form a “nat-
ural bypass” toward the ischemic region (4,17).
Although angiogenesis and postnatal vasculogenesis
have been widely studied, both processes can be
limited in adults by the scarcity of circulating pro-
vascular progenitor cells of hematopoietic and endo-
thelial lineages (18,19). Although arteriogenesis is not
as well wunderstood, accessory immune cells
(including monocytes and macrophages) are recruited
to pre-existing collateral vessels and participate in
vessel remodeling to activate blood flow (4,18,20,21).
Thus, these processes rely on structural and secretory
contributions from circulating hematopoietic and
endothelial cells that originate from the BM (22,23). In
the context of T2D, the impact of glucotoxicity and
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increased oxidative stress on the frequency and
function of these regenerative progenitor cells is not
well understood.

Aldehyde dehydrogenase (ALDH) is an intracellular
detoxification enzyme highly expressed in progenitor
cells with documented proangiogenic secretory
function (17). ALDH acts to protect long-lived cells
from oxidative stress by metabolizing toxic alkylating
aldehyde agents, which can lead to cellular damage.
In addition, ALDH is the rate-limiting enzyme in the
intracellular production of retinoic acid, a potent
morphogen. Thus, as progenitor cells differentiate
toward a mature phenotype, ALDH-activity is
reduced. Our group and others have previously
documented the proangiogenic signaling capacity of
ALDHM progenitor cells from BM and umbilical cord
blood (17,24,25).

BM cells of patients with T2D exhibit reduced
expression of markers associated with proangiogenic
progenitor cells (CD34 and CD133) due to premature
differentiation accelerated by hyperglycemia and
increased oxidative stress (18,23,26). The T2D BM
microenvironment also exhibits increased cell turn-
over, lending to heightened inflammatory responses
and inhibited distribution of provascular progenitor
cells to ischemic tissues (23,27). The amplified
inflammation leads to increased NADPH oxidase-1
function, which significantly elevates intracellular
reactive oxygen species (ROS) formation (28). The
examination of circulating progenitor cell content in
the peripheral circulation may confirm the extent of
this process (termed “regenerative cell exhaustion”)
and illuminate the therapeutic implications of BM
dysfunction on vascular regeneration.

The goal of this study was to assess the balance
between circulating vascular regenerative progenitor
cells and inflammatory cells in patients with T2D. We
used the detection of high ALDH-activity according to
flow cytometry to quantify the prevalence of circu-
lating progenitor cells in the peripheral blood of pa-
tients with T2D and age-matched control subjects.
High ALDH-activity in conjunction with 6-color cell
surface marker analyses allowed us to quantify the
frequencies of proangiogenic and inflammatory cell
types that affect the repair of ischemic injury in
patients with T2D. Patients with T2D exhibited a
significant decrease in circulating cells with hemato-
poietic and endothelial progenitor cell phenotype.
In addition, circulating monocytes with an anti-
inflammatory M2 phenotype were decreased in
patients with T2D, and primitive granulocytes with
proinflammatory  function were significantly
increased in patients with T2D, suggesting a shift
toward a proinflammatory phenotype (29). These
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studies provide a foundation to assess vascular
regenerative cell content during the progression of
T2D and may be developed as a surrogate assay to
estimate the capacity to mitigate ischemia via a pro-
vascular regenerative response.

METHODS

PATIENT CHARACTERISTICS. A total of 30 in-
dividuals >40 years of age with established T2D of
>5 years were age- and sex-matched with 30 in-
dividuals without T2D. Written informed consent was
provided, and all studies were approved prior to study
initiation by the Advarra central institutional review
board.

ISOLATION OF PERIPHERAL BLOOD MONONUCLEAR
CELLS. Up to 50 ml of peripheral blood was drawn
from each patient into ethylenediaminetetraacetic
acid-lined blood collection tubes. Cells were layered
on Hypaque-Ficoll solution placed in SepMate tubes
(STEMCELL Technologies, Vancouver, British
Columbia, Canada) to aid in the removal of red blood
cells. Any red blood cells remaining were lysed with
ammonium chloride and washed in phosphate-
buffered saline to remove cellular debris.

ANALYSES OF PROGENITOR CELLS. Peripheral
blood mononuclear cells were examined for
ALDH-activity by using Aldefluor reagent (STEMCELL
Technologies) following the manufacturer’s in-
structions (17,24,25). Briefly, cells were incubated at
37°C for 30 min with Aldefluor reagent. Subsequently,
cells were centrifuged, washed with phosphate-
buffered saline, and resuspended in ALDH buffer to
block the efflux of the fluorescent substrate via
adenosine triphosphate-binding cassette trans-
porters. Next, cells were labeled with fluorochrome-
conjugated, anti-human antibodies to surface
markers marking primitive (CD34 and CDi133) and
more mature (CD33 and CD45) hematopoietic cells,
endothelial cells (CD31, CD146, and CD144), mono-
cytes (CD14), M1/M2 phenotype (CD68, CD80, and
CD163), and granulocyte (CD15, CD16b, and CD66b)
phenotypes. Antibodies were from Becton Dickinson,
Miltenyi, and BioLegend, as specified in
Supplemental Table 1. Cells were incubated with the
antibodies for 30 min at 2°C to 8°C and washed in
phosphate-buffered saline to ensure that excess an-
tibodies were removed from the sample. Circulating
progenitor cell content was assessed via 6-color,
multiparametric flow cytometry on a BD LSRFortessa
X-20 cytometer (BD Biosciences (Franklin Lakes, New
Jersey) and analyzed with the FlowJo version 10
software (FlowJo, LLC, Ashland, Oregon). Side scatter
(SSC) property, a measure of light scatter due to
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intracellular complexity or granularity, was used to
further identify cells with low, intermediate, or high
intracellular complexity. A minimum of 10° events
was collected for every sample, assuring the analysis
of >500 cells in the rare ALDHMSSC!®" population.

STATISTICAL ANALYSIS. Statistical analyses were
performed with the Student’s t-test for comparison of
results from the group with T2D versus the age-
matched control individuals and for analyses of pa-
tients with T2D (n = 30) stratified into subgroups for
assessment of correlations with sex (male, n = 12;
female, n = 18), HbA,. values (HbA,. =7, HbA,. >7,n =
15), insulin use (no insulin, n = 18; on insulin, n = 12),
age (=70 years, n = 16; >70 years, n = 14), and dura-
tion of T2D (=13 years, n = 15; >13 years, n = 15) on
relevant circulating cellular subpopulations. Data
from all 30 patients with T2D were included in the
subgroup analyses. The use of nonparametric tests or
permutation tests was not required.

RESULTS

DEMOGRAPHIC AND BIOCHEMICAL CHARACTERISTICS.
Baseline patient characteristics as well as their clin-
ical histories are shown in Table 1. As expected, HbA.
levels were higher in patients with T2D. The average
duration of diabetes in this cohort was 14.0 + 0.9
years, and the average age was 71.4 + 1.7 years. The
age and percent ratio of male to female patients
(40:60) were balanced between the T2D cohort and
matched control subjects. The frequency of patients
taking an antihypertensive agent was equivalent in
both populations. High-density lipoprotein choles-
terol levels were similar between the groups,
although total cholesterol and low-density lipopro-
tein cholesterol levels were significantly lower in
patients with T2D. The lower total cholesterol and
low-density lipoprotein cholesterol levels are likely
due to greater use of statins within the T2D cohort
(22 of 30) compared with the control group (15 of 30).
The majority of the patients with T2D (77%) were
taking metformin, and insulin was used by 12 (40%)
of 30 patients with T2D.

CIRCULATING CELLS WITH PROANGIOGENIC MONOCYTE
AND ANTI-INFLAMMATORY M2 PHENOTYPES WERE
DECREASED IN PATIENTS WITH T2D. We first examined
the relative expression of cell surface markers asso-
ciated with hematopoietic, endothelial, monocyte,
and granulocyte phenotypes. Importantly, previous
studies have shown the functional relevance of these
cell types in the coordination of proangiogenic re-
sponses after transplantation (30-33). When gated on
total cellular events and analyzed for single-cell sur-
face marker expression, the frequency of circulating
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TABLE 1 Baseline Characteristics of the Study Population
Control Subjects Patients With T2D
(n =30) (n =30)
Age, yrs 723 £1.6 N4 +£17
Male/female 12 (40)/18 (60) 12 (40)/18 (60)
Duration of T2D, yrs NA 14.0 £ 0.9
HbA, % 55+ 0.1 7.2+ 0.2*
LDL-C, mmol/L 25 2= @2 1.5+ 0.1*
HDL-C, mmol/L 1.4+ 0.1 1.3+0.1
Total cholesterol, mmol/L 45+ 0.2 35+ 0.2*
Hypertensive therapy 24 (80) 26 (87)
Statin therapy 15 (50) 22 (73)
Metformin 0 (0) 23 (77)
Insulin 0 (0) 12 (40)
Values are mean + SEM or n (%). *p < 0.001 with the Student's t-test.
HbA, = glycosylated hemoglobin; HDL-C = high-density lipoprotein cholesterol; LDL-C = low-
density lipoprotein cholesterol; NA = not applicable; T2D = type 2 diabetes mellitus.

cells expressing primitive hematopoietic and endo-
thelial cell-associated surface markers was equiva-
lent in patients with T2D and the matched control
subjects (Table 2, Supplemental Figures 1A to 1H). In
contrast, the frequencies of circulating cells express-
ing the monocyte marker CD14 or the M2 polarization
marker CD163 were significantly decreased in patients
with T2D (Table 2, Supplemental Figures 1I to 1L); the
frequency of cells expressing CD80, a marker associ-
ated with the M1 phenotype, was increased in pa-
tients with T2D. Collectively, the diminished
frequency of provascular CD14+ circulating mono-
cytes combined with a shift from the M2 to M1
phenotype suggested increased inflammation in pa-
tients with T2D. In addition, more sensitive analyses
using multiple markers combined with ALDH-activity
was required to accurately detect differences in
circulating proangiogenic progenitor cell frequencies.

ALDH"'ssc"  GRANULOCYTIC CELLS WERE
INCREASED IN PATIENTS WITH T2D. To more defin-
itively assess circulating proangiogenic progenitor cell
frequencies in the peripheral blood of patients with
T2D, the Aldefluor assay was used to detect circulating
cells with high ALDH-activity, a conserved character-
istic in multiple progenitor cell lineages. We have
previously documented the robust proangiogenic
secretory function of ALDH™ cells from human um-
bilical cord blood and BM (17,24,25,34). We identified
three distinct cell populations with high ALDH-activ-
ity segregated further according to SSC properties
representing cells with increasing intracellular
complexity. A reversible inhibitor of ALDH-activity,
N,N-diethylaminobenzaldehyde, was used to discern
cells with low versus high ALDH-activity (Figure 1A),
alongside low (R1) versus intermediate (R2) versus

101
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TABLE 2 Circulating Monocytes With Anti-inflammatory M2 Phenotypes Were Decreased in Patients With T2D
Marker Control T2D p Value Description/Expression
Hematopoietic ~ CD45 9114+22 904 +22 0.82 Pan-leukocyte marker or leukocyte common antigen
e Expressed on all hematopoietic cells except erythrocytes
CXCR4/CD184 838 +1.3 824 +24 0.61 CXC chemokine receptor type 4 or fusin
e Expressed on hematopoietic cells with migratory function
CD33 49.4 + 2.5 492 +24 0.95 Sialic acid binding IgG-like lectin 3 of Siglec-3
e Expressed on primitive cells of the myeloid lineage
CD34 3.7+ 0.7 29+ 0.6 0.38 Sialomucin, adhesion to matrix and stromal cells in the bone marrow
e Expressed on hematopoietic/endothelial progenitor cells
Endothelial CD31 73.0 £1.9 723 +19 0.74 Platelet endothelial cell adhesion molecule (PECAM-1)
e Expressed on monocytes, neutrophils, and endothelial cells
CD144 44.0 +£2.8 436 + 25 0.91 Cadherin 5, type 2, or vascular endothelial-cadherin
e Expressed on endothelial cells and some granulocytes
CD146 14 +03 1.1+0.2 0.40 Melanoma cell adhesion molecule (MCAM) or mucin 18
e Expressed on endothelial cells and pericytes
CD133 1.5+ 04 1.3+ 0.3 0.57 Prominin-1, pentaspan transmembrane protein
e Expressed on hematopoietic/endothelial progenitor cells
Monocyte CD14 101+ 1.7 59+ 0.8 0.05 Co-receptor for bacterial lipopolysaccharide
e Expressed on monocytes, macrophages, some granulocytes
CD68 422 +3.0 43.6 + 2.6 0.73 Macrosialin, scavenger receptor class D, member 1
e Expressed on monocytes and macrophages
M1 phenotype CD80 3.6 £ 0.6 52+ 05 0.04 B7-1, ligand for CD28 and CTLA-4
e Expressed on pro-inflammatory M1 macrophages
M2 phenotype  CD163 14.5 £ 1.0 10.8 + 0.7 0.003 Low-affinity scavenger receptor for hemoglobin-haptoglobin
e Expressed on anti-inflammatory M2 macrophages
The frequency of cells expressing mature and primitive hematopoietic and endothelial markers was equal in patients with type 2 diabetes mellitus (T2D) compared with age,
gender, and sex-matched control subjects. The frequency of cells expressing the monocyte/macrophage marker CD14 was decreased in patients with T2D compared with
control subjects. The frequency of cells expressing the M1 macrophage marker CD80 (pro-inflammatory phenotype) was increased whereas the frequency of cells expressing
the M2 macrophage marker CD163 (anti-inflammatory phenotype) was decreased in patients with T2D compared with control subjects. Values are mean + SEM. Statistical
comparisons were conducted with the Student's t-test.
CTLA-4 = cytotoxic T-lymphocyte associated protein 4; IgG = immunoglobulin G.

high (R3) SSC as shown in Figure 1B. Importantly,
the frequency of cells with ALDH"SSC!®Y (progenitor
cells) and ALDH™SSC™? (primarily monocytes) phe-
notypes were equal in patients with T2D compared
with control subjects (Figures 1C and 1D). In contrast,
cells with the ALDHMSSCM (granulocytes) phenotype
were >2-fold increased in patients with T2D. These
ALDHMSSCM cells expressed neutrophil markers,
including CD15, CD16b, and CD66b; some were
positive for the monocyte marker CD14, and all
cells were negative for CD34 co-expression. These
findings confirm that the ALDHMSSCM population
primarily comprised granulocytes that can propagate
inflammatory processes, again marking increased
circulating inflammatory cell content in patients
with T2D.

ALDH"SSC'*" CELLS WITH PROGENITOR CELL SURFACE
MARKER CO-EXPRESSION WERE DECREASED IN
PATIENTS WITH T2D. ALDHMSSC!®Y cells
described as a heterogeneous progenitor cell pop-
ulation comprising primarily hematopoietic (>90%)
and endothelial (<10%) cell lineages (17), and they
have both been shown to support angiogenic blood
vessel formation in

can be

immunodeficient mice with
femoral artery ligation. Although these cells are
extremely rare in the peripheral circulation (<0.1%),

they possess a robust proangiogenic signaling pro-
file and also contain rare endothelial precursor cells
with the capacity to integrate into sprouting vessels
(35-38). Thus, detection of circulating ALDHMSSC!*"
cells is critical for the assessment of provascular
regenerative capacity. Although we detected no
significant differences in the overall frequency of
ALDHMSSCY or ALDHMSSC™Y cells between pa-
tients with T2D and matched control subjects,
ALDHMSSC!®Y cells were further assessed for prim-
itive hematopoietic and endothelial cell surface
expression (CD34+/CD133+), early myeloid cell
surface marker expression (CD34+/CD33+), and
primitive (CD34+/
CXCR4+ cells). Both proangiogenic hematopoietic

migratory progenitor cells
and vessel-integrating endothelial progenitor cells
commonly express CD34 (36). The frequency of
cells expressing CD34 alone was not different in the
ALDHMSSCY population (Supplemental Table 2)
but patients with T2D exhibited significantly
decreased frequencies of primitive progenitor
(Figures 2A to 2C), early myeloid (Figures 2D to 2F),
and migratory progenitor (Figures 2G to 2I) cells
compared with control subjects; these findings
indicate reduced vascular regenerative progenitor
cell representation in patients with T2D (23,39).
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FIGURE 1 Circulating Progenitor Cell Subpopulations Are Discerned According to High ALDH-Activity and SSC Properties
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(A and B) Representative flow cytometry plots using N,N-diethylaminobenzaldehyde (DEAB) to inhibit aldehyde dehydrogenase (ALDH)
activity establishing gates for low versus high ALDH-activity. Without inhibition, cells with high ALDH-activity exhibit increased fluorescence
intensity (right shift) and detect primitive cells with a self-protective progenitor cell phenotype. High ALDH-activity combined with side
scatter (SSC) properties selects for a progenitor cell subpopulation with low intracellular complexity (R1 = ALDHMSSC'*" cells), a monocyte
subpopulation with intermediate intracellular complexity (R2 = ALDH"SSC™ cells), and a granulocytic subpopulation with high intra-
cellular complexity (R3 = ALDHMSSC™ cells). (C and D) Representative flow cytometry plots showing the frequencies of each population in
control subjects and patients with type 2 diabetes mellitus (T2D). Compared with control subjects, patients with T2D exhibited an increased
frequency of ALDH" cells within the granulocyte subpopulation (R3) and an equal frequency of circulating ALDH" cells with low (R1) and
intermediate (R2) complexity. Values are mean + SEM. ***p < 0.001 with the Student's t-test.

ALDH"'SSC'®" CELLS WITH ENDOTHELIAL-ASSOCIATED
PHENOTYPES WERE DECREASED IN PATIENTS WITH
T2D. We next compared the ALDHMSSC!" population
for the expression of endothelial cell-associated and
pericyte-associated adhesion molecules. Although
the frequency of cells co-expressing CD34 and

platelet endothelial cell adhesion molecule-1 (CD31)
was equivalent between patients with T2D and con-
trol subjects (Figures 3A to 3C), primitive (CD34+)
cells expressing vascular endothelial-cadherin
and the pericyte marker CD146 were decreased in
patients with T2D compared with control subjects
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FIGURE 2 Circulating ALDH"SSC'®" Cells With Primitive, Myeloid, and Migratory Phenotypes Are Decreased in Patients with T2D
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(A-C) The frequency of circulating ALDH"SSC'®" progenitor cells with primitive cell phenotype (CD34+CD133+) was reduced in patients with T2D compared with
control subjects. (D-F) The frequency of circulating ALDH"SSC'®" progenitor cells with early myeloid cell phenotype (CD34+CD33+) was reduced in patients with T2D
compared with control subjects. (G-1) The frequency of circulating ALDHMsSC'ow progenitor cells with migratory phenotype (CD34+CXCR4+) was reduced in patients
with T2D compared with control subjects. Values are mean &+ SEM. ***p < 0.01 with the Student's t-test. Abbreviations as in Figure 1.

(Figures 3D to 3I). Cells expressing these markers are
required for vasculogenic vessel formation (40).
These findings were also consistent with the deple-
tion of proangiogenic circulating cell content, poten-
tially leading to a dysfunctional vascular regenerative
response in patients with T2D.

ALDHMsSSC™ CELLS WITH PRIMITIVE AND M2
PHENOTYPES WERE DECREASED IN PATIENTS
WITH T2D. Primitive circulating monocytes with
proinflammatory and anti-inflammatory cytokine
secretion patterns (33,41,42) were further assessed by

analyses of CD68+ cells co-expressing CD34 or CD80
versus CD163 (M1/M2 marker) specifically within the
ALDHMSSC™d cell subset. These cells can best be
described as monocytes that possess either anti-
inflammatory or proinflammatory secretory activ-
ities characterized by co-expression of M1/M2 polari-
zation markers, respectively (33,43). M2-polarized
monocytes and tissue-resident M2 macrophages can
contribute toward arteriogenic processes through
secretion of cytokines and metalloproteinases that

remodel pre-existing collateral vessels (44). In
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FIGURE 3 Circulating ALDH"SSC'®" Cells With Endothelial Cell and Pericyte-associated Adhesive Phenotypes Are Decreased in Patients With T2D
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(A-C) The frequency of circulating ALDH™SSC'®" progenitor cells co-expressing CD34 with hematopoietic/endothelial cell marker platelet endothelial cell adhesion
molecule (PECAM) (CD31) was equivalent in patients with T2D compared with control subjects. (D-F) The frequency of circulating ALDH™SSC'®" cells in progenitor cells
co-expressing CD34 with the endothelial cell-associated marker vascular endothelial (VE)-cadherin (CD144) was decreased in patients with T2D compared with control
subjects. (G-1) The frequency of circulating ALDHMSSC'®" progenitor cells co-expressing CD34 with the endothelial/pericytes marker melanoma cell adhesion molecule
(MCAM) (CD146) was decreased in patients with T2D compared with control subjects. Values are mean + SEM. *p < 0.001 with the Student's t-test. Other ab-
breviations as in Figure 1.

contrast, M1 macrophages generally contribute to-
ward inflammatory processes that may impede new
vessel progression (18,43,45). Although we detected
no significant differences in the frequency of ALDH-
higgcmid cells with M1 (CD68+/CD80+) phenotypes
(Figures 4D to 4F), patients with T2D exhibited
significantly reduced frequency of ALDHMSSC™ cells

with primitive (CD34+/CD68+) (Figure 4A to 4C) or
M2 (CD34+/CD163+) (Figures 4G to 4lI) phenotypes
compared with control subjects. These findings vali-
dated the reduction in circulating monocytes with M2
polarization phenotype shown in Table 1 and suggest
that patients with T2D may also exhibit reduced
capacity to mediate arteriogenic vessel remodeling.
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FIGURE 4 Circulating ALDH"'SSC™ Cells With M2 Phenotype Are Decreased in Patients With T2D
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(A to C) The frequency of circulating ALDHMSSC™ cells co-expressing CD34 with the macrophage scavenger receptor (CD68) was decreased in patients with T2D
compared with control subjects. (D to F) The frequency of circulating ALDH"SSC™ cells co-expressing CD68 with the M1 macrophage-associated marker CD80 was
equal in patients with T2D compared with control subjects. (G to I) The frequency of circulating ALDH"SSC™ progenitor cells co-expressing CD68 with the M2
macrophage-associated marker CD163 was decreased in patients with T2D compared with control subjects. Values are mean + SEM. *p < 0.05 with the Student's

t-test. Other abbreviations as in Figure 1.

INSULIN ADMINISTRATION CORRELATED WITH REDUCED
CIRCULATING GRANULOCYTE FREQUENCY. To deter-
mine whether factors such as sex, insulin use, or
HbA,. status played a correlative role in the frequency
of circulating provascular progenitor cells in patients
with T2D, these patients were divided into 2 groups
based on the median value for each category. The
frequency of cell subsets with high ALDH-activity
with primitive (CD34+/CD133+) and migratory
(CD34+/CXCR4+) cell surface phenotype was equiv-
alent in male (n = 12) and female (n = 18) patients

with T2D (Supplemental Figure 2). Surprisingly,
patients with HbA,. values =7.0% (n = 15) or >7.0%
(n = 15) also showed no significant difference in the
frequencies of ALDH"™ cell subpopulations or in
ALDHMSSC!®Y progenitor cells that expressed primi-
tive or nmigratory phenotypes
Figure 3). These data suggest that higher HbA,.
levels did not correlate with a reduction in circulating

(Supplemental

progenitor cell content during T2D.
We next segregated patients according to their use
of daily insulin injections, a general indication of
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FIGURE 5 Circulating ALDH"'SSC" Inflammatory Cells Are Decreased in Patients Taking Insulin
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(A and B) The frequency of cells with high ALDH-activity and high SSC properties was decreased in patients with T2D taking insulin. (C and D)
The frequency of primitive and migratory progenitor cells was equivalent in patients with T2D despite insulin therapy. Values are mean +
SEM. *p < 0.05 with the Student's t-test. Abbreviations as in Figure 1.

more advanced T2D whereby glycemia is not
controlled by diet, exercise, and medication. There
was a significant decrease in the frequency of circu-
lating pro-inflammatory ALDHMSSCM granulocytes in
patients receiving insulin therapy (Figures 5A and 5B).
These data suggested reduced inflammation in pa-
tients who received insulin therapy; however, circu-
lating primitive progenitor cell frequencies were not
affected by insulin use (Figures 5C and 5D).

PROVASCULAR PROGENITOR CELL EXHAUSTION
CORRELATED WITH INCREASED DURATION OF
T2D. To further assess regenerative cell exhaustion
during T2D, a process through which stem and pro-
genitor cell frequency is reduced due to chronic
disease, patients with T2D were subdivided based
on chronological age or duration of T2D. Although

increased age (=70 years, n = 14; >70 years,
16) did not alter ALDH expression levels
(Figures 6A and 6B) or primitive progenitor (CD34+/
CD133+) or migratory (CD34+/CXCR4+) cell surface
marker expression (Figures 6C and 6D), patients with
increased duration of T2D (=13 years, n = 15;
>13 years, n = 15) demonstrated no difference
in ALDH expression levels (Figure 6E and 6F), but
did, however, exhibit significantly decreased
frequency of primitive (CD34+/CD133+) and migra-
tory (CD34+/CXCR4+) progenitor cells (Figures 6G
and 6H). These data suggested that patients with
prolonged T2D duration was the only analyzed
subgroup that exhibited significantly reduced
circulating proangiogenic progenitor cell content
(23,46-48).

n =
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FIGURE 6 Circulating ALDH"'SSC'®" Cells With Primitive and Migratory Progenitor Cell Phenotypes Decreased With Longer Duration of Diabetes
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(A and B) In patients with T2D, the frequency of cells with high ALDH-activity was equivalent in patients <70 years of age compared with patients >70 years of age
with T2D. (C and D) The frequency of circulating primitive progenitor cells (CD34+/CD133+) and migratory progenitor cells (CD34+/CXCR4+) was equivalent in
patients =70 years of age compared with patients >70 years of age. (E and F) In patients with T2D, the frequency of cells with high ALDH-activity was equivalent in
patients with diabetes duration =13 years compared with patients with diabetes duration >13 years. (G and H) However, the frequency of circulating primitive
progenitor cells (CD34+/CD133+) and migratory progenitor cells was decreased in patients with diabetes duration <13 years compared with patients with diabetes
duration >13 years. Values are mean 4 SEM. *p < 0.05 with the Student's t-test. Abbreviations as in Figure 1.

DISCUSSION

The current study presents a novel diagnostic flow
cytometry assay, using high ALDH-activity, a func-
tional measure for a conserved progenitor cell func-
tion, combined with selected primitive and mature
cell surface marker analyses, to characterize the fre-
quency of cellular subsets with proangiogenic versus
proinflammatory phenotypes from the peripheral
blood of human patients with T2D compared with
individuals without diabetes. The use of cell surface
markers independently (e.g., CD34, CD133), as previ-
ously reported in several studies (35,39,49), revealed
few differences in circulating cell frequencies be-
tween groups. However, by first detecting cells with
high ALDH-activity, combined with SSC properties to
discern granulocytic/neutrophil (SSC™ cells), mono-
cyte (SSC™id cells), or primitive progenitor cell (SSC!*%
cells) subpopulations, allowed for additional com-
parison of primitive, progenitor cell markers (CD34,
CD133) previously associated with proangiogenic
secretory functions (37,38,50). By using this com-
bined functional and phenotypic strategy, patients
with T2D consistently exhibited the following unique
characteristics: 1) an increased frequency of ALDH-
higschi granulocytes predicted to propagate inflam-
matory burden (51,52); 2) a reduced frequency of

circulating ALDH"SSC™ monocytes with CD14+ co-
expression (33,43); 3) a shift in ALDHMSSC™ cell
M1/M2 balance toward the pro-inflammatory M1
phenotype (31,53); and 4) a decreased frequency of
rare circulating ALDHMSSC!®Y progenitor cells that co-
expressed CD34 and primitive (CD133), early myeloid
(CD33), migratory (CXCR4), endothelial adhesion
(CD144), or pericyte (CD146) cell surface markers.
Collectively, these data suggest that a prolonged
duration of T2D promotes a pro-inflammatory milieu,
affecting both granulocytes and monocytes, in addi-
tion to depletion of rare progenitor cells shown pre-
viously to coordinate proangiogenic blood vessel
repair in animal models (23,35,48,54,55).

The overall frequency of ALDH™SSC!®" progenitor
cells or CD34-expressing cells was surprisingly not
decreased in patients with T2D compared with
the control subjects. Selection for cells with high
ALDH-activity (4,56) or CD34 expression (30,32,57,58)
has been used in clinical trials as highly purified cell
populations transplanted from autologous BM to
combat ischemic disease. In contrast, a significant
reduction in the frequency of circulating monocytes
(33,42,43) with anti-inflammatory M2 phenotype
(31,59,60) was easily detected in patients with T2D.
These observations may be attributed to differences
in the relative frequencies of circulating cells in the
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peripheral blood of patients with T2D and nondia-
betic control subjects. The frequency of ALDHMSsSC!"
cells in the peripheral blood of both cohorts was
exceedingly low, comprising <0.1% of peripheral
blood mononuclear cells, whereas CD14+ monocytes
were >100-fold more abundant. Thus, careful ana-
lyses of the rare ALDHMSSC'®% cell subset required
multicolor assessment of CD34 co-expression in
addition to multiple cell surface molecules with
functional significance to quantify the depletion of
circulating proangiogenic progenitor cells. The
expression of primitive (CD133), early myeloid (CD33),
chemokine (CXCR4), and cellular adhesion (CD144)
molecules was consistently reduced in patients with
T2D compared with nondiabetic control subjects.
These findings suggest that ALDHM progenitor cells in
the circulation of patients with T2D may exhibit
deficits in cell adhesion and migration capacity to-
ward ischemic endothelium. Therefore, direct com-
parison of ALDHMSSC!®" cells for colony formation
(24,25,34), cytokine secretion patterns (24), and
migratory function in patients with T2D and control
subjects are next required to assess potential
functional deficits in circulating provascular cell
populations.

Generalized inflammatory excess combined with
circulating provascular progenitor cell depletion may
contribute to an underlying issue affecting adult he-
matopoietic and endothelial progenitor cell mainte-
nance in patients with T2D. This phenomenon,
termed regenerative cell exhaustion, documents the
loss of vascular regenerative capacity due to prema-
ture progenitor cell maturation and a reduction in the
number of undifferentiated cells within the BM
reservoir (27,28,46,61,62).
associated with chronic T2D is also known to induce

Increased inflammation

increased expression of NADPH oxidase-1, which
regulates the formation of ROS (28,63,64). Concep-
tually, although progenitor cells possess defense
mechanisms such as elevated ALDH-activity to
reduce oxidative stress and prevent premature
apoptosis, excessive ROS may contribute to aberrant
differentiation and maturation regulation within
progenitor cells, resulting in the premature departure
of vascular regenerative precursors from the endos-
teal niche in the BM (64-66). In the peripheral circu-
lation, without the influence of developmental
factors (e.g., Wnt [wingless related integration site],
Notch) in the BM stem cell niche (67-70), cells are
expected to demonstrate aberrant differentiation,
generating dysfunctional cells with reduced contri-
bution toward blood vessel repair and regeneration
(71,72). Thus, further

measurements of cell
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frequencies using this approach in the BM and other
tissues may help correlate circulating cell deficiencies
with compromised function in tissues.

To further show the utility of this assay, we strat-
ified the T2D cohort based on patient sex, age, dura-
tion of diagnosed T2D, HbA,. value, and the
requirement for insulin. Notably, only the duration of
T2D correlated with reduced proangiogenic progeni-
tor cell frequency. Indeed, regenerative cell depletion
became more prominent with extended duration
of T2D.

To our knowledge, the current study is the first
to clearly document the depletion of circulating
provascular progenitor cell content by using ALDH-
activity during established T2D in human subjects.
Furthermore, patients with T2D exhibited a departure
from an anti-inflammatory M2 phenotype toward a
pro-inflammatory M1 phenotype compounded by an
increase in circulating granulocytes. Throughout
these analyses, we documented changes in the fre-
quency of circulating cell phenotypes implicated in
the restoration of vascular regenerative function in
patients with T2D. In addition, this research provides
a starting point for development of novel therapeutic
approaches to combat ischemic vascular disease pro-
gression during T2D. It is evident that regenerative
cell depletion and heightened inflammation during
T2D generates a harsh microenvironment for func-
tional revascularization (23,27,48,62,63). By reducing
inflammation and limiting ROS, development of
therapeutic strategies tailored to the restoration of
the vascular regenerative cell generation and func-
tion may aid in the prevention of ischemic vascular
comorbidities that are so devastating during the
progression of T2D.

STUDY LIMITATIONS AND FUTURE DIRECTIONS.
Care must be taken when extending the utility of
these studies toward potential clinical application.
First, the detection of very rare circulating cell pop-
ulations by using flow cytometry provides a diag-
nostic tool to measure altered cell frequencies during
T2D. Future long-term clinical studies should incor-
porate multiple assessments of circulating cell sub-
populations as T2D progresses. With mindful trial
design, this assay may reveal the sensitivity required
to correlate changes in circulating cell frequencies
with specific outcomes such as adverse cardiovascu-
lar events. Second, circulating cell subpopulations
were not assayed for relevant proangiogenic function
in this study. In future studies, we intend to assess
colony formation as well as secretory and migratory
functions of relevant cell populations as T2D
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progresses. Third, analyses of tissue-resident pro-
genitor cell or macrophage frequencies were not
conducted in this study and are needed to determine
how circulating cell content correlates with cell fre-
quencies in the BM or other tissues affected by
ischemia such as the heart or skeletal muscle. Finally,
disease comorbidities such as obesity, atherosclerotic
burden, previous ischemic events, and drug use need
to be carefully controlled between groups when
interpreting the relevance of these measurements on
the potential alteration of T2D progression.

CONCLUSIONS

Circulating cells with pro-inflammatory phenotype
were more abundant in patients with T2D, and rare
ALDH-expressing progenitor cells previously associ-
ated with vascular regenerative function were mark-
edly reduced. In addition, adhesive and migratory
cell surface marker co-expression associated with
homing to areas of ischemia and secretion of proan-
giogenic effectors was deficient on circulating ALDHM
progenitor cells in patients with T2D. Collectively,
alterations in these circulating cell phenotypes may
presumably contribute to the gradual loss of the ca-
pacity for vascular repair. Although we can clearly
detect differences in the frequencies of rare circu-
lating progenitor cells by using high ALDH-activity,
further studies are warranted to assess the vascular
regenerative functions of these circulating cell pop-
ulations. Functional analyses relevant to ischemic
disease include the formation of myeloid hemato-
poietic and endothelial cell colonies, tubule forma-
tion, migration to areas of ischemia, and secretion of
proangiogenic cytokines that coordinate wvascular
Furthermore,
testing of the capacity of these cell types to contribute

regenerative processes. functional
to perfused neovessel formation in vivo is still
required. Nonetheless, potential reversal of this
“exhausted” vascular regenerative cell phenotype
during T2D, through regenerative medicine strategies
or by administration of therapeutic agents with
documented cardiovascular protective effects, rep-
resents an exciting avenue to be tested in future
studies.
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ADDRESS FOR CORRESPONDENCE: Dr. David A.
Hess, Robarts Research Institute, Western University,
1153 Richmond Street, London, Ontario N6A 5B7,
Canada. E-mail: dhess@robarts.ca. OR Dr. Subodh
Verma, Division of Cardiac Surgery, St. Michael’s
Hospital, Suite 8-003, 30 Bond Street, Toronto,
Ontario M5B 1W8, Canada. E-mail: vermasu@smbh.ca.

PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: Indi-
viduals with T2D are at a heightened risk of devel-
oping cardiovascular disorders and often endure poor
outcomes after a cardiovascular event. This study
shows, for the first time, that compared with individ-
uals who are normoglycemic, those with established
T2D exhibit depleted circulating vascular regenerative
progenitor cell content measured in the circulation by
using ALDH-activity, a conserved protective function
demonstrated by proangiogenic endothelial and he-
matopoietic progenitor cells. In contrast, circulating
monocytes exhibit a migration from a protective anti-
inflammatory phenotype to one that is proinflamma-
tory, collectively discouraging functional
revascularization.

TRANSLATIONAL OUTLOOK: Using a combination
of ALDH-activity measurement and cell surface
marker expression, we have developed a novel diag-
nostic flow cytometry assay to evaluate the balance
between circulating proangiogenic progenitor and
proinflammatory cell content in peripheral blood. This
study provides a critical translational perspective by
the suggestion that the balance in these cells during
the progression of T2D is critical to the development
of and recovery from ischemic vascular comorbidities.
The potential of developing this assay into a diag-
nostic tool to estimate the capacity to mitigate
ischemia via a provascular regenerative response
represents an exciting avenue for exploration and will
need to be investigated.
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Letters

Dipeptidyl Peptidase-4
Inhibition Prevents
Vascular Calcification
by Potentiating the
Insulin-Like Growth
Factor-1 Signaling Pathway

n

Cardiovascular calcification is a growing burden and
a leading contributor to acute cardiovascular events,
but no therapeutics are currently available. Recently,
Choi et al. (1) put forward dipeptidyl peptidase
(DPP)-4 as a new pharmacological target to prevent
aortic valve calcification. DPP-4 is an exopeptidase
that cleaves many substrates, including insulin-like
growth factor (IGF)-1 to a less bioactive molecule at
the IGF-1 receptor, which is suggested to induce a
potent anti-calcifying effect (2) However, as previ-
ously stressed (3), it remains to be carefully inves-
tigated whether DPP-4 inhibition represents a new
strategy to prevent cardiovascular calcification and
to ascertain if this anti-calcifying effect is related
to the of DPP-4-mediated IGF-1
inactivation.

For this objective, we compared the global gene
expression profiles of human calcified carotid

prevention

atherosclerotic plaques with those of adjacent sites,
obtained from endarterectomy specimens (4) using
Affymetrix GeneChip Human Gene 1.0 ST arrays
(Affymetrix, Santa Clara, California). We assessed the
mRNA expression level of DPP-4 and its relation with
mRNA levels of the osteochondogenic and contractile
markers, Runt-related transcription factor 2 (RUNX2)
and myosin heavy chain 11 (MYH11), respectively.
Furthermore, we assessed the impact of the DPP-4
inhibitor, sitagliptin, alone or combined with pic-
ropodophyllin, which inhibits both the activity of the
IGF-1 receptor and its expression, on vascular calci-
fication. We used an ex vivo mineralization assay of
the aorta isolated from male wild-type Wistar rats and
cut into 2- to 3-mm rings (3 to 5 rings per aorta).
Calcium content of rat aortic rings was determined
colorimetrically with o-cresolphthalein complexone.

Differences between the mRNA expression levels
of DPP-4 and the IGF-1 receptor between human

calcified carotid plaques and adjacent sites were
assessed by paired t test corrected for multiple testing
using the Benjamini-Hochberg false discovery rate
(FDR) procedure. Pearson’s correlation analyses were
used to assess the relationships between DPP-4 and
RUNX2 and MYH11 mRNA expression levels. To
consider the variability in the degree of calcification
between isolated rat aortas, differences between
groups for the calcium content of rat aortic rings were
analyzed using a generalized linear model with group
as a factor and the aorta used as a co-factor, followed
by Tukey-Kramer multiple comparison tests for post
hoc analysis. A p value of <0.05 was considered sta-
tistically significant.

Similar to the results obtained for the human
aortic valve (1), DPP-4 was among the most upre-
gulated genes in calcified carotid plaques compared
with adjacent sites (3.21-fold; FDR <0.001)
(Figure 1A). Moreover, we observed a strong positive
correlation between DPP-4 and RUNX2 gene
expression levels and an inverse relation between
DPP-4 and MYH11 expression levels (Figure 1B).
Interestingly, calcified carotid plaques were also
characterized by a marked decrease in IGF-1 receptor
gene expression compared with adjacent sites (0.66-
fold; FDR <0.001) (Figure 1A). These results sup-
ported a role for DPP-4 and IGF-1 in the vascular
calcification process.

Culture of rat aortic rings in high-phosphate con-
ditions (3.8-mM inorganic phosphate) during 7 days
induced an increase in the aortic calcium content that
was reduced by the addition of the DPP-4 inhibitor
sitagliptin to the culture medium, as illustrated by
calcium deposition with alizarin red staining
(Figure 1C) and by increasing concentrations of IGF-1
(Figure 1D). The addition of the IGF-1 receptor inhib-
itor picropodophyllin prevented the inhibitory effect
of sitagliptin (Figure 1C) and exogenous IGF-1
(Figure 1D) on aortic calcification, which supported
the concept that the vascular anti-calcifying effect of
DPP-4 inhibition was related to the potentiation of
IGF-1 signaling. In a second set of experiments, we
showed that the aortic calcification induced by high-
phosphate conditions was significantly enhanced by
the combination of sitagliptin and picropodophyllin
(32.1 + 7.1 ug/mg vs. 140.8 + 7.1 pg/mg; n = 4 per
condition; p < 0.05), but was unchanged in the
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FIGURE 1 Role of the DPP-4/IGF-1 Signaling Pathway in Vascular Calcification
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(A) mRNA expression levels of dipeptidyl peptidase-4 (DPP-4) and the insulin growth factor-1 (IGF-1) receptor between human calcified carotid plaques (n = 34) and
distant intact tissues (n = 34). (B) Relationships between mRNA expression levels of DPP-4 with mRNA levels of runt-related transcription factor 2 (RUNX2) and
myosin heavy chain 11 (MYH11). (C) Calcium content and representative images of calcium accumulation with Alizarin red staining in rat aortic rings cultured in normal
(0.9-mM inorganic phosphate [Pi]) and high-phosphate (3.8-mM Pi) conditions during 7 days in the absence and in the presence of the DPP-4 inhibitor sitagliptin (Sita)
and/or the inhibitor of IGF-1 receptor picropodophyllin (Picro) (n = 6 to 9 per condition). (D) Calcium content of rat aortic rings cultured in 3.8-mM Pi conditions
during 7 days in the presence of increasing concentrations of IGF-1 and Picro (n = 4 per condition). Data are mean + SEM.

presence of sitagliptin associated with the dual
inhibitor of the IGF-1 and insulin receptors, BMS-
754807 (40.5 + 15.2 ug/mg; n = 4; p < 0.05 vs. sita-
gliptin and picropodophyllin). This suggested that the
activation of the insulin receptor by IGF-1, which
becomes prominent during blockade of the IGF-1 re-
ceptor, contributed to vascular calcification (5).

Ours results showed that alteration of DPP-4 and
the IGF-1 axis represents a new mechanism of
vascular calcification. Inhibitors of DPP-4 represent
an exciting pharmacological avenue to slow vascular
calcification by preventing IGF-1 inactivation and
restoring IGF-1 receptor-dependent signaling. How-
ever, as previously stressed (2), IGF-1 was also
shown to potentiate osteoblastic bone formation;
inhibition of DPP-4 could be rather detrimental at

an advanced stage of the calcific disease. In addi-
tion, DPP-4 metabolizes many other substrates that
could exert unintended adverse effects in vivo,
in particular, on cardiovascular calcification. Addi-
tional experiments are thus needed to assess the
impact of DPP-4 inhibitors at this level in humans,
but the cumulative experimental evidence strongly
suggests that they may help to finally prevent
cardiovascular calcification and its associated com-
plications.
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TRANSLATIONAL PERSPECTIVE

Chest Compressions During Sustained ’1)
Inflation During Cardiopulmonary i
Resuscitation in Newborn Infants

Translating Evidence From

Animal Studies to the Bedside

Georg M. Schmolzer, MD, PuD

SUMMARY

Newborn infants receiving chest compressions in the delivery room have a high incidence of mortality (41%) and
short-term neurological morbidity (e.g., 57% hypoxic-ischemic encephalopathy and seizures). Furthermore, infants who
have no signs of life at 10 min despite chest compressions have 83% mortality, with 93% of survivors experiencing
moderate-to-severe disability. The poor prognosis associated with receiving chest compressions in the delivery room
raises questions as to whether improved cardiopulmonary resuscitation methods specifically tailored to the newborn
could improve outcomes. Combining chest compressions during sustained inflation (CC+SI) has recently been shown to
improve morbidity and mortality outcomes during cardiopulmonary resuscitation. Overall, CC+SI accomplishes the
following: 1) significantly reduces time to return of spontaneous circulation, mortality, and epinephrine administration,
and improves systemic and regional hemodynamic recovery; 2) significantly increases tidal volume and minute
ventilation, and therefore alveolar oxygen delivery; 3) allows for passive ventilation during chest compression; and

4) does not increase lung or brain injury markers compared with the current standard of using 3:1 compression:ventilation
ratio. A randomized trial comparing CC+SI versus a 3:1 compression:ventilation ratio during cardiopulmonary
resuscitation in the delivery room is therefore warranted. (J Am Coll Cardiol Basic Trans Science 2019;4:116-21)

© 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/).

he neonatal resuscitation guidelines recom- of 3 CCs followed by a pause to deliver 1 inflation
mend initiating chest compressions (CCs) if at a rate of 30/min, which corresponds to a 3:1
an infant’s heart rate remains <60 beats/min  compression:ventilation (C:V) ratio (Figure 1, Video 1)
despite adequate ventilation for at least 30 s. CCs (Supplemental Appendix A). The 3:1 C:V ratio favors
should be delivered at a rate of 90/min in sequences ventilation, as respiratory failure is the primary cause
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of asystole or bradycardia in newborn infants. In com-
parison, during adult cardiopulmonary resuscitation
(CPR), a 30:2 C:V ratio is recommended, as the main
cause of CPR is cardiovascular collapse.

Overall, ~0.1% of term infants and 5% of preterm
infants receive CCs in the delivery room (DR). Infants
who receive CCs have a high incidence of mortality
(41%) and short-term neurological morbidity (e.g.,
57% hypoxic-ischemic encephalopathy and seizures)
(Supplemental Appendix A). Furthermore, newborns
who received CCs and epinephrine but had no signs of
life at 10 min following birth have 83% mortality, with
93% of survivors experiencing moderate-to-severe
neurological disability. The poor prognosis associ-
ated with receiving CCs in the DR raises questions as
to whether improved CPR methods specifically
tailored to the newborn could improve outcomes.
Therefore, continuing efforts should be made to
improve CPR techniques, and alternative methods
should be examined. However, the incidence of
infants who need CPR at birth is rare and in general
unexpected, and therefore randomized clinical
trials of alternative CPR methods have not been
performed.

CCs IN NEWBORN INFANTS

Newborn infants present with either severe brady-
cardia or asystole at birth because of severe asphyxia.
If the heart rate remains <60 beats/min despite
adequate ventilation for at least 30 s, CCs using the
3:1 C:V ratio should be started to achieve adequate
oxygen delivery (Supplemental Appendix B). During
3:1 C:V, CCs are delivered at a rate of 90/min in
sequences of 3 CCs followed by a pause to deliver 1
inflation at a rate of 30/min. However, this approach
may not be optimizing cardiac output during neonatal
CPR as every interruption in CC results in a drop in
coronary perfusion pressure that needs to be regen-
erated during the next compression cycle. Schmélzer
et al. (1) reported an alternative approach of per-
forming CCs during continuous sustained inflation
(SI) (i.e., constant high airway pressure providing CCs
[CC+SI]), which resulted in passive ventilation during
CCs in asphyxiated piglets. During CC+SI, CCs are
delivered continuously, superimposed by a constant
high airway pressure (Figure 1, Video 1). In addition,
CC+SI significantly improved hemodynamic vari-
ables, minute ventilation, and time to return of
spontaneous circulation (ROSC) compared with the
3:1 C:V CPR (1).

Schmolzer et al. (1) first reported improved recov-
ery in asphyxiated newborn piglets with CC+SI,

Schmoélzer

Chest Compression During Sustained Inflation

compared with 3:1 C:V CPR (mean arterial
pressure: 51 vs. 31 mm Hg; pulmonary arterial
pressure: 41 vs. 31 mm Hg; mean minute
ventilation: 936 vs. 623 ml/kg; median time to
ROSC: 38 vs. 143 s, respectively). However,
CCs were performed at a rate of 120/min in
the CC+SI group, which is higher than the
currently recommended CC rate of 90/min,
which could have added to the improved
outcomes (1). Subsequently, the group re-
ported that CC+SI 90/min compared with 3:1
C:V resulted in a reduction in the median
(interquartile range) time to ROSC of 34 s (28
to 156 s) versus 210 s (72 to 300 s) (p = 0.05),
less oxygen (3 of 8 vs. 8 of 8 required 100%
oxygen during CPR; p = 0.03), and 3 of 8
piglets versus 6 of 8 piglets receiving
epinephrine (p = 0.32) (2). Furthermore, a recent
randomized piglet study compared CC rates of 90/min
versus 120/min during CC+SI and reported similar
time to ROSC, survival rates, and respiratory param-
eters (3). More importantly during CCs, carotid blood
flow, mean arterial pressure, percent change in ejec-

tion fraction, and cardiac output were higher in the
CC+SI 90/min group compared with the CC+SI 120/
min group. In addition, Vali et al. reported that CC+SI
is feasible in a transitional model of near-term lambs.
These studies support the use of CC+SI during
neonatal CPR and would warrant clinical trials. A
small pilot trial in preterm infants <32 weeks’ gesta-
tion reported a significantly shorter mean time to
ROSC in the CC+SI group (n = 5; gestational age: 24.6
+ 1.3 weeks) than the 3:1 C:V group (n = 4; gestational
age: 25.6 &+ 2.3 weeks) (31 [9] s vs. 138 [72] s, respec-
tively; p = 0.011) (4). Overall, there were no differ-
ences in short-term outcomes, including no
differences in neonatal brain injury or chronic lung
disease. However, there were 2/5 and 0/4 deaths be-
tween groups, which might have been due to the
small sample size and warrants a larger randomized
trial (Supplemental Appendix B).

The data presented suggest that CC+SI has the
potential to improve the outcomes of asphyxiated
newborn infants. Furthermore, the described novel
technique of CC+SI might also be an alternative for
pediatric or adult resuscitation. However, until now,
no pediatric or adult studies have been performed.
Several factors should be examined before a large
clinical trial is conducted, however, including: 1) CC,
ventilation, and synchrony; 2) adequate tidal volume
(V1) delivery and minute ventilation; 3) distending
pressure; and 4) lung or brain injury (Supplemental
Appendix B).

ABBREVIATIONS
AND ACRONYMS

C:V ratio = compression to
ventilation ratio

CC = chest compression

CC+SI = chest compression
during sustained inflation

CcCaV = continuous chest
compression with
asynchronous ventilations

CPR = cardiopulmonary
resuscitation

DR = delivery room

Sl = sustained inflation

Vr = tidal volume

nz

ROSC = return of spontaneous
circulation
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Sustained Inflations and Their Pros and Cons

Flow (LPM)

50

Gas Flow
(Lfmin)

FIGURE 1 Respiratory Waveforms During 3:1 Compression: Ventilation Ratio and Conti

Chest Compr During

PPV after ROSC
was achieved

50
40

Ventilation Pressure
0)

0

50

Carbon Dioxide (CO) =\ T\
(mm Hg) N

L

20

Tidal Volume (V, )
(

0 il [‘- N T

Pros:
* Synchronization between CC and ventilation

Cons:
* Interruptions of CC to deliver ventilation

o g [vpre ] [ oot it |
- § 1.
o
" N ‘

Pros:
* Fastertime to ROSC
Improved hemodynamic recovery
* Higher minute ventilation and alveolar oxygen delivery
* Passive ventilation during CC
* No synchronization between CC and ventilation

Cons:
* Hypothetical risk of lung and brain injury

Respiratory wave forms during cardiopulmonary resuscitation using 3:1 Compression:ventilation ratio (left image) and Chest Compression +
Sustained Inflation (right image) (Gas flow, airway pressure, expired CO2, and tidal volume). See Video 1.

THE RATE OF CC, VENTILATION,
AND SYNCHRONY

A mathematical model calculated that CC rates of 180/
min for term infants and even higher rates in preterm
infants could optimize systemic perfusion. Although
these rates might be optimal in mathematical models,
simulation studies reported faster rescuer fatigue
with higher CC rates (e.g., 90/min vs. 120/min).
Indeed, it is not practical and not infeasible to
perform CCs at >120/min. When CC rates of 90/min
versus 120/min during CC+SI were compared in
asphyxiated newborn piglets, similar time to ROSC,
survival rates, and respiratory parameters were re-
ported (3). More importantly during CCs, carotid
blood flow, mean arterial pressure, percent change in
ejection fraction, and cardiac output were higher in
the CC+SI 90/min group compared with the CC+SI
120/min group. This finding contradicts the mathe-
matical model and supports the current recommen-
dation of CCs at a rate of 90/min. Our observations are
further supported by Idris et al., who reported that
compression rates between 100/min and 120/min in
adults experiencing out-of-hospital cardiac arrest
were associated with greatest survival to hospital
discharge, and higher rates do not improve outcomes
(Supplemental Appendix C).

The current resuscitation guidelines recommend
3:1 C:V CPR with one inflation delivered after every
third CC. Synchronized CC and ventilation may
preclude the theoretical possibility of interfering Vr
delivery and oxygenation by nonsynchronized CCs
(Supplemental Appendix C). Manikin studies indicate
that a 3:1 C:V ratio is favorable in terms of minute
ventilation compared with higher C:V ratios (9:3 or
15:2 C:V). Similarly, animal trials comparing 3:1 C:V
versus 9:3 or 15:2 C:V reported similar Vs but higher
minute ventilation with 3:1 C:V. During simulated
CPR, continuous CCs with asynchronous ventilations
(CCaVs) with 90 CC and 30 nonsynchronized in-
flations resulted in lower V; compared with 3:1 C:V.
However, CCaV resulted in significantly higher min-
ute ventilation compared with 3:1 C:V CPR (221 vs.
191 ml/kg/min, respectively) most likely due to the
higher number of ventilations per minute. A study
in asphyxiated piglets randomized to either CCaV or
3:1 C:V reported similar Vy delivery, minute ventila-
tion (275 vs. 387 ml/kg), time to ROSC (114 vs. 143 s),
and survival (6 of 8 and 3 of 8), respectively. Although
there are concerns that CCaVs potentially interfere
with Vr delivery, interference was only observed in
~30% of delivered inflations, which was similar to 3:1
C:V with interference in 25% of inflations. We believe
that the observed interference also occurs during
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neonatal resuscitation, which could attribute to an
increased stress level during real-life resuscitations,
and that this deviation from the guidelines is not
exceptional.

ADEQUATE V: DELIVERY

The primary purpose of inflations during CCs is to
deliver an adequate Vg to facilitate gas exchange.
However, delivery of an adequate Vg during CPR
remains difficult. Several DR studies reported that
mask ventilation is the most difficult task during
neonatal CPR. Reduced Vy delivery leads to inade-
quate oxygenation, which often results from mask
leak and/or airway obstruction (Supplemental
Appendix D). Li et al. recently reported a case in
which a large leak during mask ventilation in the DR
resulted in severe bradycardia and the need for
neonatal CCs. In addition, once CCs were started,
the mask leak increased even more. This finding is
further supported by manikin studies, which reported
decreased expiratory Vy once CCs were started. A
similar loss of expiratory Vr was reported by Li et al.
(5) in asphyxiated piglets. During 3:1 C:V, a cumulated
loss of V1 of 4.5 ml/kg occurred for each 3:1 C:V cycle
and, during CCaV, a cumulated loss of Vt of 9.1 ml/kg
for each cycle of 3 CCs and 1 inflation was observed.
This outcome is concerning because a loss in V could
cause lung de-recruitment, which might hamper
oxygenation and therefore ROSC. In contrast, during
CC+SI, a constant lung recruitment and establish-
ment of functional residual capacity was observed
(a gain of 2.3 ml/kg per CC+SI cycle) (5). This
improvement in V; may lead to better alveolar
oxygen delivery and lung aeration. More importantly,
the initial study by Schmolzer et al. (1) and the sec-
ondary analysis by Li et al. (5) is the first description
of passive ventilation (and Vr delivery) during
neonatal CPR. A similar observation was reported
during chest recoil after a downward force is applied
to the chest in infants undergoing surgery requiring
general anesthesia and endotracheal intubation.
Overall, the median (interquartile range) Vy gener-
ated was 2.4 ml/kg (0.8 to 4.0 ml/kg). Although Tsui
et al. only applied gentle chest pressure, they could
achieve ~33% of an infants’ physiological Vr of 5 to
7 ml/kg. These data suggest that CC+SI would deliver
an adequate Vr.

DISTENDING PRESSURE

The current neonatal resuscitation guideline recom-
mends an initial distending pressure of 20 to 25 cm
H,0 and a potentially higher distending pressure of
30 to 40 cm H,0 in term infants. Although there is
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ample evidence that a distending pressure of 20 to 25
cm H,0 causes high V delivery in preterm infants, no
study, to the best of our knowledge, has ever
in the DR
(Supplemental Appendix E). Solevdg et al. deter-
mined the distending pressure needed to achieve
sufficient V¢ during CC+SI using manikins and
cadaver piglets. Distending pressure and Vy corre-

measured Vr delivery during CC

lated in cadaver piglets (r = 0.83; p < 0.001), manikin
(r = 0.98; p < 0.001), and combined data (r = 0.49;
P < 0.001). Vp was delivered during chest recoil
during CC in both models. In cadaver piglets, a dis-
tending pressure ~25 cm H,O was needed to achieve
an adequate Vr. This study suggests that chest recoil
generates a distending pressure-dependent Vy, and
that a distending pressure of ~25 cm H,0 is needed to
achieve adequate Vr delivery. This is supported by
the pilot trial comparing CC+SI and 3:1 C:V in preterm
infants <32 weeks’ gestation using a distending
pressure of 24 cm H,O (local hospital policy during
neonatal resuscitation) (4). The study reported
adequate Vr delivery and significantly higher minute
ventilation in the CC+SI group compared with the
3:1 C:V group (p < 0.001), which suggests that
CC+SI has the potential to improve ventilation and
oxygenation during neonatal CPR.

LUNG AND BRAIN INJURY

There are concerns that sustained inflations could
cause lung or brain injury. Lista et al. reported that
premature infants between 25 and 28 weeks’ gesta-
tion who received a sustained inflation had a higher
rate of pneumothorax of 6% compared with 1% in the
control group (Supplemental Appendix F). Similarly,
meta-analyses suggested a trend toward higher
pneumothorax rates when giving a sustained infla-
tion. However, the mechanism for why sustained
inflations might result in higher pneumothorax
rates remains unknown. None of the animal studies
examining CC+SI reported pneumothoraxes during
autopsy or increased acute lung inflammation.
Furthermore, pro-inflammatory cytokine concentra-
tions in piglets given CC+SI compared with either a
sham-operated or standard 3:1 C:V ratio were similar
(2). Harling et al. reported similar cytokine levels in
bronchoalveolar lavage fluid of preterm infant at 12 h
of age, regardless of the 2 s or 5 s sustained inflation.

The main mechanism for brain injury is believed to
be impaired venous return. Indeed, Sobotka et al.
reported that a single SI causes a blood-brain barrier
disruption indicated by increased numbers of blood
vessel profiles with plasma protein extravasation in
the cerebral cortex. In addition, after resuscitation
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FIGURE 2 Study Flow Chart
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with a single 30 s SI followed by ventilation in
asphyxiated near-term lambs, increases in blood-
brain barrier disruption and cerebral vascular leakage
have been reported. This raises the possibility that
SI may cause neurological injury. However, a recent
study by Mustofa et al. reported similar concentra-
tions of pro-inflammatory cytokines during CC+SI
and 3:1 C:V CPR in both the thalamus and frontopar-
ietal cortex (Supplemental Appendix G). Overall,
these studies suggest that CC+SI during CPR does not
increase acute brain and lung injuries more than the
currently practiced technique of 3:1 C:V. However, a
recent multicenter trial comparing sustained inflation

versus positive pressure ventilation (SAIL [Sustained
Aeration of Infant Lungs] trial) as initial respiratory
support in the DR was terminated after 426 extreme
premature infants between 23 and 26*° were ran-
domized, because of nonstatistically significant in-
crease in mortality within 48 h after birth with an
adjusted relative risk of SI versus positive pressure
ventilation of 4.73 (95% CI: 1.4 to 16.2). Although this
finding is concerning, the proposed SURVI1VE trial
(Sustained Inflation and Chest Compression Versus
3:1 Chest Compression to Ventilation Ratio During
Cardiopulmonary Resuscitation of Asphyxiated
Newborns: A Randomized Controlled Trial) will only
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include infants >28 weeks’ gestation, which are
significantly older then the infants enrolled in the
SAIL trial. Similarly, our recent pilot trial of CC+SI
versus 3:1 in extreme premature infant did report
similar mortality rates between CC+SI and 3:1 C:V,
which is reassuring (4) (Supplemental Appendix F).

CONCLUSIONS

Morbidity and mortality rates are extremely high for
newborns receiving CCs. The presented research de-
scribes a clear path from basic science to translation
into DRs around the world. Based on the described

clinical need, the animal data available, and
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preliminary human data, a randomized controlled
trial is needed. Recruitment for the SURV1VE trial
started in January 2018 (Figure 2).
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SUMMARY

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

ince the successful sequencing of the human
genome more than 15 years ago, there has
been an explosion of knowledge regarding the
genetic contributions to common cardiovascular dis-
eases, as well as advancement of the understanding
of monogenic cardiovascular disorders. Although
this knowledge has allowed for the development of
potent pharmaceuticals and better risk stratification
for cardiovascular diseases, the rapid development
of CRISPR-Cas9 techniques in the past 5 years may
dramatically change the outlook for novel therapies
in cardiovascular disorders, including those previ-
ously thought untreatable.
CRISPR, which stands for “clustered regularly
interspersed short palindromic repeats,” refers to a
mechanism that evolved in bacteria to identify and

A variety of genetic cardiovascular diseases may one day be curable using gene editing technology. Germline genome
editing and correction promises to permanently remove monogenic cardiovascular disorders from the offspring and
subsequent generations of affected families. Although technically feasible and likely to be ready for implementation in
humans in the near future, this approach remains ethically controversial. Although currently beset by several technical
challenges, and not yet past small animal models, somatic genome editing may also be useful for a variety of cardiovascular
disorders. It potentially avoids ethical concerns about permanent editing of the germline and allows treatment of already
diseased individuals. If technical challenges of Cas9-gRNA delivery (viral vector immune response, nonviral vector delivery)
can be worked out, then CRISPR-Cas9 may have a significant place in the treatment of a wide variety of disorders in which
partial or complete gene knockout is desired. However, CRISPR may not work for gene correction in the human heart
because of low rates of homology directed repair. Off-target effects also remain a concern, although, thus far, small animal
studies have been reassuring. Some of the therapies mentioned in this review may be ready for small clinical trials in
the near future. (J Am Coll Cardiol Basic Trans Science 2019;4:122-31) © 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

remove foreign DNA from their genomes, using an
RNA guide and CRISPR-associated (Cas) nuclease (1).
It was quickly recognized that such systems have the
incredible ability to facilitate precise editing of genes
in both mature and developing organisms. Although
the introduction of CRISR-Cas9 has the potential
to revolutionize the mechanistic understanding of
cardiovascular diseases and aide in the development
of novel pharmacological therapies, it is the prospect
of genome modification in humans that would
transform how cardiovascular diseases are treated.
Before the latest development of gene editing
techniques, a few approaches that allowed gene
targeting in animals existed (e.g., the generation of
“knockout” mice). However, these techniques were

time consuming, technically challenging, and

From the Knight Cardiovascular Institute, Oregon Health and Science University, Portland, Oregon; and the °Center for
Embryonic Cell and Gene Therapy, Oregon Health and Science University, Portland, Oregon. The authors have reported that they

have no relationships relevant to the contents of this paper to disclose.

All authors attest they are in compliance with human studies committees and animal welfare regulations of the authors’
institutions and US Food and Drug Administration guidelines, including patient consent where appropriate. For more

information, visit the JACC: Basic to Translational Science author instructions page.

Manuscript received August 27, 2018; revised manuscript received October 25, 2018, accepted November 15, 2018.

ISSN 2452-302X

https://doi.org/10.1016/j.jacbts.2018.11.004


http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.jacbts.2018.11.004
http://www.basictranslational.onlinejacc.org/content/instructions-authors
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jacbts.2018.11.004&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

JACC: BASIC TO TRANSLATIONAL SCIENCE VOL. 4, NO. 1, 2019
FEBRUARY 2019:122-31

inefficient. CRISPR has revolutionized gene targeting
because it allows for production of double-stranded
DNA breaks at precise, user-directed locations
within the genome, thus facilitating editing of a
chosen segment of DNA in an efficient manner (1).

Using the abilities of the CRISPR-Cas9 system re-
quires introduction of a Cas9 nuclease and a segment
of guide RNA (gRNA) into the cell(s) of interest, either
through direct injection or via viral or nonviral
vectors. In practice, the Cas9 nuclease most often
comes from Streptococcus pyogenes (SpCas9), but
Staphylococcus aureus Cas9 (SaCas9) is also
frequently used because of its smaller size (thus,
ease of entry into smaller vectors). The gRNA is
approximately 100-nucleotides long and contains a
20-nucleotide protospacer sequence that hybridizes
to complementary DNA, as well as a shorter 2 to 6
nucleotide protospacer-adjacent motif (PAM) that
facilitates binding of host DNA to the Cas9 nuclease
(Central Illustration). It is the customization of the
protospacer that allows for Cas9 nuclease to create a
specific double-stranded break (DSB) in host DNA at
user-specified sites (1). However, the PAM sequence is
necessary for host DNA recognition and binding by
Cas9, as well as subsequent hybridization with the
protospacer region of the gRNA and eventual DNA
cleavage (2). Thus, it represents another key element
required for target sequence specificity. For example,
Cas9 from S. pyogenes recognizes a 5'-NGG-3' PAM
sequence, the requirement of which significantly
limits target specificity while also increasing the
probability of off-target activity. Theoretically, such a
specific PAM requirement could limit the therapeutic
potential of the technology. However, Cas9 enzymes
from other bacterial species (e.g., Streptococcus ther-
mophilus) (3,4), as well as those obtained via protein
engineering (5), bind to a variety of PAMs with
enhanced nucleotide specificity and fewer nonspe-
cific bindings or cleavage. These new Cas9 versions
are likely to render concerns over PAM specificity
obsolete in the near future.

After cleavage by CRISPR-Cas9, DSBs can be
repaired by 1 of 2 endogenous mechanisms. Nonho-
mologous end-joining (NHEJ) is the dominant mech-
anism in nonproliferating cells, including human
myocardial cells, but it is error prone because the
affected DNA segment is reconstructed without use of
a DNA template (Figure 1). This method is highly
vulnerable to production of insertion-deletion muta-
tions (indels), and, in general, would not be an
acceptable component of genome editing when the
desired outcome is replacement of a dysfunctional
gene with a functional one. However, if knockout is
all that is desired, production of indel mutations via
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NHEJ may be a reasonable therapeutic
approach, even in somatic cells.
Homology-directed repair (HDR) is the
second but much less frequent means by
which DSBs can be fixed in somatic cells.
HDR machinery rebuilds the DSB site using
either homologous chromosomal DNA or
an exogenous template DNA strand (a single-

stranded oligodeoxynucleotide [ssODN]) joining
(Figure 1). The clinical applicability of CRISR-

Cas9 in humans is hampered, in part, by the low
rates of HDR compared with NHEJ in somatic gene
editing.

In theory, genome editing techniques can be
applied to both developing embryos and intact mature
organisms to either produce loss-of-function in a gene
with deleterious downstream effects (knockout) or
to restore function to a mutated gene (knock in). In
somatic genome editing, genetic modifications are
created in differentiated cells in a developing or adult
organism, which allows for treatment of established
disease or for disease prophylaxis in those genetically
at-risk. Cas9 and gRNA are typically delivered in vivo
by a viral vector; adenovirus, adeno-associated virus
(AAV), and lentivirus have been used most commonly
in animals, and each has relative advantages and
disadvantages.

Germline genome editing is the process of trans-
forming embryonic or germ cell DNA and can be
successfully accomplished ex vivo via direct co-
injection of Cas9 and gRNA with sperm into human
oocytes (6). It allows for complete and permanent
transformation of the human genome, affecting all
subsequent generations.

THERAPEUTIC APPLICATIONS

One of the promises of genome editing is that it will
allow for treatment of monogenic diseases that
currently have either ineffective or minimally
effective therapies. In cardiovascular medicine,
heritable cardiomyopathies, such as hypertrophic
cardiomyopathy (HCM), dilated cardiomyopathy, and
Duchenne muscular dystrophy (DMD), as well as
heritable arrhythmic disorders, vasculopathies such
as Marfan’s syndrome, and infiltrative diseases such
as transthyretin amyloidosis, are potential candidates
for clinical applications of germline genome editing
techniques (Central Illustration). Editing of the germ-
line in these types of disorders, in which a single gene
mutation is responsible for disease manifestation, is
capable of permanent correction of the disorder in
descendants of affected individuals or those carrying
a deleterious mutation.

ABBREVIATIONS
AND ACRONYMS

DMD = Duchenne muscular
dystrophy

HCM = hypertrophic
cardiomyopathy
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DSB = double-stranded break

NHEJ = nonhomologous end-
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FIGURE 1 Types and Frequencies of DNA Repair in Somatic Cells After Gene Deletion by CRISPR
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Homolog template is almost never used, and externally provided template is used infrequently. Almost all the repair is performed using NHEJ.
CRISPR = clustered regularly interspersed short palindromic repeats; DSB = double-stranded break; HDR = homology-directed repair;

For many disorders, germline genome editing is
unlikely to find a major role in treatment and pre-
vention because of the interplay of genetic and
environmental factors in contributing to disease
manifestation. For complex disorders such as coro-
nary artery disease and atherosclerosis, somatic
genome editing may eventually play a role in treat-
ment. In addition, somatic genome editing may also
be useful for post-natal treatment of monogenic dis-
orders, especially because clinical application of
germline genome editing is likely to remain ethically
more controversial than somatic genome editing for
some time. Nonetheless, with close to 7,500 mono-
genic disorders affecting approximately 780 million
people, germline editing has the theoretical potential
for permanently eliminating these diseases.

HYPERTROPHIC CARDIOMYOPATHY. HCM is a dis-
ease of cardiac muscle that results in ventricular
hypertrophy and has a propensity for arrhythmias,
syncope, and heart failure. Ventricular outflow tract
obstruction and associated systolic anterior motion of
the mitral leaflet and resulting mitral regurgitation, as
well enhanced myocardial stiffness from fibrosis, are
accompanying findings. A variety of sarcomeric gene
mutations have been implicated in the disorder.
Mutations in MYBPC3 account for approximately one-
third of all HCM in humans, as well as a significant
number of cases of inherited dilated and non-
compaction cardiomyopathy (7). Ma et al. (6) recently
demonstrated the successful correction of a MYBPC3

mutation in human germ cells using CRISPR-Cas9.
They microinjected recombinant Cas9 protein with
gRNA and ssODN DNA into human zygotes produced
by fertilization of healthy donor oocytes with sperm
from a male donor who was heterozygous for MYBPC3
mutation. Most (66.7%) of the embryos injected in
this way exhibited a homozygous wild-type geno-
type, as opposed to 47.4% of control embryos. How-
ever, 24% of the embryos exhibited mosaicism, and
9.3% had a persistent heterozygous mutant genotype.
The mosaicism was attributed to the inability of
CRISPR to correct all mutant genes after cell division
occurred.

When the investigators co-injected Cas9 with
sperm into M-phase oocytes, 72.4% of the 68 result-
ing embryos exhibited a homozygous wild-type
genotype, and there were no mosaic or mutant
embryos. The absence of mosaicism was attributed
to gene correction before the fertilized egg started
dividing. The remaining 27.6% of embryos were
uniformly heterozygous for the wild-type allele and
a NHEJ-mediated repair. In addition, genome
sequencing of CRISPR-Cas9-targeted blastomeres
failed to reveal significant off-target effects. The
study demonstrated, for the first time, that CRISPR-
Cas9 could be used to abolish disease-causing muta-
tions in human embryos and that modifications to the
timing of Cas9 injection during embryogenesis
resulted in significant increases in HDR efficiency
(Figure 2) (6). Furthermore, in mouse embryos, it was
shown that adding RAD51 significantly increased the
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FIGURE 2 Types and Frequencies of DNA Repair in Germline Cells After Gene Deletion by CRISPR
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increase homolog repair to 100% to obviate the need for pre-natal genetic diagnosis before in vitro implantation of the corrected embryo.

Abbreviations as in Figure 1.

chances of HDR repair. This high incidence of HDR
seems to be inherent in embryos and is probably
meant to prevent spontaneous mutations from
germline transmission. This method, in combination
with pre-implantation genetic diagnosis, may be
useful clinically in the prevention of transmission of
HCM and other monogenic disorders.

Somatic genome editing might be feasible in HCM
as well, because the development of cardiac hyper-
trophy, myocardial fibrosis, and symptomatic disease
is generally a gradual process. Mearini et al. (8)
administered nonmutant Mybpc3 cDNA to Mybpc3
knockout mice (without use of CRISPR-Cas9) via an
AAV vector (specifically AAV9, the most cardiotropic
AAV serotype) and found that this therapy success-
fully increased expression of functional cMyBP-C (to
~60% of wild-type levels). This prevented cardiac
hypertrophy and cardiac functional impairment in
young mice (8). Although AAV vectors are generally
too small to package SpCas9, use of other Cas9
enzymes may allow for testing of somatic genome
editing of this disease. Several other naturally
occurring and engineered Cas9 enzymes are smaller
in size, which may facilitate such viral delivery (5).
However, it must be realized that HDR is uncommon
in somatic cells (Figure 2, top panel); thus, gene
correction in the human myocardium may not be
possible.

DUCHENNE MUSCULAR DYSTROPHY. DMD
relatively common X-linked disease that leads to
progressive skeletal muscle weakness and fatal

is a

cardiomyopathy. It is caused by mutations in the
DMD gene that codes for dystrophin. The gene is long,
with 79 exons, and mutations anywhere along the
length of the gene can cause the entire protein to be
dysfunctional. Because of the heritability of the dis-
order and the lack of effective therapies, DMD is an
appealing candidate for germline genome editing.

Investigators injected Cas9, gRNA targeting exon
23, and template ssODN DNA into zygotes of mice
with a nonsense Dmd mutation and implanted the
modified zygotes into female mice. Sequencing of
Dmd exon 23 in these corrected mice revealed mosa-
icism in most animals, although a majority of them
showed improvement in muscle function even when
only a subset of cells had functional dystrophin that
was restored through either NHEJ or HDR (9). Modi-
fications of methods to include nuclease and gRNA
injection into M-phase oocytes with sperm, as was
done by Ma et al. (6), might further improve these
results.

Achieving effective in vivo genome editing of car-
diac muscle seems a more formidable task because of
the difficulties of delivering Cas9 and gRNA to cardiac
tissue. However, in a mouse model of DMD, El Refaey
et al. (10) showed that systemic administration of
S. aureus Cas9 and gRNA in an AAV vector led to
restoration of the DMD reading frame, and thus,
expression (in ~40% of cardiac muscle fibers), and
ultimately to improvements in cardiac myofiber ar-
chitecture, cardiac fibrosis, and papillary muscle
contractility. Recently, Amoasii et al. (11) showed an
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increased expression of cardiac and skeletal muscle
dystrophin in a dog model of DMD after treatment
with intravenous AAV9 that contained Cas9 and
gRNA. These findings demonstrated that, in cases
such as DMD, partial effectiveness also has a signifi-
cant potential to improve symptoms and clinical
outcome. Additional studies will be required to
evaluate long-term safety and efficacy in larger ani-
mals, and ultimately, humans.

OTHER NONISCHEMIC CARDIOMYOPATHIES. A wide
variety of additional causes of nonischemic cardio-
myopathy will likely one day be treatable via either
germline or somatic genome editing. For example,
phospholamban regulates intracellular calcium con-
centrations through its inhibitory actions on sarco-
plasmic reticulum calcium-adenosine triphosphatase
(SERCA2), and mutations in the gene for phospo-
lamban (PLN) have been identified as a cause of
dilated nonischemic cardiomyopathy (12). Kaneko
et al. (13) performed germline genome editing via
CRISPR-Cas9 to knockout the PLN gene in a mouse
model of severe heart failure (calsequestin [CSQ]
overexpressing mice). Compared with control heart
failure mice, PLN knockout mice survived longer and
had improved cardiac size and function (13).

DYSLIPIDEMIA AND ATHEROSCLEROTIC CARDIO-
VASCULAR DISEASE. Lipid metabolism is an attrac-
tive target for somatic genome editing for several
reasons. Editing of genes involved in the develop-
ment of dyslipidemia has the potential to affect
not only individuals with monogenic disorders (e.g.,
familial hypercholesterolemia) but also the large
population of individuals without monogenic lipid
disorders who have established atherosclerotic dis-
ease or elevated risk for cardiovascular events. In
addition, although progress in somatic gene editing
has thus far been hampered by challenges in gene
delivery to tissues of interest, the liver is one partic-
ular tissue where success has already been achieved.
For instance, AAV vectors have been used success-
fully in human trials for gene transfer and treatment
of hemophilia A and B (14,15), and additional pre-
clinical studies have used them for somatic genome
editing for lipid disorders.

Proprotein convertase subtilisin/kexin type 9
(PCSK9) became a novel therapeutic target for pre-
vention of atherosclerotic cardiovascular disease
when it was observed that loss-of-function mutations
in PCSK9 were associated with reduced low-density
lipoprotein cholesterol and reduced risk for
coronary heart disease, with no clear adverse clinical
consequences (16). Pharmacological inhibition of
PCSK9 in vivo also dramatically lowers low-density
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lipoprotein cholesterol and reduces cardiovascular
events in subjects with an elevated baseline risk (17).
Ding et al. (18) showed that when Cas9 and gRNA
targeting Pcsk9 was delivered in vivo to mice via an
adenovirus vector, approximately 50% of the Pcsk9
alleles in the liver tissue were successfully edited,
with a wide variety of loss-of-function indels gener-
ated via NHEJ (Figure 1). No significant off-target
effects were seen. Furthermore, this experiment
resulted in substantially (~90%) lower levels of
plasma PCSK9 levels and total plasma cholesterol
(35% to 40% reduction) in the edited mice (18).
Similar results were achieved using mice with trans-
planted human hepatocytes using an adenovirus
vector (19). Although these studies used adenovirus
vectors to deliver Cas9 and gRNA to the liver,
adenovirus is not a suitable vector for use in human
therapies because of its substantial immunogenicity.
Because of its size, S. pyogenes Cas9 cannot be pack-
aged in smaller, less immunogenic vectors such as
AAV. However, Ran et al. (20) produced knockout of
Pcsk9 in a mouse liver using an AAV vector packaged
with S. aureus Cas9, which resulted in ~95% decrease
in blood PCSK9 and ~40% decrease in blood choles-
terol levels with no major off-target effects. These
studies provided proof-of-concept that it might soon
be possible to immunize patients against atheroscle-
rotic cardiovascular disease by using somatic genome
editing to permanently lower plasma lipid levels.
Additional work will need to ensure these methods
are safe and effective in humans.

Although some of the results of these early
investigations in somatic genome editing in cardio-
vascular disease have been encouraging, most of
these studies have depended on NHEJ-mediated DSB
repair (Figure 1). Because HDR tends to be inefficient
and to only operate in proliferating cells, these tech-
niques would not be useful for producing gain-of-
function genome edits in mature cardiac or vascular
tissues. In addition, off-target effects have the po-
tential to be more damaging if NHEJ is used (poten-
tially producing activating or inactivating indel
mutations in proto-oncogenes or tumor suppressor
genes, or producing loss of function mutations in
other essential genes).

One promising technique that may be able to
overcome this limitation is in vivo base editing
(21,22). Base editors are CRISPR-Cas9 systems that
have been modified to alter single base pairs rather
than induce DSBs. For example, base editor 3 (BE3)
is a S. pyogenes Cas9 mutated to induce only a
single-strand break, and it is attached to a cytosine
deaminase domain that exchanges a cytosine base at
the nick site for a uracil base. This modified Cas9
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enzyme then removes the corresponding guanine
base, and the result is a C-G pair replaced with a
U-A pair; the uracil is ultimately permanently
replaced with thymine. Chadwick et al. (23) used an
adenovirus vector and BE3 to show that this method
could also be used to disrupt mouse Pcsk9, and again
found significant reductions in plasma PCSK9 and
cholesterol levels in treated mice.

These techniques were extended to modification of
ANGPTL3 (angiopoietin-like 3), which codes for a
protein that regulates blood lipid levels. Loss-of-
function mutations in ANGPTL3 are associated with
reduced low-density lipoprotein cholesterol and tri-
glycerides, as well as a reduced risk for coronary heart
disease (24,25). Chadwick et al. (26) again used BE3,
introduced via an adenovirus vector, to produce
cytosine-to-thymine nonsense mutations in Angptl3
in mice. Treated mice had a 31% decline in plasma
triglycerides and a 19% decline in plasma cholesterol.
There were no significant signs of off-target muta-
genesis (26). Although the current usefulness of base-
editing techniques is limited to generating specific
point mutations largely confined to the generation
of knockouts, and further limited by challenges in
packaging larger components into small viral vectors,
future advances may ameliorate some of these prob-
lems. In addition to PCSK9 and ANGPTL3, somatic
genome editing may be useful in addressing cardio-
vascular risk carried by LPA, APOB, or other genetic
mutations. Germline genome editing may also be
useful in treating heritable monogenic dyslipidemias.

AGE-RELATED CLONAL HEMATOPOIESIS. Somatic
genome editing has the additional potential of
providing treatment for diseases that are only now
beginning to be understood. Clonal hematopoiesis
(of indeterminate potential, CHIP), which is also
known as age-related clonal hematopoiesis (ARCH),
has recently become widely appreciated as a possible
contributor to cardiovascular disease. It refers to the
clonal amplification of hematopoietic cells due to
the accumulation of somatic mutations that confer
competitive advantages to these cells at the expense
of other cell types (27). Its prevalence increases with
age, and it is associated with increased risk for
atherosclerotic cardiovascular disease, stroke, and
death (28). Although mutations in a large variety of
driver genes have been implicated in the develop-
ment of ARCH, TET2 and DNMT3A are believed to
play a major role.

Sano et al. (29) used lentivirus vectors carrying
Cas9 and gRNA to inactivate Tet2 and Dnmt3a (via
indel mutations) in mouse bone marrow cells and
then implanted those cells into irradiated mice.
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Mice with Tet2 or Dnmt3a inactivation displayed
a greater decline in cardiac function as well as
increased cardiac size and fibrosis when challenged
with angiotensin II infusion compared with those
without inactivation of those genes. In addition,
inactivation of both genes led to increased expression
of pro-inflammatory cytokines (29). These results
further implicated these genes in ARCH-mediated
cardiovascular disease, and potentially suggest a
future therapy. If methods can be developed to reli-
ably knock in somatic gene mutations, it may be
possible to reverse driver gene mutations using a
vector that targets hematopoietic stem and/or pro-
genitor cells. Consequently, somatic genome editing
may be a useful approach to treating ARCH in
humans, thus reducing cardiovascular risk. These
approaches may be preferable to bone marrow
transplantation.

TRANSTHYRETIN CARDIAC AMYLOIDOSIS. One of the
challenges of somatic genome editing has been
defining the optimal method for delivery of the
CRISPR-Cas9 components to the cells of interest. Viral
vectors are not optimal for this purpose. Finn et al. (30)
demonstrated that, under the right conditions,
nonviral vectors may be able to successfully deliver
somatic genome editing tools to desired tissues.
Transthyretin (TTR) cardiac amyloidosis is an infiltra-
tive disease of cardiac muscle that results from depo-
sition of abnormal pre-albumin (transthyretin) protein
and is caused by either heritable TTR gene mutations
or accumulation of wild-type transthyretin. It may be
an attractive candidate for somatic genome editing
because most transthyretin is produced in the liver.
Finn et al. (30) administered a lipid nanoparticle
packaged with Cas9 mRNA and gRNA targeted to
the Ttr gene in mice and found a significant (>97%)
drop in serum TTR levels. It is unclear whether
this approach will translate into disease phenotype
rescue or prevention. Additional studies will be
needed to investigate the effects on cardiac tissue
and to determine whether the lipid nanoparticle
vector can be used successfully for other conditions.
Other nonviral vectors (e.g., microbubbles) that can
be selectively destroyed in the tissue of interest by
ultrasound to introduce the vector locally also hold
promise (31).
INHERITED ARRHYTHMIC DISORDERS. Channelo-
pathies and other inherited arrhythmic disorders are
another area of potential therapeutic application of
genome editing. Although CRISPR-Cas9 is already
proving useful in the characterization of ion channel
protein function and drug-gene interactions in
induced pluripotent stem cell-based cell cultures,
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genome editing will also likely provide the opportu-
nity to treat these rare disorders.

PRKAG2 syndrome is a rare familial disorder char-
acterized by abnormal glycogen storage, ventricular
pre-excitation, recurrent arrhythmias, and cardiac
hypertrophy. It is caused by mutations in the PRKAG2
gene coding for a regulatory subunit of the adenosine
monophosphate-activated protein kinase (AMPK)
(32). Xie et al. (33) showed that post-natal correction
of the disorder was achieved in mice via a single
administration of Cas9 and gRNA in an AAV9 vector,
with significant reduction in left ventricular wall
thickness, decreased myocardial glycogen content,
normalization of the QRS width and PR intervals, and
improvements in myofibril organization and ventric-
ular function. Further work is required to translate
these results to different types of PRKAG2 mutations
and to larger animals to better define the corrected
phenotype.

Long QT syndrome (LQTS), which predisposes
individuals to life-threatening cardiac arrhythmias,
would potentially be an attractive candidate for
germline and somatic genome editing. Rare cases of
LQTS are caused by mutations in genes that code for
calmodulin (CALM1, CALM2, and CALM3), a protein
that binds calcium and interacts closely with L-type
calcium channels in cardiomyocytes. When this pro-
tein is over-expressed, it causes action potential
prolongation. CRISPR interference is a novel method
of modulating gene expression without permanently
modifying the genome; gene expression is modified
by using dCas9 (“dead” Cas9, which lacks endonu-
clease activity) along with a transcriptional activator
or suppressor. Limpitikul et al. (34) cultured car-
diomyocytes from induced pluripotent stem cells
derived from a patient with a disease-causing CALM2
mutation, and demonstrated that these cells recapit-
ulated the cellular phenotype of LQTS. Treatment
with CRISPR interference significantly lowered levels
of CALM2 mRNA, and calmodulin protein, and also
reduced action potential duration. In addition, these
investigators showed that expression of CALM1 or
CALM3 could also be selectively reduced in this way
(34). It remains to be seen whether this approach
might be effective in vivo or applicable to other
variants of LQTS or other cardiac conditions.

MARFAN SYNDROME. Base editing techniques may
be one way of more precisely correcting pathogenic
single nucleotide mutations with perhaps fewer
concerns about the inefficiencies of HDR and about
off-target effects. Marfan syndrome is a connective
tissue disorder associated with abnormalities in
multiple organ systems, but for which morbidity and
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mortality are most closely tied to the risk of thoracic
aortic aneurysm and aortic dissection. It is most often
caused by autosomal dominant mutations in the gene
FBN1, which codes for the extracellular matrix pro-
tein fibrillin-1 (35). Zeng et al. (36) recently identified
an individual with Marfan syndrome who was het-
erozygous for a pathogenic T7498C mutation in the
FBN1 gene and cultured human cells with an identical
mutation in FBN1. After those cells were transfected
with gRNA and BE3, sequencing revealed that 10 of
20 clones had been edited, 8 with a desirable C-to-T
correction and 2 others with unwanted base pair
conversions. The investigators then tested the tech-
nique in human embryos; zygotes produced via
in vitro fertilization of donor oocytes with sperm from
the same Marfan syndrome patient were subse-
quently microinjected with BE3 and gRNA. In 100% of
the 7 treated embryos, the FBN1 T7498C mutation
was corrected, compared with 50% of control
embryos, although there was 1 unwanted base con-
version in 1 of the treated embryos. No unintended
corrections were discovered via screening of potential
off-target sites in corrected embryos (36). The results
provided proof-of-concept that base editing tech-
niques might be applicable to the correction of path-
ogenic gene mutations in the human germline,
especially if problems of off-target conversions could
be more thoroughly resolved.

ETHICAL CONSIDERATIONS

Several ethical concerns must be considered with
germline gene editing because any intended and
unintended changes would be transmitted to subse-
quent generations. Mosaicism is also a cause of major
concern. However, as shown by Ma et al. (6), mosai-
cism can be largely prevented if CRISPR is introduced
before cell division starts. Furthermore, detailed
analysis demonstrated no off-target effects. However,
the gene edited in this case was only 4 base pairs
long, and more off-target effects may occur when
editing larger genes (37). Whether these off-target
effects are automatically recognized and corrected
in the human embryo is not known. Consequently,
more studies need to confirm the absence of off-
target effects in human genome editing, and to
further develop novel techniques such as base editing
that might allow for more precise mutation correction
in select cases.

One can argue that as long as we have pre-
implantation genetic diagnosis we do not need
germline gene editing because we can select the
unaffected embryos for implantation. However, this
argument does not hold for polygenic diseases,
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or when both parents are homozygous for a gene
variant. It has also been argued that applications of
germline gene editing could widen inappropriately
and be used for purposes other than therapy. How-
ever, we must address these concerns with effective
policies rather than prevention of the development
of potential therapies. International consensus and
tight regulation will be critical to ensure that this
technology is only used for necessary treatment
purposes rather than creating “designer” babies or
providing nonessential treatment. Indeed, recent
reports suggest that CRISPR-Cas9 has already been
used to create babies in China, sparking an interna-
tional debate and stressing the immediate importance
of setting up such regulatory systems (38). The earlier
these deliberations begin, the better prepared society
will be for such treatments when they become
available.

Another concern is that the expense associated
with germline gene editing and in vitro fertilization
will result in the treatment only benefiting wealthy
patients. Coverage by insurance could mitigate this
concern, and governmental health care services
should take this possibility into account when insti-
tuting future policies. In many instances, the cost of
germline gene editing and in vitro fertilization would
be significantly less than the lifelong pharmacological
treatment of the condition, therefore making these
treatments economically more attractive.

Finally, objections to germline gene editing on
religious grounds will continue to exist and people
with such objections can decline this therapy.
Accordingly, the National Academy of Medicine has
recommended that attempts to make gene therapy
safe should continue (39).

CONCLUSIONS

It is rapidly becoming apparent that a wide variety
of cardiovascular diseases may one day be curable
using CRISPR-Cas9 or similar technology, including
many that heretofore have been entirely untreatable.
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Germline genome editing promises to permanently
resolve monogenic cardiovascular disorders for
the offspring and subsequent generations of affected
individuals. Although technically easier and likely to
be ready for implementation in humans in the near
future, this approach remains ethically controversial.
Public debate and public policy determinations will
need to proceed rapidly to allow decisions to be made
regarding how and when these therapies may be used
clinically. In addition, further technical matters will
need to be more fully resolved, including those of
long-term risks, off-target effects, mosaicism, and
applicability to a wider variety of mutations and
cardiovascular conditions.

Although currently beset by several technical
challenges, and not yet past small animal models,
somatic genome editing may also be useful for a
variety of cardiovascular disorders. It potentially
avoids ethical concerns about permanent editing
of the germline and allows treatment of already
diseased individuals. If technical challenges of
Cas9-gRNA delivery (viral vector immune response,
nonviral vector delivery, size of the vector) can be
worked out in large animals and humans, then
CRISPR-Cas9 may have a significant place in the
treatment of a wide variety of disorders in which
partial or complete gene knockout is desired (e.g., for
PCSK9 and DMD). More challenging (and perhaps
unachievable) will be knock in via HDR or base
editing in nonproliferating cells. Off-target effects
remain a concern in somatic genome editing as well,
although small animal studies thus far have been
reassuring. Some of the therapies mentioned in this
review will be ready for small clinical trials in the near
future (perhaps soonest in high-risk patients with
hereditary lipid disorders).

ADDRESS FOR CORRESPONDENCE: Dr. Sanjiv Kaul,
Knight Cardiovascular Institute, Oregon Health &
Science University, UHN 62, 3181 Southwest Sam
Jackson Park Road, Portland, Oregon 97239. E-mail:
kauls@ohsu.edu.
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EDITOR’S PAGE

What Are the Off-Target Effects of

Plan “S” For Translational Investigators?

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

“There are known knowns; there are things we
know we know. We also know there are known
unknowns; that is to say we know there are some
things we do not know. But there are also
unknown unknowns—the ones we don’t know
we don’t know.”
—Donald H. Rumsfeld (1)

n September 4, 2018, a coalition of Euro-

pean and national research funding

agencies announced the cOAlition S initia-
tive, which will require all of the investigators they
fund to make their papers free to read immediately
upon publication by 2020. This ambitious plan,
termed Plan “S,” has the noble goal of maximizing
the impact of research by allowing new research find-
ings to be freely accessible to the public. Under the
proposed framework of this plan, researchers will be
required to publish their findings in pure open access
(0OA) journals (referred to as Gold OA). Plan “S” will
specifically prohibit researchers from publishing in
subscription journals (referred to as paywalled or
toll access), and after a transition period, will also
prohibit investigators from publishing in so-called
hybrid journals that have both subscription and free
content. Currently, the majority of scientific journals
employ a hybrid business model, which allows
authors to pay an additional fee if they want to pub-
lish their research OA immediately. Plan “S” will
also preclude investigators from archiving their
research in data repositories sponsored by univer-
sities or professional societies that allows the investi-
gators to make their research OA after a prespecified
period of time has passed (referred to as Green OA).
Although some green OA journals permit immediate
public archiving, many high-impact journals, such
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Washington University School of Medicine, St. Louis, Missouri.
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as Nature, Cell, and Science, do not permit public
archiving until at least 6 months after the date of
publication. Last, Plan “S” proposes that all gold OA
research papers will have a liberal publishing license
that allows anyone to download, translate, or other-
wise reuse their work. As might be expected, publish-
ing companies have pushed back on Plan “S,” which
they feel will undermine their business model and
disrupt the entire research publishing system (2).
Aside from the negative impact of Plan “S” on the
publishing world, Plan “S” also has a less obvious,
but potentially equally disruptive effect on investiga-
tors, particularly those investigators who engage in
translational research, as will be discussed in the
following text.

The most obvious concern is that Plan “S” will
restrict the academic freedom of investigators by
preventing them from publishing their research
findings in the journals of their choice. As currently
written, Plan “S” will bar researchers from publish-
ing in ~85% of the existing journals, including
high-impact journals such as Cell, Nature, or Science.
Apart from the issue of publishing in high impact
factor journals, Plan “S” may also prevent
investigators from reaching their intended audience.
As a translational investigator, I have had the liberty
of publishing my research in journals that have
either a clinical readership or a basic science read-
ership, depending on the scope of the research
project. It is unclear at the time of this writing
whether this flexibility will exist under Plan “S.”
Plan “S” may also disrupt the collaborative nature of
science, insofar as the publishing restrictions
imposed by the plan may isolate European in-
vestigators by preventing them from publishing their
findings with investigators who are not restricted to
publishing in gold OA journals. As we have empha-
sized previously on these pages, translational
research is, by its nature, team science (3).

https://doi.org/10.1016/j.jacbts.2019.01.005
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Plan “S” may also ultimately increase the cost of
publication for investigators. Although the architects
of Plan “S” have indicated that they would pay for
reasonable article-processing charges for gold OA
journals, it is: 1) not clear how long this commitment
will last; and 2) highly unlikely that this type support
will last in perpetuity. Moreover, having lived
through the painful research cuts to the National In-
stitutes of Health budget following the 2007 to 2008
global financial crisis, it is not clear whether Plan “S”
will be able to support publication charges when the
next financial crisis comes. It is also not apparent,
absent the economic margins provided by subscrip-
tion fees and copyright licensing, that OA journals
will be able to develop a sustainable business model
without raising their article-processing fees. When
the cOAlition S funding agencies withdraw their
commitment to pay for article processing charges,
these escalating costs will, by necessity, shift to the
investigators.

However, the most potentially devastating aspect
of Plan “S” from the perspective of investigators is
that it may negatively affect the quality of scientific
publishing. High-quality peer review and scientific
rigor remains the cornerstone of subscription,
hybrid, and pure OA publishing. Currently, many
print and hybrid journals publish a limited number
of papers with each issue, which allows the Editorial
board to be selective with respect to the quality of
the scientific papers that they publish. The eco-
nomics of this model are possible because of the
margins provided by subscription, advertising, and
licensing fees. Given that Plan “S” will cap the
article-processing charges, OA journals will need to
publish more papers to remain financially viable.
This poses a serious risk that the increase in the
number of papers may lead to publication of papers
that are of lower quality and originality. Further, it
will be difficult to maintain the high quality of
external peer reviewers and editorial boards if the
reviewers and editors are asked to place finances
before rigorous scientific review. Gold OA publishing

may give new meaning to the expression publish or
perish. Last, it is unclear what will happen to the
research that is archived in the servers of gold OA
journals that go out of business. Will the archived
research disappear if the gold OA journal cannot
sustain itself, or will the cOAlition S funding
agencies agree to pay for the research to be publicly
archived indefinitely?

IS PLAN “S” A STEP FORWARD
OR A MISSTEP?

As the editor-in-chief of an OA journal, I would be
completely hypocritical if I did not acknowledge the
benefits of the OA publishing format. The pace of
scientific discovery has increased so rapidly over the
past decade that the transition to some form of OA
publishing for print journals is inevitable. Indeed,
this is the reason why most journals have adopted a
hybrid publishing model. Plan “S” will, undoubtedly
further hasten the transition to full OA publishing,
and thus has the appearance of being a step forward
for science. However, as I have tried to articulate in
the foregoing Editor’s Page, there are too many
“unknown unknowns” with respect to the potential
off-target effects of Plan “S,” particularly for trans-
lational scientists. Given this uncertainty, perhaps
the smart move would be to hit the pause button on
the roll-out for Plan “S” until after we have a clearer
understanding of the full societal impact of this
ambitious plan. As always, we welcome comments
and suggestions from investigators in academia and
industry, patients, societies, and all of the govern-
mental regulatory agencies to share your thoughts
about the best models for scientific publishing, either
through social media (#JACC:BTS) or by e-mail
(jaccbts@acc.org).

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

Li Z, Organ CL, Kang J, Polhemus DJ, Trivedi RK, Sharp III TE, Jenkins JS, Tao Y, Xian M, Lefer DJ

Hydrogen Sulfide Attenuates Renin Angiotensin and Aldosterone ,.)
Pathological Signaling to Preserve Kidney Function and Improve

Exercise Tolerance in Heart Failure

J Am Coll Cardiol Basic Trans Science 2018;3:796-809.

In the section “Delayed treatment with JK-1 ameliorates renal dysfunction and reduces renal fibrosis in HF”
the citations for Figure 4 were incorrectly identified.

The corrected section is below.

DELAYED TREATMENT WITH JK-1 AMELIORATES RENAL DYSFUNCTION AND REDUCES RENAL FIBROSIS IN
HF. The effect of JK-1 on renal function in HF was assessed at 18 weeks post TAC by plasma creatinine
measurements. Mice treated with Control exhibited impaired renal function as shown by elevated plasma
creatinine levels that were compared to Sham mice. Mice treated with JK-1 initiated at 3 weeks post TAC and 10
weeks post TAC displayed significant reductions in plasma creatinine levels, indicating preserved renal
function (Figure 4A). In addition, histological assessment of Picro Sirius red-stained kidney sections revealed
increased renal fibrosis in mice subjected to the TAC procedure and those that received Control treatment.
Contrary to our observation in cardiac fibrosis, we saw significantly lessened amounts of renal fibrosis in mice
that received 3-week-delayed or 10-week-delayed JK-1 treatment (Figures 4B and 4C). Furthermore, both
3-week- and 10-week-delayed JK-1 treatment significantly mitigated the transcription of interleukin-6 and
connective tissue growth factor in the kidney, whereas only 3-week-delayed treatment significantly reduced
the transcription of collagen 1a1 and fibronectin (Figure 4D).

The authors apologize for this error.

The current online version has been corrected.
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