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HIGHLIGHTS

� In this analysis of 3,396 preclinical studies

published in 5 leading cardiovascular

journals over a 10-year period, women

accounted for 24 ± 17% of authors per

manuscript.

� Female authorship is increasing in

preclinical cardiovascular science, but the

proportions of articles with first and se-

nior authors of different sex have

remained unchanged, which suggests that

segregation by sex in mentorship re-

lationships exists and persists.

� In preclinical studies that reported the

sex of the animals used, female author-

ship was positively associated with

studying female animals, using animals of

both sexes, and reporting sex-specific

results, which are findings that persisted

in adjusted and sensitivity analyses.

� Author sex was not associated with other

measures of methodological rigor or with

60-month citation counts.
https://doi.org/10.1016/j.jacbts.2019.04.004

o, Canada; bVascular Biology and

da; cFaculty of Science, University

stitute, Ottawa, Ontario, Canada;

a; fFaculty of Medicine, University

l, Harvard Medical School, Boston,

algary, Alberta, Canada; iSchool of

nt of Obstetrics and Gynecology,

an School of Public Health, Boston,

a, Ontario, Canada. Dr. Jung was

by CIHR, the University of Ottawa

e Cardiac Arrhythmia Network of

ted that they have no relationships

https://doi.org/10.1016/j.jacbts.2019.04.004
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jacbts.2019.04.004&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


ABBR EV I A T I ON S

AND ACRONYMS

CI = confidence interval

NIH = National Institutes of

Health

OR = odds ratio

The author

institutions

visit the JA

Manuscript

Labinaz et al. J A C C : B A S I C T O T R A N S L A T I O N A L S C I E N C E V O L . 4 , N O . 4 , 2 0 1 9

Female Authorship in Preclinical Cardiovascular Research A U G U S T 2 0 1 9 : 4 7 1 – 7

472
SUMMARY
s a

an

CC

re
In this analysis of 3,396 preclinical cardiovascular studies, women were first, senior, and both first and senior

authors in 41.3%, 20.7%, and 11.0% of the studies, respectively. Female authorship increased over a 10-year

period. However, the proportion of studies with first and senior authors of differing sex was low and stable,

suggesting that segregation by sex in mentorship relationships exists and persists. Female authors were more

likely to consider sex as a biological variable, but author sex was not associated with other measures of

experimental rigor or research impact, indicating that women’s underrepresentation was not due to differences

in research capacity or impact. (J Am Coll Cardiol Basic Trans Science 2019;4:471–7) © 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/).
T he now outdated axiom that cardiovascular
disease is a disease of men began to be mean-
ingfully challenged in the 1980s, with

considerable effort focused on adequately represent-
ing women in clinical trials. Central to many of these
initiatives was (and continues to be) the recognition
that fundamental yet poorly understood differences
exist between men and women, and that these differ-
ences could engender health disparities if ignored.
However, this “revolution” has not permeated
preclinical stages of research, which serve to inform
clinical trials. The preferential use of male animals
and a lack of sex-disaggregated reporting is increasing
in cardiovascular science (1), despite the emphasis of
the National Institutes of Health (NIH) on considering
sex in preclinical research as important for advancing
the health of women (2) and despite its feasibility in
most research settings (3). This bias has the potential
to undermine advances made in clinical trial design
by skewing our understanding of disease processes
and the effectiveness of potential therapies (4).
SEE PAGE 478
It has been argued that the participation of women
in research enhances knowledge outcomes and sci-
entific progress (5), in part via enhanced exploration
of sex differences (6). If true, sex gaps in medicine and
research—including the underrepresentation of
women in fields such as cardiology (7) and the relative
lack of adequatementorship for women (8)—would not
only have important societal implications but also
meaningful scientific ramifications. Recognizing this
possibility, the NIH has emphasized their commitment
to diversity in the biomedical research workforce
(including better representation of women) and
ttest they are in compliance with human studies committe

d Food and Drug Administration guidelines, including patien

: Basic to Translational Science author instructions page.

ceived March 13, 2019; revised manuscript received April 22, 2
identified assessing the impact of this diversity on the
quality and outputs of research as 1 of 4major diversity
challenges facing the biomedical “ecosystem” (9).

We therefore examined a large body of leading
preclinical cardiovascular research to explore poten-
tial differences in experimental rigor between male
and female researchers, focusing on the inclusion of
female animals in experiments and on analyses of sex
differences. Temporal trends in female authorship
and patterns in mentorship relationships by sex were
examined as secondary analyses. We hypothesized
that female authorship and mentorship relationships
between men and women had both increased, but
that these would not be associated with increased
consideration of sex as a biological variable or with
other measures of experimental rigor.

METHODS

As described (10), all preclinical studies published
between July 2006 and June 2016 in Circulation; Cir-
culation Research; Hypertension; Stroke; and Arterio-
sclerosis, Thrombosis, and Vascular Biology were
reviewed. Studies were included if they reported
original data from in vivo experiments using
nonhuman mammals and proposed therapeutic ap-
plications or implications to specific human disorders.
Pre-specified variables collected included the disease
studied, the animal model(s) used and their sex, and
whether any study result was reported by sex. Because
of the possibility that differences in female animal
inclusion or sex-specific analyses might be attribut-
able to broader differences in experimental design, we
also analyzed whether animals were randomized,
whether blinding was used (concealed allocation or
es and animal welfare regulations of the authors’

t consent where appropriate. For more information,

019, accepted April 27, 2019.
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blinded outcome assessment), and whether sample
size and/or power estimations were performed.

Study author names were extracted from Scopus.
Author sex was determined using the online database
genderize.io, which included >216,000 first names
across 79 countries and 89 languages when queried.
The database determines the sex of a name with
an associated certainty factor. First authors are
generally considered to have executed most of the
published work, whereas senior authors are usually
the study supervisors or principal investigators, and
are generally considered to have contributed most to
study planning and design (11,12); therefore, these
were selected as our primary analyses. Female
authorship as a proportion of all authors per manu-
script was examined as a secondary analysis (per 10%
increase and dichotomized as $33% of authors).
Scopus was also queried to determine citation counts
at 60 months for articles published between July 2006
and June 2011, as described (10). Post hoc analyses of
mentorship relationships by sex were performed,
with senior authors designated as mentors and first
authors as mentees. A certainty factor of $70% was
used to assign author sex for all analyses, otherwise
sex was considered unknown. Articles with authors of
unknown sex were excluded in primary analyses but
were included in secondary and post hoc analyses to
minimize missing data. Sensitivity analyses using a
certainty factor of $90% for author sex and of sex-
specific reporting restricted to studies in which ani-
mals of both sexes were used were performed.

Categorical variables are reported as number (per-
centage) and were compared using chi-square tests.
Continuous variables are reported as mean � SD or
median with interquartile range (25th to 75th percen-
tiles) (IQR) and were compared using Student’s t-tests
or Mann-Whitney U tests, respectively. Temporal
trends were assessed using Cochran-Armitage tests or
Spearman’s rank-order correlation (r) using 12-month
intervals. The associations of author sex with
factoring sex of the animals studied in the reporting,
design, and analysis of experiments and with the
implementation of other study design elements were
examined using chi-square tests (reported as absolute
percent differences in study characteristics) and via
simple and multivariable logistic regression (reported
as odds ratios [ORs] with 95% confidence intervals
[CIs]). Citation count comparisons were performed
via stratification and multivariable linear regression.
All analyses were performed using SAS version 9.4
(SAS Institute, Inc., Cary, North Carolina) using a 2-
tailed a level of 0.05 (corrected using the Bonferroni
method to account for multiple comparisons when
specified).
RESULTS

Of 28,636 articles screened, 3,396 met the study in-
clusion criteria (Figure 1). Women accounted for 24 �
17% of authors per manuscript, with 542 articles
(16.0%) not including any female authors and none
being authored solely by women. After excluding ar-
ticles with authors of unknown sex, women were
identified as first authors of 1,016 of 2,458 articles,
senior authors of 569 of 2,749 articles, and both first
and senior authors of 235 of 2,135 preclinical studies
(41.3%, 20.7%, and 11.0%, respectively). The distri-
bution of observed mentorship relationships differed
from the expected distribution, with disproportion-
ately high numbers of same-sex mentorships identi-
fied (p < 0.001), including a relative 50% greater than
expected frequency of male to male mentorships. No
difference was observed in the number of coauthors
of articles with female versus male first or senior
authors (9.6 vs. 9.6; p ¼ 0.864; and 9.2 vs. 9.5; p ¼
0.075; respectively). Five-year citation counts were
comparable between female and male authors (21
[interquartile range (IQR): 13 to 31] vs. 20 [IQR: 12 to
33]; p ¼ 0.509 for first authors; 18 [IQR: 12 to 30] vs. 20
[IQR: 13 to 31]; p ¼ 0.170 for senior authors). Author
sex was similarly not predictive of citation counts in
multivariable models that adjusted for cardiovascular
disease studied, publication date, and journal.

Temporal analyses over 10 years indicate that the
proportions of female first and senior authors each
increased, with women accounting for between 32.3%
and 46.3% of first authors and between 11.8% and
26.1% of senior authors (Figure 2A). There was a cor-
responding temporal increase in the proportion of
manuscripts with women as both first and senior
authors (full range: 5.5% to 14.9%; ptrend ¼ 0.001). The
proportions of articles with first and senior authors of
differing sex did not change (full range: 28.5% to
34.3%; ptrend ¼ 0.663 for female first and male senior
authorship; full range: 5.5% to 14.9%; ptrend ¼ 0.184
for male first and female senior authorship). Per
article, the mean proportion of female authors
slightly increased (full range: 21.4% to 26.8%;
p < 0.001) (Figure 2B).

Female and male authors were equally likely to
report the sex of animals used in preclinical experi-
ments (815 of 1,016 [80.2%] vs. 1,150 of 1,442 [79.8%];
p ¼ 0.776 for first authors; 455 of 569 [80.0%] vs. 1,767
of 2,180 [81.1%]; p ¼ 0.556 for senior authors). How-
ever, when the sex of the animals was reported,
women were more likely to have used female animals
in their experiments (292 of 815 [35.8%] vs. 313 of
1,150 [27.2%], p < 0.001 for first authors; 181 of 455
[39.8%] vs. 492 of 1,767 [27.8%]; p < 0.001 for senior



FIGURE 1 Literature Search

Literature search. ATVB ¼ Arteriosclerosis, Thrombosis and Vascular Biology; Circ Res ¼ Circulation Research. Modified from Ramirez et al. (10).
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authors), to have used animals of both sexes (156 of
815 [19.1%] vs. 179 of 1,150 [15.6%]; p ¼ 0.038 for first
authors; 98 of 455 [21.5%] vs. 262 of 1,767 [14.8%];
p < 0.001 for senior authors), and to have reported
sex-specific results (326 of 815 [40.0%] vs. 380 of
1,150 [33.0%]; p ¼ 0.002 for first authors; 199 of 455
FIGURE 2 Female Authorship in Preclinical Cardiovascular Research

(A) Proportion of women as first and senior authors. (B) Mean proportio
[43.7%] vs. 597 of 1,767 [33.8%]; p < 0.001 for senior
authors). Similar findings were observed when female
authorship was examined as a proportion of all au-
thors per manuscript. In contrast, female authorship
was not associated with randomization, blinding, or
sample size estimation after correcting for multiple
n of women as authors per study. Error bars depict SD.



FIGURE 3 Association of Female Authorship With Considering Sex as a Biological Variable and Other Experimental Standards in

Preclinical Cardiovascular Research

Absolute percent differences shown for first, senior, and $33% female authorship. *Corrected using the Bonferroni method to account for

multiple comparisons (a ¼ 0.05 divided by 7).
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comparisons (Figure 3). The preceding differences
persisted when female authorship was examined on
an interval scale (per 10% increase) and after adjust-
ing for pre-specified potential confounders (Table 1).
All findings were also comparable in sensitivity ana-
lyses using a minimum certainty factor of 90% for
author sex. When restricted to studies that included
both male and female animals (N ¼ 335 to 421), female
senior authorship (but not first or cumulative
authorship) remained associated with reporting sex-
specific results after adjusting for pre-specified po-
tential confounders (OR: 2.2; 95% CI: 1.1 to 4.4; p ¼
0.036).

DISCUSSION

Sex differences in innate scientific ability have long
ago been refuted (13); however, career trajectories
and personal and professional experiences often
differ between male and female academics (8,13),
which may influence researchers’ priorities and
practices. Although there are clear societal benefits to
promoting sex inclusivity in research, its impact on
the quality and impact of research remains unex-
plored (9). Our analysis of preclinical cardiovascular
research demonstrates that: 1) approximately 41% of
first authors and 21% of senior authors over a recent
10-year period were women; 2) although female
authorship is increasing, segregation by sex in
mentorship relationships exists and persists; and 3)
when women influence experimental design and
reporting or are a larger proportion of the research
team, studies are more likely to include female ani-
mals and to explore sex-based differences, but author
sex is not associated with other measures of meth-
odological rigor or research impact.

Preclinical research using animal models often
precedes and informs clinical trials. However,
important and remediable methodological shortcom-
ings remain prevalent in preclinical cardiovascular
research (10), including a tendency to exclude fe-
males in animal experiments and to ignore the po-
tential influence of sex on study outcomes (1).
Women’s perspectives have been suggested to
uniquely promote scientific progress in general and
advances in women’s health in particular, in part due
to their greater tendency to explore the effects of
gender and sex (5,6). Our data suggest that women
are indeed more attuned to considering sex as a bio-
logical variable in preclinical experiments, but that
male and female researchers are more alike than they
are different when broader measures of scientific
rigor and research impact are considered.

A corollary to the previously described findings
is that the persistent underrepresentation of women
in preclinical cardiovascular research is highly un-
likely to be attributable to differences in research
capacity or potential impact. Rather, systemic factors
are probably influential. For instance, although
modern scientific endeavors are increasingly reliant
on research teams and networks—settings in which a
diversity of viewpoints and experiences are sought



TABLE 1 Association Between Female Authorship and Experimental Design Characteristics in Preclinical Cardiovascular Studies

N* Crude OR (95% CI) Adjusted OR (95% CI)† p Value†

Female first author

Reporting sex of animals 2,458 1.03 (0.84–1.26) 0.96 (0.77–1.19) 0.698

Inclusion of female animals‡ 1,965 1.49 (1.23–1.81) 1.60 (1.30–1.96) <0.001

Inclusion of animals of both sexes‡ 1,965 1.28 (1.01–1.63) 1.29 (1.01–1.66) 0.046

Sex-specific reporting of results‡ 1,965 1.35 (1.12–1.63) 1.33 (1.10–1.62) 0.004

Randomization 2,458 0.95 (0.78–1.16) 1.03 (0.83–1.28) 0.776

Blinding 2,458 0.91 (0.76–1.08) 0.95 (0.79–1.15) 0.608

Sample size estimation 2,458 0.70 (0.41–1.20) NR

Female senior author

Reporting sex of animals 2,749 0.93 (0.74–1.18) 0.83 (0.65–1.07) 0.153

Inclusion of female animals‡ 2,222 1.71 (1.38–2.12) 1.81 (1.43–2.28) <0.001

Inclusion of animals of both sexes‡ 2,222 1.58 (1.22–2.04) 1.58 (1.20–2.08) 0.001

Sex-specific reporting of results‡ 2,222 1.52 (1.24–1.88) 1.44 (1.16–1.79) 0.001

Randomization 2,749 0.90 (0.71–1.12) 0.88 (0.68–1.13) 0.308

Blinding 2,749 1.02 (0.84–1.23) 1.14 (0.92–1.42) 0.219

Sample size estimation 2,749 0.32 (0.13–0.80) NR

Female authorship (per 10% increase)

Reporting sex of animals 3,396 1.04 (0.98–1.09) 1.02 (0.97–1.09) 0.435

Inclusion of female animals‡ 2,718 1.20 (1.14–1.26) 1.20 (1.13–1.26) <0.001

Inclusion of animals of both sexes‡ 2,718 1.13 (1.07–1.21) 1.12 (1.05–1.20) <0.001

Sex-specific reporting of results‡ 2,718 1.13 (1.08–1.19) 1.11 (1.05–1.17) <0.001

Randomization 3,396 0.95 (0.90–1.00) 1.00 (0.94–1.06) 0.949

Blinding 3,396 0.99 (0.94–1.03) 1.04 (0.99–1.09) 0.173

Sample size estimation 3,396 1.08 (0.94–1.24) NR

*Refers to the total number of studies included in analyses. †Adjusted for disease studied, animal model(s) used, journal of publication, date of publication, and number of
co-authors. ‡Analysis restricted to studies in which the sex of animals used was reported. Bonferroni corrected a level of 0.007 used to define statistical significance (a ¼ 0.05
divided by 7).

CI ¼ confidence interval; NR ¼ not reported due to small number of events per predictor variable; OR ¼ odds ratio.
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and valued (6)—our analysis highlights a persistent
predominance of same-sex mentorships. Because of
the relative paucity of available female mentors, this
practice has the potential to perpetuate women’s
underrepresentation in the field and to hinder efforts
to improve the status quo (7).

STUDY LIMITATIONS. The journals examined were
selected based on their prominence in cardiovascu-
lar research, their collective focus on a wide range of
cardiovascular disorders, and their endorsement of
NIH guidelines on rigor and reproducibility (10).
However, they might not be representative of all
preclinical cardiovascular journals. Author sex was
determined using an arbitrary certainty factor,
which might have resulted in misclassification in a
minority of cases. However, our results were com-
parable in sensitivity analyses using a more strin-
gent criterion. Our analysis did not capture
instances of multiple first or corresponding authors
(equally contributing authors) and used author po-
sition as a proxy for mentor�mentee relationships.
Presumed author sex might not reflect author
gender, which might be a relevant distinction in our
analysis. Our analysis also focused on experimental
and reporting standards proposed by the NIH, which
were not exhaustive.

CONCLUSIONS

Women’s involvement in preclinical cardiovascular
research is positively associated with considering sex
as a biological variable, which is a practice that is
expected to inform and promote advances in
women’s health. Researcher sex is not associated
with other measures of experimental rigor or research
impact. Limited mentorship opportunities may be
contributing to women’s underrepresentation in this
field.
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PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: In this

analysis of 3,396 preclinical studies in 5 leading

cardiovascular journals, female authorship was positively

associated with considering sex as a biological variable,

but not with other measures of methodological rigor or

60-month citation counts. Over a 10-year period, the

proportion of studies with first and senior authors of

differing sex was low and stable, suggesting that

segregation by sex in mentorship relationships exists and

persists. These data indicate that women’s underrepre-

sentation in preclinical cardiovascular research is not due

to differences in research capacity or impact. Limited

mentorship opportunities for women in preclinical

cardiovascular research may be an important contributor.

TRANSLATIONAL OUTLOOK: Further study to iden-

tify and understand barriers to women’s involvement in

preclinical cardiovascular research is warranted.

Enhancing mentorship opportunities for women should

be explored as a potential strategy to improve the status

quo.
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EDITORIAL COMMENT
Sex Differences in Science
Do We Have a Problem?*
Eva van Rooij, PHD,a,b Nanette H. Bishopric, MDc
SEE PAGE 471
I t is no secret that women have long been under-
represented in science. Although there is no clear
biological explanation, this gap might have

arisen through stereotypic perceptions that women
are unsuited for science, either because of imagined
intellectual incapacity, fear for their fecundity, or
both. Similar beliefs, as well as widespread cultural,
social, and economic factors, have limited the educa-
tional opportunities available to women, further
discouraging their participation in scientific research.
Although there are ample data to refute such pre-
modern stereotypes, an unequal balance between
male and female scientists remains. Despite the
steadily increasing numbers of women entering sci-
ence, the United Nations Educational, Scientific and
Cultural Organization’s Women in Science data
show that <30% of the world’s researchers at any
level are women (1). Although men and women hold
roughly the same numbers of bachelor’s and master’s
degrees, at higher academic ranks, the balance tips in
favor of male scientists. In the European Union, only
20% of full professors (and still fewer natural sciences
professors) are women (2). Of all tenured, full profes-
sors in the United States, only 21% are women (3). In
ISSN 2452-302X

*Editorials published in the JACC: Basic to Translational Science reflect

the views of the authors and do not necessarily represent the views of

JACC: Basic to Translational Science or the American College of

Cardiology.

From the aHubrecht Institute, Royal Netherlands Academy of Arts and

Sciences (KNAW) and University Medical Center, Utrecht, the

Netherlands; bDepartment of Cardiology, University Medical Center

Utrecht, the Netherlands; and the cDepartment of Oncology, Georgetown

Lombardi Comprehensive Cancer Center, Georgetown University,

Washington, DC. Both authors have reported that they have no re-

lationships relevant to the contents of this paper to disclose.

The authors attest they are in compliance with human studies commit-

tees and animal welfare regulations of the authors’ institutions and Food

and Drug Administration guidelines, including patient consent where

appropriate. For more information, visit the JACC: Basic to Translational

Science author instructions page.
addition to being outnumbered, women are also
under-rewarded. Women are still paid less for their
science-related work (4), and their contracts are
more precarious. But is this sex imbalance merely a
problem of basic fairness, or does science itself pay
a price for the lack of female voices? A study in this
issue of JACC: Basic to Translational Science attempts
to address this question.
In this study, Labinaz et al. (5) examined temporal
trends in female authorship and mentorship and
asked whether women or men are more likely to
include animals of both sexes in research studies, a
standard metric for experimental rigor. The in-
vestigators reviewed 3,396 articles published be-
tween 2006 and 2016 and classified them by sex of the
first and last authors and by use of female animals in
experiments. A mentorship relationship was assumed
to exist between the first and last authors. Their
analysis revealed that between 2006 and 2016, female
authorship increased in both first and last positions
between 2006 and 2016. They also identified a
disproportionately high number of same-sex men-
torships, the predominance of which persisted over
time. Finally, although men and women were equally
likely to report the sex of the animals used, studies
led by female first and senior authors were more
likely to include female animals in their experiments.
This result suggests that women are more inclined to
consider sex as a biological variable in preclinical
experiments. At the same time, no association was
found between the sex of the researcher and other
measures of scientific rigor. The observed better sex-
awareness in women could point to other unmea-
sured issues that are differentially noticed by men
and women scientists. In this way, at least, under-
representation of women in science may have
ramifications not only for workforce diversity but also
for critical aspects of the scientific enterprise.
https://doi.org/10.1016/j.jacbts.2019.07.007
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Several potential confounding factors should be
considered when analyzing these data. First, the
investigators selected articles from a subset of car-
diovascular journals that might not be fully repre-
sentative of preclinical cardiovascular journals. In
addition, adjudication criteria might have been
biased because author sex was determined by using
an arbitrary certainty factor assigned to the first
name, potentially inducing a misclassification. This
was even more problematic when considering that in
American English, girls’ first names became less sex-
obvious for the trainee cohorts publishing during
the decade under study. For example, Ashley, a
classic male name, rose from the 140th to the third
most common girl’s name between 1970 and 1980.
Thus, this paper should be viewed as hypothesis-
generating rather than evidence of a systematic bias.

At the same time, the paper provides potentially
several pieces of good news. Women were more likely
to include both sexes in their preclinical studies, but
equally likely to perform randomization of animals,
blinding, and sample size and/or power estimations.
At the very least, this result confirmed (if confirma-
tion was needed) that there was no cost to scientific
rigor for being more inclusive. That women in both
first and senior authorships increased overall during
the 10 years analyzed is more good news, suggesting
that a lack of female mentors may be correcting itself
as more women move into cardiovascular sciences.
Increased awareness and future efforts to generate
equal opportunities and rewards should continue to
improve sex imbalances in science.

Another finding of the study was a preponderance
of same-sex mentorships that remained constant
throughout the 10-year study period. It was possible
that the greater representation of men in both mentor
and mentee populations simply makes male-sex
pairings more likely. In contrast, if there truly is a
preference for same-sex scientific pairings, does this
reveal a problem of bias? If so, is there a remedy? It
would be useful to know whether women were just as
likely as men to choose a female mentor, and whether
men were training young women and men in pro-
portion to their representation in the trainee popu-
lation. If male scientists prefer to work with other
male scientists, further increasing the pool of female
mentors will be critical to providing opportunities for
women entering the field.

So, yes, there still is an imbalance between men
and women in science, both in numbers and rewards.
Although specific strategies are in place to promote
women and girls in health and science, much more
needs to be done to bring about the widespread social
changes needed to ensure sex equality in science.
Alleviating this imbalance would not only be the right
and fair thing to do but would have objective ad-
vantages that have been shown elsewhere: sex
diverse workplaces have increased productivity and
innovation, and have better employee retention and
satisfaction (6). The interesting new insight by Labi-
naz et al. (5) is that greater inclusiveness may
improve the quality and depth of science, because
men and women may contribute different beneficial
skills and mindsets. A more diverse research team
might develop more well-argued and relevant ques-
tions, resulting in research that is applicable (and
beneficial) to a broader population. Increasing efforts
to further reduce the sex gap in research will likely be
highly cost effective on multiple fronts.
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PRECLINICAL RESEARCH
Malondialdehyde Conjugated With
Albumin Induces Pro-Inflammatory
Activation of T Cells Isolated From
Human Atherosclerotic Plaques
Both Directly and Via Dendritic
Cell–Mediated Mechanism
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HIGHLIGHTS

� MDA conjugated with HSA activates T

cells from human atherosclerotic plaques

through a direct mechanism.

� MDA-HSA also induces maturation and

activation of human dendritic cells, which

in turn promote activation of autologous

T cells from the same donor’s plaques,

although this effect appears somewhat

weaker than the direct activation.

� M1 polarization of macrophages,

potentially an atherogenic effect, were

also induced by MDA-HSA.

� Heat shock protein 60 was induced in

T cells by MDA-HSA, is atherogenic, and

could promote dendritic cell/T cell

activation.

� Two peptide modifications of serum

albumin in atherosclerotic patients’ HSA

were similar to those generated by

treatment of HSA with MDA in vitro.
https://doi.org/10.1016/j.jacbts.2019.03.009
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SUMMARY
AB B
AND ACRONYM S

ATP = adenosine triphosphate

CVD = cardiovascular disease

DC = dendritic cell

GM-CSF = granulocyte-

macrophage colony-

stimulating factor

HLA = human leukocyte

antigen

HSA = human serum albumin

HSP = heat shock protein
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Human dendritic cells were differentiated from blood monocytes and treated with malondialdehyde (MDA)

conjugated with human serum albumin (HSA). Autologous T cells from human plaques or blood were co-

cultured with the pre-treated dendritic cells or treated directly. MDA modifications were studied by mass

spectrometry. MDA-HSA induced a pro-inflammatory DC-mediated T-cell activation and also a strong direct

effect on T cells, inhibited by an inhibitor of oxidative stress and antibodies against MDA. Atherogenic heat

shock protein-60 was strongly induced in T cells activated by MDA-HSA. Two peptide modifications in

atherosclerotic patients’ HSA were similar to those present in in vitro MDA-modified HSA.

(J Am Coll Cardiol Basic Trans Science 2019;4:480–94) © 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/).

interferon
IFN =
IgM = immunoglobulin M

IL = interleukin

LDL = low-density lipoprotein

MDA = malondialdehyde

MS = mass spectrometry

OxLDL = oxidized low-density

lipoprotein

PCR = polymerase chain

reaction

TCR = T-cell receptor

TGF = transforming growth

factor

TLR = Toll-like receptor

= tumor necrosis factor
T ypical of atherosclerosis, the major cause of
cardiovascular disease (CVD) is the presence
in atherosclerotic plaques of activated im-

mune competent cells including T cells, dendritic
cells (DCs) and monocytes/macrophages, dead cells
(in a necrotic core), and oxidized low-density lipopro-
tein (OxLDL), commonly present in inert mainly
macrophage-derived foam cells (1,2). In previous
studies, findings have indicated that OxLDL can acti-
vate T cells (3–6), including those from human athero-
sclerotic plaques (3,6,7). Moreover, we have shown
that the oxidized phospholipid moiety of OxLDL
promotes immune activation, including production
of interferon (IFN)–g (8,9), but the underlying mech-
anisms and possible activation of T cells by other
components of OxLDL remain unclear. In contrast
to the situation in mice (10), we observed no
low-density lipoprotein (LDL)–mediated activation
of human T cells, including any that might be found
isolated in plaques (6).

Both murine models of atherosclerosis and human
ex vivo investigation indicate that T cells play major
roles in atherosclerosis and ensuing CVD.

Transfer of CD4þ T cells to atherosclerotic mice
exacerbates atherosclerosis, possibly by abrogation
of T-cell transforming growth factor–beta (TGF-b)
signaling (11,12).
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In humans, an association between the
CD8þ subset of T cells and CVD has been re-
ported (13). The DCs and T cells co-localized in
plaques may play a role in local immune re-
actions within lesions (14). DCs may be of
major importance during different stages of
the development of atherosclerosis in humans
(15–17).

Oxidation of LDL generates a variety of
compounds from both protein (apolipoprotein
B [apoB]) and lipids. Two of the products from
lipid malondialdehyde (MDA) and phosphor-
ylcholine (PC) appear to be of particular in-

terest and elicit a pronounced antibody response in
humans that may have atheroprotective properties (2).

We reported recently that production of antibodies
against both PC and MDA conjugated with an albumin
is dependent on T cells in humans. Moreover, these
antibodies together strongly and negatively corre-
lated with atherosclerosis and vulnerable plaques in
systemic lupus erythematosus (where the risk of CVD
is exceedingly high) and also with the risk of CVD in a
general population (18,19).

Heat shock protein (HSP) 60 may be involved in
activation of T cells by OxLDL, as well as the athero-
sclerotic immunity in general (20), and more specif-
ically in T-cell activation (6,21).
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We report that MDA–human serum albumin (HSA)
activates DCs and T cells, the latter even directly, and
that this effect is inhibited by anti-MDA antibodies.
The implications of these findings are discussed.

METHODS

DC DIFFERENTIATION. Monocytes were isolated us-
ing human enrichment cocktail (STEMCELL Tech-
nologies, Grenoble, France) and thereafter were
cultured in Roswell Park Memorial Institute (RPMI)
medium containing 50 ng/ml each of recombinant
human granulocyte-macrophage colony-stimulating
factor (GM-CSF) and interleukin (IL)-4 (Immuno-
Tools, Friesoythe, Germany). After 72 h of incubation,
half of the medium was replaced with fresh medium.
After 6 days of culture, cells were collected and 2 �
106/ml were cultured in the presence or absence of
10 mg/ml MDA-HSA prepared as described previously
(18). Endotoxin was not detected in MDA and HSA by
the Limulus Amebocyte Lysate test.

The cells collected after 24 h were $90% viable.
DCs were stained with antibodies against CD11C-PE/
BV421, CD86-Percp-Cy5.5, CD80-FITC, and CD40-
FITC (BD Bioscience, San Jose, California).

CO-CULTURE OF DCs AND T CELLS. CD3 T cells were
isolated from the buffy coat of healthy donors with
the human T-cell enrichment cocktail (STEMCELL
Technologies) in accordance with the manufacturer’s
instructions. Differentiated DCs were cultured as
described earlier in the presence or absence of MDA-
HSA for overnight or for 12 h, then washed and
resuspended in complete RPMI medium; thereafter,
they were co-cultured with 4 � 105 CD3 T cells for
48 h. To block human leukocyte antigen II (HLA–II),
8 mg/ml of low-endotoxin, azide-free purified anti–
HLA-II antibodies (Biolegend, Dedham, Massachu-
setts) were added to DCs before co-culturing with T
cells. Cells collected after 48 h of co-culture were
stained with anti–CD3-Percp Cy5.5, anti–CD 25-PE/
FITC, anti–CD69-APC/FITC, and anti–CD71-BV421/
FITC (BD Bioscience) antibodies.

ISOLATION AND CULTURE OF PLAQUE CELLS.

Atherosclerotic plaques were obtained from patients
who were undergoing carotid endarterectomy at the
Department of Surgery, Vascular Surgery, Södersju-
khuset, Stockholm, Sweden. This study was pre-
approved by the research ethics committee of
Karolinska Institutet and in accordance with the
Declaration of Helsinki. All subjects gave their written
informed consent before entering the study.

Cells were isolated from atherosclerotic plaques as
described earlier (22). In brief, the plaques were first
dissected into small pieces, which were then
incubated with 1.25 mg/ml collagenase IV (Life
Technologies Europe BV, Stockholm, Sweden),
25 mg/ml Liberase DL (Roche Applied Science, Stock-
holm, Sweden), and 0.2 mg/ml DNase I (Roche
Applied Science, Stockholm, Sweden) for 1 h at 37�C.
The dissociated plaque cells were then passed
through a 100-mm Celltrics filter (Millipore AB,
Stockholm, Sweden) to remove unwanted fat and
debris, and T cells were purified with the EasySep T-
cell enrichment kit (STEMCELL Technologies). DCs
obtained from the peripheral blood of the plaque
donors were treated with or without MDA-HSA as
described above and thereafter co-cultured with pla-
que T cells for 48 h. In addition, plaque T cells were
cultured in the presence or absence of MDA-HSA for
24 h.

T CELL CULTURES. Isolated CD3 T cells were cultured
in the presence or absence of MDA-HSA and/or of
2 mg/ml anti-MDA antibodies (Academy Biomedical,
Houston, Texas) for 24 h. Furthermore, CD3 T cells
were incubated with 20 mmol/l/ml MitoTEMPO (Sigma
Aldrich, St. Louis, Missouri) for 30 min to inhibit
mitochondrial reactive oxygen species (ROS) pro-
duction and subsequently cultured with or without
MDA-HSA for a maximum of 20 h.

MACROPHAGE CULTURE. Isolated monocytes were
cultured with 50 ng/ml recombinant human GM-CSF
in RPMI medium, which was replaced on day 3 with
fresh medium. On day 5, these cells were treated with
MDA-HSA for 48 h to investigate M1 (pro-inflamma-
tory) macrophage differentiation. Further, macro-
phages were co-cultured with T cells (pre-treated
with MDA-HSA for 6 h, and then for 48 h).

CELL PROLIFERATION. Cell proliferation was deter-
mined using the colorimetric BrdU kit in accordance
with the manufacturer’s protocol (Sigma Aldrich). In
brief, DCs cultured with or without 10 mg/ml
MDA-HSA were cultured for 12 h, washed, and re-
suspended in the complete RPMI medium, and then
0.5 � 105 DCs were co-cultured with 2 � 105 autolo-
gous T cells in a 96-well round-bottom plate (Becton
Dickinson, Franklin Lakes, New Jersey). In addition,
T cells were also cultured alone with or without
MDA-HSA. After 72 h of incubation, the cells were
labeled with BrdU, incubated for 20 more hours,
centrifuged, and dried at 60 �C for 1 h. The dried cells
were fixed with a FixDenat (Roche) solution before
incubation with anti-BrdU peroxidase antibodies.
After 2 h of incubation, the cells were washed and
substrate solution added for development of color.
To stop the reaction, 1 mol/l H2SO4 was added and
absorption at 450-nm wavelength (with 690 nm as
reference) determined.
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STAINING OF INTRACELLULAR CYTOKINES. CD3 T
cells with or without MDA-HSA were incubated for 24
h; lysed with 0.1% saponin; stained for IFN-g, IL-4,
and IL-17A; and analyzed by flow cytometry.

CYTOKINE QUANTIFICATION. The levels of INF-g,
IL-6, IL-4, tumor necrosis factor (TNF)–a, IL-10, and
TGF-b collected after 18 h were assessed by enzyme-
linked immunosorbent assay (R&D systems, United
Kingdom). In the same manner, HSP60 was deter-
mined in supernatant from CD3 T cells or DCs after
12 h of stimulation with MDA-HSA. In the case of
CD3 T cells, the same was found from patients after
24 h of such stimulation.

GENE SILENCING. The gene encoding Toll-like re-
ceptor 4 (TLR4) or T-cell receptor (TCR) was silenced
in T cells with a specific short hairpin RNA (shRNA)
plasmid (Santa Cruz Biotechnology, Heidelberg, Ger-
many). After 72 h of shRNA transfection, gene
silencing was investigated at the protein level using
flow cytometry. Nonspecific shRNA was used as
a control.

ADENOSINE TRIPHOSPHATE ASSAY. T cells were
stimulated with MDA-HSA for 2 h, then with cellular
adenosine triphosphate (ATP), after which they
were quantified with the ATP measurement kit
(Promega, Madison, Wisconsin) in accordance with
the manufacturer’s instructions.

APOPTOSIS. After culturing DCs or CD3 T cells with
10 mg/ml MDA-HSA for 2, 4, 6, 18, and 24 h, apoptosis
was assessed by flow cytometry using Annexin
AV-FITC.

MDA-HSA BINDING. CD3 T cells were cultured in the
presence or absence of MDA-HSA and/or anti-MDA
(antibodies without fluorochrome conjugation)
antibodies for 1 h and then centrifuged, washed, and
resuspended in 100 ml phosphate-buffered saline.
Fluorescein isothiocyanate–conjugated anti-MDA
antibody (5 mg/ml) was added to both control and
MDA-HSA–treated cells; after 30min of incubation, the
cells were washed and analyzed by flow cytometry.

QUANTITATIVE REAL-TIME POLYMERASE CHAIN

REACTION. Total RNA was extracted with Qiagen
mini (Qiagen, Hilden, Germany), and cDNA was syn-
thesized from total RNA using the cDNA synthesis
high capacity kit (Applied Biosystem, Foster City,
California). One microliter of cDNA was used in each
reaction of quantitative real-time polymerase chain
reaction (PCR). Transcription factors TBET (Th1),
GATA3 (Th2), RORC (Th17), and FOXP3 (T-reg) genes
were analyzed. Housekeeping gene glyceraldehyde 3-
phosphate dehydrogenase was used as a reference
gene or to normalize the difference. Taq-man PCR
master mix was used to run the reaction (Applied
Biosystems) in 7500 Real-Time PCR system (Applied
Biosystems). The DDCT method was used to calculate
the relative difference in gene expression.

MASS SPECTROMETRY SAMPLE PREPARATION AND

ANALYSIS. In vitro, MDA-modified HSA was
analyzed for peptide modification. HSA was first
alkylated with dithiothreitol (Sigma) and iodoaceta-
mide (Sigma), precipitated, and thereafter digested
by sequencing grade trypsin in ammonium bicar-
bonate and dimethyl sulfoxide. The peptides thus
obtained were desalted on a C18 column and analyzed
by liquid chromatography–mass spectrometry (MS).

Plasma proteins (10 mg) from each of 10 patients’
samples were dissolved in 50 mmol/l ammonium bi-
carbonate; reduced with 20 mmol/l DTT (Sigma) for
30 min at 56�C. Iodoacetamide (66 mmol/l) in
50 mmol/l ammonium bicarbonate was added for
alkylation at room temperature for 30 min. Sequencing-
grade trypsin (1:3, trypsin: protein; Promega) was incu-
bated with each sample (1:33 trypsin: protein) at 37�C,
and formic (final concentration of 5%) added to stop this
digestion. After 20min, the samples were placed on a C18
Hypersep plate (Thermo Scientific), dried using a
Speedvac, and re-suspended in 25 ml 2% Acetonitrile/
0.1% formic acid.

LIQUID CHROMATOGRAPHY–MS/MS ANALYSIS.

Peptides were separated on a 50-cm Easy C18 chro-
matography column connected to an nLC1000 system
(Thermo Fisher Scientific). The peptides were loaded
onto this column at a flow rate of 1000 nl/min, and
then eluted at 300 nl/min flow rate for 120 min with
linear gradient from 4% to 26% AcN in 0.1% formic
acid. After ionization by electrospray, the peptides
eluted were analyzed in an orbitrap Q Exactive Plus
mass spectrometer (Thermo Fisher Scientific). The MS
spectrum was acquired at a resolution of 60,000 in
the range of m/z 200 to 2,000. MS/MS data were ob-
tained with a higher-energy collisional dissociation
for ions with charge z >1 at a resolution of 15,000.

MS DATA ANALYSIS. The raw data obtained were
converted into the Mascot Generic Format (mgf) using
a written Raw2mgf program written in-house. Pro-
teins were identified by searching the SwissProt
database (Porcine) with the Mascot v 2.4 (Matrix Sci-
ence) database search engine.

STATISTICAL ANALYSIS. Statistical analysis was
performed by Student’s t-test; p # 0.05 was consid-
ered as statistically significant. p # 0.05, p # 0.01,
and p # 0.001 were expressed as *, **, and
***, respectively. The bar diagrams are expressed as
mean � SD.



FIGURE 1 MDA-HSA Mediated Activation of DCs From CVD Patients or Healthy Blood Donors of DC Activation and Ensuing Activation of T Cells Exposed to

the DCs

(A) DCs were stimulated with 10 mg/ml MDA-HSA for 24 h. Expression of the surface markers CD86, CD80, and CD40 was induced, as shown by 1 of 3 independent

experiments. (B) MDA-HSA–stimulated DCs promoted production of pro-inflammatory but not anti-inflammatory cytokines, with no change in the level of TGF-b

(mean value of 3 independent experiments). (C) MDA-HSA–induced DCs promoted T-cell activation (mean value of 3 independent experiments). (D) MDA-HSA–induced

DC–mediated T-cell activation was inhibited when TCR (a and b) had been silenced (mean of 3 independent experiments). (E) MDA-HSA–treated peripheral blood DCs

from atherosclerotic patients activated plaque T cells from same patients. DC ¼ dendritic cell; FITC ¼ fluorescein isothicyanate; HSA ¼ human serum albumin;

IL ¼ interleukin; MDA ¼ malondialdehyde; sh ¼ short hairpin; TCR ¼ T cell receptor; TGF ¼ transforming growth factor; TNF ¼ tumor necrosis factor.
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RESULTS

INDUCTION OF DC-MEDIATED T-CELL ACTIVATION

BY MDA. After testing 1, 5, and 10 mg/ml MDA-HSA,
we chose the highest dose for use. MDA-HSA
enhanced the expression of markers of DC activa-
tion and several co-stimulatory proteins (Figure 1A)
(median fluorescence intensity from 3 individual ex-
periments are presented in Supplemental Figure 1A),
as well as the levels of IL-6 and TNF-a. In contrast,

https://doi.org/10.1016/j.jacbts.2019.03.009


FIGURE 2 MDA-HSA Induces Pro-Inflammatory Activation on T Cells From Both Plaques and Healthy Blood Donors

(A) CD3 T cells were activated by incubation with 10 mg/ml MDA-HSA and the treatment-induced T-cell activation. (B)MDA-HSA induced differentiation of

INF-gamma- and IL-17A-positive cells but no significant change in IL-4-positive T cells. (C) MDA-HSA induced pro-inflammatory but not anti-

inflammatory cytokines in plaque T cells. (D) MDA-HSA induced the transcription factors RORC, but not T-bet, GATA3, or FoxP3. Mean of 3 independent

experiments (A-D). (E) T cells from atherosclerotic plaques duplicates were activated by MDA-HSA. (F) The level of IFN-gamma in the supernatant of

plaque T cells from patients was elevated by MDA-HSA. (Mean of 3 patients.) FoxP3 ¼ forkhead box P3; IFN ¼ interferon; other abbreviations as in

Figure 1.
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FIGURE 3 Effects of MDA-HSA on HSP60 Production and Activation in DCs and T Cells

CD3 T cells or DCs were stimulated with MDA-HSA for 12 h, leading to much higher production of HSP60 in the former (A) than latter (B).

Three individual experiments are shown. (C) MDA-HSA elevated HSP60 production by plaque T cells. (D) Exposure of CD3 T cells or DCs to

MDA-HSA for different periods promoted apoptosis among both. In both DCs and T cells, the percentage of apoptotic cells was increased by

the time (mean of 3 individual samples). HSP ¼ heat shock protein; other abbreviations as in Figure 1.
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TGF-b levels were not significantly altered, and IL-10
levels declined (Figure 1B). HSA itself was without
effect (Supplemental Figures 1B to 1D).

Furthermore, MDA-HSA promoted activation of T
cells by DCs (Figure 1C). To investigate HLA-II–medi-
ated T-cell activation, MDA-HSA–induced DCs were
cultured with T-cell presence or absence of HLA-II
blocking antibodies. Blockage of HLA-II with specific
antibodies did not inhibit induction of CD25, a marker
of activation, by MDA-HSA (not shown); whereas
silencing of TCR-a and -b inhibited MDA-HSA–
induced DC-mediated activation of T cells (Figure 1D).

Treatment of DCs derived from peripheral mono-
cytes of patients with MDA-HSA and subsequent co-
culture with T cells obtained from plaques of the
same patients gave similar results (Figure 1E).

THE EFFECT OF MDA-HSA ON DC-INDEPENENT

ACATIVATION OF T CELLS. MDA-HSA (Figure 2A)
caused potent activation of T cells, whereas once
again HSA alone had no effect (Supplemental
Figure 2A). Silencing or inhibition of TLR2, TLR4, or
TCR (a/b) did not alter this response to MDA-HSA
(Supplemental Figure 2B). MDA-HSA was found to
bind to the cell/cell membrane directly and/or pene-
trate into the cell (Supplemental Figure 2C), and
intracellular staining showed activation of pro-
inflammatory Th1 and Th17 but not Th2 T cells
(Figure 2B). In the supernatants from cells treated
with MDA-HSA, the levels of IFN-g were increased;
IL-4 and TGF-b showed no significant change
(Figure 2C). IL-17 was undetectable in our enzyme-
linked immunosorbent assay.

Transcription factors for Th17 cells (RORC) were
induced by MDA-HSA with no alteration in the case of
GATA3, Tbet-1, or Fox P3 (Figure 2D).

As with peripheral blood T cells, plaque T cells
were also activated by MDA-HSA (Figure 2E), and the
level of IFN-g in the cells supernatant was elevated
(Figure 2F).

CELL PROLIFERATION. MDA-HSA did not stimulate
DCs and T cell proliferation (Supplemental Figure 2D).

INDUCTION OF HSP60. MDA-HSA induced HSP60 in
both T-cells (Figure 3A) and DCs (Figure 3B) from
healthy donors as well as plaque T cells (Figure 3C).

https://doi.org/10.1016/j.jacbts.2019.03.009
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FIGURE 4 Macrophage Activation

(A) One of 3 individual experiments. When monocytes were first cultured with GM-CSF for 5 days and then stimulated with MDA-HSA,

expression of surface proteins CD86 and CD40 by macrophage was enhanced. (B) CD86 expression increased when MDA-HSA–stimulated T

cells were co-cultured with monocytes derived macrophages for 48 h of incubation. GM-CSF ¼ granulocyte-macrophage colony-stimulating

factor; other abbreviations as in Figure 1.
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ACTIVATION INDUCES APOPTOSIS IN DCs AND

T CELLS. The concentration of MDA-HSA used, which
is not highly toxic to the cells, induced apoptosis
in both DCs and T cells that increased with
time (Figure 3D).

M1 MACROPHAGE DIFFERENTIATION BY MDA-HSA.

When macrophages (identified by CD11b) were treated
with MDA-HSA, the percentage expressing M1-
specific marker CD86 was increased (Figure 4A).

CD40 ligation plays an important role in the
inflammation associated with CVDs; this protein was
also induced by MDA-HSA (Figure 4A), and mean
fluorescence intensity of 3 individual experiments is
shown (Supplemental Figure 3A).

Our hypothesis that MDA-HSA–induced T cells in-
fluence M1 development in atherosclerotic lesions
was supported by the finding that MDA-HSA–treated
T cells induced expression of CD86 in macrophages
(Figure 4B); MFI from 3 individual experiments are
shown (Supplemental Figure 3B). Only mild apoptosis
occurred in the macrophages treated with MDA-HSA
(Supplemental Figure 3C).

INHIBITION OF T-CELL ACTIVATION. Direct activa-
tion of T cells by MDA-HSA was inhibited by anti-MDA
antibodies (Figure 5A), as was the binding of
MDA-HSA to T cells (Supplemental Figure 3D). Mito-
TEMPO inhibited mitochondrial ROS as expected
(Supplemental Figure 3E), and partially reduced
the activation of T cells in response to MDA-
HSA (Figure 5B).

MDA-HSA INDUCES P38 MITOGEN-ACTIVATED

PROTEIN KINASE, TLR2, AND TLR4. MDA-HSA
increased the activation of p38 mitogen-activated
protein kinase (MAPKp38), as well as expression

https://doi.org/10.1016/j.jacbts.2019.03.009
https://doi.org/10.1016/j.jacbts.2019.03.009
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FIGURE 5 Means of 3 Independent Experiments

(A) The activation of T cells in response to MDA-HSA was inhibited by anti-MDA antibodies. (B) Pre-incubation of CD3 T cells Mito-TEMPO

(Sigma Aldrich, St. Louis, Missouri), an inhibitor of mitochondrial ROS production, inhibited their subsequent activation by MDA-HSA slightly.

ROS ¼ reactive oxygen species; other abbreviations as in Figure 1.
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levels of TLR2 and TLR4 in cells from each indi-
vidual (Figure 6); MFI are shown from 3 in-
dividuals’ experiments (Supplemental Figure 4),
but not of the P65 subunit of nuclear factor kappa-
light-chain-enhancer of activated B cells (NF-kB)
(not shown).
MS ANALYSIS. After treating HSA in vitro, 31 pep-
tides could be identified (Table 1) (see Supplemental

https://doi.org/10.1016/j.jacbts.2019.03.009
https://doi.org/10.1016/j.jacbts.2019.03.009


FIGURE 6 MAPK p38 Was Elevated in Response to MDA-HSA in Both DCs and T cells

TLR2 expression was potently induced in both DCs and T cells, and TLR4 also increased. (One of 3 individuals’ experiments is shown.)

MAPK ¼ mitogen-activated protein kinase; TLR ¼ Toll-like receptor; other abbreviations as in Figure 1.
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Figure 5 for a representation of MS tracings). In the
HSA of atherosclerotic patients, there were 9 MDA-
modified peptides (Table 2), 2 of which were similar
to those obtained in in vitro modification (set in
boldface in Tables 1 and 2).

DISCUSSION

OxLDL has a complex structure, the different parts of
which might play varying roles in immune activation.
Apparently, mice and humans differ in this respect;
LDL in a murine model activates T cells.

We have shown that OxLDL activates T cells in
humans (4,5), which is a finding confirmed by others
(7) that has recently been further developed (6,21).

Therefore, we chose here to study T cells isolated
directly from human atherosclerotic plaques in rela-
tion to DCs from the same individuals, that is, an
ex vivo human model similar to that described pre-
viously (6,21).

We report for the first time that MDA, conjugated
with autologous human albumin, activates T cells,
including those isolated from plaques, by both direct
and, to some extent, indirect mechanisms via DCs. As
expected, albumin itself has no effect.

MDA-HSA induced a pro-inflammatory activation
of DCs, indicated by increased expression of CD86,
CD80, and CD40 markers and production of cyto-
kines. The direct effect on T cells from plaques (and
peripheral blood) was strong, whereas DC-mediated
MDA-HSA–induced T-cell activation was weaker.
MDA-HSA induced secretion of pro-inflammatory
cytokine secretion as IFN-g, but not IL-17. At the
same time, cell proliferation was unaltered, which is
not the case with DC-mediated activation of T cells in
response to OxLDL (6,21).

https://doi.org/10.1016/j.jacbts.2019.03.009


TABLE 1 Mass Spectrometric Analysis of MDA-Modified-HSA In Vitro

MDA Modified Peptide

Sequence (HSA)
Peptide Position in Protein/MDA

Site in Peptide
Mascot
Scores

LVnEVTEFAK 66–75/N3 29.88

SLhTLFGDK 89–97/H3 23.33

LVnEVTEFAKTcVADESAENcDK 66–88/N3 71.82

SLhTLFGDKLcTVATLR 89–105/Q1 56.61

qEPERNEcFLQHK 118–130/Q1 28.78

qEPERNEcFLQHKDDNPNLPR 118–138/Q1 15.34

nEcFLQHK 123–130/N1 39.93

nEcFLQHKDDNPNLPR 123–138/N1 43.00

DDnPNLPR 131–138/N3 11.11

RhPYFYAPELLFFAKR 169–184/H2 35.63

AEFAEVSKLVTDLTKVhTEccHGDLLEcADDR 250–281/H17 31.06

LVTDLTKVHTEcchGDLLEcADDR 258–281/H14 1.25

VhTEccHGDLLEcADDR 265–281/H2 120.50

VhTEccHGDLLEcADDRADLAK 265–286/H2 68.46

LKEccEKPLLEKSHcIAEVEnDEMPADLPSLAADFVESK 299–337/N21 14.62

EccEKPLLEKShcIAEVENDEMPADLPSLAADFVESKDVcK 301–341/H12 4.20

nYAEAK 342–347/N1 23.17

RhPDYSVVLLLR 361–37/H2 77.98

hPDYSVVLLLR 362–372/H1 37.38

ccAAADPhEcYAKVFDEFKPLVEEPQNLIK 384–413/H8 7.40

QncELFEQLGEYK 414–426/N2 69.33

FqNALLVR 427–434/Q2 38.27

YTKKVPqVSTPTLVEVSR 435–452/Q7 39.37

KVPqVSTPTLVEVSR 438–452/Q4 38.21

VPqVSTPTLVEVSR 439–452/Q3 20.88

nLGKVGSK 453–460/N1 34.56

nLGKVGSKccK 453–463/N1 17.75

EFnAETFTFHADIcTLSEK 525–543/N3 114.90

EFnAETFTFHADIcTLSEKER 525–545/N3 41.65

qIKKQTALVELVK 546–558/Q1 69.53

QIKKqTALVELVK 546–558/Q5 38.42

KqTALVELVK 449–458/Q2 39.75

KqTALVELVKHKPK 449–462/Q2 25.23

qTALVELVK 550–558/Q1 51.03

LVAASqAALGL 599–609/Q6 24.37

TcVADESAEncDKSLHTLFGDK 76–97/N10 3.92

Two peptides from patients’ plasma had similar modification as in vitro modification (bold).

MDA ¼ malondialdehyde; HSA ¼ human serum albumin.
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Because MDA is exposed extensively in athero-
sclerotic lesions (not only on proteins and OxLDL
but also on the dead cells present) (23), this finding
could have important implications for plaque
rupture and thus CVD. Activation of pro-
inflammatory T cells and DCs is a typical phenom-
enon in vulnerable plaques (1,14–17), and MDA has a
danger-associated molecule pattern to promote
inflammation (23). The presence of MDA-modified
proteins in atherosclerotic plaques of animal
models (Watanabe rabbits) (24), apoE knockout mice
(25), and in the human atherosclerosis (23,26) has
long been known. Furthermore, circulating levels of
MDA are elevated in many conditions with increased
oxidative stress and chronic inflammation, not only
atherosclerosis and CVD but also diabetes, Alz-
heimer’s disease, and systemic lupus erythematosus
(23,27–29).

Previously, immunization with MDA-modified LDL
(which is also produced during oxidation of LDL by
copper ions among different methods) was found to
inhibit the development of atherosclerosis in animal
models (30,31). The MDA in OxLDL may play an
important role in connection with pro-inflammatory
effects and sterile inflammation (23,32). Little is
known about the direct effects of MDA conjugates on
T-cell activation (33), although in an earlier investi-
gation, Jurkat cells developed a more pronounced
pro-inflammatory phenotype in response to MDA
(34).

DCs activated by MDA-HSA could promote T-cell
activation induced by other antigens, presented to T
cells by DCs. In addition, to some extent, T cells could
be activated indirectly by MDA-HSA, although the
underlying mechanism remains to be elucidated.
However, 2 h of MDA-HSA stimulation caused a mild
reduction in the level of ATP in T cells (Supplemental
Figure 6), indicating an energy-dependent mecha-
nism, possibly involving active diffusion. It is thus
possible that MDA-HSA enters cells through diffu-
sion and activates cells by mitochondrial ROS. This
change in the ATP level was not due to cell death.
Direct activation of T cells in plaques by pro-
inflammatory MDA-modified proteins could thus, in
principle, promote plaque rupture and ensuing CVD,
stroke, and myocardial infarction because both
activated DCs and T cells are localized in vulnerable
plaques, that is, plaque especially close to areas
prone to rupture or where rupture has already
occurred.

Peptides of serum albumin from atherosclerotic
patients’ plasma are modified by MDA.

Circulating levels of antibodies against OxLDL
(anti-OxLDL) have been reported to be both nega-
tively and positively associated with atherosclerosis
and CVD (2,18).

Different components of OxLDL could be involved
here. For example, OxLDL cross-reacts with car-
diolipin, and antibodies against cardiolipin are well
known to be associated with an increased risk of CVD,
most likely through oxidized phospholipids (35). An-
tibodies against apoB or peptides thereof have also
produced varying results, sometimes as a protection,
and in other cases they have provided to be risk
markers (2,19).

We focused on the phospholipid portion of OxLDL,
where compounds such as PC and MDA are typically

https://doi.org/10.1016/j.jacbts.2019.03.009
https://doi.org/10.1016/j.jacbts.2019.03.009


TABLE 2 Identification of MDA-Modified-HSA Peptides in Atherosclerotic Patients

MDA Modified Peptide

Sequence (HSA)
Peptide Position in Protein/MDA

Site in Peptide Mascot Scores

AAFTECCQAADk 187–198/K12 4.29

VTkCCTESLVNR 497–508/K3 7.36

EQLkAVMDDFAAFVEK 566–581/K4 20.79

TCVADESAEnCDkSLhTLFGDK 76–97/N10 K13 H16 17.42

LVRPEVDVMCTAFhDNEETFLkk 139–16/1H14 K22 K23 17.01

LVTDLTkVhTECChGDLLECADDR 258–281/K7 H9 H14 5.01

QNCELFEQLGEYkFQnALLVrYTK 414–437/K13 N16 R21 1.17

TCVADESAEnCDkSLhTLFGDKLCTVATLR 76–105/N10 K13 H16 14.46

VHTECCHGDLLECADDrADLAkYICEnQDSISSK 265–298/R17 K22 N27 17.40

Two peptides from patients’ plasma had similar modification as in vitro modification (bold).

Abbreviations as in Table 1.
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generated and exposed, the latter binding especially
readily to proteins.

Both anti-PC and anti-MDA immunoglobulin M
(IgM) antibodies are markers of protection, even
when exposed on compounds other than those
related to oxLDL such as albumin (2,18). Surprisingly,
IgM anti-MDAs are T-cell dependent (18); therefore,
we have focused on the effects of MDA conjugated
with albumin on activation of T cells in human blood
and plaques.

We hypothesized that OxLDLs promote immune
activation and inflammation indirectly by inducing
HSP60 in monocytes/macrophages (36) and recently
confirmed and extended this notion by showing that
OxLDL-induced activation of T cells (also from pla-
ques) depends on HSP60 because silencing of HSP60
inhibited OxLDL-induced T-cell activation through
DCs. Moreover, we recently reported that HSP60 is a
classic T-cell antigen, presented by DCs to plaque T
cells through major histocompatibility complex class
II (22).

Our findings do not support the proposal that
OxLDL induction of HSP in DCs is caused largely by
MDA epitopes because this compound itself did not
induce HSP60 strongly in DCs.

However, the direct induction of HSP60 in both pla-
que and blood T cells by MDA-HSA was pronounced.

This could contribute to activation of plaque T cells
through DC-mediated activation as well as other
mechanisms because HSP60 also elicits a more
nonspecific pro-inflammatory state, such as activa-
tion of monocytes/macrophages.

We reported that HSP60 is essential for oxLDL-
induced DC-mediated activation of T cells (6); how-
ever, it is also implicated in statin-induced inhibition
of this effect (21) and could in principle be a target for
atherogenic anti-HSP60 antibodies (37,38).

Moreover, we have recently shown that a classic
T-cell antigen HSP60 elicits a pro-inflammatory
response from atherosclerotic plaque cells (22). In-
duction of HSP60 in T cells by MDA-HSA could thus
contribute to atherogenesis, as well as immune acti-
vation and inflammation in plaques.

We have recently shown that MDA-HSA induces
oxidative stress in peripheral blood mononuclear
cells/monocytes, and, furthermore, that anti-MDA
IgM antibodies inhibit this effect (18). Such anti-
MDA IgM (directed against MDA conjugated with
HSA) are markers of protection in patients with SLE
(especially in relation to atherosclerosis) and also for
risk of CVD among 60-year-old patients (18,19). The
underlying mechanisms proposed include enhanced
clearance of dead or dying cells and inhibition of the
uptake of OxLDL by macrophages/foam cells (2,18).
We show here that specific anti-MDA IgGs inhibited
direct activation of T cells by MDA-HSA, indicating a
potential protective property of these antibodies and
providing support for elevation of anti-MDA levels
through active or passive immunization as a thera-
peutic intervention.

In addition, direct activation of T cells by MDA-
HSA was attenuated by an inhibitor of oxidative
stress, MitoTEMPO. In general, ROS are chemically
very active, small, and short-lived oxygen-containing
molecules in which a common denominator is that
their unpaired electrons (i.e., free radicals) may play
various roles in both health and disease, for example,
by damaging proteins, DNA, and lipid bilayers. ROS
play a direct role in innate immune responses to
pathogens and may also be common signaling mole-
cules in cells, tissues, and organs.

Mitochondria are a source of ROS. Although the
relationship between ROS and immunity in general
has been studied extensively, the role of ROS in the
activation of T cells is less well described. In general,
ROS may participate and modulate various processes,
including hyporesponsiveness and apoptosis in a
complex and situation-dependent manner (39,40).

Our finding that MDA-HSA–induced apoptosis in
both DCs and T cells after directly, indicates that MDA-
HSA might contribute to cell death in plaques, in which
accumulating dead cells is a typical characteristic.

TLR2 and TLR4 were induced in both T cells and
DCs by MDA-HSA. Neither is involved T-cell activa-
tion, but they play a role in the inflammatory
response to MDA-HSA.

Moreover, MDA-HSA promoted polarization of
macrophages toward the M1 phenotype. Much atten-
tion has been paid to the macrophage subtypes M1
and M2, where M1 is involved in pro-inflammatory
kill responses and M2 in repair.



PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: In

this paper, we delineate a possible new pathway and

mechanism by which T cells could be activated in

human atherosclerotic plaques. It is possible that im-

mune modulation could be implemented in the future

in this field, but there are also consequences of our

study for current clinical practice.

TRANSITIONAL OUTLOOK: From a translational

point of view, our findings provide information for

further development aimed at ameliorating and

modulating immune responses related to MDA in

atherosclerotic plaques, where immunization is one

interesting possibility we think deserves more

attention.
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M1 is associated with Th1 and M2 more with Th2
responses, whereas M1 may both be induced by and
promote the Th1 phenotype (41).

Macrophages play major roles in all stages of
atherogenesis, from the initiation with fatty streak
formation and foam cells derived from macrophages,
to later complex lesions with a necrotic core and
inflammation with macrophages and other immune-
competent cells producing primarily pro-
inflammatory cytokines (1). However, apoptosis
among macrophages’ response to MDA-HSA was
much less pronounced than that among T cells and
DCs. Thus, macrophages may reprogram in response
to MDA-HSA to adapt.

MDA-HSA induced activation of MAPKp38 but not
NF-Kb in both DCs and T cells. MAPKp38 are signaling
molecules of major importance, regulating cellular
response to stressors. Because they regulate pro-
inflammatory cytokines, these may be underlying
factors in chronic inflammatory conditions, including
rheumatic and autoimmune diseases, as well as
atherosclerosis. Accordingly, inhibition of MAPKp38
is being tested in various clinical settings. Induction of
MAPKp38 could thus represent yet another pro-
inflammatory property of MDA-HSA (42).

TLRs, especially TLR2 and TLR4, are implicated in
innate immune responses, and inhibition of these to
ameliorate atherosclerosis, CVD, and other chronic
inflammatory conditions is being discussed as a
therapeutic possibility.

Although not directly involved here in MDA-HSA–
mediated T-cell activation, TLR2 and TLR4 were
induced by MDA-HSA and may thereby promote
atherosclerosis and CVD through innate immune re-
sponses and inflammation in plaque (43). Further-
more, TLR2 may be involved in in plaque erosion, a
potentially important underlying factor in CVD (44).

In addition, macrophages of the M1 and M2 phe-
notypes have been divided into further subtypes, and
several stimuli have been described that could pro-
mote such processes. In general, the M1 subtype is
believed to be atherogenic, and in light of its pro-
inflammatory features, it may also promote CVD.
Whereas the M1 phenotype is known to be induced by
OxLDL and cholesterol crystals, little is known about
the effect of MDA in this context. MDA coupled with
carriers such as HSA might promote atherosclerosis
and other complications by promoting the M1
phenotype.

The present investigation reveals that MDA modi-
fied HSA peptides in vitro and, moreover, that the
serum of albumin of atherosclerotic patients contains
MDA-modified HSA peptides.

Importantly, 2 of the modifications in atheroscle-
rotic patients were similar to those in vitro. This is an
indication that the in vitro MDA-modified HSA is of
biological relevance and might cause T-cell activation
in human atherosclerotic plaques.

Taken together, the novel properties of MDA-HSA
observed here may play a role in inflammation and
immune activation in atherosclerotic plaques. Both
DCs and, directly, T cells were activated, in the latter
case with the apparent involvement of ROS.

However, DC-mediated T-cell activation was
modest. HSP60 was induced potently in T cells by
MDA-HSA, which is interesting because HSP60 is a
much-discussed possible contributing cause to
atherosclerosis at different stages of disease devel-
opment. IgG anti-MDA antibodies inhibited the ef-
fects of MDA-HSA on T cells, a finding with
therapeutic implications. Amelioration of MDA-
mediated immune activation in connection with
atherosclerosis by immunization or by other means
could be a valuable therapeutic option.
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tegård, Unit of Immunology and Chronic Disease,
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Myocardium Provokes Impaired Twitch
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� The goal of this study was to examine the

effects of diseased extracellular matrix

on the behavior of healthy heart cells.

� Myocardium was harvested from a

genetically engineered miniature pig

carrying the hypertrophic

cardiomyopathy mutation MYH7 R403Q

and from a wild-type littermate.

� Engineered heart tissues were created by

seeding healthy human induced

pluripotent stem cell–derived

cardiomyocytes onto thin strips of

decellularized porcine myocardium.

� Engineered heart tissues made from the

extracellular matrix of hypertrophic

cardiomyopathy hearts exhibit increased

stiffness, impaired relaxation, and

increased force development.

� This suggests that diseased extracellular

matrix can provoke abnormal contractile

behavior in otherwise healthy

cardiomyocytes.
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Hypertrophic cardiomyopathy (HCM) is often caused by single sarcomeric gene mutations that affect muscle

contraction. Pharmacological correction of mutation effects prevents but does not reverse disease in mouse

models. Suspecting that diseased extracellular matrix is to blame, we obtained myocardium from a miniature

swine model of HCM, decellularized thin slices of the tissue, and re-seeded them with healthy human induced

pluripotent stem cell–derived cardiomyocytes. Compared with cardiomyocytes grown on healthy extracellular

matrix, those grown on the diseased matrix exhibited prolonged contractions and poor relaxation. This

outcome suggests that extracellular matrix abnormalities must be addressed in therapies targeting established

HCM. (J Am Coll Cardiol Basic Trans Science 2019;4:495–505) © 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/).
H ypertrophic cardiomyopathy (HCM)
is an inherited disorder whose
main clinical feature is severe left

ventricular hypertrophy in the absence of
elevated afterload, often leading to conse-
quences such as diastolic heart failure,
arrhythmia, and left ventricular outflow obstruction.
Pathologically, HCM hearts display interstitial fibrosis
and myocardial disarray (1). Decades of research into
the genetic origins of HCM have identified sarcomeric
gene mutations as the most common etiology (2). Such
mutations have been clearly shown to alter the con-
tractile characteristics of cardiomyocytes (CMs) (3–7),
but exactly how simple contractile abnormalities lead
to the diverse clinico-pathologic findings seen in
HCM remains incompletely understood.
SEE PAGE 506
With the recent advent of targeted small molecule
myosin modulators such as mavacamten, the possi-
bility of preventing or even reversing HCM has
emerged. Mavacamten acutely counteracts hyper-
contractility caused by gain-of-function HCM muta-
tions. Studies in murine models of HCM explored the
effect of myosin inhibition using mavacamten on
disease development (8). As anticipated, mava-
camten completely prevented hypertrophy and
fibrosis in a mouse model of HCM, when administered
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chronically before the onset of hypertrophy. Howev-
er, when the drug was introduced after the onset of
measurable disease, its ability to reverse left ven-
tricular wall thickening was limited. These findings
suggest that key aspects of established HCM,
including myocardial hypertrophy and perhaps even
diastolic dysfunction, persist independent of the
activity of the mutant protein. In other words, the
pathophysiology of HCM may be self-sustaining in its
more advanced stages.

One possible source of self-sustaining hypertrophic
stimulus in HCM hearts is their extracellular matrix
(ECM). Although the severity may vary, myocardial
fibrosis is universally observed in established HCM.
Evidence of abnormal ECM turnover is also seen in
preclinical individuals who carry an HCM mutation
(9), suggesting that ECM changes appear early and
therefore could be involved in progression of the
disease.

In pursuit of this hypothesis, we undertook a study
of myocardial ECM obtained from a large animal
model of genetic HCM (10). After histological and
biomechanical characterization of myocardial
samples from HCM hearts and healthy controls, we
decellularized thin slices of myocardium and re-
seeded them with healthy human CMs derived from
an induced pluripotent stem cell (iPSC) line. By
measuring the contractile behavior of these
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engineered myocardial constructs, it was possible to
directly observe the effects of diseased ECM on car-
diomyocyte performance and gain insights into how
this factor may contribute to HCM pathophysiology.

METHODS

TISSUE HARVESTING. Flash-frozen left ventricular
wall blocks from 3-month-old wild-type (WT) and
mutant (R403Q) Yucatan miniature pigs (10) were
provided by MyoKardia (South San Francisco, Cali-
fornia). Breeding and tissue harvest were performed
by a commercial vendor (Exemplar Genetics, Sioux
Center, Iowa) and the samples shipped on dry ice.
Tissues were kept frozen at –80�C until the beginning
of experimental work.

HISTOLOGY. Wild-type and mutant native cardiac
tissue were fixed for 24 h in 10% neutral buffered
formalin (Shandon Formal-Fixx, Thermo Fisher Sci-
entific, Waltham, Massachusetts), embedded in
paraffin, sectioned at 5 mm thickness, and stained with
either hematoxylin and eosin H&E. Masson trichrome
(MTR), or Sirius Red (SR). Images were acquired by
using 20� brightfield microscopy from multiple sam-
ples and image fields; image backgrounds were then
corrected by using a 50 pixel rolling ball filter. To
segment out specific features of the image, we per-
formed color deconvolution using the ImageJ (version
1.51j8) toolbox (version 3.0.2) (11). Segmented fiber
fields from MTR-stained sections and segmented nu-
clear fields from H&E stained sections were binarized,
skeletonized, and processed by a custom MATLAB
(R2017B) script (available from authors upon request),
which implemented two-dimensional Fast Fourier
Transform on binned and centered pixels to calculate
the power distribution (12,13).

We quantified alignment as the anisotropy align-
ment index alpha such that a ¼ 1� l2

l1
, where the

lambdas are the eigenvalues of the Cartesian fiber
orientation tensor (12). To quantify the fibrosis frac-
tion, both collagen content and total tissue content
were segmented from either the MTR- or SR-stained
tissue. The tissue and collagen segmentations were
binarized by using the maximum entropy method in
ImageJ, and the positive pixels were counted by using
a custom MATLAB script; the fibrosis/tissue fraction
was determined as the fraction of collagen pixels over
total tissue pixels similar to published methods (14).

MAINTENANCE AND CARDIAC DIFFERENTIATION

OF HUMAN iPSCs. The iPSCs used in this study were
derived from T cells from a healthy adult man, previ-
ously described and extensively characterized (15).
Human iPSC colonies were maintained on growth
factor–reduced Matrigel (Corning, Corning, New York)
at a 1:60 dilution and fed with mTESR medium every
24 h (STEMCELL Technologies, Vancouver, BC, Can-
ada). When iPSCs reached 70% confluence, they were
passaged as small colonies onto a new plate by using
enzyme-free ReLeSR reagent (STEMCELL Technolo-
gies). All experiments were performed with human
iPSCs between passages 35 and 45. The iPSCs were
differentiated into CMs using a protocol modulating
Wnt signaling as previously described (16). Briefly,
after reaching w90% confluence, iPSC colonies were
treated with 17.5 mM CHIR99021 (STEMCELL Technol-
ogies) in a solution of 75% RPMI/B27-insulin and 25%
mTeSR by volume. After 24 h, this culturemediumwas
replaced with RPMI/B27-insulin. Seventy-two hours
after CHIR99021 treatment, the differentiating cul-
tures were exposed to the Wnt inhibitor IWP-4
(Tocris Bioscience, Minneapolis, Minnesota) at a
concentration of 5 mM in RPMI/B27-insulin media.
Media changes with RPMI/B27 (–) insulin were per-
formed every 2 days until spontaneous beating was
observed (usually between days 7 and 11 of differ-
entiation), after which the medium was changed to
RPMI/B27 (þ) insulin. iPSC-CMs were used to create
engineered heart tissues (EHTs) on day 14 after the
start of differentiation.

EHT MANUFACTURING AND FUNCTIONAL TESTING.

EHTs made out of decellularized myocardium were
created similar to our previously published protocol
(15). Briefly, we cut 150 mm slices from age-matched
WT and mutant MYH7 R403Q porcine left ventricu-
lar blocks (MUT), which were frozen as discussed
(Figure 1A). We omitted the sterilization process using
peracetic acid and instead cultured the tissues in
Dulbecco’s modified Eagle medium with 10% fetal
bovine serum and 2% penicillin-streptomycin over-
night before seeding them the next day. For this
study, we seeded both groups with exactly the same
cell suspension at the same time. Active contraction
mechanics were assessed as previously described (15)
using a World Precision Instruments (WPI KG7) force
transducer (Figure 1B) in Tyrode’s solution at 35�C.
The normalized tension–time integral was calculated
as the area under the curve of the normalized twitch
using numerical integration in MATLAB. To charac-
terize intracellular calcium dynamics, some EHTs
were loaded with the ratiometric fluorescent indica-
tor Fura-2 AM (MilliporeSigma, Burlington, Massa-
chusetts) by incubation at room temperature for
20 min in loading solution (Tyrode’s solution with
17 mg/ml Fura 2-AM, 0.2% Pluronic F127, and 0.5%



FIGURE 1 Methods Used to Prepare and Test EHTs

(A) Preparation of engineered heart tissues (EHTs). Tissue blocks were harvested from the left ventricular free wall and flash-frozen. Frozen

blocks were sectioned into 150 mm thick slices, laser-cut into customized shapes, anchored into customized polytetrafluoroethylene (PTFE)

tissue clips, and decellularized. Induced pluripotent stem cell–derived cardiomyocytes (iPSC-CMs) were seeded onto the scaffolds to create

beating EHTs. (B) Clips were ejected out of the culturing frame and mounted on a testing setup consisting of a linear actuator and a force

transducer. Force measurements were taken at different muscle lengths by moving the linear actuator.
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Cremophor EL) and subsequently imaged at 35�C us-
ing a photometric system as previously described.
EHTs were paced at 1 Hz during both contractile and
calcium testing.

UNIAXIAL DIASTOLIC/PASSIVE MECHANICS. EHTs
and tissue samples were brought to culture length
(6.0 mm) on our apparatus at physiological pH (7.3)
and temperature (36�C) and preconditioned for 3 cy-
cles of 10% stretch (0.6 mm) at a rate of 0.015 mm/s
(0.25% muscle length/s). After preconditioning,
native and decellularized tissue from WT and MUT
pig hearts were loaded and unloaded 3 times in
Tyrode’s solution supplemented with 20 mg/ml
2,3-butanedione monoxime (MilliporeSigma) under
continuous linear stretch at a rate of 0.015 mm/s to
10% stretch. The diastolic force produced was
extracted by a custom MATLAB script and normalized
by cross-sectional area at culture length to calculate
uniaxial tensile stress. For EHTs, a similar protocol
was conducted without 2,3-butanedione monoxime.

QUANTITATIVE POLYMERASE CHAIN REACTION

ANALYSIS. To analyze the gene expression patterns
of EHTs generated from human iPSC-CMs, total
ribonucleic acid from individual samples was extrac-
ted by using TRIzol reagent (Thermo Fisher Scientific)
according to the manufacturer’s instructions.
Complementary deoxyribonucleic acid (cDNA) was
synthesized by using an iScript cDNA synthesis Kit
(Bio-Rad, Hercules, California) according to the
manufacturer’s instructions. Quantitative polymer-
ase chain reaction amplifications were performed by
using an IQ TM SYBR green supermix (Bio-Rad) with a
total reaction volume of 15 ml, containing 1 ml of cDNA,
1.5 ml of primers, and 5 ml of distilled water, on a
CFX96TM Real-Time System (Bio-Rad) using condi-
tions of 95�C for 3 min followed by 46 amplification
cycles (95�C for 10 s, 58�C for 10 s, and 72�C for 30 s).
GAPDH was used as the reference gene in accordance
with previous research (15). Three biological repli-
cates were carried out for expression analysis of each
gene. Primers used are listed in Supplemental Table 1.

STATISTICAL ANALYSIS. Results are given as the
mean with its standard error. Statistical significance
was determined by using the Student’s t-test or
Mann-Whitney U test where applicable with a confi-
dence level of p < 0.05, unless stated otherwise.
Calculations were conducted by using Prism 7
(GraphPad Software, La Jolla, California).

RESULTS

HISTOLOGICAL EVALUATION. Before generating
EHTs from left ventricular myocardial tissue blocks
from 3-month-old WT and mutant Yucatan miniature
pigs, we investigated native tissue section charac-
teristics utilizing standard histochemical stains,
including H&E, MTR, and SR (Figure 2, Supplemental
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FIGURE 2 Histological Findings in WT and MUT Porcine Extracellular Matrix
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(A and B) Representative micrographs of wild-type (WT) and mutant (MUT) tissue sections stained with Sirius Red. (C) Masson trichrome–stained tissue showed

statistically significant increase in fibrosis fraction in MUT samples (n ¼ 27) compared with WT samples (n ¼ 41). (D) Quantification of Sirius red–labeled tissue also

exhibited a statistically significant increase in fibrosis fraction in MUT samples (n ¼ 11) compared with WT samples (n ¼ 18). ****p < 0.0001.
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Figure 1). Consistent with previous microscopic
findings in this large animal model (10), we observed
myocyte disarray in the H&E and MTR stains and
interstitial fibrosis in the MTR and SR stains, which
are histopathological hallmarks of HCM (17). We
further quantified the degree of disarray by image
analysis of the H&E nuclear orientation and MTR fiber
orientation. Significantly different alignment indexes
were observed between the mutant and WT native
tissue for both the nuclear alignment (p ¼ 0.0001) and
the fiber alignment (p < 0.0001); furthermore, the
effect was similar for both (0.32 and 0.50, respec-
tively), indicating a tight coupling between nuclear
and fiber alignment in native cardiac tissue (18).

We quantified the degree of interstitial fibrosis and
found significantly different fibrosis fraction between
mutant and WT native tissues in both the MTR
(p < 0.0001) and SR (p < 0.0001) stains (Figure 2) with
a very similar average fibrosis fraction (13%) via both
staining methods, indicative of moderate fibrosis (19).
No overt cardiac hypertrophy was observed in these
tissues; however, the occurrence of tissue remodeling
and concomitant cardiac dysfunction before the
development of myocardial hypertrophy and
increased left ventricular wall thickness is consistent
with both a previous study in this large animal model
(10) and in human studies (9,20–25). We hypothesized
that the moderate interstitial fibrosis and modest
fiber disarray discerned through histological analysis
of the mutant tissues would result in alterations of
the passive properties of the mutant myocardium.

PASSIVE MECHANICS OF NATIVE TISSUE. Our EHTs
allow us to perform uniaxial mechanical experiments.
To determine whether the R403Q mutation leads to
adverse remodeling ultimately changing uniaxial
stiffness in native cardiac ECM, we used our cassette
system to perform simple uniaxial characterization
(Figure 3). In the native porcine samples (Figure 3D),
R403Q mutant tissue exhibited an overall 3.4-fold
increase in stiffness at 9% stretch (MUT [n ¼ 3] vs.
WT [n ¼ 6], 19.6 � 3.7 kPa vs. 5.8 � 2 kPa; p ¼
0.0092) (Figure 3E).

PASSIVE MECHANICS OF CULTURED EHTs. Having
found that native tissue of the R403Q mutant appears
to be stiffer, we investigated whether decellularized
tissue reseeded with iPSC-CMs maintained this
property. Figures 3A to 3C shows typical experimental
traces for 10% stretch administered to an isometri-
cally contracting EHT (Figure 3F). The passive (dia-
stolic) component of the mechanical response to
stretch was obtained by examining the measured
force that occurred immediately before the electrical
stimulus, when the tissue was maximally relaxed.
The stiffness of R403Q mutant ECM EHTs remained
higher than the WT even after being seeded with
healthy cells and cultured for 9 days. R403Q mutant
ECM EHTs showed a 2.7-fold increased stiffness at 9%
stretch (MUT EHT [n ¼ 6] vs. WT EHT [n ¼ 6], 21.74 �
4.5 kPa vs. 8.05 � 2 kPa; p ¼ 0.0203) (Figure 3G).
Interestingly, in 9-day-old cultured EHTs, the
respective stiffness findings were similar to our
native non-decellularized cardiac tissue strips; for
example, non-decellularized R403Q mutant tissue
had a stiffness of 19.6 kPa compared with 21.7 kPa in
decellularized R403Q mutant tissue.

ACTIVE MECHANICS OF EHTs. To determine whether
differences in the ECM might also alter the intrinsic
contractile behavior of iPSC-CMs, we seeded tissue
scaffolds of both ECM types (n ¼ 6 each) on the same
day with a homogeneous population of healthy
14-day-old iPSC-CMs. After 10 days in culture, EHTs
were placed on a mechanical test apparatus and
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FIGURE 3 Uniaxial Passive Mechanics of Native and Re-Cellularized Myocardial Strips

(A) Force response resulting from slow stretch of an EHT under physiological conditions paced at 1 Hz. (B) Tissue was uniaxially stretched at a

rate of 0.25% muscle lengths per second to a final stretch of 10%. (C) Extracted diastolic force curve from native tissue and EHTs show the

force-stretch relationship, with stiffness at 9% stretch extracted using finite difference calculation for comparison. (D) Typical image of a

porcine myocardium laser-cut native tissue sample. (E) Native non-decellularized tissue stiffness of MUT samples (n ¼ 3) were significantly

higher than that of the WT samples (n ¼ 6) (p ¼ 0.0092). (F) Typical image of an EHT formed by re-seeding decellularized porcine

myocardium with healthy iPSC-CMs. (G) Passive stiffness of EHTs created from MUT tissue (n ¼ 6) were significantly higher than those

created from WT tissue (n ¼ 6) (p ¼ 0.0203). *p < 0.05, **p < 0.01. Abbreviations as in Figures 1 and 2.

Sewanan et al. J A C C : B A S I C T O T R A N S L A T I O N A L S C I E N C E V O L . 4 , N O . 4 , 2 0 1 9

Effects of Diseased Myocardial ECM on Cardiomyocyte Twitch Dynamics A U G U S T 2 0 1 9 : 4 9 5 – 5 0 5

500
electrically paced at 1 Hz to capture isometric twitch
force characteristics. Compared with EHTs made from
healthy control ECM, R403Q mutant ECM EHTs
showed prolonged early relaxation time (time from
peak tension to 50% relaxation [RT50]) that was sig-
nificant (190 � 7 ms vs. 143 � 2 ms, MUT vs. WT,
respectively; p ¼ 0.0022) (Figures 4A and 4B). In
addition, time to peak force (TTP) was slowed
significantly (262 � 10 ms vs. 211 � 4 ms, MUT vs. WT;
p ¼ 0.0014) (Figure 4C). Following on these previous
observations, the normalized time tension integral
was elevated in the R403Q mutant ECM EHTs



FIGURE 4 Active Mechanics of EHTs Created From Healthy and Diseased Tissue Scaffolds
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(A) Representative twitch force traces measured in EHTs created out of WT and MUT extracellular matrix (ECM). (B) R403Q mutant ECM EHTs showed a 33% increase in

early relaxation (time from peak tension to 50% relaxation [RT50]; p ¼ 0.0022). (C) Time to peak tension (TTP) in MUT ECM EHTs was 24% slower (p ¼ 0.0014). (D)

MUT ECM EHTs showed a 24% increase in the normalized time tension integral (nTTI; p ¼ 0.0043). (E) Peak force was significantly increased in MUT EHTs (p ¼ 0.0411).

(F) Cross-sectional area was significantly increased in MUT EHTs (p ¼ 0.0411). (G) Peak stress was not significantly different (p ¼ 0.054). *p < 0.05; **p < 0.01;

***p < 0.001. Abbreviations as in Figures 1 and 2.
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(0.376 � 0.014 s vs. 0.303 � 0.005 s, MUT vs. WT; p ¼
0.0043) (Figure 4D). Peak twitch force in R403Q
mutant ECM EHTs was significantly higher than that
of WT EHTs (0.18 � 0.04 mN vs. 0.05 � 0.01 mN, MUT
vs. WT; p ¼ 0.0411) (Figure 4E). Cross-sectional area
differed significantly between mutant ECM EHTs and
WT EHTs (0.37 � 0.06 mm2 vs. 0.23 � 0.02 mm2, MUT
vs. WT; p ¼ 0.0411) (Figure 4F). Peak twitch stress,
calculated as the peak force of an EHT divided by its
cross-sectional area, was not different between
mutant ECM EHTs and WT EHTs (Figure 4G).

To determine whether these changes persisted
beyond 10 days, we repeated EHT experiments,
culturing tissues for an additional week. Differences
in TTP and RT50 remained significant at this 16-day
time point (Supplemental Figure 2). Furthermore,
the increased contractile force in R403Q mutant ECM
EHTs at 10 days remained significant at 16 days in
culture.

To determine whether changes in calcium handling
might account for these alterations in EHT twitch
behavior, calcium transients were measured under
1 Hz electrical pacing in an independent batch of
EHTs created from R403Q mutant ECM (n ¼ 5) and WT
ECM (n ¼ 4) (Figure 5). EHTs made with mutant ECM
showed a significant increase in time to peak in their
calcium transients compared with EHTs made with
WT ECM (0.174 � 0.007 s vs. 0.135 � 0.009 s, MUT vs.
WT respectively; p ¼ 0.0087). No differences were
noted in other calcium transient properties, including
the relaxation time constant, magnitude of calcium
release, and time from peak to 80% of calcium
magnitude. We further examined expression of a
select panel of genes involved in HCM pathophysi-
ology and Ca2þ handling, including ATP2A2, CAC-
NA1C, TGFB2, PLN, and NPPB, using quantitative
polymerase chain reaction (Supplemental Table 1). No
significant differences were observed in expression
of these genes between WT and MUT EHTs
(Supplemental Figure 3).

DISCUSSION

To the best of our knowledge, the data presented here
are the first to show the ability of diseased myocardial
ECM to provoke abnormal contractile behavior in
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FIGURE 5 Calcium Dynamics of EHTs Created From WT and Mutant Tissue Scaffolds
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(A) Representative calcium transient traces measured in EHTs created from WT and MUT ECMs. (B) R403Q mutant ECM EHTs showed a 29% increase in time to peak

calcium (CaTTP; p ¼ 0.0087). (C) Time from peak to 80% calcium transient magnitude did not differ (CaRT20; p ¼ 0.70). (D) Decay time constant from 80% peak

calcium showed a trend toward being faster in the R403Q mutant ECM EHTs but did not significantly differ (Tau80; p ¼ 0.07). (E) Peak change of calcium transient was

not different (RMag; p ¼ 0.70). **p < 0.01. Abbreviations as in Figures 1, 2, and 4.
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otherwise healthy CMs, implying that ECM can store a
memory of previous disease. Our findings have sig-
nificant implications for understanding HCM patho-
genesis and potential treatment paradigms.

It is striking that HCM ECM triggers excessive
contractility and poor relaxation in CMs, because
these are similar to characteristics observed in CMs
expressing HCM-linked myosin mutations (26). In
particular, diastolic dysfunction potentially arising
from intrinsic cellular dysfunction has been increas-
ingly recognized as a feature of HCM independent of
systolic alteration and often preceding clinically sig-
nificant fibrosis (27,28). Diseased ECM may have the
ability to incite genetically normal cells to behave as
though they harbored a sarcomeric HCM mutation.
This discovery supports an intriguing hypothesis,
namely that the progression of HCM is caused by a
continuous cycle of mutually reinforcing phenomena:
Initially, the presence of a mutant sarcomeric protein
causes acute cardiomyocyte hypercontractility. This
presumably triggers mechanosensitive pathways in
the myocardium responsible for cellular hypertrophy
and increased collagen production. As suggested by
our experiments, the stiffened ECM exerts effects of
its own on CMs, causing poor diastolic function and
an increase in the tension–time integral. An increased
tension–time integral leads to concentric hypertro-
phic remodeling (26,29), and the cycle repeats.

According to this paradigm, the sarcomeric muta-
tion initiates disease but is only 1 of the factors
driving disease progression in the long run. Once the
secondary driver (pathological ECM remodeling) is
established, removal of the sarcomeric mutation or its
effects would merely diminish the disease stimulus
without completely eliminating it. This viewpoint
seems plausible when considering results obtained
from treating mouse models of HCM with mava-
camten. Green et al. (8) found that mavacamten
eliminated the development of HCM pathologies in
myh7 R403Q and R453C mice only when treatment
began before the onset of substantial hypertrophy
and fibrosis. When treatment was given after the
emergence of detectable pathology, it failed to
completely reverse the mechanical effects of disease,
although signaling pathways leading to fibrosis were
attenuated. This failure to reverse phenotype has also
been shown in mouse models of HCM that feature
mutations to MYBPC3 (30). In that study, treatment
with the calcium-channel blocker diltiazem was per-
formed on 2-month-old mice with a preexisting car-
diac disease phenotype. Although it had beneficial
acute effects on isolated CMs, chronic treatment
could not improve the tissue phenotype. The same
was true for treatments with ranolazine and meto-
prolol (31,32).

Those studies, together with the observations
presented here, offer collective insight into potential
clinical treatment strategies for HCM. First, they
point toward early intervention as the simplest
means of preventing HCM, most easily through using
targeted myosin modulators or other compounds that
reduce contractility. However, in advanced HCM with
significant ECM remodeling, contractile inhibition
would only form part of the treatment paradigm; a
secondary agent modifying the fibrotic environment
described in our experiments will likely be required
as well. Given the difficulty and complexity of
multimodal therapy for advanced HCM, preventative
therapy in patients with subclinical HCM and carriers
would likely be a more fruitful approach.
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The importance of fibrosis in the development of
HCM is supported by numerous studies. Patients with
HCM can exhibit diastolic dysfunction along with
myocardial collagen deposition at early stages of the
disease even when overt hypertrophy has not yet
been observed (33), suggesting that subclinical
fibrosis may not be merely a secondary effect but an
important contributor to disease development.
Indeed, one study reported an elevation of myocar-
dial collagen content by 72% in patients with HCM
compared with other hearts that had hypertrophied
due to other reasons (34). A second study found that
young patients with HCM and sudden death had an
8-fold increase in myocardial collagen fraction
compared with control subjects and a 3-fold increase
compared with patients with systemic hypertension
(35). These findings are supported by the fact that
systemic collagen I synthesis seems to be elevated in
patients with both early and established HCM (9,36).
The present study adds a new dimension of impor-
tance to fibrosis in HCM by showing a clear link be-
tween systolic contractile behavior of CMs and the
supposedly “passive” mechanical characteristics of
diseased ECM. Further study of the mechanisms that
constitute the ECM–contractility axis is likely to yield
novel therapeutic targets for disrupting and reversing
established HCM.

Given the stark difference in matrix stiffness be-
tween HCM and control hearts, the observed
contractility differences are not entirely surprising
(37,38). The prolonged calcium transients that we
observed in EHTs made from mutant ECM could
easily account for the accompanying prolongation of
twitch contractions. Aside from affecting contractile
dynamics, ECM-mediated prolongation of the calcium
transient could be a substrate for arrhythmias in
HCM. Prolonged calcium transients have been linked
to arrhythmogenic behavior in models of long QT
syndrome (39) and sarcomeric HCM (40–42).

Changes in cardiomyocyte calcium handling have
been reported before in studies in which substrate
stiffness is altered in simplified biomaterial matrices
and then seeded with neonatal rat CMs (38,43–45).
These studies found either an increase in calcium
transient duration or magnitude in response to
increased substrate stiffness, at least up to a point.
Extreme stiffness leads to decreased calcium tran-
sient duration and magnitude (38,44,46). Impor-
tantly, changes in calcium transient and altered
contractility have also been observed in adult rat CMs
grown on substrates of different stiffness (47),
indicating that neonatal and adult CMs have a
significant adaptive response to different mechanical
environments.

Despite multiple reports linking substrate stiffness
and cardiomyocyte phenotypes, the underlying
mechanisms responsible remain incompletely un-
derstood. Nevertheless, stiffness-mediated changes
in calcium transients have been correlated with
SERCA2a expression, L-type calcium current, and
action potential morphology in other studies (38,46).
In the present study, we assessed expression of key
calcium handling genes (ATP2A2, CACNA1C, and
PLN), but these levels were unaltered in cells grown
on the R403Q mutant ECM. This outcome suggests
that mutant ECM provokes a response in CMs which
differs from responses triggered by changes in sub-
strate stiffness alone.

Even as these simple experiments have established
an interesting relationship between myocyte
contractility and diseased myocardial ECM, much
remains to be determined. For instance, it is unclear
whether ECM stiffness alone is sufficient to account
for the observed effects. Healthy and mutation-
produced matrices may also show differences in
composition that go beyond ECM collagen fraction,
orientation, and stiffness. Future research will
explore experimental approaches for investigating
matrix composition, cellular responses, and cellular
mechanotransduction pathways in the context of
HCM-derived ECM.
STUDY LIMITATIONS. Limitations of the artificial
tissue system used to perform these initial studies
should also be recognized. Our approach necessarily
includes differences with native tissue; whereas
native tissue consists of CMs and fibroblasts supplied
by a dense capillary bed, our model system is avas-
cular and lacks endothelial cells. Our experimental
system has the advantage of allowing the introduc-
tion of CMs directly into mature matrix from any
source, although this approach differs from the
developmental process of native tissue, which pro-
duces and remodels ECM gradually over time. In
terms of contractile behavior, EHTs created from WT
myocardial ECM display twitch time-course charac-
teristics that match those measured in isolated adult
human trabeculae to well within the bounds of
experimental uncertainty. Specifically, the WT EHTs
exhibited mean TTP and RT50 values of 211 ms and
143 ms, compared with values of 219.3 � 15.0 ms and
142.4 � 11.4 ms, respectively, in isolated adult human
trabeculae (48,49). We see this finding as confirming
the relevance of kinetic changes observed in MUT
EHTs. However, the peak active contractile stress



PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE:

Sarcomeric mutations leading to HCM alter contractile

behavior and have recently become a target for

treatment. Often when HCM has manifested clinically,

significant remodeling of the ECM such as interstitial

fibrosis has occurred. ECM remodeling likely serves to

sustain and exacerbate disease phenotypes such as

diastolic dysfunction.

TRANSLATIONAL OUTLOOK: Myosin modulator-

dependent reversal of HCM disease expression is

attenuated by ECM abnormalities once development

of clinically significant hypertrophy has occurred.

Future research should investigate modalities to

reverse ECM remodeling to treat established HCM.
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produced by EHTs in this study (0.23 kPa) is only a
fraction of that measured in native human myocar-
dium (w20 kPa). Differences between native and
engineered myocardium suggest that complementary
in vivo approaches should be developed to further
probe the role of ECM remodeling in the progression
and maintenance of HCM disease phenotypes.

CONCLUSIONS

Our research provides evidence that altered ECM
might be a major player in the pathology and patho-
genicity of HCM. The diseased ECM seems to push
healthy CMs toward contractile characteristics remi-
niscent of those caused by HCM-linked sarcomeric
mutations. Hence, contractile abnormalities in HCM
may originate in sarcomeric proteins and worsen in
advanced disease through the indirect influence of
pathologically remodeled ECM. From a clinical
standpoint, this finding suggests the importance of
addressing ECM changes in any strategy for treating
established HCM.
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EDITORIAL COMMENT
Role of the Extracellular Matrix
in the Pathogenesis of
Hypertrophic Cardiomyopathy*

Ali J. Marian, MD
T he prevailing hypothesis in the pathogenesis
of human hypertrophic cardiomyopathy
(HCM) places the primary abnormality in car-

diac myocytes (1). The hypothesis is in accord with
the genetic evidence defining HCM mostly as a
disease of mutations in genes encoding sarcomere
proteins (reviewed in Marian and Braunwald [2]).
Sarcomere proteins are predominantly, if not exclu-
sively, expressed in the straited muscles and not
other cell types, such as fibroblasts or endothelial
cells. Thus, the primary abnormality in HCM has to
reside in cardiac myocytes. The pathological and clin-
ical manifestations of HCM, however, are the conse-
quences of intertwined and complex interactions
among cellular constituents of the myocardium,
including myocytes and fibroblasts. Accordingly, the
impetus for the pathogenesis of the histological,
functional, and clinical phenotypes originates from
cardiac myocytes, the site of expression of mutant
sarcomere proteins. The causal mutations by impair-
ing interactions among the protein constituents of
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sarcomeres, such as myosin heavy chain (MYH) and
actin, alter biochemical and mechanical properties
of myofibrils, including calcium sensitivity of myofi-
brillar adenosine triphosphatase (ATPase) activity,
force generation, and relaxation (2). These biochem-
ical and functional perturbations result in activation
of stress-sensitive pathways and expression of tro-
phic and mitotic autocrine and paracrine factors that
target the cells in the myocardium and induce sec-
ondary changes, such as myocyte hypertrophy and
interstitial fibrosis, followed by the ensuing clinical
phenotypes of cardiac hypertrophy, cardiac arrhyth-
mias, and systolic and diastolic dysfunction (2).

Interstitial fibrosis is a well-recognized and com-
mon histological feature of HCM (3). Classically, it is
recognized in post-mortem histological examination
of HCM hearts and on occasion by measuring circu-
lating cleaved products of collagens (4–6). In recent
years, however, cardiac magnetic resonance (CMR)
imaging has enabled in vivo assessment of interstitial
fibrosis in patients with HCM. The modality enables
detecting and quantifying extracellular volume,
which is tagged by late gadolinium enhancement
(LGE), as a surrogate for myocardial fibrosis.
Increased myocardial fibrosis, although secondary to
the effects of paracrine factors emanating from car-
diac myocytes carrying the pathogenic variants in
genes coding for sarcomere proteins, is recognized as
a risk factor for cardiac arrhythmias and sudden car-
diac death (3,7–13). Myocardial fibrosis is also
considered a determinant of diastolic and to a lesser
degree systolic dysfunction in HCM and other
myocardial diseases (12,13). However, it has not been
implicated in the enhancement of myocardial or
myocyte contraction, as observed in HCM.

In this issue of JACC: Basic to Translational Science,
Sewanan et al. (14) provide evidence implicating
https://doi.org/10.1016/j.jacbts.2019.03.011
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extracellular matrix (ECM) in the pathogenesis of
myocardial mechanical dysfunction in HCM. Using a
clever approach, the authors decellularize myocardial
strips collected from the hearts of a Yucatan minipig
model of HCM, caused by the classic HCM mutation,
namely, the p.Arg403Gln, in the gene encoding MYH7
sarcomere protein. They then seed the decellularized
myocardial strips with human induced pluripotent
stem cell-derived cardiac myocytes (iPSC-CMs) origi-
nated from a healthy individual. They culture the
seeded cells to generate an engineered heart tissue
(EHT) and then characterize effects of ECM originated
from HCM hearts on mechanical properties of EHT
generated from a normal individual. The authors
report that ECM originating from the mini swine
hearts with HCM enhanced contraction and impaired
relaxation of the healthy EHT. The authors suggest
that the ECM from the HCM myocardium stores the
memory of the diseased heart and, upon exposure to
wild type myocytes, incites phenotypic changes that
resemble those of the ECM host (i.e., HCM). The au-
thors conclude that their findings highlight the sig-
nificant role of the ECM in the pathogenesis of HCM
phenotypes.
SEE PAGE 495
The findings of the study by Sewanan et al. (14) are
provocative because they indicate that altered ECM in
HCM, which is not expected to express the causal
mutation, not only impairs relaxation but also en-
hances contractility of the normal EHT. The extent of
these changes is similar to those observed for cardiac
myocytes carrying the causal mutation. The findings,
therefore, suggest that ECM is a major determinant of
the classic functional phenotypes of HCM, including
enhanced contraction. Whereas the findings are
conceptually in accord with the existence of exten-
sive cross-talks among the heterogenous group of
cells in the myocardium, including cross-talks be-
tween myocytes and the ECM, they are observational
in nature and require further validation. In addition,
they lack mechanistic evidence to support validity of
the findings. A notable deficiency is the missing
cellular composition of the decellularized tissue prior
to seeding of the normal iPSC-CMs. Likewise, there is
no information on cellular composition of the EHT
prior to functional characterization. Data on cellular
composition prior to seeding with iPSC-CMs as well as
after extended culture but before functional charac-
terization of EHT would have enabled assessing pu-
rity of the preparations in excluding cellular
admixture with the residual native myocytes
harboring the MYH7 mutation and the seeded wild
type iPSC-CMs. Equally unclear is the composition of
the altered ECM in the HCM samples, besides
increased fibrosis. Thus, it remains to be determined
which component of ECM is involved and how it
affects EHT functions. The authors provide some
evidence of altered calcium transient, namely, a 29%
increase in time to reach peak calcium transient,
which occurs in the absence of significant changes in
other characteristics of the calcium transients. Like-
wise, there were no changes in the transcript levels of
selected genes involved in calcium handling. Thus,
the mechanism by which ECM from HCM hearts
affects function of wild type EHT remains unclear. It
also merits noting that the authors did not provide
data on the characteristics of the iPSC-CMs and EHT
used in these studies. Such data would have been
valuable in determining whether these cells and tis-
sues properly represented molecular and functional
signatures of adult cardiac myocytes. By and large,
myocytes and tissues derived from iPSCs are imma-
ture, resembling early fetal cardiac myocytes, and
significantly differ from adult cardiac myocytes in
epigenetics, gene expression, signal sensing, calcium
handling, and excitation-contraction (EC) coupling
(15). The latter is particularly pertinent to findings of
the present study because iPSC-CMs do not form
proper t tubules and sarcoplasmic reticulum, which
are necessary for proper calcium handling and EC
coupling. Finally, iPSC-CM and EHT lines exhibit
significant line-to-line variability and characteriza-
tion of a single line is insufficient to make firm con-
clusions. Therefore, as in most if not all initial
observations, the intriguing findings of the present
study should be considered provisional, pending
replication in independent studies and further char-
acterization in multiple lines to reduce and preferably
eliminate compounding as well as confounding ef-
fects of line-to-line variability, cellular admixture,
and effects of decellularization and reseeding pro-
cesses. Equally important is to delineate the molec-
ular mechanisms by which altered ECM in HCM
affects myocyte functions, enhancing its contractile
performance while impairing its relaxation. These
initial observations could heighten the interest in the
role of ECM in the pathogenesis of HCM.
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HIGHLIGHTS

� The authors used human and rat muscle to

study the mechanism of statin myopathy

and its interaction with exercise.

� Statin treatment triggered loss of the

modulatorprotein FKBP fromthe sarcoplasmic

reticulum (SR) calcium (Ca2D) release channel,

ryanodine receptor 1 (RyR1).

� Loss of FKBP was associated with reactive

nitrogen species/reactive oxygen

species-dependent SR Ca2D leak and

pro-apoptotic signaling, but had no overt

impact on muscle function.

� Moderate running wheel exercise

prevented the effects of statin treatment

on the FKBP/RyR complex, SR Ca2D leak,

and pro-apoptotic signaling.

� Our data show that statin treatment

induces a potentially harmful SR Ca2D

leak that might trigger statin myopathy in

susceptible individuals, but could be

prevented by moderate exercise.
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SUMMARY
This study aimed to identify a mechanism for statin-induced myopathy that explains its prevalence and

selectivity for skeletal muscle, and to understand its interaction with moderate exercise. Statin-associated

adverse muscle symptoms reduce adherence to statin therapy; this limits the effectiveness of statins in

reducing cardiovascular risk. The issue is further compounded by perceived interactions between statin treat-

ment and exercise. This study examined muscles from individuals taking statins and rats treated with statins for

4 weeks. In skeletal muscle, statin treatment caused dissociation of the stabilizing protein FK506 binding

protein (FKBP12) from the sarcoplasmic reticulum (SR) calcium (Ca2þ) release channel, the ryanodine receptor 1,

which was associated with pro-apoptotic signaling and reactive nitrogen species/reactive oxygen species (RNS/

ROS)�dependent spontaneous SR Ca2þ release events (Ca2þ sparks). Statin treatment had no effect on Ca2þ

spark frequency in cardiac myocytes. Despite potentially deleterious effects of statins on skeletal muscle, there

was no impact on force production or SR Ca2þ release in electrically stimulated muscle fibers. Statin-treated

rats with access to a running wheel ran further than control rats; this exercise normalized FKBP12 binding to

ryanodine receptor 1, preventing the increase in Ca2þ sparks and pro-apoptotic signaling. Statin-mediated RNS/

ROS�dependent destabilization of SR Ca2þ handling has the potential to initiate skeletal (but not cardiac)

myopathy in susceptible individuals. Importantly, although exercise increases RNS/ROS, it did not trigger

deleterious statin effects on skeletal muscle. Indeed, our results indicate that moderate exercise might benefit

individuals who take statins. (J Am Coll Cardiol Basic Trans Science 2019;4:509–23) © 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/).
S tatins are the most widely prescribed
drug in the Western world. Their use
is predicted to rise further due to
recent reductions in the cardiovascular risk threshold
for statin prescription across the globe (1,2). However,
cardiovascular benefits of statins are restricted by
adverse effects that limit adherence (3,4) and, in
turn, increase cardiovascular events (5) and mortality
(6). The most common side effects and main reason
for discontinuation of therapy emerge from skeletal
muscle (statin myopathy or statin-associated adverse
muscle symptoms). Although no strict definition of
statin myopathy has been universally adopted
(7–10), we use this term to encompass the full spec-
trum of the effects of statins on skeletal muscle.
SEE PAGE 524
This includes mild to moderate muscle symptoms
and/or signs (myalgia: muscle pain with stiffness
and weakness), as well as more severe potentially
life-threatening outcomes (myositis and/or rhabdo-
myolysis) that are associated with raised creatine
kinase (8,11). Although physical activity counteracts
metabolic and cardiovascular diseases that are preva-
lent in subjects prescribed statins, exercise has been
reported to exacerbate statin myopathy (12–19),
which may further limit the benefits of statins in
those at risk of cardiovascular disease.

Statins are inhibitors of 3-hydroxy-3-methylglutaryl
coenzyme A (HMG CoA) reductase that limit the
production of cholesterol, isoprenoids, and coenzyme
Q. Despite extensive research, which has focused on
calcium (Ca2þ) homeostasis and mitochondrial func-
tion (20–25), a cohesive mechanism for statin-induced
myopathy is lacking. Furthermore, an understanding
of why myopathy is not experienced by everyone who
takes statins and the reason for its selectivity for
skeletal muscle has not been fully addressed.

Using human and rodent muscle, we investigated
the mechanism for statin-induced myopathy and
described its interaction with voluntary moderate ex-
ercise. We revealed a mechanism by which statin
treatment can make skeletal muscles susceptible to
myopathy—dissociation of the FK506 binding protein
(FKBP12) from the sarcoplasmic reticulum (SR) Ca2þ

release channel, the ryanodine receptor 1 (RyR1),
which is accompanied by numerous spontaneous Ca2þ

release events (i.e., Ca2þ sparks) (26). Statin treatment
had no effect on Ca2þ sparks in cardiac muscle. Aber-
rant SR Ca2þ handling was associated with pro-
apoptotic signaling in skeletal muscle. However,
despite this myopathy-promoting signaling, statin
treatment had no obvious detrimental effect on the
contractile function of skeletal muscle, which suggests
that additional factors are required to produce
myopathic symptoms. Furthermore, in rats that un-
derwent voluntary exercise, no overt muscle
dysfunction was evident. Our data demonstrate that
individuals taking statinsmight benefit frommoderate
exercise.

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


TABLE 1 Patient Data

Statin

Statin Matched Control Subjects

Dose
(mg) Sex

Age
(yrs) Histology

CK
(IU/l) Disease

Age
(yrs) Histology

CK
(IU/l) Disease

SIMV 40 F 48 Type 2b fiber atrophy HC, H 47 Normal Treated
hypothyroidism

SIMV 40 M 72 Type 2b fiber atrophy RM 73 Type 2b fiber atrophy 110 H, DM, minor CVA

SIMV 20 M 65 Fiber size, variation,
increase in mitochondria

76 H, RM 65 Type 2b fiber atrophy 200

SIMV 40 F 60 Normal Type 2 DM, CVA, obese 60 Normal 110

SIMV 40 M 70 Normal H, AA 70 Normal 142 H

SIMV 10 M 71 122 H 71 Fiber size variation H, CVA

SIMV 40 M 48 Normal 157 H 48

PRAV 30 M 58 Atrophy in scattered fibers H 58 Normal 102

SIMV 20 M 72 Atrophy and angulation
in many fibers

116 H 71 Normal 138 MV

SIMV 40 M 59 Type 2 DM, CVA, obese 59 Normal 97

ATOR 20 M 56 IHD 56 Normal H

ROSU 10 F 54 Normal 114 H 54

SIMV 20 F 52 Normal 57 H 51 Normal

All samples from patients taking statins were paired with sex- and age-matched control subjects. Details of histology, serum creatine kinase (CK), and disease are given where available.

AA¼ aortic aneurysm; CVA ¼ cerebrovascular accident; DM¼ diabetes mellitus; H ¼ hypertension; HC ¼ high cholesterol; IHD¼ ischemic heart disease; MV¼mitral valve disease; RM ¼ risk
modification.
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METHODS

STUDY APPROVAL. Anonymized vastus medialis
samples were obtained from patients who were
screened (and tested negative) for malignant hy-
perthermia. Individuals taking statins were age- and
sex-matched with control subjects (Table 1). All pa-
tients gave informed consent. This study complied
with the principles of the Declaration of Helsinki
and was approved by the Leeds East Local Research
Ethics Committee. Work with rodents was per-
formed in strict accordance with the recommenda-
tions of the Directive 2010/63/EU of the European
Parliament and was approved by animal welfare
committees at the University of Leeds and the
Karolinska Institutet.

RODENT MODELS. Male Wistar rats (130 to 160 g)
received simvastatin (40 mg/kg/day) or saline by
oral gavage at the beginning of the dark cycle for
28 days (see Supplemental Methods for justification
of dose). For exercise studies, rats were given free
access to an in-cage running wheel. Custom-built
hardware and software allowed detailed character-
istics of running activity to be recorded for each
animal (see Supplemental Methods). All animals
were killed by stunning and cervical dislocation.

RODENT MUSCLE PREPARATIONS. For protein
chemistry, rat gastrocnemius (GAS) muscle (a pre-
dominantly type II muscle) was dissected to remove
slow oxidative type I fibers (dark red in color). For
confocal microscopy, rat flexor digitorum brevis
(FDB) fibers were isolated by collagenase digestion
(27). FDB is predominantly type IIa; the choice of
this muscle was informed by the short length of the
fibers that allows the isolation and study of intact
cells. In some cases, fibers were permeabilized by 2-
min exposure to 0.005% (w/v) saponin (28). Rat
cardiac myocytes were isolated from Langendorff-
perfused hearts by collagenase and protease diges-
tion (29).

MUSCLE FUNCTION IN VITRO. Rat single FDB fibers
were dissected, mounted, and electrically stimulated
via platinum plates. The isolated muscle preparations
were stimulated for 350 ms at 10 to 150 Hz at 1-min
intervals, and the resultant force was measured. The
fluorescent Ca2þ indicator indo-1 was pressure injec-
ted into fibers, and the fluorescence signals of indo-1
were recorded at rest and during contractions as
described previously (30).

CONFOCAL MICROSCOPY. Confocal images were ac-
quired with a Eclipse TE300 inverted microscope
(Nikon, Minato, Tokyo, Japan) equipped with a
confocal scanhead, MicroRadiance 2000 (Bio-Rad,
Hercules, California), and a �60 water-immersion
objective. FDB fibers were loaded with fluo 4-AM
(5 mM, for intact cells), fluo 3 (50 mM, for per-
meabilized cells), or DAF-2 (5 mM). Cardiac myocytes
were loaded with fluo 4-AM (6 mM). Dyes were excited
with the 488-nm line of a 20-mW coherent sapphire
laser (attenuated z90%), and emitted fluorescence

https://doi.org/10.1016/j.jacbts.2019.03.012
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was measured at >515 nm. Images were acquired in
x-y (every 5 s) or line scan mode (every 6 ms). Ca2þ

sparks were identified and analyzed with ImageJ
software version 1.51j8, National Institutes of Health,
Bethesda, Maryland) using the Sparkmaster plugin
(see Supplemental Methods).

PROTEIN CHEMISTRY AND ASSAYS. Sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and
Western blotting were carried out as described
in Calaghan et al. (29). Data were normalized
to glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) expression. Because it was not possible to
load all samples on the same gel, a standard calibra-
tion sample (mixed from 4 human vastus medialis
samples or 3 rat GAS samples) was loaded in duplicate
on gels to allow between-gel comparisons. For RyR
post-translational modifications and protein associa-
tions, RyR1 was immunoprecipitated from GAS as
described previously (31) (see Supplemental
Methods). The terminal deoxynucleotidyl trans-
ferase dUTP nick end labeling (TUNEL) assay was
performed on cryostat sections (10 mm; Leica CM
1900), visualized using the detection kit TACS 2TdT-
DAB for In situ Apoptosis (4810-30-K, Trevigen) (32).
Calpain activity was assessed using the assay kit
QIA120 (Merck Millipore).

ANTIBODIES. Antibodies were as follows: calmod-
ulin Abcam Cat# ab45689 RRID:AB_725815, 1:1,000;
FKBP12 Abcam Cat# ab58072 RRID:AB_941602, 1:200;
hydroxyacyl-CoA dehydrogenase/3-ketoacyl-CoA
thiolase/enoyl-CoA hydratase (HADHA) Abcam Cat#
RRID:AB_2263836 1:1,000; peroxisome proliferator-
activated receptor g co-activator 1a (PGC1a) Abcam
Cat# ab54481 RRID:AB_881987, 1:1,000; RyR clone
34C Abcam Cat# ab2868 RRID:AB_2183051, 1:5,000;
Cav 3 BD Biosciences Cat# 610420 RRID:AB_397800,
1:5000; endothelial nitric oxygen synthase eNOS BD
Biosciences Cat# 610297 RRID:AB_397691, 1:2,500;
Cav 1 Boster Biological Technology Cat# PA1514,
RRID: AB_2651038, 1:1,000; caspase-3 Cell Signaling
Technology Cat# 9665 also 9665S RRID:AB_2069872,
1:1000; nNOS Cell Signaling Technology Cat# 4231S
RRID:AB_2152485, 1:1,000; and glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) Sigma-Aldrich
Cat# G9545 RRID:AB_796208, 1:100,000.

STATISTICAL ANALYSIS. Results are expressed as
mean � SEM of number of observations, with p < 0.05
used to denote statistical significance. The Shapiro-
Wilk test was used to test for normality. For the hu-
man study, we had access to 13 samples from statin-
treated individuals and 13 age- and sex-matched
control subjects. The paired Student’s t-test (nor-
mally distributed data) or the Wilcoxon signed-rank
test (non-normally distributed data) were used to
compare groups. This sample size gave power >0.8 to
detect a 100% change in parameter (SD: 100% of
mean; paired Student’s t-test). For rodent samples,
comparison of 2 groups was performed using the
Student’s t-test (normal distribution) and the Mann-
Whitney rank test (non-normal distribution). For
tetanic and force Ca2þ measurements at different
frequencies of stimulation, a 2-way repeated mea-
sures analysis of variance was used (with the Holm-
Sidak post hoc test). Two-way analysis of variance
(with the Tukey post hoc test) was used to analyze
daily running distance with time in the control and
statin groups, and the effect of exercise and statin
treatment on markers of mitochondrial biogenesis.
For rodent studies, we used 10/11 and 5/6 animals in
the sedentary control/statin groups in the United
Kingdom and Sweden (tetanic force and Ca2þ mea-
surements), respectively. For the exercise study, we
used 6/6 control/statin-treated animals. Group sizes
were based on power calculations for protein chem-
istry data from the rat, which showed power >0.8 to
detect a 50% difference in means when n ¼ 6 (SD: 25%
of mean; t-test). Presented data might have different
numbers of animals for some endpoints due to
sample limitations. GraphPad Prism (version 7.05,
Graphpad, San Diego, California) was used for all
statistical analysis, with the exception of tetanic
force and Ca2þ measurements (Sigmaplot for
Windows, version 13.0, Systat Software Inc., San
Jose, California).

RESULTS

SUMMARY OF EXPERIMENTAL PLAN AND KEY

FINDINGS. Supplemental Table 1 provides a sum-
mary of all experiments performed, with key findings
for both human and rodent preparations.

DISSOCIATION OF FKBP12 FROM RyR1 AND

PRO-APOPTOTIC SIGNALING IN SKELETAL MUSCLE

OF STATIN-TREATED HUMANS AND RATS. Post-
translational modifications of RyR1 and changes in the
molecular composition of the RyR1 protein complex
are present in several conditions with dysfunctional
skeletal muscle (33–35). To test whether similar alter-
ations occurred with statin treatment, we immuno-
precipitated RyR1 in homogenates prepared from
biopsies of human vastus medialis muscles and from
isolated rat GAS muscles, and measured the expres-
sion of the RyR1 binding partners FK506 binding pro-
tein 12 (FKBP12) and calmodulin. Statin treatment
caused a marked decrease in FKBP12 bound to RyR1 in
both human and rat muscle, whereas the calmodulin
binding remained intact (Figures 1A and 1B). It was

https://doi.org/10.1016/j.jacbts.2019.03.012
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FIGURE 1 Dissociation of FKBP12 From RyR1 and Pro-Apoptotic Signaling in Skeletal Muscle From Statin-Treated Humans and Rats

Representative blots from the same gel and mean data showing FK506 binding protein (FKBP12) and calmodulin (CaM) in ryanodine receptor (RyR) immunoprecipitates

from (A) human and (B) rat muscle. All values are standardized to the mean of the control group. There was no difference (p > 0.05) in total RyR1 or FKBP12

expression between groups. Data from 11/11 (FKBP) and 13/13 (CaM) patients taking statins (S) and age- and sex-matched controls (C); n ¼ 10 to 11 rats.

(C) Representative blots from the same gel and mean data from human muscle showing pro-caspase 3 (pro-cas3; 35 kDa) and cleaved caspase 3 (cas3; 17 kDa). Data

from 13/13 patients. (D) Expression of pro-cas3, cleaved cas3 and (E) proportion of terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) positive

nuclei (%) in rat muscle. Cas3 expression is standardized to the mean of the control group. Data from 5 to 7 animals. All data are mean þ SEM. (A) *p ¼ 0.0127 (paired

Student’s t-test). (B) **p ¼ 0.0023 (Student’s t-test). (C) *p ¼ 0.0425 (Wilcoxon signed-rank test). (D) *p ¼ 0.0158 (Student’s t-test); ****p < 0.0001 (Student’s

t-test). GADPH ¼ glyceraldehyde-3-phosphate dehydrogenase.
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noteworthy that a robust dissociation of FKBP12
from RyR1 could be detected, although muscle
biopsies were obtained from a diverse patient
group (Table 1).

FKBP12 dissociation from RyR1 has been shown to
increase spontaneous SR Ca2þ leak, which, in turn,
promotes protein degradation and programmed cell
death (33). Therefore, we next studied whether the
change in the RyR complex in muscles of statin-
treated subjects was accompanied by indexes of
pro-apoptotic signaling. For this purpose, we
measured the protein expression of the inactive pro-
caspase-3 and its cleaved active product, the pro-
apoptotic enzyme caspase-3. Statin treatment
increased caspase-3 expression in both human and rat
muscles (Figures 1C and 1D). In rat muscle, we also
measured the proportion of TUNEL positive nuclei,
which is another marker for pro-apoptotic signaling,
and observed a marked increase with statin treatment
(Figure 1E). Thus, muscles from both humans and rats
treated with statins showed major alterations that
were potentially deleterious and might underlie
statin-induced myopathy. In subsequent experi-
ments, we delved deeper into mechanisms of the
statin-induced effects; these experiments were only
performed on rat muscles due to limitations in what
can be performed on human muscle biopsy material.

STATIN TREATMENT INCREASES SR Ca2D LEAK IN

INTACT SKELETAL MUSCLE. SR Ca2þ leak in the form
of Ca2þ sparks (elementary Ca2þ release events from
clusters of RyR1) is a myopathic mechanism common
to many skeletal muscle diseases, including muscular
dystrophy and malignant hyperthermia (33,36).
Although spark-mediated SR Ca2þ leak is an attractive
culprit for statin-induced myopathy, no overt
changes in Ca2þ spark characteristics with (in vivo)
statin treatment have been documented to date
(20,21,23). However, all previous work has been per-
formed on permeabilized muscle fibers, in which the
constitutive inhibition of RyR1 by magnesium (37)
and the dihydropyridine receptor (38) is reduced,
which may mask the effects of statins. Therefore, we
evaluated the effect of statin treatment on the SR



FIGURE 2 Statin Treatment Provokes SR Ca2þ Leak in Skeletal, But Not Cardiac, Myocytes

Representative confocal line scans (F/F0) with associated line profiles and mean data from (A to C) intact flexor digitorum brevis (FDB) fibers and (D to F) cardiac

myocytes; n ¼ 11/10 (FDB) and 5/5 (cardiac myocytes) rats for control/statin-treated groups, number of cells shown on graphs. Data are mean þ SEM and compared

using the Mann-Whitney rank test. (C) ****p < 0.0001; *p ¼ 0.0307; **p ¼ 0.0029 (mass); **p ¼ 0.0091 (leak). (F) **p ¼ 0.0024. Ca2þ ¼ calcium; FWHM ¼ full width

at half maximum; SR ¼ sarcoplasmic reticulum.
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Ca2þ leak in intact muscle fibers. Ca2þ sparks were
recorded in nonpermeabilized fluo 4-loaded FDB fi-
bers from the rat (Figures 2A to 2C). As predicted (39),
spark frequency was low in intact fibers from control
animals. In marked contrast, in fibers from statin-
treated rats, sparks were much more frequent, of
longer duration, and larger in amplitude, which
resulted in an increased spark mass and spark-
mediated Ca2þ leak. Interestingly, this robust effect
of statins on spark characteristics was lost following
fiber permeabilization (Supplemental Figure S1),
which explains discrepancies with previous work
(20,21,23) and suggests that statin effects in intact
cells depend on the normal regulation of the RyR1
and/or effects of a soluble mediator.

An important question is whether statin-induced
SR Ca2þ leak is also seen in cardiac muscle because
this could have additional detrimental consequences
by promoting triggered arrhythmias (40). Reassur-
ingly, there was minimal impact of statin treatment
on Ca2þ sparks in intact cardiac myocytes from statin-
treated rats (Figures 2D to 2F). Thus, statin treatment
induces SR Ca2þ leak in skeletal muscle, whereas
cardiac muscle is protected from this potentially
deleterious effect.

NOS AND REACTIVE OXYGEN SPECIES PROMOTE SR

Ca2D LEAK WITH STATIN TREATMENT. Reactive ni-
trogen species and reactive oxygen species (RNS/
ROS) could account for the statin-induced SR Ca2þ

leak; both can be increased by statin treatment
(25,41,42), target the RyR and its associated proteins
directly (43,44) and indirectly (45), and affect RyR
activity (46). Inhibition of NOS isoforms with N(u)-
nitro-L-arginine methyl ester (L-NAME) had a
greater impact on NO (indexed with DAF-2) in FDB
fibers from statin-treated rats than in control rats,
which was consistent with higher NOS activity in the
statin group (Figure 3A). This could be explained by
increased expression of endothelial NOS and
reduced expression of the NOS-inhibitory caveolin
isoform Cav1 (Figure 3B). These observations were
consistent with statins acting as inhibitors of HMG
CoA reductase and established pathways in which

https://doi.org/10.1016/j.jacbts.2019.03.012


FIGURE 3 Nitric Oxide Synthase and Reactive Oxygen Species Promote SR Ca2þ Leak With Statin Treatment

(A) Representative traces and mean data showing the impact of N(u)-nitro-L-arginine methyl ester (L-NAME) (1 mM) on DAF-2 fluorescence in FDB fibers. Within

each cell, the rate of increase in DAF-2 fluorescence recorded before L-NAME was subtracted from the entire trace; n ¼ 7/8 animals for control/statin-treated

rats, number of cells shown on graph. (B) Representative blots from the same gel and mean data from rat gastrocnemius (n ¼ 9 to 11 animals). Ca2þ spark

frequency and duration in intact FDB fibers in the presence of (C) L-NAME (1 mM), (D) Mn (III)tetrakis(1-methyl-4-pyridyl)porphyrin (MnTMPyP) (0.1 mM), and

(E) (2-(2,2,6,6-Tetramethylpiperidin-1-oxyl-4-ylamino)-2-oxoethyl)triphenylphosphonium chloride (mitoTEMPO) (25 mM); n ¼ 3 animals, number of cells

shown on graphs. (F) The impact of the mitochondrial Ca2þ uniporter inhibitor Ru360 (20 mM, 15 min) in intact FDB fibers on increased Ca2þ spark frequency and

duration. Data from 7 animals (number of cells shown on graph). All data are mean þ SEM and compared using Mann-Whitney rank test. (A) * p ¼ 0.034.

(B) ** p ¼ 0.0042 (endothelial nitric oxygen synthase [eNOS]), **p ¼ 0.0073 (caveolin 1 [Cav1]); other abbreviations as in Figures 1 and 2.
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products of the HMG CoA reductase cascade regulate
NOS (isoprenoids) and caveolin (cholesterol)
expression (47). Enhanced NOS activity was directly
linked with Ca2þ leak because, in the presence of L-
NAME, there was no longer any difference (p > 0.05)
in Ca2þ spark frequency or duration between fibers
from control and statin-treated rats (Figure 3C).
L-NAME inhibits NO and superoxide production from
NOS (48), which indicates a role for NO, superoxide,
and/or peroxynitrite in the spark-mediated leak.

Statin treatment has been shown to increase ROS
production in skeletal muscle (25). We showed
that these ROS played a role in the SR Ca2þ leak,
because the superoxide dismutase (SOD) and perox-
ynitrite scavenger Mn(III)tetrakis(1-methyl-4-pyridyl)
porphyrin (MnTMPyP) and themitochondrial-targeted
SOD mimetic (2-(2,2,6,6-Tetramethylpiperidin-1-oxyl-
4-ylamino)-2-oxoethyl)triphenylphosphonium chlo-
ride (mitoTEMPO) eliminated the difference (p > 0.05)
in Ca2þ spark frequency and duration between fibers
from control and statin-treated rats (Figures 3D and 3E).

Bidirectional Ca2þ fluxes between SR and mito-
chondria affect both SR and mitochondrial function.
Mitochondria accumulate close to SR Ca2þ release
sites during postnatal skeletal muscle maturation,
which facilitates mitochondrial Ca2þ uptake and
is associated with reduced susceptibility to Ca2þ

spark activation (49). Conversely, excessive mito-
chondrial Ca2þ uptake may promote Ca2þ sparks by
enhancing ROS production from complexes I and III
(50,51). In support of this latter mechanism, the
difference in Ca2þ spark frequency and duration
between fibers from control and statin-treated rats
was no longer present after inhibiting Ca2þ entry



FIGURE 4 Impact of Statin Treatment on Basal and Tetanic [Ca2þ]i and Force Production

Representative [Ca2þ]i transients at (A) 30 Hz and (C) 100 Hz, and (E) mean data for 10 to 150 Hz in FDB fibers stimulated with 350 ms trains

of pulses at 1-min intervals. Corresponding representative force records at (B) 30 Hz and (D) 100 Hz, and (F) mean data for 10 to 150 Hz.

From n ¼ 13/11 fibers from 5/6 animals for control/statin-treated animals. Data are mean � SEM and compared with 2-way repeated-measures

analysis of variance. (F) *p ¼ 0.020 (15 Hz); p ¼ 0.003 (20 Hz); p ¼ 0.005 (30 Hz); p ¼ 0.042 (40 Hz) versus control subjects. Abbreviations

as in Figure 2.
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into the mitochondria via the mitochondrial Ca2þ

uniporter with Ru360 (52) (Figure 3F). Taken
together, the impact of NOS inhibition with
L-NAME, ROS scavengers, and mitochondrial Ca2þ
uniporter inhibition suggests that mitochondrial
Ca2þ uptake stimulates RNS/ROS production, which,
in turn, acts on RyR1 to maintain and/or exacerbate
the SR Ca2þ leak.



FIGURE 5 Statin Treatment Increases Physical Activity

Running wheel data from the dark cycle (active period). Rats were acclimatized to the wheel for 4 days before statin treatment commenced (day 0). (A) Daily running

distance over the duration of the study. (B to D) Detailed analysis of activity for the 28-day treatment period. Bouts (continuous periods of activity) were defined as

activity seen in $2 consecutive minutes. Pulse velocity represents the mean velocity of each one-quarter revolution (pulse) of the wheel. Data are mean � SEM

(n ¼ 6 animals per group). (A) ####p < 0.0001 for statin effect (2-way analysis of variance). (B) *p ¼ 0.0148 versus control (t-test).
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CONSEQUENCES OF STATIN-INDUCED SR Ca2D

LEAK FOR MUSCLE FUNCTION. Next, we determined
whether the observed effects of statins had a net
impact on muscle function by measuring the free
cytosolic [Ca2þ] ([Ca2þ]i) and force production in
electrically stimulated single FDB fibers (30). There
was no significant difference in basal [Ca2þ]i (69 � 5
nM vs. 72 � 3 nM; n ¼ 13/11) or tetanic [Ca2þ]i
(Figures 4A, 4C, and 4E) between FDB fibers from
control and statin-treated animals. Furthermore,
statin treatment did not reduce force production at
any frequency; at low-frequency stimulation
(#40 Hz) there was a small increase in tetanic force in
the statin group (Figures 4B and 4F). Calpains belong
to a family of Ca2þ-dependent proteolytic enzymes
with pro-apoptotic activity (53). Calpain activity did
not differ between control and statin-treated muscle
(9.3 � 0.4 vs. 9.3 � 0.2 AU; n ¼ 10), which was
consistent with the unaltered basal [Ca2þ]i. Thus, in
resting muscle, the statin-induced SR Ca2þ leak was
effectively counteracted by alterations in SR Ca2þ

uptake and/or Ca2þ fluxes across the cell membrane
(54). This concept of compensated leak was proposed
to explain normal basal [Ca2þ]i in conjunction with
Ca2þ leak from RyR1 due to a mutation found in ma-
lignant hyperthermia (Y522S) (36). During contrac-
tions, the amount of Ca2þ released in response to
action potential stimulation remains constant over a
wide range of SR Ca2þ content in fast-twitch muscle
fibers (55), and depletion of SR Ca2þ promotes refilling
via store-operated Ca2þ entry (56). Thus, the unaf-
fected tetanic [Ca2þ]i in muscle fibers from statin-
treated rats was also compatible with the observed
spark-mediated SR Ca2þ leak in these fibers.
MODERATE EXERCISE REVERSES THE IMPACT OF

STATINS ON SKELETAL MUSCLE. Exercise is recom-
mended for those at risk of cardiovascular disease
(i.e., those who take statins). However, there are re-
ports that exercise reveals or exacerbates statin
myalgia (13,14) and myositis (12,15,16), and that sta-
tins limit training adaptations in skeletal muscle
(57,58). Therefore, we gave statin-treated and control
rats access to an in-cage running wheel, which
resulted in a type of voluntary exercise similar to that
recommended for human subjects prescribed statins.
Rats were acclimatized to the wheel for 4 days before
statin treatment commenced. Unexpectedly, the
daily running distance was greater for statin-treated
rats than for control rats across the 4 weeks of the
study (Figure 5A). The larger daily running distance in
the statin group was due to an increase in the number
of bouts of activity (Figure 5B), whereas the running
bout duration (Figure 5C) and running velocity
(Figure 5D) were similar in the 2 groups.

In sharp contrast to the situation in muscles of
sedentary subjects (see Figure 1), binding of FKBP12 to
RyR1 showed no significant difference between
muscles of statin-treated and control rats after
4 weeks of exercise (Figures 6A and 6B). Moreover, in
the exercised state, statin treatment no longer caused
a significant increase in caspase 3 expression
(Figures 6C and 6D). Intriguingly, in the exercised
state, the frequency of SR Ca2þ sparks was lower in
muscle fibers of statin-treated rats than in control
rats, which contributed to a smaller spark-mediated
Ca2þ leak in this group (Figures 6E to 6G).

A number of studies have linked statin-induced
myopathy with impaired mitochondrial biogenesis.



FIGURE 6 Exercise Reverses the Effect of Statin Treatment on the RyR Complex, Apoptosis, and SR Ca2þ Leak

(A) Representative blots and (B)mean data of FKBP12 and CaM in RyR immunoprecipitates from gastrocnemius muscle of exercised animals. Data are normalized to RyR

and standardized to the mean of the control exercise group (n¼ 6 animals). C¼ control, S¼ statin. (C) Representative blots and (D)mean data of pro-cas 3 and cleaved

cas 3 expression in gastrocnemius homogenates of exercised animals. Data are normalized to GAPDH and standardized to the mean of the control exercise group (n ¼ 6

animals). (E) Mean data for spark frequency, duration, and spark-mediated leak in intact FDB fibers from n ¼ 6 exercised animals per group, number of cells shown on

graph. Data are mean þ SEM and compared using the (B) Student’s t-test and (D to G) Mann-Whitney. *p ¼ 0.0197; **p ¼ 0.0061. Abbreviations as in Figures 1 to 3.
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The transcriptional co-activator PGC1 is a key medi-
ator of mitochondrial biogenesis in response to
endurance exercise (59–61). Statin treatment has been
shown to decrease PGC1a mRNA expression in human
and rodent fast skeletal muscle (24); however, no
change in PGC1a protein was detected in rodent
muscle (62). We saw no impact of statin treatment on
protein expression of PGC1a or HADHA (which is used
as an index of mitochondrial biogenesis) either in
sedentary or exercised animals (Figures 7A to 7C).
Together, these data show that statin treatment did
not limit moderate physical activity or markers of
training adaptation in skeletal muscle. Exercise
reversed the statin-dependent SR Ca2þ leak, which
suggests a potentially beneficial effect.

DISCUSSION

The prevalence of statin-induced muscle symptoms
varies between 7% and 29% in registries and



FIGURE 7 Statins Do Not Limit Mitochondrial Biogenesis in Sedentary or Exercised Rats

(A) Representative blots and (B and C) mean data from rat gastrocnemius homogenates showing peroxisome proliferator-activated receptor g co-activator 1a (PGC1a)

and hydroxyacyl-CoA dehydrogenase/3-ketoacyl-CoA thiolase/enoyl-CoA hydratase (HADHA) expression. Mean data are normalized to GAPDH. Data are mean þ SEM

from 6 to 11 animals. (B) **p ¼ 0.0034 versus sedentary control animals; ##p ¼ 0.0034 between groups as indicated. (C) ****p < 0.0001 versus sedentary control

animals; ##p ¼ 0.0025; ###p ¼ 0.0001 between groups as indicated (2-way analysis of variance with Tukey test for post hoc analysis). Abbreviation as in Figure 1.
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observational studies (63). Thus, most patients taking
statins do not experience skeletal muscle problems.
In skeletal muscle of statin-treated humans and rats,
we showed FKBP12 dissociation from RyR1, which
resulted in a ROS/RNS�dependent Ca2þ spark-
mediated SR Ca2þ leak. Such destabilization of RyR1
has been associated with muscle dysfunction in a
variety of conditions, including heart failure, aging,
and muscular dystrophy (33–35). Accordingly, we
observed indexes of pro-apoptotic signaling in statin-
treated subjects. Nevertheless, in the rodent model,
statin-induced FKBP12 dissociation from RyR1 and
Ca2þ sparks were not accompanied by any obvious
defects in the overall control of [Ca2þ]i at rest or
during tetanic stimulation, and force production was
not decreased. Unaltered muscle function, despite
potentially deleterious changes in cellular Ca2þ

handling, fits with the clinical picture that although
statin treatment increases the risk of myopathy, most
patients do not experience statin-associated adverse
muscle symptoms. Indeed, analysis of mitochondrial
DNA and muscle gene expression profiles in a small
group of patients taking simvastatin for 8 weeks
revealed evidence of mitochondrial damage, pro-
apoptotic signaling, and altered Ca2þ flux despite an
absence of muscle symptoms (64). Thus, we argue
that statin treatment initiates potentially detrimental
changes in skeletal muscle as a result of Ca2þ dysre-
gulation, but that this does not usually translate into
myalgia or more serious muscle derangement.

CARDIAC MUSCLE IS PROTECTED FROM

STATIN-INDUCED MYOPATHY. In contrast to skeletal
muscle, we observed no increase in spark-mediated
SR Ca2þ leak in cardiac myocytes from statin-treated
rats. Our results showed a central role of increased
ROS/RNS in the statin-induced destabilization of SR
Ca2þ control. This offers a simple explanation for the
selectivity of statins for skeletal muscle: cardiac
muscle has superior enzymatic (e.g., SOD) and
nonenzymatic (e.g., glutathione) ROS/RNS defense
systems to fast skeletal muscle (24,25). Furthermore,
statin treatment has been shown to enhance the
antioxidant defense in cardiac muscle while limiting
the defense in skeletal muscle (24). In addition, direct
effects of the statin molecule on RyR might also
contribute to selective skeletal myopathy. In planar
lipid bilayers, simvastatin increases the open proba-
bility of RyR1 but not RyR2 (28). Similarly, acute
application of simvastatin to permeabilized cells
shifts the distribution of Ca2þ spark frequency toward
higher values in skeletal fibers (which express pre-
dominantly RyR1) but lower values in cardiac myo-
cytes (which express RyR2) (28). Thus, a central role
for RyR in statin myopathy fully explains the selec-
tivity of this effect for skeletal over cardiac muscle.

MODERATE EXERCISE MAY LIMIT DETERIMENTAL

EFFECTS OF STATINS ON SKELETAL MUSCLE. The
prevalence of statin-induced myopathy has been re-
ported to increase with physical activity in rodent
models (16) and in humans (12,15). RNS/ROS increase
during exercise and strenuous skeletal muscle activ-
ity can result in severe FKBP12 dissociation from RyR1
and impaired contractile function (65,66), thus
providing a mechanism by which exercise could
exaggerate the negative effects of statin treatment. In
contrast, increased RNS/ROS and altered SR Ca2þ
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handling play an important role in the adaptation to
endurance training (67–70), and a moderate SR Ca2þ

leak has been linked to increased fatigue resistance
(71,72). We showed beneficial effects of voluntary
running exercise in muscle of statin-treated rats.
Statin treatment no longer reduced FKBP12 binding to
RyR1, increased caspase 3 expression, or increased
Ca2þ spark frequency. Measures of mitochondrial
biogenesis (PGC1a and HADHA expression) were
enhanced, at least to the same extent, as in muscle of
trained control rats. Thus, our results imply that
combining moderate voluntary exercise with statin
treatment is not detrimental and might limit poten-
tially harmful muscle effects of statins. Of note, most
reports of exacerbation of statin myopathy are with
intense, prolonged, or enforced exercise regimens
(12,15,16). Data from the PRIMO study (73) hinted at
the relationship between exercise intensity and the
incidence of statin-associated muscle symptoms, and
it was recently suggested that reducing the intensity
of exercise could mitigate the myopathy risk (18). The
opposing intensity-dependent effects of exercise
likely reflect a narrow span between limited FKBP12
dissociation from RyR1 accompanied by improved
muscle endurance (71,72) and severe FKBP12 dissoci-
ation resembling ‘overtraining’ with marked muscle
weakness (65,66).

Unexpectedly, statin-treated rats performed more
bouts of activity per day, which translated into longer
distances run, compared with control rats. This
finding seemingly excluded statin-induced muscle
pain or other sensory-related symptoms, because
such symptoms were unlikely to result in an
increased willingness to perform voluntary exercise.
The increased voluntary running of statin-treated rats
might relate to their increased muscular NO produc-
tion, because mice given dietary nitrate supplemen-
tation run more than control mice (74).

STUDY LIMITATIONS AND SIGNIFICANCE. A limita-
tion of the present study is that although we identi-
fied a potentially harmful effect of statin treatment,
we did not provide direct evidence of conditions in
which the increased SR Ca2þ leak resulted in
myopathic symptoms. The likely scenario is that the
statin-induced RyR1 destabilization has to be com-
bined with other factor(s) for myopathic symptoms to
occur. The concept that individuals might be geneti-
cally predisposed to myopathy as a result of altered
statin metabolism and/or muscle susceptibility is
gaining acceptance (75–77). There is strong support
for dysregulation of Ca2þ handling contributing to
muscle susceptibility. For example, disease-causing
mutations or rare variants in RyR1 have been found
in those who experienced statin-associated muscle
symptoms (78). Nearly one-fifth of a cohort of sub-
jects who had severe statin myositis had rare variants
within genes for RyR1 and the pore-forming subunit
of the L-type Ca2þ channel (76). Gene expression
analysis of muscle from patients with a history of
statin myalgia who were re-challenged with statins
revealed a number of pathways and networks linked
with RyR regulatory proteins, including calmodulin
and autocrine motility factor (which plays a role
in endoplasmic reticulum (ER)/SR-mitochondrial
communication) (79), and regulatory Ca2þ-binding
proteins (calpain, calcineurin) (75). Accordingly, in a
study on patients with statin-induced myositis, most
(7 of 9) of the in vitro muscle tests showed halothane-
and caffeine-induced contractures suggestive of
impaired SR Ca2þ control and, in 1 patient, the ab-
normality was consistent with malignant hyperther-
mia, a disorder linked to variants in RYR1 (80).
Moreover, lifestyle habits, such as excessive exercise
regimens that induce SR Ca2þ leak via RyR1 FKBP12
dissociation, might also reveal overt myopathy with
statin treatment as discussed above.

We only studied rats treated with statins for
4 weeks, and it is possible that a more prolonged
treatment could result in functional abnormalities in
muscle. However, because statin myopathy can occur
at any time during long-term statin treatment (81)
and most people taking statins over many years do
not experience overt muscle symptoms, this suggests
that this is generally not the case. Thus, it is an
additional susceptibility (e.g., genetic or exercise-
induced SR Ca2þ leak) that reveals myopathy in a
small proportion of the cohort.

CONCLUSIONS

Conditions in which increased SR Ca2þ leak can be
expected should be considered a risk factor when
statins are prescribed. Identifying risk factors un-
derlying statin-induced myopathy is important
because recent modeling experiments have indi-
cated that improving statin adherence by 50% (e.g.,
by preventing statin-induced myopathy) would
prevent twice as many deaths as a 5% reduction in
the cardiovascular risk threshold for statin pre-
scription (82).
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PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: Up to

one-third of patients report statin-associated muscle

symptoms in observational studies. The incidence in ran-

domized controlled trials is much less. In part, this dif-

ference may arise because those susceptible to myopathy

or with indications of myopathy in the run-in phase are

excluded from trials. However, the experience of muscle

pain is subjective, and many patients are primed to expect

this because of patient information leaflets and wide-

spread reporting of side effects of statins in the press.

Therefore, an understanding of the mechanism of statin

myopathy and factors that make users more susceptible

to overt muscle pain and weakness (even potentially fatal

rhabdomyolysis) are essential. In this study, we demon-

strated leaky RyRs in skeletal muscle following statin

treatment. Although this by itself did not cause overt

myopathy, it did provide a strong indicator of the popu-

lations who are at real risk of myopathy—those whose

lifestyle or genotype predispose them to SR Ca2þ leak.

This includes patients who undertake regular high-

intensity exercise or have mutations in the RyR1 associ-

ated with malignant hyperthermia. In these individuals,

statins should be used cautiously with consideration of

dose, alternative cholesterol-lowering strategies, and

monitoring of serum creatine kinase levels. However, our

data do support the view that moderate exercise should

be actively encouraged in those who take statins. As well

as the positive effects of exercise on cardiovascular

health, this type of activity appears to limit potentially

harmful effects of statins on skeletal muscle.

TRANSLATIONAL OUTLOOK: There are several bar-

riers to clinical translation of this work. The first is the

sheer scale of the problem, because of the number of

people who are (and should be) prescribed statins. Sec-

ond, we have not yet identified directly the conditions

that precipitate overt myopathy, although our data pro-

vided a strong indication of what these factors may be.

Third, there are currently no cost-effective alternative

antilipidemic agents that match the efficacy of statins for

those at high risk of myopathy. Statins confer additional

therapeutic benefits independent of their ability to lower

serum cholesterol (pleiotropic actions), which are not

evident with other drugs. For example, the recently

licensed PCSK9 inhibitors cost 50 to 100 times more than

generic statins and lack the pleiotropic actions effects of

statins.
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EDITORIAL COMMENT
A Novel Mechanism to Explain
Statin-Associated Skeletal
Muscle Symptoms*

Paul D. Thompson, MD,a Beth Taylor, PHDa,b
SEE PAGE 509
T he first commercially available statin, lova-
statin, was approved by the US Food and
Drug Administration in 1987. The first cases

of lovastatin-associated rhabdomyolysis were re-
ported in cardiac transplant patients in 1988 (1,2).
Reports of increased creatine kinase (CK) levels asso-
ciated with exercise were reported in 1990 (3). Thus,
one would think that by 2019 we would definitively
know what physiological mechanisms cause statin-
associated muscle symptoms (SAMS), how exercise
affects SAMS and vice versa, and why statins affect
skeletal, but not cardiac, muscle. But we do not.
There is not even consensus that statins cause SAMS
in the absence of overt muscle damage as evidenced
by increased CK levels (4,5).

In this issue of JACC: Basic to Translational Science,
Lotteau et al. (6) present a series of elegant studies
examining the mechanisms producing SAMS, an
explanation of why skeletal and not cardiac muscles
are affected, and new evidence on the interaction of
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exercise and statin treatment. A full description of
the protocols used to develop and support this hy-
pothesis is beyond the scope of this editorial but we
present here the salient points.
It is well known that statins inhibit the rate-
limiting enzyme in the mevalonate–cholesterol
pathway, but inhibition of this pathway has other
effects such as reducing the production of various
isoprenoids. Some of these isoprenoids increase nitric
oxide synthase activity, thereby increasing nitric ox-
ide production. Reducing nitric oxide by inhibiting
the mevalonate–cholesterol pathway can increase
both reactive nitrogen species (RNS) and reactive
oxygen species (ROS), and atorvastatin is known to
increase the generation of ROS (7). RNS and ROS can
cause the ryanodine receptor 1 (RyR1) to dissociate
from its stabilizing protein, FKB12 (FK506 binding
protein [calstabin]). RyR1 releases calcium (Ca2þ)
from the sarcoplasmic reticulum into the cytosol,
thus initiating muscle contraction. Dissociating
FKPB12 from RyR1 increases Ca2þ leakage from the
sarcoplasmic reticulum, producing spontaneous Ca2þ

release events called Ca2þ sparks. Ca2þ sparks are
observed in other human muscle diseases, including
muscular dystrophy and malignant hyperthermia.
Bidirectional Ca2þ fluxes occur between the sarco-
plasmic reticulum and mitochondria and thus
increased cytosolic Ca2þ increases mitochondrial
Ca2þ, which increases mitochondrial ROS production.
Consequently, Lotteau et al. (6) propose that this
dissociation of RyR1 from FKPB12 causes SAMS by
initiating a cascade of deleterious effects related to
increased cytosolic and mitochondrial Ca2þ. Stains
can initiate the process in skeletal but not cardiac
muscle because cardiac muscle has better antioxidant
https://doi.org/10.1016/j.jacbts.2019.07.001
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protection against RNS and ROS activity and because
RyR2 is the dominant cardiac RyR and may be less
susceptible to dissociation from FKBP12.

What evidence do Lotteau et al. (6) provide to
support this hypothetical chain of events? They show
that Ca2þ sparks in muscle fibers from statin-treated
rats are more frequent, last longer, and are of greater
amplitude, indicating a greater Ca2þ leak. They note
that sparking has not been observed previously with
in vivo statin treatment but also note that previous
statin studies used permeabilized muscle fibers, a
process requiring magnesium, which could inhibit
RyR1 function. Indeed, the present investigators did
not observe Ca2þ sparking when they repeated their
studies using permeabilized, instead of intact, muscle
fibers. They also did not observe any Ca2þ sparks in
cardiac muscle from statin-treated animals.

They further showed that statin treatment de-
creases FKBP12 binding to RyR1 in both biopsy-
obtained, human vastus lateralis and rat type II
muscle fibers (6). Type II muscle fibers are mito-
chondrial poor and primarily glycolytic, and some
(8), but not all (9), rodent research suggests that this
fiber type is most vulnerable to statin muscle injury.
There was robust dissociation of FKBP12 from RyR1
in the 13 statin-treated patients compared with
control subjects matched with their number, age,
and sex, which is noteworthy given the variability in
the statin-treated subjects’ ages (range 48 to 71
years). Dissociation of FKBP12 from RyR1 not only
increases spontaneous Ca2þ leaking but also pro-
motes protein degradation and programmed cell
death. Evidence for programmed cell death was
provided by increases in the proapoptotic enzyme
caspase-3, as well as a marked increase in terminal
deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) nuclei, in skeletal muscle from both
humans and rats treated with statins. Evidence that
nitric oxide and superoxide production play a role in
this process was provided by the observation that
administration of a nitric oxide synthase inhibitor,
N(u)-nitro-L-arginine methyl ester (L-NAME), elimi-
nated the differences in Ca2þ spark frequency and
duration between the rat control and statin-treated
muscle fibers. Differences in Ca2þ spark frequency
and duration between statin-treated and control rat
muscle fibers were also eliminated when the statin-
treated fibers were treated with the superoxide
dismutase/peroxynitrite scavenger Mn(III)tetra-
kis(1-methyl-4-pyridyl)porphyrin (MnTMPyP) and
the mitochondrial-targeted superoxide dismutase
mimetic (2-(2,2,6,6-tetramethylpiperidin-1-oxyl-4-
ylamino)-2-oxoethyl)triphenylphosphonium chloride
(mitoTEMPO). A role for increased cytosolic Ca2þ
leading to increased mitochondrial Ca2þ was shown
by the observation that Ca2þ spark frequency and
duration were no longer different between muscle
fibers from statin-treated and untreated rats when
Ca2þ mitochondrial entry was inhibited by Ru360, an
inhibitor of the mitochondrial Ca2þ uniporter.
Consequently, this series of experiments provides
strong support for the authors’ proposed mechanism
for SAMS.

Physical activity and exercise are generally
believed to increase SAMS (10). We have documented
increased CK levels after 45 min of downhill treadmill
walking in a double-blind study of men randomly
assigned to receive lovastatin 40 mg daily or placebo
(11). We have also documented increased CK levels in
runners taking statins completing the Boston Mara-
thon versus nonstatin-treated control subjects (12).
Both studies show that statins increase the muscle
injury from exercise. Statins also seem to affect
exercise-related mitochondrial adaptations to exer-
cise training. Maximal oxygen uptake increased only
1.5% after 12 weeks of aerobic exercise training in
subjects treated with simvastatin 40 mg daily but
increased 10% in exercise-trained subjects not taking
statins (13). Citrate synthase activity, a marker of
muscle mitochondrial content, increased only 4.5% in
the statin-treated subjects but 13% in the subjects not
taking statins. A comparison of exercise performance
and mitochondrial function in symptomatic (n ¼ 10)
and asymptomatic (n ¼ 10) statin-treated subjects and
untreated control subjects (n ¼ 10) showed compa-
rable exercise performance among the groups but a
lower onset of exercise lactate accumulation, a crude
measure of mitochondrial function, in both statin-
treated groups (14). Muscle fatigue was measured by
the rate of maximal force rise during electrical stim-
ulation of the quadriceps muscle. Muscle contractile
function was similar among groups after a single
stimulus, but with repetitive stimuli, maximal force
rise declined more rapidly in both statin-treated
groups, consistent with a more rapid onset of mus-
cle fatigue. Mitochondrial complexes II and IV were
also reduced in the symptomatic statin-treated sub-
jects compared with control subjects. Such results
support the possibility that statins negatively affect
exercise performance; documentation of this hy-
pothesis is limited in part, however, because of the
weak design of many exercise training studies (15).

In contrast to a possible negative effect of statins
on exercise performance, Lotteau et al. (6) suggest a
potential beneficial interaction between statins and
exercise. These authors found no effect of statins on
single-muscle fiber tetanic force production, and
even a small increase in the statin-treated rats.
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Surprisingly, statin-treated rats with access to a
running wheel ran farther than the control rats.
Wheel running also prevented the statin-mediated
dissociation of FKBP12 to RyR1, which reduced Ca2þ
sparks and proapoptotic signaling. Rather than a
deleterious interaction of statins and exercise, these
results suggest 2 beneficial effects: statin-treated rats
exercised more, and exercise reduced statin-
associated deleterious muscle effects.

Neither concept would be an easy sell to clinicians
who prescribe, or patients who use, statins. Statins
are life-saving medications, but many patients who
would benefit from statin treatment discontinue
statin therapy because of real or perceived SAMS.
Lotteau et al. (6) present an elegant series of studies
suggesting how statins could affect skeletal muscle.
Much more work is required to better define the
relation of statins, muscle, and exercise performance,
and how insights into the mediating mechanisms for
SAMS can be used in clinical practice.

ADDRESS FOR CORRESPONDENCE: Dr. Paul D.
Thompson, Cardiology, Hartford Hospital, 80 Sey-
mour Street, Hartford, Connecticut 06102. E-mail:
paul.thompson@hhchealth.org.
RE F E RENCE S
1. East C, Alivizatos PA, Grundy SM, Jones PH,
Farmer JA. Rhabdomyolysis in patients receiving
lovastatin after cardiac transplantation. N Engl J
Med 1988;318:47–8.

2. Norman DJ, Illingworth DR, Munson J,
Hosenpud J. Myolysis and acute renal failure in a
heart-transplant recipient receiving lovastatin.
N Engl J Med 1988;318:46–7.

3. Thompson PD, Nugent AM, Herbert PN. In-
creases in creatine kinase after exercise in patients
treated with HMG Co-A reductase inhibitors. JAMA
1990;264:2992.

4. Thompson PD, Taylor B. Safety and efficacy of
statins. Lancet 2017;389:1098–9.

5. Collins R, Reith C, Emberson J, et al. Interpre-
tation of the evidence for the efficacy and safety
of statin therapy. Lancet 2016;388:2532–61.

6. Lotteau S, Ivarsson N, Yang Z, et al. A mecha-
nism for statin-Induced susceptibility to myop-
athy. J Am Coll Cardiol Basic Trans Science 2019;4:
509–23.
7. Bouitbir J, Singh F, Charles AL, et al. Statins
trigger mitochondrial reactive oxygen species-
induced apoptosis in glycolytic skeletal muscle.
Antioxid Redox Signal 2016;24:84–98.

8. Westwood FR, Bigley A, Randall K,
Marsden AM, Scott RC. Statin-induced muscle
necrosis in the rat: distribution, development,
and fibre selectivity. Toxicol Pathol 2005;33:
246–57.

9. Obayashi H, Nezu Y, Yokota H, et al. Cer-
ivastatin induces type-I fiber-, not type-II fi-
ber-, predominant muscular toxicity in the
young male F344 rats. J Toxicol Sci 2011;36:
445–52.

10. Bruckert E, Hayem G, Dejager S, Yau C,
Begaud B. Mild to moderate muscular symptoms
with high-dosage statin therapy in hyperlipidemic
patients—the PRIMO study. Cardiovasc Drugs Ther
2005;19:403–14.

11. Thompson PD, Gadaleta PA, Yurgalevitch S,
Cullinane E, Herbert PN. Effects of exercise and
lovastatin on serum creatine kinase activity.
Metabolism 1991;40:1333–6.

12. Parker BA, Augeri AL, Capizzi JA, et al. Effect
of statins on creatine kinase levels before and
after a marathon run. Am J Cardiol 2012;109:
282–7.

13. Mikus CR, Boyle LJ, Borengasser SJ, et al.
Simvastatin impairs exercise training adaptations.
J Am Coll Cardiol 2013;62:709–14.

14. Allard NAE, Schirris TJJ, Verheggen RJ,
et al. Statins affect skeletal muscle perfor-
mance: evidence for disturbances in energy
metabolism. J Clin Endocrinol Metab 2018;103:
75–84.

15. Noyes AM, Thompson PD. The effects of sta-
tins on exercise and physical activity. J Clin Lipidol
2017;11:1134–44.
KEY WORDS exercise, skeletal muscle, statin,
statin myopathy, statin side effects

mailto:paul.thompson@hhchealth.org
http://refhub.elsevier.com/S2452-302X(19)30189-5/sref1
http://refhub.elsevier.com/S2452-302X(19)30189-5/sref1
http://refhub.elsevier.com/S2452-302X(19)30189-5/sref1
http://refhub.elsevier.com/S2452-302X(19)30189-5/sref1
http://refhub.elsevier.com/S2452-302X(19)30189-5/sref2
http://refhub.elsevier.com/S2452-302X(19)30189-5/sref2
http://refhub.elsevier.com/S2452-302X(19)30189-5/sref2
http://refhub.elsevier.com/S2452-302X(19)30189-5/sref2
http://refhub.elsevier.com/S2452-302X(19)30189-5/sref3
http://refhub.elsevier.com/S2452-302X(19)30189-5/sref3
http://refhub.elsevier.com/S2452-302X(19)30189-5/sref3
http://refhub.elsevier.com/S2452-302X(19)30189-5/sref3
http://refhub.elsevier.com/S2452-302X(19)30189-5/sref4
http://refhub.elsevier.com/S2452-302X(19)30189-5/sref4
http://refhub.elsevier.com/S2452-302X(19)30189-5/sref5
http://refhub.elsevier.com/S2452-302X(19)30189-5/sref5
http://refhub.elsevier.com/S2452-302X(19)30189-5/sref5
http://refhub.elsevier.com/S2452-302X(19)30189-5/sref6
http://refhub.elsevier.com/S2452-302X(19)30189-5/sref6
http://refhub.elsevier.com/S2452-302X(19)30189-5/sref6
http://refhub.elsevier.com/S2452-302X(19)30189-5/sref6
http://refhub.elsevier.com/S2452-302X(19)30189-5/sref7
http://refhub.elsevier.com/S2452-302X(19)30189-5/sref7
http://refhub.elsevier.com/S2452-302X(19)30189-5/sref7
http://refhub.elsevier.com/S2452-302X(19)30189-5/sref7
http://refhub.elsevier.com/S2452-302X(19)30189-5/sref8
http://refhub.elsevier.com/S2452-302X(19)30189-5/sref8
http://refhub.elsevier.com/S2452-302X(19)30189-5/sref8
http://refhub.elsevier.com/S2452-302X(19)30189-5/sref8
http://refhub.elsevier.com/S2452-302X(19)30189-5/sref8
http://refhub.elsevier.com/S2452-302X(19)30189-5/sref9
http://refhub.elsevier.com/S2452-302X(19)30189-5/sref9
http://refhub.elsevier.com/S2452-302X(19)30189-5/sref9
http://refhub.elsevier.com/S2452-302X(19)30189-5/sref9
http://refhub.elsevier.com/S2452-302X(19)30189-5/sref9
http://refhub.elsevier.com/S2452-302X(19)30189-5/sref10
http://refhub.elsevier.com/S2452-302X(19)30189-5/sref10
http://refhub.elsevier.com/S2452-302X(19)30189-5/sref10
http://refhub.elsevier.com/S2452-302X(19)30189-5/sref10
http://refhub.elsevier.com/S2452-302X(19)30189-5/sref10
http://refhub.elsevier.com/S2452-302X(19)30189-5/sref11
http://refhub.elsevier.com/S2452-302X(19)30189-5/sref11
http://refhub.elsevier.com/S2452-302X(19)30189-5/sref11
http://refhub.elsevier.com/S2452-302X(19)30189-5/sref11
http://refhub.elsevier.com/S2452-302X(19)30189-5/sref12
http://refhub.elsevier.com/S2452-302X(19)30189-5/sref12
http://refhub.elsevier.com/S2452-302X(19)30189-5/sref12
http://refhub.elsevier.com/S2452-302X(19)30189-5/sref12
http://refhub.elsevier.com/S2452-302X(19)30189-5/sref13
http://refhub.elsevier.com/S2452-302X(19)30189-5/sref13
http://refhub.elsevier.com/S2452-302X(19)30189-5/sref13
http://refhub.elsevier.com/S2452-302X(19)30189-5/sref14
http://refhub.elsevier.com/S2452-302X(19)30189-5/sref14
http://refhub.elsevier.com/S2452-302X(19)30189-5/sref14
http://refhub.elsevier.com/S2452-302X(19)30189-5/sref14
http://refhub.elsevier.com/S2452-302X(19)30189-5/sref14
http://refhub.elsevier.com/S2452-302X(19)30189-5/sref15
http://refhub.elsevier.com/S2452-302X(19)30189-5/sref15
http://refhub.elsevier.com/S2452-302X(19)30189-5/sref15


J A C C : B A S I C T O T R A N S L A T I O N A L S C I E N C E V O L . 4 , N O . 4 , 2 0 1 9

ª 2 0 1 9 T H E A U T H O R S . P U B L I S H E D B Y E L S E V I E R O N B E H A L F O F T H E A M E R I C A N

C O L L E G E O F C A R D I O L O G Y F O U N D A T I O N . T H I S I S A N O P E N A C C E S S A R T I C L E U N D E R

T H E C C B Y - N C - N D L I C E N S E ( h t t p : / / c r e a t i v e c o mm o n s . o r g / l i c e n s e s / b y - n c - n d / 4 . 0 / ) .
PRECLINICAL RESEARCH
Adaptive Reductions in Left Ventricular
Diastolic Compliance Protect the Heart
From Stretch-Induced Stunning

Brian R. Weil, PHD,a,b George Techiryan, BS,b,c Gen Suzuki, MD, PHD,b,c Filip Konecny, DVM, PHD,d

John M. Canty, JR, MDa,b,c,e,f
VISUAL ABSTRACT
IS

F

R
d

th

H

th
Weil, B.R. et al. J Am Coll Cardiol Basic Trans Science. 2019;4(4):527–41.
SN 2452-302X

rom the aDepartment of Physiology and Biophysics, University at Buffalo, Buffalo, New Yo

esearch Center, University at Buffalo, Buffalo, New York; cDepartment of Medicine, Univer

Department of Surgery, McMaster University, Hamilton, Ontario, Canada; eVA WNY Health Ca

e fDepartment of Biomedical Engineering, University at Buffalo, Buffalo, New York. This stu

eart Lung and Blood Institute (HL-055324, HL-061610, and F32HL-114335), the American H

e National Center for Advancing Translational Sciences (UL1TR001412), the Department of Ve
HIGHLIGHTS

� A transient elevation in preload produces

mechanical stretch-induced myocyte

injury and measurable cardiac troponin I

release that is associated with reversible

contractile dysfunction and myocyte

apoptosis.

� Using a porcine model of intermittent

pressure overload, this study

demonstrates that repetitive exposure to

cyclical elevations in preload elicits

significant myocyte loss, yet left

ventricular systolic function is preserved

and chamber dilatation is absent.
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Swine subjected to 2 weeks of repetitive pressure overload (RPO) exhibited significant myocyte loss, but

left ventricular (LV) systolic function was preserved, and chamber dilatation did not occur. Instead,

myocardial remodeling characterized by myocyte hypertrophy and interstitial fibrosis led to a marked reduction

in LV diastolic compliance, which protected the heart from stretch-induced myocyte injury and preserved

LV ejection fraction without anatomic LV hypertrophy. These results support a novel paradigm that links

cardiac adaptations to RPO with the pathogenesis of reduced LV diastolic compliance and may explain

how LV stiffening can occur in the absence of sustained hypertension or anatomic hypertrophy.

(J Am Coll Cardiol Basic Trans Science 2019;4:527–41) © 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/).
C ardiomyocyte loss is a central
component of the adverse left ven-
tricular (LV) remodeling that often

underlies deterioration of cardiac perfor-
mance and the development of chronic heart
failure (1,2). Although myocyte loss is typi-
cally believed to arise as the result of
myocardial ischemia, it is increasingly clear
that other types of pathophysiological stress
can contribute to irreversible myocyte injury (3).
Excessive mechanical stretch caused by hemody-
namic overload has been implicated as an important
mechanism from among the potential nonischemic
causes of myocyte death based on clinical data that
demonstrated elevated serum cardiac troponin (cTn)
concentrations in patients with high filling pressures
SEE PAGE 542
in the setting of heart failure and other fluid overload
states (4). In support of this notion, we recently
demonstrated that acutely raising arterial blood pres-
sure to transiently elevate LV preload without
ischemia in swine elicited reversible systolic dysfunc-
tion (“stretch-induced stunning”) and measurable
transcoronary release of cTnI, which indicates myo-
cyte injury (5). Although this response occurred
without pathological evidence of necrosis or infarc-
tion, post-mortem histopathological analysis
revealed an increased number of cardiomyocytes un-
dergoing apoptosis. This indicated that even in the
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absence of ischemia, transient pressure overload
elicits stretch-induced myocyte injury.

It is therefore possible that long-term repetitive
exposure to brief episodes of pressure overload
could lead to cumulative myocyte loss that results in
LV systolic dysfunction in the absence of infarction.
This notion was supported by our laboratory’s pre-
vious work in swine that involved single and repet-
itive episodes of “reversible” regional ischemia. In
these studies, a single 10-min transient coronary
occlusion resulted in stunned myocardium and
regionally increased myocyte apoptosis without ne-
crosis in the area at risk of ischemia (6). Although
the rate of myocyte apoptosis was low, repeated
bouts of demand-induced ischemia distal to a
chronic coronary stenosis were shown to lead to
chronic myocardial stunning that progressed to hi-
bernating myocardium (7). This progression was
accompanied by chronic regional systolic dysfunc-
tion, myocyte apoptosis, and substantial regional
myocyte loss (8). Thus, it is plausible that repetitive
brief episodes of preload elevation, each eliciting
stretch-induced injury throughout the entire LV,
could lead to cumulative myocyte loss that results in
global systolic dysfunction. Clinically, a similar pro-
cess may occur in older adults who experience re-
petitive episodes of increased afterload due to aortic
stenosis, labile hypertension (9), or age-related
aortic stiffening (10) that intermittently impose
high levels of mechanical stress on the heart,
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potentially contributing to adverse LV remodeling
and heart failure.

Accordingly, we developed a large animal model of
repetitive pressure overload (RPO) to test the hy-
pothesis that repeated short-term elevations in he-
modynamic load that stretch the myocardium would
elicit chronic stretch-induced stunning with signifi-
cant cardiomyocyte loss and the development of
heart failure with reduced ejection fraction. Our re-
sults showed that swine subjected to 2 weeks of RPO
exhibited rapid and substantial myocyte loss, yet, in
contrast to our hypothesis, LV systolic function was
preserved and LV dilatation was absent. Instead,
myocardial remodeling characterized by myocyte
cellular hypertrophy and interstitial fibrosis produced
a marked reduction in LV diastolic compliance. This
functions as an adaptive mechanism to protect the
heart from subsequent stretch-induced stunning and
preserves LV ejection fraction in the absence of overt
anatomic LV hypertrophy.

METHODS

All procedures and protocols conformed to institu-
tional guidelines for the care and use of animals in
research and were approved by the University at
Buffalo Institutional Animal Care and Use Committee.
Long-term RPO studies were conducted in Yorkshire
cross-bred pigs (n ¼ 9; 34 � 2 kg; 7 males/2 females)
that were 3 to 4 months of age (WBB Farm, Alden,
New York). Seven additional Yorkshire cross-bred
pigs were used as control animals for post-mortem
histological measurements (n ¼ 4) and/or admit-
tance catheter-derived LV pressure�volume (PV) re-
lations (n ¼ 5). A flowchart summarizing the sample
sizes used for each comparison is included in the
Supplemental Figure.

PORCINE MODEL OF RPO. Animals were initially
instrumented with an indwelling jugular vein cath-
eter for blood sampling and phenylephrine (PE)
infusion. Following sedation with a telazol/xylazine
mixture (0.037 ml/kg intramuscularly), anesthesia
was maintained by an infusion of propofol (5 to
10 mg/kg/h). After infiltrating the skin and subcu-
taneous tissues with marcaine (0.5%), a small inci-
sion was made, followed by blunt dissection to
isolate the jugular vein. A catheter (18-gauge) was
advanced into the vessel over a guidewire and
secured to the vessel by fixation ligatures with the
proximal end connected to polyethylene tubing. This
was tunneled subcutaneously and led out through a
small incision between the shoulder blades. Animals
subsequently underwent multidetector computed
tomography (MDCT) and physiological studies as
described in the following sections.

PHYSIOLOGICAL STUDY PROTOCOL. Hemody-
namics and echocardiographic indexes of LV function
were assessed before, during, and 1 h after PE-
induced pressure overload in the closed-chest anes-
thetized state. On return to the laboratory following
MDCT imaging, a micromanometer (5-F, SPR-450, AD
Instruments, Inc., Colorado Springs, Colorado) was
advanced through the introducer and into the LV
under fluoroscopic guidance for assessment of LV
pressure, whereas arterial blood pressure (BP) was
continuously monitored via the side port. LV volumes
and wall thickening were assessed with transthoracic
echocardiography (GE Vivid 7, Milwaukee, Wisconsin)
(5,6). Briefly, the LV was imaged in the short- and
long-axes projections from a right parasternal
approach. Short-axis images were used to assess
regional wall thickening, end-systolic and end-
diastolic volumes, and LV ejection fraction using
American Society of Echocardiography criteria (11).
We subsequently infused PE (2 mg/ml infused at
9 ml/h) for 1 h to transiently raise LV systolic and LV
end-diastolic pressure (LVEDP). Hemodynamic pa-
rameters were continuously recorded, and echocar-
diography was performed every 15 min throughout
the infusion period and for 1 h after PE was stopped.
Hemodynamic measurements at selected time points
reported in the results section were obtained from 5-s
digital averages before and after echocardiographic
data collection that were averaged to obtain each
value. During the time period of each reported mea-
surement, there was little change in hemodynamic
variables due to the stable nature of the experimental
preparation. Following data collection at the 1-h post-
PE timepoint, catheters were removed, anesthesia
was discontinued, and the animal was returned to the
animal housing facility. Blood samples for serum
troponin I (5) were collected at baseline, as well as
1 and 24 h after PE infusion.

After completing the initial study, the jugular vein
catheter was connected to an external programmable
infusion pump (OrchesTA Model 500, Instech Labo-
ratories, Plymouth Meeting, Pennsylvania) housed in
a standard laboratory animal jacket. The infusion
pump was manually programmed to infuse PE to
produce RPO for 2 h daily (2 mg/ml infused at 9 ml/h
for 2 h/day) for 2 weeks. Thus, the duration of each
daily PE infusion was 2 h in conscious animals dur-
ing the RPO period, whereas an infusion period of 1 h
was used in anesthetized animals during physiolog-
ical studies before and after RPO. On day 14, animals
were re-anesthetized for repeat MDCT imaging and a

https://doi.org/10.1016/j.jacbts.2019.04.002
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final physiological study. Animals were recovered
and a repeat blood sample was obtained 24 h later
(day 15). A subset of animals were anaesthetized to
obtain LV PV relations as previously described (12)
and detailed in the following section. After all mea-
surements and blood sampling was completed, ani-
mals were deeply anesthetized with isoflurane (5%)
and killed via administration of potassium chloride
directly into the LV chamber. The heart was rapidly
removed and sectioned for post-mortem tissue
sampling.

LV DIASTOLIC COMPLIANCE VIA ADMITTANCE

CATHETER. LV PV loops were obtained from a subset
of animals (n ¼ 5) for assessment of diastolic
compliance via placement of an admittance catheter
(ADV500, Transonic Scisense, Inc., London, Ontario,
Canada) following collection of the 24-h post-PE blood
sample after 2 weeks of RPO as previously described
(12). These were compared to values in normal swine
(n ¼ 4). Recent data from our laboratory that
compared admittance catheter-derived ventricular
volumes to simultaneously acquired contrast-
enhanced, MDCT-derived ventricular volumes
demonstrated the accuracy of this approach (13). The
LV end-diastolic PV relationship (EDPVR) and end-
systolic PV relationship (ESPVR) were measured by
collecting PV loops during transient preload re-
ductions induced by rapid inferior vena cava occlu-
sion using a 12-F, 20-mm balloon catheter (Z-Med, B.
Braun Interventional Systems, Inc., Bethlehem,
Pennsylvania) placed via the femoral vein. In each
case, LV pressure and volume at end-systole (for the
ESPVR) and end-diastole (for the EDPVR) were iden-
tified during each cardiac cycle throughout the tran-
sient preload reduction period. Nonlinear regression
was applied to characterize the slope (i.e., end-
systolic elastance) and volume-axis intercept (V0) of
the ESPVR using a quadratic fit, in which Pes ¼ a �
Ves

2 þ b � Ves þ c, with Pes representing end-systolic
LV pressure, Ves representing end-systolic volume,
and constants a, b, and c determined by nonlinear
least-squares regression (14). For characterization of
the EDVPR, an exponential curve fit was applied to
calculate the LV diastolic stiffness constant (b) using
the equation Pes ¼ AebVes, where Pes is end-systolic
LV pressure, Ves is end-systolic volume, and A and b

are empirically determined constants (15). Additional
PV loops were obtained during a brief (15 min) infu-
sion of PE to corroborate measurements of changes in
end-diastolic pressure/end-diastolic volume (DEDP/
DEDV) during PE made via echocardiographic
assessment of LV EDV (n ¼ 3/group). Acquisition and
analysis of all LV PV parameters were performed with
an IX-228S data acquisition system and PV module
data analysis LabScribe2 software (iWorx Systems,
Inc., Dover, New Hampshire).

CARDIAC MDCT IMAGING. MDCT imaging was per-
formed before initiating PE infusion at the initial
study and 2 weeks after RPO to assess LV remodeling.
Under anesthesia (as described previously), the
femoral artery and vein were catheterized with in-
troducers (6-F) and the animals were transported to
the scanner. Animals were placed in the supine po-
sition and scanned on a 64-slice GE Discovery 690
positron-emission tomographic/CT scanner during
suspended respiration to minimize movement-
related artifact. After scout acquisition to localize
the heart, iohexol (Omnipaque, GE Healthcare;
350 mg iodine/ml; 2 ml/kg) was injected via the
femoral vein, followed by a 30-ml saline chaser (both
infusions at 4 ml/s). First-pass imaging with retro-
spective electrocardiographic gating was performed
to assess LV mass and LV volumes in 8-mm-thick
short-axis slices reconstructed at end-diastole (i.e.,
95% of the RR interval) and analyzed using ImageJ
software (National Institutes of Health, Bethesda,
Maryland). The following parameters were used for
each scan: gantry rotation time 400 ms, temporal
resolution 175 ms, slice thickness 0.625 mm, spatial
resolution 0.97 � 0.97 mm (voxel size 0.97 � 0.97 �
0.625 mm), helical pitch variable depending on heart
rate (range: 0.20 to 0.26), tube voltage 120 kV, and
tube current 600 mA. Upon completion of MDCT im-
aging, the animals were transported back to the lab-
oratory for physiological studies.

POST-MORTEM MYOCARDIAL HISTOPATHOLOGY.

Histopathological data derived from animals sub-
jected to 2 weeks of RPO (n ¼ 8) were compared with
values obtained from normal control swine (n ¼ 4; 3
males/1 female) matched for age, sex, and body mass.
Myocyte nuc lear dens i ty and morphometry .
Paraffin-embedded myocardial tissue samples were
fixed for morphometry as previously described (16).
PAS-stained sections were used to quantify myocyte
diameter by counting at least 100 cells from the
inner and outer halves of each tissue section. Myo-
cytes were included regardless of size as long as
myofilaments could be identified surrounding the
nucleus. Myocyte nuclear density was also assessed
in periodic acid-Schiff�stained sections as previously
described (16).
In ters t i t ia l fibros i s . Cardiac fibrosis was assessed
via light microscopy of picrosirius red�stained
myocardial tissue sections and quantification of
collagen volume fraction, as previously
described (17).



TABLE 1 Hemodynamic Response to Intravenous Phenylephrine Before and

After 2 Weeks of RPO

Baseline 60-Min 60-Min Post-PE

Heart rate, beats/min

Initial 92 � 7 84 � 5 90 � 7

2-week RPO 96 � 4 87 � 7 97 � 8

Mean arterial pressure, mm Hg

Initial 86 � 5 167 � 2* 80 � 5†

2-week RPO 84 � 6 176 � 8* 91 � 9†

LV peak systolic pressure, mm Hg

Initial 102 � 3 192 � 4* 99 � 4†

2-week RPO 104 � 5 210 � 10* 112 � 9†

LV end-diastolic pressure, mm Hg

Initial 11 � 1 31 � 2* 12 � 1†

2-week RPO 12 � 1 26 � 1* 12 � 2†

dP/dtmax, mm Hg/s

Initial 2,243 � 88 3,290 � 579 1,605 � 170*†

2-week RPO 2,465 � 201 3,632 � 436* 2,195 � 278†

dP/dtmin, mm Hg/s

Initial �2,217 � 162 �3,802 � 675 �2,108 � 233

2-week RPO �2,016 � 156 �4,413 � 282* �3,023 � 300*†‡

Values are mean � SEM. *p < 0.05 vs. baseline. †p < 0.05 vs. 60-min PE. ‡p < 0.05 vs. initial.

LV ¼ left ventricular; PE ¼ phenylephrine; RPO ¼ repetitive pressure overload.
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Myocyte apoptos is . Cardiomyocyte apoptosis was
assessed using the In-Situ Cell Death Detection Kit
(Roche Diagnostics, Mannheim, Germany) according
to manufacturer’s guidelines (5,6). Briefly, apoptotic
cells were detected by terminal deoxynucleotidyl
transferase-mediated dUTP nick-end labeling
(TUNEL) and epiflourescence with a fluorescein iso-
thiocyanate filter. Samples were co-stained with an
F-Actin antibody conjugated to fluorescent Alexa
Fluor 555 dye (Alexa Fluor 555 Phalloidin, Life Tech-
nologies, Burlington, Ontario, Canada), and co-
localization with TUNEL was used to quantify
apoptotic cardiomyocytes. At least 100 microscopic
fields (132 � 5 fields; 200�) were examined per sam-
ple, and the number of apoptotic myocytes was
expressed as TUNELþ myocytes per square centime-
ters. Only TUNELþ nuclei that could be confirmed to
be from myocytes via F-Actin co-staining were
included.

Cap i l la ry dens i ty . Myocardial tissue sections were
incubated with anti�von Willebrand factor antibodies
with appropriate fluorescent-labeled secondary anti-
bodies to identify coronary capillaries, as previously
described (16). Vessels were counted in at least 20
random fields from each tissue sample and expressed
per tissue area (millimeters squared).

ASSESSMENT OF SERUM cTnI. Blood samples were
allowed to clot at room temperature for 40 min,
centrifuged at 1,500g for 15 min, aliquoted, and frozen
for storage at �80�C. Serum was thawed once, and
cTnI quantified in duplicate with a porcine specific
cTnI enzyme-linked immunosorbent assay kit for
serum (Life Diagnostics) according to manufacturer’s
instructions. We previously demonstrated that the
99th percentile for normal values of cTnI in swine
was 38 ng/l with this assay (5,6).

STATISTICAL ANALYSIS. Data are expressed as mean
� SE. Histopathological, MDCT, and LV PV loop-
derived data analysis was performed simultaneously
in RPO and control animals in a blinded fashion to
ensure scientific rigor. To control for animal growth
during the 2-week study period (8 � 1 kg), LV volumes
were expressed relative to body surface area, which
was calculated by multiplying body mass (in kilo-
grams) by 0.0734 (18). Differences between time
points in physiological studies (e.g., baseline vs. post-
PE) were assessed by repeated measures analysis of
variance and the post hoc Holm-Sidak test. Although
surgical placement of an indwelling jugular vein
catheter was successful in all animals, the catheter
was displaced in 1 animal 2 days after the initial
study. As a result, a total of 8 animals completed the
2-week RPO protocol, and temporal physiological
changes between the initial study (n ¼ 9) and after
2 weeks RPO (n ¼ 8) were assessed by unpaired
t-tests. Unpaired t-tests were also used to assess dif-
ferences in PV loop endpoints and post-mortem his-
topathology between animals subjected to RPO and
normal control animals. Statistical analysis was per-
formed with SPSS Statistics 23 (IBM, Armonk, New
York), and the acceptable type 1 error rate was pro-
spectively set at 5%.

RESULTS

HEMODYNAMICS AND ECHOCARDIOGRAPHY AFTER

RPO. Hemodynamics and echocardiography before,
during, and 1 h after intravenous PE at the initial
study and after 2 weeks of RPO are summarized in
Tables 1 and 2. On day 1, PE increased peak LV systolic
pressure from 102 � 3 mm Hg to 192 � 4 mm Hg
(p < 0.0001) with a corresponding rise in LVEDP from
11 � 1 mm Hg to 31 � 2 mm Hg (p ¼ 0.0002). These
returned to baseline within 30 min after PE infusion
(Figure 1). Despite normalization of hemodynamics
after LV pressure overload, LVEDV remained elevated
(from 20 � 1 ml/m2 to 29 � 5 ml/m2; p ¼ 0.0565)
(Figure 1). As a result, LV ejection fraction declined
from 69 � 3% to 51 � 7% (p ¼ 0.0217) (Figure 2).

After 2 weeks of RPO, hemodynamics and echo-
cardiographic parameters of LV function were normal
at rest (Tables 1 and 2). Although PE infusion at this
time point produced a comparable increase in



TABLE 2 Selected Echocardiographic Parameters Before, During, and After

Intravenous Phenylephrine at the Initial Study and After 2-Weeks of RPO

Baseline 60-Min PE 60-Min Post-PE

LV end-diastolic volume, ml/m2

Initial 20 � 1 34 � 4* 29 � 5*

2-week RPO 20 � 1 22 � 2† 17 � 1†‡

LV end-systolic volume, ml/m2

Initial 6 � 1 21 � 6* 16 � 5*

2-week RPO 6 � 1 7 � 1† 5 � 1†‡

Stroke volume, ml/m2

Initial 14 � 1 13 � 2 13 � 1

2-week RPO 14 � 1 14 � 1 12 � 1

LV ejection fraction, %

Initial 69 � 3 46 � 9* 51 � 7*

2-week RPO 71 � 2 66 � 2† 70 � 2†

Septal wall thickening, mm

Initial 5.8 � 0.4 3.8 � 0.6* 3.6 � 0.5*

2-week RPO 6.0 � 0.3 5.2 � 0.4* 5.7 � 0.3†

Posterior wall thickening

Initial 5.9 � 0.4 4.1 � 0.8* 3.8 � 0.4*

2-week RPO 6.7 � 0.4 6.5 � 0.4† 5.8 � 0.2†

Values are mean � SEM. *p < 0.05 vs. baseline. †p < 0.05 vs. initial. ‡p < 0.05 vs. 60-min PE.

Abbreviations as in Table 1.
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LV systolic pressure (from 104 � 5 mm Hg to
210 � 10 mm Hg; p < 0.0001) and LVEDP (from 12 �
1 mm Hg to 26 � 1 mm Hg; p < 0.0001), echocardio-
graphic assessment of LV volumes revealed a mark-
edly different effect on LV function. In contrast to the
initial study, there was only a small, insignificant
increase in LVEDV during PE infusion after 2 weeks of
RPO (from 20 � 1 ml/m2 to 22 � 2 ml/m2; p ¼ 0.4347).
This reflected a substantial reduction in myocardial
compliance (Figure 1). The absence of LV distension
prevented stretch-induced stunning because the LV
ejection fraction remained normal during (66 � 2%)
and after (70 � 2%) PE infusion (Figure 2, left panel).
Representative videos of short-axis echocardiograms
that illustrated the LV response to PE at the initial
study (Supplemental Videos 1A to 1C) and after
2 weeks of RPO (Supplemental Videos 2A to 2C) are
included in the Supplemental Appendix.

SERUM TROPONIN I RELEASE BEFORE AND AFTER

RPO. Figure 2 (right panel) summarizes the effects of
pressure overload on cTnI release. One hour after the
initial episode of pressure overload, the LV distension
and reduction in systolic function were accompanied
by a significant increase in serum cTnI (from 13 �
9 ng/l to 186 � 69 ng/l; p ¼ 0.0075) that persisted 24 h
later (260 � 141 ng/l; p ¼ 0.0419 vs. baseline). There
was a positive correlation between the degree of LV
distension during PE infusion (LVEDV) and serum
cTnI concentrations at 1 h (r ¼ 0.75; p ¼ 0.0199) and
24 h (r ¼ 0.77; p ¼ 0.0152) post-PE infusion, which
suggested that the extent of LV dilatation and stretch
was a determinant of myocyte injury. After 14 days of
RPO, transient pressure overload produced minimal
LV distention and no increase in serum cTnI (from 5 �
5 ng/l to 15 � 10 ng/l; p ¼ 0.2793) (Figure 2). Consistent
with this, the number of apoptotic myocytes identi-
fied via post-mortem TUNEL staining was not
different between animals subjected to 2 weeks of
RPO (0.8 � 0.5 myocytes/cm2) and normal control
animals (0.7 � 0.5 myocytes/cm2; p ¼ 0.9085).

EFFECT OF RPO ON MDCT-DERIVED INDEXES OF LV

REMODELING. Serial cardiac MDCT imaging was
performed to assess LV mass and geometry before
and after 2 weeks of RPO. RPO did not cause signifi-
cant anatomic hypertrophy because the LV mass/
body weight ratio was similar to that of normal con-
trol animals (2.3 � 0.1 g/kg) at the initial study
(2.3 � 0.1 g/kg; p ¼ 0.9324) and after 2 weeks of RPO
(2.4 � 0.1 g/kg; p ¼ 0.3716). However, it did produce
mild concentric remodeling, with an increase in the
LV mass/LVEDV ratio from 1.13 � 0.04 in normal animals
to 1.32 � 0.07 g/ml after RPO (p ¼ 0.0231) (Figure 3).

CELLULAR HYPERTROPHY, MYOCYTE LOSS, AND

INTERSTITIAL FIBROSIS AFTER RPO. Although
anatomic hypertrophy was absent, post-mortem his-
topathological analysis of LV tissue revealed myocyte
cellular hypertrophy (myocyte diameter 16.8 � 0.4 vs.
13.5 � 0.1 mm; p < 0.0001) in animals subjected to RPO
compared with normal control animals (Figure 3). The
increase in myocyte size in the face of comparable LV
mass reflected substantial global myocyte loss arising
from RPO. After only 2 weeks of RPO, myocyte nu-
clear density declined by nearly 20%, from 1,455 � 23
nuclei/mm2 in normal control animals to 1,184 � 29
nuclei/mm2 after RPO (p ¼ 0.0001). This was accom-
panied by a marked increase in interstitial fibrosis
(12.9 � 1.8% area vs. 6.5 � 1.5% area; p ¼ 0.0431)
(Figure 4). Immunostaining also demonstrated capil-
lary rarefaction with reductions in capillary density in
animals subjected to RPO (1,542 � 26 capillaries/mm2

vs. 1,745 � 79 capillaries/mm2 in normal control ani-
mals; p ¼ 0.0301). Collectively, these data demon-
strated that 2 weeks of RPO led to myocardial
remodeling characterized by substantial myocyte
loss, myocyte cellular hypertrophy, increased inter-
stitial connective tissue, and capillary rarefaction.

REDUCED MYOCARDIAL COMPLIANCE AFTER RPO.

The small changes in LVEDV, despite a large increase
in LVEDP during PE infusion at the 2-week study,
indicated that RPO elicited a significant reduction in

https://doi.org/10.1016/j.jacbts.2019.04.002
https://doi.org/10.1016/j.jacbts.2019.04.002
https://doi.org/10.1016/j.jacbts.2019.04.002


FIGURE 1 RPO Elicits a Reduction in LV Compliance That Prevents Chamber Distension During an Acute Elevation in Afterload

A 60-min intravenous infusion of phenylephrine (PE) elicited a similar increase in arterial systolic blood pressure (SBP) and left ventricular

end-diastolic pressure (LVEDP) at the initial study (blue) and after 2 weeks of repetitive pressure overload (RPO) (purple). At the initial study,

this was associated with an increase in left ventricular end-diastolic volume (LVEDV) that persisted after cessation of PE despite normalization

of SBP and LVEDP. However, transient PE infusion no longer produced a significant increase in LVEDV when the study was repeated after

2 weeks of RPO, which was indicative of reduced LV compliance after RPO. Values are mean � SEM. *p < 0.05 versus baseline; †p < 0.05

versus initial.
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LV compliance. This was further evaluated before and
after PE infusion using admittance catheter-derived
PV loops (Figure 5A) and 2-point diastolic PV curves
to quantify the change in diastolic compliance
(i.e., DEDV/DEDP ratio during PE infusion)
(Figure 5B). This analysis revealed an approximate
65% reduction in the DEDV/DEDP ratio (from 1.7 � 0.2
to 0.6 � 0.2 ml/mm Hg; p ¼ 0.0025), which demon-
strated a marked reduction in LV diastolic compliance
after RPO. We also assessed admittance catheter-
derived LV PV loops during changes in preload eli-
cited by rapid inferior vena cava occlusion in animals
subjected to RPO (n ¼ 5). These also revealed reduced
diastolic compliance after RPO as assessed using the
EDPVR (Figure 6A). Compared with normal control
animals (n ¼ 5), RPO animals exhibited a higher LV
stiffness constant (b: 0.053 � 0.005 vs. 0.035 � 0.005;
p ¼ 0.0258), which reflected an upward and leftward
shift of the EDPVR (Figure 6B). This was accompanied
by a significant increase in the slope of the ESPVR
(from 7.1 � 0.5 mm Hg/ml to 10.7 � 1.3 mm Hg/ml;
p ¼ 0.0349) without a significant change in the
volume axis intercept (from 10.5 � 3.6 ml to
18.1 � 4.6 ml; p ¼ 0.2545), which indicated an increase
in end-systolic elastance after RPO.

DISCUSSION

The results of the present study offered novel insight
regarding changes in LV diastolic compliance and the
myocardial adaptations to intermittent hemodynamic
overload. First, we reproduced our recent finding (5)
that an acute elevation in LV preload elicited by a
transient increase in arterial BP produced LV disten-
sion, reversible stretch-induced myocardial stunning,
and a significant rise in circulating cTnI concentra-
tions, which are indicative of myocyte injury in the
normal heart. When the heart was exposed to long-
term transient elevations in preload via RPO, a
reduction in LV compliance developed. This was
accompanied by an increase in interstitial connective
tissue that ultimately prevented chronic stretch-
induced stunning and myocyte injury. Although this
adaptive decrease in compliance did not affect LV
filling pressures at rest, it was associated with an
upward and leftward shift of the EDPVR that resulted



FIGURE 2 Cardiac Adaptations to RPO Prevent Acute Stretch-Induced Stunning and Myocyte Injury During a Transient

Elevation in Afterload

The attenuation of LV distension during PE infusion after RPO was associated with a preserved LV ejection fraction and the absence of a

significant elevation in serum cardiac troponin I (cTnI) concentrations, indicating that RPO led to an adaptive reduction in LV compliance that

protected the heart from stretch-induced stunning and myocyte injury during PE-mediated pressure overload. Values are mean � SEM.

*p < 0.05 versus baseline. Abbreviations as in Figure 1.
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in marked elevations in LVEDP, with relatively minor
increases in LVEDV when loading conditions were
altered. Collectively, these results demonstrated that
reductions in LV compliance that were independent
of anatomic hypertrophy could occur relatively
quickly following repetitive hemodynamic overload
and could serve as an adaptive mechanism to protect
the heart from subsequent stretch-induced stunning.

REDUCED LV DIASTOLIC COMPLIANCE PREVENTS

STRETCH-INDUCED MYOCYTE INJURY. Among the
potential nonischemic causes of myocyte injury,
myocyte diastolic stretch from elevations in preload
has been implicated as an important mechanism.
This is based on preclinical studies that demonstrated
apoptosis (19) and troponin I degradation (20), as well
as clinical observations that demonstrated elevated
cTn concentrations in patients with chronically
elevated LV filling pressures in the setting of heart
failure (3). Although elevations in circulating cTnI are
commonly interpreted as evidence of ischemic myo-
cyte necrosis and is the standard biomarker used to
diagnose myocardial infarction, we recently demon-
strated that cTnI rapidly rises above normal after brief
ischemia (6) and nonischemic myocardial stress.
Elevating LVEDP for 1 h elicited prolonged cTnI
release with an approximate 6-fold increase in
myocyte apoptosis (5). The latter changes occurred
without subendocardial ischemia or histopathological
evidence of myocyte necrosis. These results com-
plemented earlier studies in isolated myocardium (21)
and an intact LV during brief episodes of pressure
overload (22), in which time-dependent alterations of
the passive length�tension relationship following
elevations in systolic and diastolic pressures were
ascribed to the viscous properties of creep and stress
relaxation (23). Our data demonstrated that creep was
not simply a mechanical phenomenon, but was also
associated with myocardial damage as assessed by
circulating cTnI concentrations and post-mortem
measurements of myocyte apoptosis.

The present findings built on this observation by
demonstrating that the LV quickly adapts in a fashion
that attenuates stretch-induced myocyte injury. Ani-
mals subjected to 2 weeks of RPO exhibited cumula-
tive myocyte loss as reflected by a nearly 20%
reduction in myocyte nuclear density compared with
normal control animals. Nevertheless, after 2 weeks
of RPO, they were protected from the development of
stretch-induced myocardial injury, and the ejection
fraction remained normal before, during, and after
preload elevation. This largely reflected reduced
diastolic strain arising from increases in interstitial
connective tissue. The latter adaptation ultimately



FIGURE 3 RPO Produces Significant Cardiomyocyte Loss and Compensatory Cellular Hypertrophy of Remaining Myocytes

Examples of periodic acid-Schiff�stained myocardial tissue sections from a normal control animal (left) and an animal subjected to RPO

(right) illustrate the reduction in myocyte nuclear density and increase in myocyte diameter elicited by RPO. Although RPO did not elicit a

change in total LV mass, the LV mass/LVEDV was increased compared with normal control animals (n ¼ 20), which was indicative of

concentric LV remodeling in the absence of overt anatomic hypertrophy in swine subjected to RPO. Values are mean � SEM. Abbreviations as

in Figure 1.
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FIGURE 4 Swine Subjected to RPO Exhibit Increased Interstitial Fibrosis

Picrosirius red�stained tissue sections demonstrate a marked increase in interstitial collagen deposition (red areas) in myocardial

samples from animals subjected to RPO compared with normal control swine. Values are mean � SEM. Abbreviations as in Figure 1.

Weil et al. J A C C : B A S I C T O T R A N S L A T I O N A L S C I E N C E V O L . 4 , N O . 4 , 2 0 1 9

Protection From Stretch-Induced Stunning A U G U S T 2 0 1 9 : 5 2 7 – 4 1

536
prevented further stretch-induced myocyte injury, as
indicated by the attenuation of cTnI release following
14 days of RPO. The adaptive reduction in LV
compliance also prevented the development of pro-
gressive LV dilatation and chronic systolic
dysfunction.

The cumulative myocyte loss that developed from
RPO in concert with the proliferation of interstitial
connective tissue was substantial and of a similar
magnitude to that which we previously reported
regionally in response to chronic repetitive ischemia
(8). In the latter circumstance, the progressive loss of
myocytes was accompanied by regional contractile
dysfunction and the development of hibernating
myocardium. Like chronic hibernating myocardium,
the myocyte loss elicited by long-term RPO was
accompanied by compensatory cellular hypertrophy
of remaining myocytes, which allowed total LV mass
to remain normal without the development of
anatomic LV hypertrophy. Surprisingly, and in
contrast to the deterioration in systolic function from
chronic repetitive ischemia, LV ejection fraction was
preserved in animals subjected to RPO in the present
study. Instead of systolic dysfunction, RPO led to a
marked reduction in LV diastolic compliance. This
developed in concert with substantial remodeling of
the extracellular matrix, because histopathological
evaluation of picrosirius red�stained tissue sections
revealed that interstitial collagen deposition was
nearly doubled in swine subjected to RPO. Thus, the
LV response to repetitive myocyte injury appears to
be dependent on the nature of the physiological
stimulus (i.e., ischemia stretch vs. mechanical
stretch). In both circumstances, a constellation of
phenotypic changes occurred that appeared to be
adaptive in nature. In the case of hibernating
myocardium and repetitive ischemia, these included
a downregulation in oxidative metabolism that low-
ered myocardial oxygen demand to protect against
further ischemia-induced injury, with only minor



FIGURE 5 RPO Reduces LV Diastolic Compliance

(A) Example admittance catheter-derived LV pressure�volume loops at rest and during PE infusion demonstrate that swine subjected to

2 weeks of RPO exhibited a steeper end-diastolic pressure-volume relationship during elevations in afterload. (B) This was visualized via

construction of 2-point diastolic pressure�volume curves and quantified via calculation of the DLVEDV/DLVEDP ratio during acute episodes

of PE-induced pressure overload, which was significantly lower after RPO. Values are mean � SEM. EDPVR ¼ end-diastolic pressure-volume

relationship; other abbreviations as in Figure 1.
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increases in interstitial connective tissue (24). In
contrast, the myocardial adaptations to RPO led to a
reduction in diastolic compliance with preserved
systolic function.

The mechanisms responsible for reducing LV
compliance might extend beyond the increased
interstitial connective tissue demonstrated patho-
logically. For example, hypertrophied myocytes
might also exhibit alterations in cellular proteins
responsible for diastolic compliance. In this regard,
isoform changes and/or post-translational modifica-
tions of the giant sarcomeric protein titin might have
contributed to reductions in LV compliance by
increasing myocyte-dependent stiffness (25). An
adaptive increase in myocyte stiffness was recently
shown to occur in remote, noninfarcted myocardium
after myocardial infarction via relatively rapid alter-
ations in titin phosphorylation (26). Furthermore,
titin was shown to activate signaling pathways that
regulate cellular hypertrophy in response to changes
in mechanical stress elicited by alterations in hemo-
dynamic load (27), which suggested a potentially
important link among titin, myocyte stiffness, and
cellular hypertrophy. Further studies will be required
to identify myocyte structural alterations and to
quantify the extent that these also contribute to
myocardial diastolic properties in the present RPO
model.

CONSEQUENCES OF MYOCARDIAL REMODELING

ELICITED BY RPO. Our findings indicated that the
reduction in diastolic LV compliance elicited by RPO
might be a double-edged sword. Although these al-
terations provide protection against stretch-induced
myocyte injury, the alterations in passive filling me-
chanics will elevate LV diastolic pressure at any LV
volume and could conceivably limit the extent that
cardiac output increases during exercise. This pattern
of myocardial remodeling was similar to that
observed in many patients with HFpEF. Although the
etiology of this clinical syndrome is heterogeneous,
and therefore, difficult to fully reproduce in a single
experimental model, it is consistently characterized
by reductions in LV chamber compliance that
compromise the ability of the heart to increase car-
diac output because of prominent increases in LV



FIGURE 6 RPO Elicits an Upward and Leftward Shift in the LV EDPVR

(A) Example admittance catheter-derived LV pressure�volume loops during transient inferior vena cava occlusion show a steeper EDPVR after

2 weeks of RPO compared with normal control animals. (B) The upward and leftward shift of the EDPVR led to a higher LV diastolic chamber

stiffness constant (b) in animals subjected to RPO compared with normal control swine. Values are mean � SEM; n ¼ 5/group. Abbreviations as

in Figures 1 and 5.
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filling pressure during exercise. Several phenotypic
characteristics exhibited by the animals subjected to
RPO in the present study recapitulated aspects of
cardiac remodeling that were reported in a large
number of human patients with HFpEF. These
included cellular myocyte hypertrophy, interstitial
fibrosis, and capillary rarefaction demonstrated his-
tologically, as well as concentric LV remodeling in the
absence of anatomic hypertrophy frequently seen on
cardiac imaging (28–31). Thus, it was intriguing to
speculate that the myocardial adaptations to inter-
mittent stretch-induced injury from transient pres-
sure overload might lead to reductions in LV diastolic
compliance in the absence of chronic hypertension
and anatomic LV hypertrophy.

METHODOLOGICAL LIMITATIONS. Several experi-
mental considerations merit discussion. First, we
used intravenous PE to pharmacologically increase
arterial BP and elevate LV preload to induce RPO.
Although we were unable to completely rule out a
direct effect of PE on myocardial remodeling in the
present study, several lines of evidence argued
against this notion. Although alpha-adrenergic re-
ceptors are expressed in the swine heart at similar
levels to that observed in humans, this level of
expression is markedly lower than that of rodents
(particularly rats) from which isolated myocytes are
often used to study PE-induced cellular hypertrophy
(32). Coronary vascular expression of alpha-
adrenergic receptors is minimal or absent in swine
(33), and our own data demonstrated that sub-
endocardial perfusion and coronary flow reserve were
unaffected by PE infusion at this dose (5), which
indicated that PE-mediated coronary vasoconstric-
tion was unlikely to be involved. In addition, a
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previous study in mice that used a mechanical
approach to induce intermittent aortic constriction
also observed myocyte cellular hypertrophy in the
absence of anatomic hypertrophy (34). Although the
LV response to acute pressure overload was not
examined in that study, chronic intermittent aortic
constriction was associated with a leftward and up-
ward shift of the LV EDPVR and preserved ejection
fraction. Although myocyte nuclear density, cTnI, or
acute diastolic strain were not reported, the cellular
hypertrophy in the absence of anatomic hypertrophy
was consistent with stretch-induced myocyte loss.
Thus, regardless of whether a mechanical or
pharmacological approach is used to elicit RPO, it
leads to myocyte loss with a compensatory increase
in cardiomyocyte size. Second, it was important
to acknowledge that age-, sex-, and body
mass�matched swine were used for assessment of
histopathology and LV PV analysis in normal control
animals, instead of true sham-instrumented animals.
Third, conclusions regarding myocyte loss based on
changes in myocyte nuclear density assumed that a
systematic change in the number of nuclei per myo-
cyte did not occur. However, the observation of
myocyte cellular hypertrophy (i.e., increase in myo-
cyte cell diameter) in the absence of a change in LV
mass was consistent with the notion that there were
fewer myocytes per gram of tissue and net myocyte
loss following RPO. Fourth, although microsphere
perfusion measurements from our previous study
that examined acute pressure overload were consis-
tent with the absence of subendocardial ischemia
during PE infusion (5), we did not assess myocardial
blood flow in the present study, and therefore, could
not completely rule out the presence of sub-
endocardial ischemia during prolonged and/or
repeated PE infusions. Finally, although swine sub-
jected to RPO failed to demonstrate overt signs and
symptoms of heart failure at rest, several clinical
studies of exercise hemodynamics in patients with
established HFpEF showed that a large number of
patients only exhibited elevated LV filling pressures
during exercise and displayed fairly normal resting
hemodynamics (35–37). Data from the present study
demonstrated a steeper LV EDPVR and an increased
DEDP/DEDV ratio with increased afterload after RPO
and supported the notion that these animals would
exhibit impaired diastolic reserve and attenuated in-
creases in cardiac output during exercise. Future
studies that use invasive assessment of exercise
hemodynamics, which are often neglected in pre-
clinical animal studies (38), will be critical to eval-
uate HFpEF pathophysiology in this model.

CONCLUSIONS

In summary, our results demonstrated that repetitive
episodes of transient preload elevation elicited by
RPO produced profound changes in LV structure and
function. These appeared to arise as an adaptive
response to prevent the stretch-induced stunning
and myocyte injury that initially develop following
acute hemodynamic overload in the normal heart.
This pattern of remodeling was characterized by
reduced LV diastolic compliance, increased intersti-
tial fibrosis, cardiomyocyte cellular hypertrophy,
capillary rarefaction, and concentric LV remodeling,
thereby recapitulating a phenotype commonly
observed in human patients with HFpEF. These
changes all developed in the absence of overt
anatomic LV hypertrophy and collectively supported
a novel paradigm that linked cardiac adaptations to
RPO with the pathogenesis of reduced LV diastolic
compliance. In contrast to the persistent hemody-
namic overload commonly produced in preclinical
models, patients might experience intermittent epi-
sodes of preload elevation during labile BP elevations
associated with mental stress and activities of daily
living (9). These transient periods of hemodynamic
overload become exacerbated with age-related stiff-
ening of the aorta (10) and could intermittently
impose high levels of mechanical stress on the
myocardium, leading to chronic myocyte loss via
repetitive stretch-induced programmed cell death
(19). Further studies will be required to identify the
multiple cellular mechanisms involved in the
response and to assess the impact of these changes
on diastolic and systolic cardiac function during
exercise.
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PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: A

transient elevation in preload produces mechanical

stretch-induced myocyte injury and measurable cTnI

release in the absence of ischemia that is associated with

reversible contractile dysfunction and myocyte apoptosis.

The findings of this study demonstrated that repetitive

exposure to cyclical elevations in preload elicited

significant myocyte loss, but LV systolic function was

preserved and chamber dilatation was absent. Instead,

myocardial remodeling characterized by myocyte

hypertrophy and interstitial fibrosis produced a reduction

in diastolic compliance that protected the heart from

subsequent stretch-induced injury.

TRANSLATIONAL OUTLOOK: Long-term repetitive

pressure overload�induced interstitial fibrosis and

cellular hypertrophy appear to arise as an adaptive

response to intermittent episodes of stretch-induced

cardiomyocyte apoptosis. This pattern of remodeling

produces a reduction in LV diastolic compliance that has

the beneficial effect of protecting the heart from

stretch-induced injury during subsequent periods of

hemodynamic overload. Nevertheless, protection may

come at the cost of a compromised ability to increase

cardiac output because of prominent elevations in LV

filling pressure and inadequate augmentation of stroke

volume during exercise, a hallmark characteristic of

HFpEF. Because these changes develop without a

significant increase in LV mass, they may explain how

reductions in myocardial diastolic compliance can occur

when persistent hypertension and anatomic LV

hypertrophy are absent.
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EDITORIAL COMMENT
Repetitive Acute Hemodynamic Load
Progression From Systolic Decompensation to Cellular/
Extracellular Compensation to Diastolic Decompensation*
Michael R. Zile, MD,a,b Catalin F. Baicu, PHD,a Ryan J. Tedford, MDa
SEE PAGE 527
T he development of myocardial cellular and
extracellular changes that result in abnormal
left ventricular (LV) structure and diastolic

dysfunction are fundamental to the development of
heart failure with preserved ejection fraction
(HFpEF) (1). These changes in LV structure and func-
tion result from abnormal hemodynamic and meta-
bolic load that occur with comorbid diseases (e.g.,
hypertension, diabetes, ischemia, and obesity) that
are antecedent to the development of HFpEF (2).
However, as many as 40% of patients with HFpEF
studied in randomized clinical trials do not have LV
structural changes (e.g., frank LV chamber hypertro-
phy) (3). In addition, patients with HFpEF remain
symptomatic, with significant abnormalities in dia-
stolic function at rest and during exercise, even
when hemodynamic and metabolic load have been
normalized by appropriate medical management.
These facts raise several questions. Do increased
loads need to be persistent (or chronic) to cause
HFpEF? What cellular and extracellular changes are
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present in HFpEF in the absence of chamber hyper-
trophy that explain the presence of diastolic dysfunc-
tion? Are load-induced cellular and extracellular
changes compensatory or decompensatory?

The translational studies presented by Weil et al.
(4) in this issue of JACC: Basic to Translational Science
provide novel data and important insights that help
to address these questions. In their study, Weil et al.
performed 2-h infusions of phenylephrine (PE) daily
for 2 weeks in adult pigs with doses sufficient to raise
systolic blood pressure (SBP) to 190 to 200 mm Hg.
The hemodynamic, structural, and functional re-
sponses to the PE infusion changed significantly over
time and essentially converted from systolic decom-
pensation to diastolic decompensation (Figure 1). This
change in response to PE infusion was caused by al-
terations in cellular and extracellular structures. At
baseline, 60-min PE infusion caused increased SBP,
LV end-diastolic pressure (EDP), end-diastolic vol-
ume (EDV), end-systolic volume (ESV), and decreased
EF (Figure 1C). Sixty minutes after cessation of PE
infusion, SBP and LVEDP returned to normal; how-
ever, LVEDV and LVESV remained higher, and EF was
still decreased. These acute changes were accompa-
nied by myocyte injury, manifest as significant car-
diac troponin I (cTNI) release and cellular apoptosis.
By contrast, after 2 weeks of repetitive 2-h PE in-
fusions, while 60-min PE infusion led to similar in-
creases in SBP and LVEDP, no significant changes in
EDV, ESV, or EF were observed (Figure 1D). This
differential change in response was associated with
a marked reduction in LV diastolic ventricular
compliance (steeper end-diastolic pressure�volume
relationship), concentric LV remodeling without
chamber hypertrophy, cardiomyocyte hypertrophy,
and a marked interstitial fibrosis as evidenced by an
https://doi.org/10.1016/j.jacbts.2019.07.006

https://doi.org/10.1016/j.jacbts.2019.07.006
http://www.electrophysiology.onlinejacc.org/content/instructions-authors
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jacbts.2019.07.006&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


J A C C : B A S I C T O T R A N S L A T I O N A L S C I E N C E V O L . 4 , N O . 4 , 2 0 1 9 Zile et al.
A U G U S T 2 0 1 9 : 5 4 2 – 5 Hemodynamic Load

543
increase in collagen volume fraction. The associated
myocyte injury was also blunted, with significantly
less cTNI release. The investigators proposed these
structural and functional changes provided a pro-
tective effect against PE-induced myocardial injury.
The resultant changes in cellular and extracellular
structure and function in this porcine model of
repetitive PE infusion have direct application to,
and are comparable with, the changes seen in pa-
tients with hypertensive heart disease�induced
HFpEF.

HEMODYNAMIC LOAD: DECOMPENSATION TO

COMPENSATION TO DECOMPENSATION

Hemodynamic load is one of the fundamental de-
terminants of myocardial structure and function.
PE infusion causes changes in both preload and
afterload. As defined by the Law of Laplace, LV
chamber preload is calculated as: end-diastolic
wall stress ¼ LVEDP � LVEDV/LVED wall thickness;
and afterload is calculated as: end-systolic wall
stress ¼ LVESP � LVESV/LVES wall thickness.
Therefore, the PE resultant acute (within the first few
minutes) changes in EDV and EDP (increased pre-
load) and ESV and ESP (increased afterload) cause
alterations in the LV pressure�volume relations
(LVPVRs) as shown in Figures 1A and 1B, respectively.

However, 60 min of PE infusion alters the LVPVR
beyond that expected from acute changes in preload
and afterload (5). Both heterometric (length-depen-
dent) and homeometric (length-independent) autor-
egulation are activated during 60 min of PE infusion
and result in an increase in developed pressure,
caused by an increase in length-dependent myofila-
ment calcium sensitivity (Frank-Starling mechanism)
and a length-independent increase in the calcium
transient amplitude (Anrep effect). These forms of
autoregulation represent the direct effects of 60 min
of hemodynamic load on molecular and/or cellular
signaling (1,2) and activation of the sympathetic
nervous system (SNS) and the renin-angiotensin-
aldosterone system (RAAS). In addition, PE infusion
may result in “creep,” a myocardial length increase
that occurs at a constant load, and stunning (as pro-
posed by the investigators). All of these effects of PE
may be responsible for the change in the LVPVR
(shown in Figure 1C) and based on the data presented
in Weil et al. (4).

Sixty minutes of PE resulted in a reduced EF, cTNI
release, and apoptosis; this represents decom-
pensated systolic function. However, the repetitive
application of PE infusion and the hemodynamic,
neurohumoral, and signaling changes that occurred
with each infusion served as a direct stimulus to
produce cardiomyocyte hypertrophy and LV concen-
tric remodeling. In part, these changes served to
compensate systolic function. By contrast, chronic
activation of SNS and RAAS also led to cardiomyocyte
loss through apoptosis and necrosis. In addition, he-
modynamic, neurohumoral, and signaling changed
the constitutive material properties of the car-
diomyocyte that reduced cellular distensibility
and increased myocardial stiffness. Finally, hemo-
dynamic, neurohumoral, and signaling resulted in
interstitial fibrosis that further contributed to
increased myocardial and LV diastolic chamber stiff-
ness. These changes in diastolic stiffness prevented
PE-induced increases in LVEDV and preserved EF but
did so at the cost of decompensated abnormal dia-
stolic function (Figure 1D). Therefore, although he-
modynamic load played a central role, it was the
resultant neurohumoral activation and molecular
signaling that were responsible for the chronic
structural changes that resulted from repetitive PE
infusion. Thus, when increased preload, afterload,
heterometric, and homeometric autoregulation were
applied (through PE infusion) in the presence of
these structural changes, systolic performance was
compensated at the cost of diastolic decompensation
(Figure 1D).

CLINICAL INSIGHTS

The antecedent and/or comorbid disease processes
that lead to the development of HFpEF and its char-
acteristic structural and functional remodeling are
generally viewed as imposing a constant, steady-state
increase on hemodynamic and/or metabolic load.
However, they are not constant or in a steady
state. Hypertension-induced increases in afterload
vary from hour to hour and day to day based on
sleep and/or wake cycles, activity and/or exercise,
emotional stress, medication half-life, and patient
compliance with pharmacological and non-
pharmacological management. The same applies to
glucose management in diabetes. The control of each
of these hemodynamic and metabolic loads also af-
fects neurohumoral activation and molecular
signaling, which, in turn, will have intrinsic vari-
ability. Therefore, the effects of the repetitive PE
infusion provide an increased understanding of the
pathophysiological mechanisms that result in the
clinical syndrome of HFpEF. In addition, these data
provide an understanding of the progressive struc-
tural and functional changes at the cellular and



FIGURE 1 Effects of Changes in Hemodynamic Load on the LVPVR
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(A) Hemodynamic effects of acute, isolated, single-beat changes in afterload on the left ventricular pressure�volume relationship (LVPVR). Images represent idealized

schematic drawings. Solid line[ controls; dashed line[ acute, isolated, single beat increase in afterload; dotted line¼ acute, isolated, single beat decrease in afterload.

(B) Hemodynamic effects of acute isolated, single beat changes in preload on the LVPVR. Images represent idealized schematic drawings. Solid line ¼ controls; dashed

line ¼ acute, isolated single beat increase in preload; dotted line ¼ acute, isolated, single beat decrease in preload. (C) Hemodynamic effects of 60-min phenylephrine

(PE) infusion induced changes in afterload and preload, as well as activation of both heterometric and homeometric autoregulation on LVPVR at baseline before

repetitive daily PE infusions. Sixty minutes of PE infusion caused reversible increases in LV systolic and diastolic pressure, but sustained increases in LV end-diastolic and

end-systolic volume and decreased ejection fraction (EF); therewas evidence of decompensated systolic function. Solid line[ controls; dashed line¼ effects on LVPVR of

PE infusion. Images represent idealized schematic drawings derived from data from study by Weil et al (4). (D) Hemodynamic and structural effects of repetitive PE

infusion on the LVPVR. After 2weeks of repetitive PE infusions, the effects of a 60-min PE infusion�induced changes in hemodynamic load (increased afterload and pre-

load, as well as activation of both heterometric and homeometric autoregulation) were superimposed on cellular and extracellular structural remodeling. The observed

changes in LV diastolic stiffness prevented PE-induced increases in LVEDV and preserved EF but did so at the cost of increased LVdiastolic PVR, decreased LV distensability,

and decompensated diastolic function. Solid line¼ controls; dashed line¼ effects on LVPVR of PE infusion. Images represent idealized schematic drawings derived from

data from the study of Weil et al. (4).
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extracellular level that result in rest and exercise
diastolic dysfunction, increased LV diastolic stiffness,
and clinical presentation of heart failure in patients
with HFpEF.

The data presented by Weil et al (4) present the
2-sided coin of compensatory and/or decompensatory
changes in structure and function. In response to
increased hemodynamic load, the cellular and/or
extracellular changes in structure and/or function
preserve systolic properties but degrade diastolic
properties. The model presented in Weil et al. (4)
results in many of the characteristics common in the
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clinical syndrome of HFpEF; after the phenotype is
established, these characteristics should be amenable
to testing novel management schemes that reverse
fibrosis and normalize cardiomyocyte structure and
function.

CONCLUSIONS

The study by Weil et al. (4) provides important in-
sights into the pathophysiological mechanisms un-
derlying the development of clinical HFpEF and
provides a porcine translational model that should
be useful in further studies that examine novel
therapeutic approaches to manage patients with
HFpEF.

ADDRESS FOR CORRESPONDENCE: Dr. Michael R.
Zile, Division of Cardiology, Department of Medicine,
Medical University of South Carolina, Thurmond/
Gazes, Room 323, 30 Courtenay Drive, Charleston,
South Carolina 29425. E-mail: zilem@musc.edu.
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Neuromodulation for the Treatment of
Heart Rhythm Disorders

Nathan H. Waldron, MD, MHS,a,b,* Marat Fudim, MD,b,c,* Joseph P. Mathew, MD, MHS, MBA,a,b

Jonathan P. Piccini, MD, MHSb,c

HIGHLIGHTS

� Derangement of autonomic nervous signaling is an important contributor to cardiac arrhythmogenesis.

� Modulation of autonomic nervous signaling holds significant promise for the prevention and treatment of cardiac

arrhythmias.

� Further clinical investigation is necessary to establish the efficacy and safety of autonomic modulatory therapies in

reducing cardiac arrhythmias.
SUMMARY
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There is an increasing recognition of the importance of interactions between the heart and the autonomic nervous system

in the pathophysiology of arrhythmias. These interactions play a role in both the initiation and maintenance of

arrhythmias and are important in both atrial and ventricular arrhythmia. Given the importance of the autonomic nervous

system in the pathophysiology of arrhythmias, there has been notable effort in the field to improve existing therapies and

pioneer additional interventions directed at cardiac-autonomic targets. The interventions are targeted to multiple and

different anatomic targets across the neurocardiac axis. The purpose of this review is to provide an overview of the

rationale for neuromodulation in the treatment of arrhythmias and to review the specific treatments under evaluation and

development for the treatment of both atrial fibrillation and ventricular arrhythmias. (J Am Coll Cardiol Basic Trans

Science 2019;4:546–62) © 2019 The Authors. Published by Elsevier on behalf of the American College of Cardiology Foun-

dation. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
ANATOMY OF THE NEUROCARDIAC AXIS

The neurocardiac axis is composed of multiple intri-
cate areas that provide an interface between the ner-
vous system and the cardiovascular system (Figure 1).
This neurocardiac anatomy has been elegantly
detailed in a recent review (1). A number of diverse
brain structures contribute to efferent cardiac auto-
nomic signaling, including the amygdala, insula,
thalamus, and cerebellum (2). In general, second-to-
second control of autonomic tone occurs at the level
of the brainstem, whereas forebrain structures
including the hypothalamus effect more prolonged or
gradual shifts in autonomic tone (3). From these
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sympathetic and parasympathetic efferent fibers
form a branching neural network clustering in auto-
nomic ganglionic plexi (AGP) contained in fat pads on
the posterior surface of the atria and the superior
aspect of the ventricles (Figure 1) (5). AGP contain
large populations of colocalized sympathetic and
parasympathetic neurons (1), and may serve as
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ABBR EV I A T I ON S

AND ACRONYMS

AERP = atrial effective

refractory period

AF = atrial fibrillation

AGP = autonomic ganglionic

plexus

ANS = autonomic nervous

system

CABG = coronary artery bypass

grafting

HRV = heart rate variability

ICD = implantable

cardioverter-defibrillator

LLVNS = low-level vagal nerve

stimulation

OSA = obstructive sleep apnea

POAF = post-operative atrial

fibrillation

PVI = pulmonary vein isolation

RDN = renal denervation

SCS = spinal cord stimulation

SGB = stellate ganglion

blockade

SNS = sympathetic nervous

system

VF = ventricular fibrillation

VNS = vagal nerve stimulation

VT = ventricular tachycardia

Waldron et al. J A C C : B A S I C T O T R A N S L A T I O N A L S C I E N C E V O L . 4 , N O . 4 , 2 0 1 9

Cardiac Neuromodulation A U G U S T 2 0 1 9 : 5 4 6 – 6 2

548
“integration centers” modulating cardiac
responses to autonomic input (6). Emerging
evidence indicates that these AGP contain an
amalgam of afferent neurons, motor neu-
rons, interconnecting local circuit neurons,
and that some proportion of these neurons
expresses both cholinergic as well as adren-
ergic immunoreactivity (1). The extensive
interconnections as well as the colocaliza-
tion of cholinergic and adrenergic neurons
set the stage for interplay between the
parasympathetic and sympathetic nervous
system at the level of the AGPs. Beyond the
direct communication between the auto-
nomic nervous system (ANS) and the heart,
the neurocardiac axis is under modulatory
control from additional autonomic reflexes,
including afferent nervous input from the
baroreflex and the renal nerves, which may
modulate the global and regional (cardiac)
sympathetic tone.

ATRIAL FIBRILLATION

RATIONALE FOR AUTONOMIC MODULATION

FOR ATRIAL FIBRILLATION. Atrial fibrillation
(AF) is a common and significant medical
problem that affects approximately 3% of the
population (7). As the population ages, the
incidence and prevalence of AF are projected
to increase even further (8). In addition to being a
leading cause of stroke, AF is associated with
increased risks of heart failure (HF), myocardial
infarction (MI), cognitive impairment, and death (9).
The severity or persistence of AF has been associated
with worse outcomes, including a higher risk of stroke
(10); however, the role of AF burden (proportion of
time spent in AF) in adverse outcomes remains
incompletely understood (11). Given both its preva-
lence and impact, AF is a significant public health
concern, and reduction of AF and its attendant com-
plications remains a priority for the cardiovascu-
lar community.

An increasing body of evidence suggests that ac-
tivity of the ANS can contribute to the initiation and
perpetuation of cardiac arrhythmias, including AF. In
isolated atrial myocytes, parasympathetic input
shortens the atrial effective refractory period (AERP)
(12) and increases dispersion of refractoriness (13),
whereas sympathetic input increases calcium tran-
sient currents and afterdepolarizations (4), synergis-
tically promoting the onset of AF (14). Similar
responses to sympathetic stimulation are observed in
pulmonary veins, a common site of ectopy that
triggers AF (15). Although both parasympathetic and
sympathetic stimulation may individually promote AF
(16,17), data suggest that combined parasympathetic
and sympathetic (sympathovagal) discharges are
especially potent initiators of AF (15,18) due to the
combined effects of shortened AERP and increased
calcium transient currents, respectively. Changes in
heart rate variability (HRV) before onset of AF (19,20)
are consistent with combined sympathovagal dis-
charges. There are also data to suggest that AGP may
influence focal sources or drivers of AF. For example, a
study of 97 patients undergoing catheter ablation of
AF has shown that the majority of patients had a focal
source or rotor that overlapped with the anatomic
location of an AGP (21). Because AGPs play a crucial
role in AF, several strategies to prevent or reduce AF
have centered around modulating AGP activity
directly or indirectly through the extrinsic cardiac
nervous system.

PAST AND PRESENT. Current stra teg ies in
autonomic modulat ion for at r ia l a r rhythmias . A
number of strategies to reduce AF partially exert
their effects through modulation of the cardiac ANS
(Table 1). Beta blockers antagonize the effects of cat-
echolamines on a variety of target tissues, such as
cardiac and vascular adrenergic receptors (22). AF
ablation may also exert some benefit through auto-
nomic modulation. In addition to creating electrical
isolation of the pulmonary veins from the left atrium
(23), pulmonary vein isolation (PVI) also reduces AGP-
induced firing of pulmonary vein potentials that
initiate AF. A positive response to AGP stimulation
after extensive PVI independently predicts recur-
rence of AF (24), suggesting that AGP modulation may
contribute to the efficacy of AF ablation.

Aggressive risk factor reduction also reduces the
risk of AF. Part of the benefit of weight loss may be
explained by alteration of autonomic tone as the
metabolic syndrome has been associated with
increased sympathetic tone (25). Similarly, obstruc-
tive sleep apnea (OSA) results in sympathetic activa-
tion (26) and increased focal sources of AF (27) both
contributing to an increased risk of AF. Management
of these risk factors reduces ANS hyperactivity and
may impact the success of AF ablation (28). Treatment
of sleep apnea with continuous positive airway pres-
sure decreases risk of AF progression (29), and reduces
risk of recurrent AF after catheter ablation (30).
Adaptive servo-ventilation, which may be used to
treat obstructive, central, or mixed sleep apnea, was
recently shown to decrease AF burden in patients with
HF and sleep apnea (31). Risk factor reduction such as
weight loss and treatment of sleep apnea has the



FIGURE 1 Overview of the Neurocardiac Axis

(A) Depiction of hierarchical organization of cardiovascular innervation as it proceeds from cerebral structures to individual nerves. Adapted with permission from

Chatterjee et al. (133). (B, C) Locations of autonomic ganglionic plexi (represented as small black dots) as viewed from the posterior (B) and superior (C) aspect of the

heart. Reprinted with permission from Armour et al. (5). RAAS ¼ renin-angiotensin-aldosterone system.

TABLE 1 Current Therapeutic Strategies for Rhythm Control of AF

Current Therapeutic
Strategies for AF Examples

Antiarrhythmic drug therapy Class I: flecainide, propafenone
Class III: amiodarone, dronedarone, sotalol, dofetilide

Catheter ablation Pulmonary vein isolation
Substrate modification
Ablation of nonpulmonary vein triggers

Surgical ablation Cox-Maze procedure
Thoracoscopic ablation (“mini-maze”)

Risk-factor modification Positive airway pressure
for obstructive sleep apnea
Blood pressure reduction
Weight Loss

AF ¼ atrial fibrillation.
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potential to improve autonomic function and reduce
AF through several different mechanisms.
DEVELOPING NEUROMODULATORY APPROACHES.

Ablation-based approaches. AGP ablation. Ablation of
AGP by either catheter-based or surgical approaches
has shown some promise in improving the success
of AF ablation (Central Illustration). Percutaneous
anatomically guided AGP ablation as a stand-alone
technique has limited efficacy (32) and is inferior to
circumferential PVI (33). However, randomized data
have shown that the addition of AGP ablation to PVI
may increase freedom from AF compared to either
technique in isolation (34). Additionally, AGP
ablation combined with PVI may result in increased
long-term freedom from AF and lower rates of atrial
flutter than PVI þ linear ablation (35). Not all studies
have supported the efficacy of AGP ablation. A
recent comparison of video-assisted thoracoscopic
surgery for AF with or without AGP ablation showed
no difference in freedom from AF; additionally,
patients undergoing epicardial AGP ablation had
higher rates of procedural complications and
pacemaker implantation (36). Further studies are
needed to clarify optimal methods of AGP
localization and ablation, and the potential benefits
of AGP ablation.



CENTRAL ILLUSTRATION Neuromodulatory Approaches and Techniques

Waldron, N.H. et al. J Am Coll Cardiol Basic Trans Science. 2019;4(4):546–62.

Neuromodulatory approaches and techniques for atrial (top) and ventricular (bottom) arrhythmias.
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Renal denervation. Renal denervation (RDN) is a
method of modulating central afferent input. Renal
afferent and efferent nerves function in a reflex loop
where afferent input from the kidney to the central
nervous system (CNS) regulates the efferent sympa-
thetic nerve output to the heart and back to the kid-
ney. Renal afferent nerves are diverse and represent a
heterogeneous population of fibers including
myelinated and nonmyelinated fibers (37,38). Two
main types of renal afferents are responsible for
relaying information to the CNS, mechanosensitive
(hydrostatic pressure from renal vasculature), and
chemosensitive receptors (sensitive to ischemia,
osmolar changes, and ionic composition) (39). Func-
tionally, the renal afferent fibers can be divided into:
1) pressor; 2) reno-renal; and 3) depressor types
(40,41). In other words, some fibers when activated
contribute to the elevation of the sympathetic tone
(sympatho-stimulant), whereas others reduce the
sympathetic tone (sympatholytic). This is supported



TABLE 2 Current Status of Developing Neuromodulatory Strategies for Arrhythmias

Intervention Anatomical Target
Current
Status

Diseases of
Interest

Number of
Patients Ongoing Clinical Trials

AGP ablation Autonomic
Ganglionic Plexi

Clinical trials AF 60 NCT03535818: Adjunctive Ganglionated Plexus Ablation in Redo-Pulmonary Vein
Isolation (ADD-GP); Randomized trial testing the efficacy of AGP ablation in
patients with ongoing paroxysmal arrhythmias after PVI

AF 14 NCT03636100: Release of Acetylcholine From the Ganglionated Plexus During the
Thaw Phase of Cryoballoon Pulmonary Vein Ablation (GP RESPONSE Study);
Observational study designed to study the role of systemic acetylcholine release
in response to cryoballoon ablation.

POAF 62 NCT02035163: Atrial Fibrillation Prevention in Post Coronary Artery Bypass Graft
Surgery with Cryoablation for Ganglionic Plexi; A randomized study to test the
ability of AGP cryoablation during cardiac surgery to prevent POAF.

Epicardial botulinum
toxin injection

Autonomic
ganglionic plexi

Clinical trials POAF 170 NCT02617069: Botulinum Toxin Injection Into Epicardial Fat Pads to Prevent Atrial
Fibrillation in Patients Undergoing Cardiac Surgery; Randomized trial of
epicardial botulinum toxin for the prevention of POAF after cardiac surgery in
patients with paroxysmal AF.

POAF 330 NCT03779841: A Phase II, Multi-Center, Randomized, Double-Blind, Placebo-
Controlled, Dose-Ranging Study to Evaluate the Efficacy and Safety of
Botulinum Toxin Type A (AGN-151607) Injections Into the Epicardial Fat Pads to
Prevent Post-Operative Atrial Fibrillation in Patients Undergoing Open-Chest
Cardiac Surgery; Randomized double-blind, placebo-controlled, dose-ranging
trial evaluating the efficacy and safety of epicardial botulinum toxin type
injections to prevent POAF in patients undergoing cardiac surgery.

BRS therapy Carotid and aortic
baroreceptors

Preclinical POAF 95 NCT03243279: BRS and Outcomes in Cardiothoracic Surgery; Observational study to
determine if perioperative baroreceptor sensitivity (BRS) correlates with POAF
and outcomes after cardiothoracic surgery

TVNS Auricular branch of
the Vagus Nerve
(Afferent)

Clinical trials POAF 42 NCT03533140: Postoperative Atrial Fibrillation Suppression By Nerve Stimulation;
Randomized trial testing TVNS to prevent POAF and reduce inflammation

POAF 200 NCT02783157: Transcutaneous Autonomic Modulation In Thoracic Surgery (TON-
POINTS); Trial evaluating TVNS to reduce POAF after cardiothoracic surgery.

AF 52 NCT02548754: Transcutaneous Electrical Vagus Nerve Stimulation to Suppress Atrial
Fibrillation (TREAT-AF); A small study to evaluate the ability of TVNS to reduce
atrial fibrillation burden and inflammation in patients with paroxysmal AF.

RDN Sympathetic nerves
around the renal
arteries (afferent)

Clinical trials AF 300 NCT01635998: Adjunctive Renal Denervation in the Treatment of Atrial Fibrillation
(H-FIB); Phase II trial to evaluate the ability of combined RND and PVI versus PVI
only to reduce recurrent AF.

AF 100 NCT01990911: Renal Sympathetic Denervation Prevents Atrial Fibrillation in Patients
with Hypertensive Heart Disease: a Pilot Study (RDPAF); Phase II trial testing
efficacy of RDN to reduce subclinical AF and restore autonomic imbalance.

AF 138 NCT02115100: Treatment of Atrial Fibrillation in Patients by Pulmonary Vein
Isolation in Combination With Renal Denervation or Pulmonary Vein Isolation
Only (ASAF); Open-label trial testing the ability of combined RDN and PVI to
reduce recurrent AF after PVI.

AF 61 NCT01907828: A Feasibility Study to Evaluate the Effect of Concomitant Renal
Denervation and Cardiac Ablation on AF Recurrence (RDNþAF); Phase II trial
evaluating the feasibility of RDN combined with AF ablation in reducing recurrent
AF in patients with AF and uncontrolled hypertension.

AF 40 NCT03246568: Renal Nerve Denervation After Pulmonary Vein Isolation for
Persistent Atrial Fibrillation; Phase II study to evaluate the efficacy of RDN added
to PVI in reducing recurrent AF in patients with persistent AF.

AF 100 NCT01686542: CPVI Plus Renal Sympathetic Modification Versus CPVI Alone for AF
(Atrial Fibrillation) Ablation; Open-label trial evaluating the ability of RDN
combined with PVI to reduce recurrent AF compared with PVI alone.

AF 245 NCT02064764: Renal Nerve Denervation in Patients with Hypertension and
Paroxysmal and Persistent Atrial Fibrillation (Symplicity AF); Phase II trial to
assess the feasibility of concurrent RDN and PVI, and the rate of chronic
treatment success in patients receiving RDN and PVI vs. PVI only

AF 40 NCT01952925: Combined Afib Ablation and RA Denervation for the Maintenance of
Sinus Rhythm and Management of Resistant Hypertension; Non-randomized
prospective study to evaluate the ability of concurrent AF ablation and RDN to
reduce ambulatory blood pressure.

VT/VF 60 NCT02856373: Renal Nerve Stimulation and Renal Denervation in Patients With
Sympathetic Ventricular Arrhythmias (Redress VT); Will assess impact of renal
nerve stimulation before and after percutaneous transluminal RDN on cardiac
excitable properties including induction of ventricular tachyarrhythmias before
and after RDN

VT/VF 38 NCT01858194: REnal Sympathetic dEnervaTion as an Adjunct to Catheter-based VT
Ablation (RESET-VT); Prospective, multicenter, randomized control trial testing
the impact of catheter-based renal sympathetic denervation (RSDN) as an
adjunctive treatment for patients with cardiomyopathy undergoing catheter
ablation of ventricular tachycardia (VT).

Continued on the next page
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TABLE 2 Continued

Intervention Anatomical Target
Current
Status

Diseases of
Interest

Number of
Patients Ongoing Clinical Trials

VT/VF 462 NCT01747837: REnal SympathetiC Denervation to sUpprEss Tachyarrhythmias in ICD
Recipients (RESCUE); Randomized, blinded trial to assess the efficacy of RDN in
preventing ventricular arrhythmias and ICD shocks.

SCS Efferent sympathetic
fibers in the
spinal cord

Clinical trials POAF 60 NCT03539354: Temporary Spinal CoRd StiMulatIon to PreveNt Atrial FibrillaTION
After Cardiac Surgery (TerminationAF); Phase II trial to assess the ability of
temporary spinal cord stimulation in preventing POAF

TEA Efferent sympathetic
fibers in the
spinal cord

Preclinical AF or VT/VF None, though TEA infrequently used in some centers to reduce pain and prevent
POAF after cardiac surgery

SGB Stellate ganglion
(efferent fibers)

Clinical trials POAF 707 NCT03269383: Study to Evaluate the Effectiveness of SGB in Preventing Post-Op
Atrial Fibrillation; Phase II trial to evaluate the efficacy of safety of temporary
SGB with bupivacaine to prevent POAF.

VT/VF 20 NCT02646501: Prospective Randomized Clinical Trial for Effect of Stellate Ganglion
Block in Medically Refractory Ventricular Tachycardia; Study evaluates the effect
of SGB in patients with recurrent VT/VF despite optimal medical management

VT/VF or AF 40 NCT03450226: Effects of Stellate Ganglion Block on Hemodynamics Instability
During Beating Heart Surgery; A randomized controlled, blinded trial evaluating
the effect of pre-operative SGB on perioperative arrhythmias and myocardial
infarction after off-pump CABG.

Invasive VNS Vagus nerve
(efferent fibers)

Preclinical VT/VF or AF None, although animal studies have demonstrated the ability of low-level invasive
VNS to reduce sympathetic outflow as well as AF inducibility

Surgical
sympathectomy

Thoracic sympathetic
ganglia (efferent
fibers)

Clinical trials Heart failure -
VT/VF

prevention

30 NCT03071653: Left Cardiac Sympathetic Denervation for Cardiomyopathy Feasibility
Pilot Study (LCSD); A randomized controlled trial to test the potential safety and
efficacy of LCSD in patients with heart failure due to non-ischemic and ischemic
cardiomyopathy

Transtracheal cardiac
plexus blockade

Cardiac plexus
(efferent fibers)

Preclinical VT/VF None

AF¼ atrial fibrillation; AGP ¼ autonomic ganglionic plexus; BRS ¼ baroreceptor stimulation; ICD ¼ implantable cardioverter-defibrillator; POAF¼ postoperative atrial fibrillation; PVI ¼ pulmonary vein
isolation; RDN ¼ renal denervation; SCS ¼ spinal cord stimulation; SGB ¼ stellate ganglion block; TEA ¼ thoracic epidural anesthesia; TVNS ¼ transcutaneous vagal nerve stimulation; VF ¼ ventricular
fibrillation; VNS ¼ vagal nerve stimulation; VT ¼ ventricular tachycardia.
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by increasing preclinical and clinical evidence sug-
gesting that endovascular electrical mapping with
stimulation of the renal arteries can result in a dif-
ferential response including an elevation in blood
pressure (42–46).

RDN has received a lot of interest for the treatment
of hypertension but may also have utility in reducing
arrhythmias through autonomic mechanisms. As
mentioned above, the renal vasculature is richly
innervated by both afferent and efferent sympathetic
nerves which contribute to systemic autonomic
signaling. Ablating these nerves may reduce both
systemic and cardiac catecholamine levels, as well as
reduce atrial fibrosis through modulation of the
renin-angiotensin-aldosterone system (47). In a rab-
bit model of ischemic cardiomyopathy, RDN reduced
deleterious atrial structural and electrical remodeling
and AF inducibility (48). Additionally, percutaneous
RDN reduces atrial nerve sprouting, catecholamine
levels, atrial fibrosis, and complexity of AF in a goat
model of pacing-induced AF (49). Finally, RDN has
been shown to attenuate the electrical and structural
remodeling of the left atrium induced by long-term
intermittent atrial pacing in a canine model (50).
There are few clinical trials evaluating RDN as an
adjunct to PVI for the treatment of recurrent AF. A
pilot study of 69 patients with chronic kidney disease
and paroxysmal AF showed improved freedom from
AF and reduction of AF burden at 1 year in patients
randomized to PVI and RDN compared with PVI and
spironolactone (51). A study of 86 patients with
moderate or severe treatment-resistant hypertension
randomized to either PVI alone or PVI with RDN
showed improved freedom from AF with the addition
of RDN; however, the benefit was most apparent in
patients with severe hypertension (52). A follow-up
analysis from this cohort has shown a reduction in
AF recurrences and burden of AF in patients receiving
RDN and PVI (53).

As a stand-alone therapy, RDN may also promote
reverse-remodeling and improve atrial substrate. A
pilot trial of 20 patients with paroxysmal or persistent
AF and hypertension showed that RDN reduced AF
burden and improved quality of life (54). Moreover,
RDN reduced atrial conduction time, complex frac-
tionated atrial activity, and ventricular mass in 14
patients with treatment-resistant hypertension (55).
Multiple upcoming trials will help elucidate the role of

https://clinicaltrials.gov/ct2/show/NCT01747837
https://clinicaltrials.gov/ct2/show/NCT03539354
https://clinicaltrials.gov/ct2/show/NCT03269383
https://clinicaltrials.gov/ct2/show/NCT02646501
https://clinicaltrials.gov/ct2/show/NCT03450226
https://clinicaltrials.gov/ct2/show/NCT03071653


FIGURE 2 Stellate Ganglion Block

(A) Illustration of an ultrasound-guided percutaneous stellate ganglion block. (B, C) Ultrasound images of the percutaneous approach on

the right side. (B) Image obtained before needle insertion. Dashed arrow indicates the sympathetic ganglion. (C) Image obtained during

needle insertion (arrow) and anesthetic infusion. A marks the carotid artery. V marks the jugular vein. Adopted with permission from

Armour et al. (104).
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RDN as a stand-alone technique or in addition to PVI to
reduce sympathetically mediated AF (Table 2).
Pharmacolog i c approaches . Epicardial botulinum

toxin injection. Given the role of the AGP in the initi-
ation and perpetuation of AF, additional nonablative
strategies to modulate AGP signaling are currently
under active investigation (Table 2). Injection of bot-
ulinum toxin into AGP reduces vagal influences on
the AERP as well as vulnerability to AF in both canine
(12,56) and ovine models (57). Given the temporary
nature of this strategy, autonomic modulation using
botulinum toxin injected into AGP has recently
gained attention as a potential strategy to reduce
post-operative AF (POAF), a common and impactful
complication after cardiac surgery (58,59).

This approach has been studied in 2 small clinical
trials. In the first study, 60 patients with paroxysmal
AF undergoing coronary artery bypass grafting
(CABG) received botulinum toxin or placebo injected
into the 4 major left atrial fat pads. With this
approach, patients receiving epicardial botulinum
toxin had reduced incidence of POAF in the first
month after surgery (60), as well as reduced recurrent
AF and AF burden at 1 and 3 years after surgery,



TABLE 3 Current Th

Current Therapeutic S
for VT/VF

Pharmacotherapy

Ablation

Mechanical circulatory

Surgery

Abbreviations as in Table 2

FIGURE 3 Unifying Framework for the Mechanisms of Autonomic Regulation of Ventricular Arrhythmias

Adapted with permission from Bradfield et al. (132).
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respectively (61,62). In the second study, 130 patients
undergoing CABG and/or valve surgery were ran-
domized to receive epicardial botulinum toxin or
placebo injected into the 4 left atrial fat pads as well
as the anterior fat pad. Using this technique, there
erapeutic and Adjunctive Strategies for VT/VF

trategies
Examples

Beta-adrenergic blockade
Nonselective (ß-1, ß-2): carvedilol, nadolol,

propranolol

Selective (ß-1): metoprolol, esmolol
Membrane active antiarrhythmic drugs

Class I: lidocaine, mexiletine, procainamide

Class III: sotalol, amiodarone, dofetilide

Catheter ablation of focal VT, triggers, and substrate
modification (endocardial and epicardial)

support Temporary: Intra-aortic balloon pump, Impella (ABIOMED,
Danvers, Massachusetts) extracorporeal membrane
oxygenation, et cetera

Permanent: Left ventricular assist device, et cetera

Surgical ablation
Ventricular aneurysm resection
Transplantation

.

was no difference between groups in the occurrence
of in-hospital POAF; however, initial POAF episodes
were shorter and there were no discernible adverse
effects of botulinum toxin injections (63). Further
large-scale clinical trials are necessary to determine
the utility of this strategy in preventing POAF
after cardiac surgery. Additionally, future work is
necessary to determine whether botulinum toxin
could be delivered to AGP in a less invasive fashion.
Stellate ganglion block. Percutaneous stellate gan-
glion block (SGB) is a minimally invasive interruption
of autonomic innervation from the cervical sympa-
thetic ganglia to the heart (Figure 2). As a key relay
station for sympathetic nerve signaling, the stellate
ganglion is a prime target for autonomic modulation
to reduce AF. Ablation of bilateral stellate ganglia
eliminates atrial tachycardia episodes in a canine
model of pacing-induced HF (64). A promising mini-
mally invasive strategy to temporarily modulate
autonomic signaling is SGB with percutaneous injec-
tion of local anesthetic—a procedure frequently used
to treat pain syndromes in ambulatory clinics. A pilot
study of 36 patients undergoing PVI as well as short
duration SGB (unilateral, left or right) has shown that
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SGB lengthened the AERP while reducing inducibility
and duration of AF (65). Similarly, a pilot study of 25
patients undergoing CABG and/or aortic valve surgery
showed the feasibility and potential efficacy of left-
sided SGB for the prevention of POAF (66). A larger
study of SGB to prevent POAF is forthcoming and will
provide important insight regarding the potential
effectiveness of this technique (NCT03269383).
Bioe lect ron ic approaches . Low-level vagal nerve

stimulation. High-frequency vagal nerve stimulation
(VNS) shortens the AERP (67) and action potential
duration in the pulmonary veins (68), facilitating the
initiation of AF. However, the intensity of VNS ap-
pears to modulate its arrhythmogenicity, with low-
level VNS (LLVNS) (below the bradycardia threshold)
generally showing a protective or antiarrhythmic ef-
fect. Left-sided LLVNS causes upregulation of inhib-
itory small-conductance calcium-activated potassium
channels in the stellate ganglia (69). Similarly, inter-
mittent left cervical VNS is able to slow the ventric-
ular rate in a canine model of pacing-induced AF by
damaging the ganglion (70) and increasing activity of
the AGP (71). Together, these studies suggest that the
antiarrhythmic effect of LLVNS may be mediated
through decreased stellate ganglia activity as well as
alteration of AGP signaling.

The vagus nerve can be stimulated directly with
electrodes; however, given the risks of cervical VNS
implantation, recent attention has focused on alter-
native and less-invasive methods of delivering VNS.
Stavrakis et al. (72) recently explored the role of
LLVNS in preventing POAF. In their study, 54 patients
undergoing cardiac surgery who had a temporary bi-
polar pacing wire placed in vagal preganglionic fibers
near the superior vena cava were randomized to
LLVNS or sham stimulation for the duration of post-
operative intensive care unit stay. They found that
LLVNS reduced the occurrence of POAF. They also
found that LLVNS ameliorated the post-operative
cytokine elevation associated with cardiac surgery,
raising the hypothesis that LLVNS has an anti-
inflammatory effect (72).

Because vagal nerve projections exist in the ear,
LLVNS may be delivered through stimulation of the
tragus. In canine models of pacing-induced AF,
LLVNS delivered by tragus stimulation reduced the
electrical and structural remodeling induced by rapid
atrial pacing (73). Transcutaneous LLVNS increases
HRV and decreases muscle sympathetic nerve activity
in healthy volunteers, reflecting an anti-adrenergic
effect (74). In a pilot study of 40 patients undergo-
ing AF ablation, 1 hour of transcutaneous LLVNS via
tragus stimulation decreased pacing-induced AF
duration as well as systemic cytokine levels (75). Two
trials are currently underway to evaluate the effec-
tiveness of transcutaneous LLVNS in reducing
ambulatory (NCT02548754) as well as postoperative
AF (NCT02783157).
Baroreceptor stimulation. Mechanoreceptors in the
carotid sinus and aortic arch (baroreceptors) generate
dynamic feedback to brainstem centers responsible
for autonomic tone, thereby exerting beat-to-beat
control of blood pressure and heart rate (76).
Electric stimulation of carotid baroreceptors reduces
sympathetic tone (77) while augmenting vagal tone
(78). Thus, baroreceptor stimulation (BRS) has the
capacity to generate both pro-arrhythmic and
antiarrhythmic influences relative to AF. In a canine
model of low-level BRS at a voltage below the
threshold to lower systemic blood pressure, 2 h of
BRS was associated with increased AERP, increased
AF threshold, and decreased cardiac AGP activity
(79). This effect was further confirmed in porcine
model of high- versus low-level BRS in simulated
OSA, where low-level BRS prolonged AERP and
reduced AF inducibility, whereas high-level
baroreceptor stimulation shortened AERP and did
not meaningfully impact AF inducibility. Whether
low-level BRS can reduce the occurrence of AF
remains to be seen. However, investigation into this
potential avenue of neuromodulation for treatment
of AF continues.

FUTURE OUTLOOK. Given the increasing prevalence
as well as the morbidity associated with AF, new
strategies to prevent or reduce AF remain an impor-
tant unmet need. There has been great progress with
current therapeutic strategies to reduce the morbidity
of AF, including ablation-based as well as pharma-
cologic techniques. However, current therapies
incompletely use the developing mechanistic under-
standing of the pathogenesis of AF. Because the ANS
is an important contributor in the development of AF,
strategies to modulate autonomic signaling hold sig-
nificant promise in reducing both the incidence and
consequences of AF. As outlined above, a number of
early-stage clinical trials are ongoing to directly
translate promising basic science findings into safe,
efficacious strategies to reduce AF (Table 2). As the
evidence base surrounding autonomic modulation to
reduce AF continues to develop, one can anticipate a
growing number of effective strategies using auto-
nomic modulation to reduce AF.

VENTRICULAR TACHYCARDIA

RATIONALE FOR AUTONOMIC MODULATION FOR

VENTRICULAR TACHYCARDIA. Despite improve-
ments in our therapies for cardiovascular disease,

https://clinicaltrials.gov/ct2/show/NCT03269383
https://www.clinicaltrials.gov/ct2/show/NCT02548754
https://clinicaltrials.gov/ct2/show/NCT02783157
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ventricular tachycardia (VT) and ventricular fibrilla-
tion (VF) remain significant challenges in cardiovas-
cular practice. These life-threatening dysrhythmias
are particularly common in cardiac and surgical
intensive care units, and are responsible for more
than 450,000 deaths every year in the United States
alone (80). The sympathetic nervous system (SNS)
plays a significant role in the genesis of ventricular
arrhythmias, and thus represents an important ther-
apeutic target (Central Illustration).

The interaction between the SNS and the heart
can be reduced to efferent signals to the heart and
afferent signaling from the heart. Sympathetic
efferent signaling induces maladaptive changes in
ventricular electrophysiology. Sympathetic activa-
tion has been shown to be able to either activate or
maintain ventricular arrhythmias via the following
mechanisms: 1) shortened refractory periods (81,82);
2) abbreviated action potential duration (83,84); 3)
increased dispersion of refractoriness (85); 4)
increased heterogeneity of repolarization (86), and;
5) induced early afterdepolarizations (87). In sum,
sympathetically mediated changes in electrophysi-
ology decrease the ventricular threshold and can
induce ventricular arrhythmias. Furthermore, the
underlying cardiomyopathy often results in auto-
nomic imbalance and dysregulation as a result of
underlying structural changes (scar/fibrosis) or
persistent/recurrent states of HF (Figure 3).

It is now increasingly well understood that the
afferent inputs from the heart and peripheral organs
(such as the kidney to the ANS) contribute to mal-
adaptive remodeling of the ANS in the presence of
myocardial injury. For example, investigations in a
canine model of MI have shown that myocardial
injury induces morphologic and neurochemical
changes in the bilateral stellate ganglia approxi-
mately 5 weeks after the initial insult (88,89). Beyond
an increase in neuronal size, MI results in a persistent
increase in the synaptic density of bilateral stellate
ganglia and is associated with increased stellate
ganglion nerve activity for up to 8 weeks.

Furthermore, there is evidence of circadian varia-
tion in the stellate ganglion nerve activity. Changes in
gene expression and neuronal structure are not
restricted to the stellate ganglia but can also be found
in the dorsal root ganglia of the spinal cord (90,91).
Finally, even without an apparent neuroanatomical
link between renal nerves and the cardiac sympa-
thetic tone, direct or indirect (myocardial ischemia)
renal nerve activation leads to central nervous
remodeling (stellate ganglia) with direct impact on
cardiac sympathetic tone (92). These results suggest a
potential mechanistic link between neural remodel-
ing and ventricular arrhythmias.

PAST AND PRESENT. Current strategies in autonomic
modulation for ventricular arrhythmias. Clinical
management. At present, clinical management of
VT/VF is often restricted to pharmacological therapy
and catheter ablation (Table 3). In the setting of
VT/VF storm, the underlying sympathetic hyper-
activation is further exacerbated by ventricular ar-
rhythmias, internal or external defibrillations, pain,
anxiety, and progressive HF (93). Initial medical
management that targets the ANS includes
beta blockade.

Use of beta blockade is commonly the first and
most important pharmacologic intervention for pre-
venting VT/VF given its effectiveness in reducing
sympathetic tone. However, beta blockade in the
acute setting of electrical storm ($ 3 VT/VF episodes
in 24 h) is often underused due to concerns for
potential beta blockade–induced cardiac decompen-
sation. The recently presented clinical study evalu-
ating a non-selective beta blocker propranolol versus
a selective beta blocker metoprolol in the setting
of electrical storm has shown the safety and
effectiveness of nonselective beta blockers in patients
with high morbidity and mortality (94). In these pa-
tients, propranolol led to less ventricular arrhythmia
compared with metoprolol. However, VT and VF are
often refractory to medical management including
beta blockade, antiarrhythmic drug therapy, and even
mechanical hemodynamic support. Although mono-
morphic VT and premature ventricular contraction –

triggered polymorphic VT may be amenable to
successful radiofrequency ablation, this approach is
not always immediately feasible, especially in
critically ill or hemodynamically unstable patients.

Surgical approach. The concept of physically inter-
rupting cardiac sympathetic innervation to treat
ventricular arrhythmias was first introduced by
Schwartz et al. (95), who studied the interaction of
the ANS with ventricular arrhythmias and showed
that surgical cardiac denervation increases the ven-
tricular arrhythmia threshold in healthy dogs (n ¼ 11),
preventing induction of VT/VF with external
stimulation. In the 1990s, unilateral (predominantly
left-sided) surgical sympathectomy was applied in
patients (n ¼ 40) at high risk for ventricular arrhyth-
mias after an MI and was found to reduce risk of
sudden death significantly compared to controls
without pharmacologic or surgical sympathetic inhi-
bition (96). Given the success with SGB in patients
with MI, surgical sympathectomy has been used to
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treat patients with long-QT syndrome and catechol-
aminergic polymorphic VT (97).

Because unilateral sympathetic denervation may
be insufficient in some cases, bilateral surgical sym-
pathetic denervation has been proposed as an alter-
native and more effective therapy (98). Bilateral
sympathetic denervation may be more effective due
to bilateral stellate ganglion remodeling with cardiac
injury (89) and anatomical variation in cardiac
innervation (99). Ajijola et al. (98) have shown that
bilateral surgical cardiac sympathetic denervation
can be useful for the treatment of medically re-
fractory electrical storm due to a number of causes
and may result in improved outcomes compared to
unilateral surgical denervation (100). With the
exception of a single prospective study (96) that
compared surgical sympathectomy to placebo,
contemporary studies have been limited to retro-
spective observational studies. The largest published
experience now encompasses 121 cases, and shows an
association with decreased sustained VT and
implantable cardioverter-defibrillator (ICD) shocks in
patients with refractory VT (101).
Interventional approaches. Today, the modulation of
the autonomic tone via operative sympathetic
denervation (i.e., sympathectomy) is considered a
useful intervention only when all other therapeutic
options have been exhausted. However, not infre-
quently, patients presenting with electrical storm ($3
VT/VF episodes in 24 h) have either failed traditional
therapeutic approaches or are deemed too unstable
to undergo surgical sympathectomy. These situations
have led some investigators to use minimally inva-
sive approaches to achieve temporary blockade car-
diac sympathetic innervation. As a result, minimally
invasive approaches to cardiac sympathetic blockade
have emerged as therapeutic options and diagnostic
tools to help gauge whether a given patient would
benefit from the permanent surgical sympathectomy
(Figure 2). Notably, interventional approaches to
modulate the ANS in patients with VT are not widely
adopted and often limited to select institutions
across the world.
SGB. Similar to the limited evidence base for the use
of SGB in the treatment of AF, the utility of SGB for
the treatment of ventricular arrhythmias has been
chronicled in individual case reports (102,103).
Moreover, SGB has never been investigated in a pro-
spective, controlled clinical study for the treatment of
VT/VF. A systematic review of the literature yielded
35 published cases using mostly unilateral SGB (86%
of cases) (104). SGB resulted in a significant reduction
of ventricular arrhythmia episodes from 24-h pre- to
24-h post-SGB (mean, 16.5; 95% confidence interval
[CI]: 9.7 to 23.1 events vs. mean, 1.4; 95% CI: 0.85 to
2.01 events; p ¼ 0.0002) (104). The need for defibril-
lation decreased comparably (pre-SGB mean, 14.2;
95% CI: 6.8 to 21.6 events vs. post-SGB mean, 0.6;
95% CI: 0.3 to 0.9 events; p ¼ 0.0026). Importantly,
SGB was associated with a reduction of ventricular
arrhythmia burden regardless of the etiology of car-
diomyopathy (nonischemic vs. ischemic), type of
ventricular arrhythmia (monomorphic vs. poly-
morphic), and degree of contractile dysfunction
(preserved vs. reduced ejection fraction). In this se-
ries of uncontrolled observations, SGB was followed
by surgical sympathectomy in 21% of cases.

An observational study of several different
methods of autonomic blockade for the treatment of
electrical storm has shown a substantial difference in
mortality (w60% absolute risk reduction compared
with standard care) in 49 patients (only 6 received
unilateral percutaneous SGB) (105). Finally, the
repeated observation that SGB is associated with a
prolonged duration of arrhythmia suppression (3 to
4 days) well beyond what is expected from the
duration of a pharmacological bock (w1 day)
(102,103,106) suggests the presence of an afferent
mechanism with potential effects on neural remod-
eling. The safety profile of this intervention appears
to be favorable given the ability to deliver the nerve
block under ultrasound guidance.
Thorac ic ep idura l anesthes ia . An alternative
pathway to block the central sympathetic output and
input to/from the heart is thoracic epidural anes-
thesia (TEA). Using an established anesthetic
approach, TEA blocks afferent and efferent innerva-
tion between the heart and CNS. Anti-arrhythmic
properties of TEA have been shown in several pre-
clinical models (107,108). The safety and efficacy of
thoracic epidural anesthesia was explored as part of
several small case series (109,110). Successful reduc-
tion of ventricular arrhythmia burden was achieved
in the majority of patients with refractory arrhyth-
mias (6 of 11 patients, 55%). Notably, the use of
thoracic epidural anesthesia is limited in the setting
of antiplatelet or oral anticoagulation therapy due to
concerns for high-risk bleeding.
Developing neuromodulatory approaches. Alternative

approaches to cardiac sympathetic modulation. Beyond
the direct surgical or minimally invasive approaches
to modulate the autonomic innervation of the heart,
there are series of novel interventional approaches to
alter the sympathetic nervous tone. Spinal cord
stimulation (SCS) at the level of T1 to T5 can modulate
autonomic output, likely via inhibition of the stellate
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ganglia, and possibly increased vagal activity
(111,112). In animal models, SCS reduces HRV, de-
creases the incidence of ventricular arrhythmias, and
reduces left stellate ganglion activity in acute MI (111).
There are limited preliminary clinical data regarding
the use of SCS. In 2 patients with ischemic and non-
ischemic cardiomyopathy, SCS reduced the VT and VF
burden up to 75% to 100% (113). A prospective,
multicenter randomized clinical study (N ¼ 81 pa-
tients) that investigated the effects of SCS therapy for
the treatment of systolic HF failed to show improved
outcomes (114). Nevertheless, the exact mechanism of
SCS on ventricular arrhythmias remains to be deter-
mined, and the clinical safety and efficacy of SCS for
the prevention of recurrent ventricular arrhythmia
remains unknown.

Transtracheal cardiac plexus blockade is a most
recent novel attempt to interrupt cardiac sympathetic
innervation. Sympathetic nerves converge from both
stellate ganglia to form the cardiac plexus. Given the
anatomical location of the cardiac plexus between
pulmonary artery, aortic arch, and anterior wall of the
trachea (115), the cardiac plexus is amendable to a
transtracheal access. In a recent study, investigators
provided initial evidence that temporary interruption
of nerve traffic via lidocaine injection can counteract
the effects of stellate ganglion stimulation and thus
serve as a new avenue for temporary or permanent
minimally invasive cardiac denervation (116).
RDN. As previously mentioned, RDN was initially
developed for the treatment of hypertension and has
been shown to reduce global and regional sympa-
thetic nerve activity (117). In a porcine ischemia
model, RDN reduced the number of spontaneous
ventricular extrasystoles and VF in a similar manner
to beta blocker therapy (118). The effects of RDN on
ventricular electrophysiology appear to be indepen-
dent of its effects on blood pressure as shown in
initial preclinical and clinical studies. The early
clinical experience with RDN and ventricular ar-
rhythmias has also been encouraging (119). The
largest multicenter case series has shown that
bilateral RDN in 13 patients with refractory VT was
associated with an 85% freedom from VT at
3 months and no periprocedural complications (120).
In a second study including 10 patients, RDN led to a
significant decrease in VT/VF burden and ICD shocks
at 6 months (121). Despite recent advances for RDN
as an antihypertensive strategy (122) and our
improved understanding of the best procedural
approach (46), definitive evidence to support its use
as supplementary strategy for ventricular arrhyth-
mias is needed.
VNS. VNS to augment cardiac parasympathetic tone
and oppose sympathetic hyperactivation is also being
evaluated for the prevention of ventricular arrhyth-
mias. Preclinical studies support a favorable sympa-
tholytic effect of direct efferent via the cervical vagus
nerve or indirect afferent VNS via its auricular
branches (123). Post-MI models provide additional
evidence for the protective myocardial effects of VNS
that are heart rate independent. In caninemodel of MI,
high-intensity vagal stimulation led to a 71% VF-free
survival versus 40% with low intensity and 10% in
the control group (124). In parallel, prophylactic VNS in
the setting of MI minimized the risk of VF onset (125).
FUTURE OUTLOOK. The growing burden of ventric-
ular arrhythmias and their significant morbidity and
mortality demands new effective therapeutic ap-
proaches. While there are several effective pharma-
cologic and catheter-based therapies for ventricular
arrhythmias, these therapies frequently meet their
limits in an increasingly complex medical environ-
ment (e.g., use of mechanical circulatory devices).
The ANS is a new frontier in the management of
ventricular arrhythmias. Before novel therapeutic
strategies can be widely adopted in clinical practice,
randomized clinical trials are needed to establish
evidence of safety and efficacy (Table 2).

Given the myriad of new strategies to modulate the
autonomic tone, there is a need to develop methods
for individualizing treatment based on a given pa-
tient’s triggers, comorbidities, and underlying pa-
thology. Future therapies do not have to restrict
themselves to secondary prevention nor a device-
based approach to neuromodulation.

Recently published work has pioneered the use of
optogenetic modulation of cardiac sympathetic nerve
activity to prevent ventricular arrhythmias (126).
Optogenetics is a relatively novel technology applied
in neuroscience to silence or enhance neural activity
via targeted genetic modification. Viral vectors are
used to introduce an inhibitory light sensitive opsin
into stellate ganglion neurons to silence them (127).
When ArchT (inhibitory light-sensitive opsin) is
genetically expressed in targeted cells, it can be
activated via illumination using characteristic wave-
length. Activation leads to cell hyperpolarization via
activation of ionic channels and as a result silences
target cells (128,129).

In a canine model, optogenetic (and reversible)
stellate ganglia inhibition was protective against
myocardial ischemia–induced ventricular arrhyth-
mias (126). This work builds on prior attempts to
modulate norepinephrine release from cardiac neu-
rons via optogenetic modification (130). Targeted
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genetic modulation resulted in a desired increase in
norepinephrine release with consequent stimulation
in cardiac function. Arguably, if this technology can
be applied in man (cardiac plexus, stellate ganglia,
thoracic sympathetic ganglia, and vagus nerve) it
could be used as a preventative tool for high-risk
patients with ventricular arrhythmias and as a ther-
apeutic tool for patients with recurrent ventricular
arrhythmias. The unique on/off property of the
optogenetic modification is the central strength of
this technology. A major limitation is the current
need for direct application to the target nerve struc-
ture via injection for example.

The use of autonomic modulation for primary
prevention is currently under investigation and if
successful could have potentially far-reaching impli-
cations. An ongoing prospective randomized clinical
trial is exploring the use of surgical sympathetic
denervation for primary prevention of sudden cardiac
death in patients with heart failure (131).
CONCLUSIONS

Over the past several decades, there has been
increasing recognition of the importance of in-
teractions between the heart and the ANS in the
pathophysiology of arrhythmias. There are now a
multiplicity of potential therapies under develop-
ment to target several different neurologic targets
and structures for both atrial and ventricular ar-
rhythmias. Moving forward, randomized clinical tri-
als will be essential to establish the safety, efficacy,
and comparative effectiveness of these new and
promising interventions.
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Letters
Unsaturated Fatty Acids
to Improve
Cardiorespiratory
Fitness in Patients With
Obesity and HFpEF
The UFA-Preserved Pilot Study
Heart failure with preserved ejection fraction
(HFpEF) and obesity are 2 common and often coex-
isting conditions that reduce cardiorespiratory fitness
(CRF) (1,2).

Intake of unsaturated fatty acids (UFAs), which
consist of monounsaturated fatty acids (MUFAs) and
polyunsaturated fatty acids (PUFAs), has recently
been associated with favorable CRF, body composi-
tion, and cardiac diastolic function in patients with
obesity and HFpEF (3). A high UFA diet also pre-
vented weight gain and cardiac diastolic dysfunction
(3) in a mouse model of Western diet-induced cardiac
dysfunction (4), despite similar total caloric and total
fats intake. However, the feasibility of a dietary
intervention aimed at increasing daily UFA intake in a
prospective trial is required in this population to test
its potential efficacy in a large randomized controlled
trial.

We hypothesized that a 12-week dietary interven-
tion aimed at increasing UFA consumption was
feasible in patients with obesity and HFpEF, and
would result in increased consumption of UFAs at
12 weeks (primary endpoint), as assessed by both
dietary recall and biomarkers. To test this hypothesis,
we performed a proof-of-concept trial and enrolled 9
patients with obesity, symptomatic HFpEF (i.e.,
dyspnea, fatigue), and reduced CRF (<80% of pre-
dicted) measured with maximal cardiopulmonary
exercise testing, in a single-arm dietary intervention.
All study participants provided written consent
(NCT03310099).

Dietary intervention consisted of an individual-
ized, in-person meeting with a dietitian at baseline
and every 4 weeks thereafter, with a weekly tele-
phone call to support dietary adherence. Dietary
intervention was aimed at consuming a recom-
mended daily amount (or more, without upper limit
for consumption) of UFA-rich foods: extra-virgin
olive oil (54 g), canola oil (54 g), unsalted or
lightly salted mixed dry tree nuts (walnuts, hazel-
nuts, almonds, pecans), and peanuts (28 g), without
providing recommendations on caloric intake. In
patients who could not consume the recommended
foods for personal and/or cultural preferences, the
following foods were recommended: unsalted mixed
seeds (28 g), Hass avocado (50 g), and fatty fish
(salmon, tuna, trout, mackerel, sardines) (170 g). We
provided $100 of financial support to purchase the
recommended UFA-rich foods at baseline and 12-
week visits, as well as $50 at 4- and 8-week visits.
At each visit, a standardized 5-pass, 24-h dietary
recall (3) was administered by a dietitian and non-
fasting plasma UFA (oleic acid [MUFA], a-linolenic
acid, and linoleic acid [PUFA]) levels were measured
(Salveo Diagnostics Inc., Henrico, Virginia). We also
measured exercise time, peak oxygen consumption
(VO2) and peak oxygen (O2) pulse at baseline and
at 12 weeks using a metabolic cart interfaced
with a treadmill using a conservative ramping
protocol. Physical activity was assessed using
the International Physical Activity Questionnaire-
short version (IPAQ) to calculate the cumulative
metabolic equivalent of task-minutes per week
(MET-min/week). The Shapiro-Wilk test was used to
assess deviation from a Gaussian distribution with
paired Student’s t-tests and Pearson’s rank test
with mean � SD used to examine changes between
baseline and 12 weeks for normally distributed
variables. Wilcoxon’s test and Spearman’s rank test
with median and interquartile ranges were used to
compare abnormally distributed variables, respec-
tively. Statistical analysis was performed using SPSS
version 24.0 (IBM, Armonk, New York).

Of 9 patients (6 African American) enrolled, 5 were
women; mean age was 54 � 5 years. All patients had
arterial hypertension, and 5 had type 2 diabetes mel-
litus. Baseline left ventricular EF, N-terminal pro–
brain natriuretic peptide, E/e0 ratio, and left atrial
volumewere 58�4%, 29 pg/ml (range 17.5 to 54 pg/ml),
8.7 � 2.9, and 57.9 � 29.7 ml/m2, respectively. Base-
line peak VO2 was 16.3 � 5.9 ml/kg1/min1 or 53 � 12%
of predicted according to age, sex, height, and ideal
body weight. Baseline exercise time and O2 pulse

https://clinicaltrials.gov/ct2/show/NCT03310099
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jacbts.2019.04.001&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


FIGURE 1 Dietary and Plasma Level of UFAs, MUFAs, and PUFAs
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(A) Dietary and plasma level of unsaturated fatty acids (UFAs) (monounsaturated fatty acids [MUFAs], polyunsaturated fatty acids [PUFA]) and (B) changes in peak

oxygen consumption (VO2), exercise time, and O2 pulse.
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were 10.7 � 3.2 min and 12.8 � 4.8 ml/beat,
respectively.

After 12 weeks, patients reported a significant in-
crease in the proportion of daily calories derived from
dietary UFAs and demonstrated an increase in plasma
UFA biomarkers (Figure 1A). In addition to increased
UFA consumption, we observed a significant increase
in proportion of calories from total fat consumption
(p ¼ 0.007), but not a proportion of calories from
saturated fatty acids, protein, total calories and mil-
ligrams of sodium intake (all p > 0.05). We found a
significant reduction in the proportion of calories
from total carbohydrates (p ¼ 0.011) and fructose (p ¼
0.02).

Baseline plasma UFAs, MUFAs, and PUFAs were
positively associated with peak VO2 (R ¼ þ0.79; p ¼
0.036; R ¼ þ0.75; p ¼ 0.052; R ¼ þ0.79; p ¼ 0.036,
respectively) and O2 pulse (R ¼ þ0.86; p ¼ 0.014;
R ¼ þ0.89; p ¼ 0.007; R ¼ þ0.86; p ¼ 0.014, respec-
tively). After 12 weeks of UFA supplementation, we
observed a significant improvement in exercise time
and O2 pulse (Figure 1B) with a trend toward a sig-
nificant increase in peak VO2 (p ¼ 0.069), without
significant changes in the respiratory exchange ratio
(1.09 � 0.09 to 1.07 � 0.11; p ¼ 0.44), body mass index
(40.0 to 40.2 kg/m2; p ¼ 0.21) or IPAQ-estimated
physical activity (1,155 to 1,030 MET-min/wk; p ¼
0.67). Changes in peak VO2 tended to associate with
changes in plasma UFAs (R ¼ þ0.71; p ¼ 0.071),
MUFAs (R ¼ þ0.75; p ¼ 0.052), and PUFAs (R ¼ þ0.71;
p ¼ 0.071), although the associations did not reach
statistical significance (p < 0.05).

Although limited by the small sample size and
single-arm intervention, for the first time, we showed
that a dietary intervention aimed at increasing UFA
consumption was feasible and had the potential to
improve CRF in patients with severe obesity and
HFpEF. Larger randomized controlled trials to test
the efficacy of UFA supplementation on CRF and
clinical outcomes, as well as understanding the
mechanisms through which UFAs may exert these
beneficial effects are clearly warranted. Finally, un-
derstanding whether the improvements in CRF
induced by increased UFA consumption result from
improvement in cardiac function or noncardiac fac-
tors, such as favorable changes in body composition
(5), remains a critical question to investigate in future
studies.
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EDITOR’S PAGE
JACC: Basic to Translational Science
The End of the Beginning
Douglas L. Mann, MD, Editor-in-Chief: JACC: Basic to Translational Science
This is not the end. It is not even the
beginning of the end. But it is, perhaps,

the end of the beginning.
—Winston Churchill (1)

J ACC: Basic to Translational Science was launched
in February 2015, with a journalistic vision of
providing a literary home for those committed

to developing new therapies to improve the outcomes
of patients afflicted with cardiovascular disease. Over
the ensuing 4 years, the journal has sought to publish
papers that have a clear translational vector, which
the Editorial Board defines as any research that will
lead to the development of new therapy. I am excited
to announce that beginning with the August issue,
JACC: Basic to Translational Science will be published
monthly. Given that JACC: Basic to Translational
Science is an open access journal, authors will now
be able to have their work disseminated worldwide,
within months of the final acceptance of their
manuscript.

As Editor-in-Chief, I recognize that journals do not
exist in a vacuum, and that any journalistic under-
taking takes a village. Accordingly, I would like to
acknowledge a number of individuals who have been
critical to the journey thus far. First and foremost, I
would like to thank the Editorial Board for their
commitment to the mission of the journal: Kristen
Newby (Deputy Editor), Brian Annex, Nanette Bish-
opric, Dan Kelly, Juan Granada (Guest Editor), Peter
Libby (who coined the term translational vector), W.
Robb MacLellan, Geoff Pitt, Robert Roberts (Guest
Editor-in-Chief), Eva van Rooij; our woke social me-
dia editors, Meena Mathur and Reza Ardehali; Cindy
Green, our statistical editor; and Amanda Coniglio,
ISSN 2452-302X
Michelle Kelsey, and Vishal Rao, our talented CME
Editors. A very special shout out to Kim Trevey
(Managing Editor) for keeping everyone (especially
me) organized and on time. I would be remiss if I
did not acknowledge the support of our Editorial
Consultants (http://basictranslational.onlinejacc.org/
content/editorial-board) and the amazing reviewers
who have provided fair and balanced reviews in a
timely manner. Last, I would like to thank the authors
who have entrusted their life’s work to a new journal,
as well as the awesome readership of JACC: Basic to
Translational Science, without whose enthusiastic
support we would not exist.

Going forward, we are committed to improving the
timeliness of our review process, as well as expanding
the content of the journal by soliciting targeted re-
views and commentaries on topics that are relevant to
the field of cardiovascular translational medicine, in
order to fulfill our mandate to become the forum and
learning center for translational cardiovascular in-
vestigators in academia and industry, patients and
families impacted by heart disease, the National
Heart, Lung, and Blood Institute, and the U.S. Food
and Drug Administration. As always, we welcome
your thoughts about ways we can improve the journal
and the kind of content you would like to read in the
journal, either through social media (#JACC:BTS) or
by email (jaccbts@acc.org).

ADDRESS FOR CORRESPONDENCE: Dr. Douglas L.
Mann, Editor-in-Chief, JACC: Basic to Translational
Science, American College of Cardiology, Heart
House, 2400 N Street NW, Washington, DC 20037.
E-mail: JACC@acc.org.
RE F E RENCE
1. Churchill W. The End of the Beginning. Available
at: http://www.churchill-society-london.org.uk/
EndoBegn.html. Accessed July 16, 2019.
https://doi.org/10.1016/j.jacbts.2019.07.003

http://basictranslational.onlinejacc.org/content/editorial-board
http://basictranslational.onlinejacc.org/content/editorial-board
mailto:jaccbts@acc.org
mailto:JACC@acc.org
http://www.churchill-society-london.org.uk/EndoBegn.html
http://www.churchill-society-london.org.uk/EndoBegn.html
https://doi.org/10.1016/j.jacbts.2019.07.003
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jacbts.2019.07.003&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

	JACBTS80000547_proof
	Editorial Board
	Editor-in-Chief
	Deputy Editor
	Associate Editors
	Guest Editor-In-Chief
	Guest Editor
	Statistical Editor
	Vice President, Publishing
	Executive Managing Editor
	Managing Editor
	Editorial Assistant
	Director, Product Management, Digital Publishing
	Social Media Editors
	CME Editors
	Ethics Committee
	Editor-in-Chief, JACC
	Editor-in-Chief, JACC: Cardiovascular Imaging
	Editor-in-Chief, JACC: Cardiovascular Interventions
	Editor-in-Chief, JACC: Heart Failure
	Editor-in-Chief, JACC: Clinical Electrophysiology
	Editor-in-Chief, JACC: Case Reports
	Editor-in-Chief, JACC: CardioOncology
	Editorial Consultants
	2019-2020 Officers
	2019-2020 Publications and Editorial Coordination Committee
	slink1



	JACBTS328_proof
	Female Authorship in Preclinical Cardiovascular Research
	Methods
	Results
	Discussion
	Study limitations

	Conclusions
	References


	JACBTS351_proof
	Sex Differences in Science
	References


	JACBTS317_proof
	Malondialdehyde Conjugated With Albumin Induces Pro-Inflammatory Activation of T Cells Isolated From Human Atherosclerotic  ...
	Methods
	DC differentiation
	Co-culture of DCs and T cells
	Isolation and culture of plaque cells
	T cell cultures
	Macrophage culture
	Cell proliferation
	Staining of intracellular cytokines
	Cytokine quantification
	Gene silencing
	Adenosine triphosphate assay
	Apoptosis
	MDA-HSA binding
	Quantitative real-time polymerase chain reaction
	Mass spectrometry sample preparation and analysis
	Liquid chromatography–MS/MS analysis
	MS data analysis
	Statistical analysis

	Results
	Induction of DC-mediated T-cell activation by MDA
	The effect of MDA-HSA on DC-indepenent acativation of T cells
	Cell proliferation
	Induction of HSP60
	Activation induces apoptosis in DCs and T cells
	M1 macrophage differentiation by MDA-HSA
	Inhibition of T-cell activation
	MDA-HSA induces P38 mitogen-activated protein kinase, TLR2, and TLR4
	MS analysis

	Discussion
	References


	JACBTS311_proof
	Extracellular Matrix From Hypertrophic Myocardium Provokes Impaired Twitch Dynamics in Healthy Cardiomyocytes
	Methods
	Tissue harvesting
	Histology
	Maintenance and cardiac differentiation of human iPSCs
	EHT manufacturing and functional testing
	Uniaxial diastolic/passive mechanics
	Quantitative polymerase chain reaction analysis
	Statistical analysis

	Results
	Histological evaluation
	Passive mechanics of native tissue
	Passive mechanics of cultured EHTs
	Active mechanics of EHTs

	Discussion
	Study limitations

	Conclusions
	Acknowledgments
	References


	JACBTS319_proof
	Role of the Extracellular Matrix in the Pathogenesis of Hypertrophic Cardiomyopathy∗
	References


	JACBTS321_proof
	A Mechanism for Statin-Induced Susceptibility to Myopathy
	Methods
	Study approval
	Rodent models
	Rodent muscle Preparations
	Muscle function in vitro
	Confocal microscopy
	Protein chemistry and assays
	Antibodies
	Statistical analysis

	Results
	Summary of experimental plan and key findings
	Dissociation of FKBP12 from RyR1 and pro-apoptotic signaling in skeletal muscle of statin-treated humans and rats
	Statin treatment increases SR Ca2+ leak in intact skeletal muscle
	NOS and reactive oxygen species promote SR Ca2+ leak with statin treatment
	Consequences of statin-induced SR Ca2+ leak for muscle function
	Moderate exercise reverses the impact of statins on skeletal muscle

	Discussion
	Cardiac muscle is protected from statin-induced myopathy
	Moderate exercise may limit deterimental effects of statins on skeletal muscle
	Study limitations and significance

	Conclusions
	References


	JACBTS344_proof
	A Novel Mechanism to Explain Statin-Associated Skeletal Muscle Symptoms∗
	References


	JACBTS322_proof
	Adaptive Reductions in Left Ventricular Diastolic Compliance Protect the Heart From Stretch-Induced Stunning
	Methods
	Porcine model of RPO
	Physiological study protocol
	LV Diastolic Compliance via Admittance Catheter
	Cardiac MDCT imaging
	Post-mortem myocardial histopathology
	Myocyte nuclear density and morphometry
	Interstitial fibrosis
	Myocyte apoptosis
	Capillary density

	Assessment of serum cTnI
	Statistical analysis

	Results
	Hemodynamics and echocardiography after RPO
	Serum troponin I release before and after RPO
	Effect of RPO on MDCT-derived indexes of LV remodeling
	Cellular hypertrophy, myocyte loss, and interstitial fibrosis after RPO
	Reduced myocardial compliance after RPO

	Discussion
	Reduced LV diastolic compliance prevents stretch-induced myocyte injury
	Consequences of myocardial remodeling elicited by RPO
	Methodological limitations

	Conclusions
	Acknowledgments
	References


	JACBTS350_proof
	Repetitive Acute Hemodynamic Load
	Hemodynamic Load: Decompensation to Compensation to Decompensation
	Clinical Insights
	Conclusions
	References


	JACBTS316_proof
	Neuromodulation for the Treatment of Heart Rhythm Disorders
	Anatomy of the Neurocardiac Axis
	Atrial Fibrillation
	Rationale for Autonomic Modulation for Atrial Fibrillation
	Past and present
	Current strategies in autonomic modulation for atrial arrhythmias

	Developing neuromodulatory approaches
	Ablation-based approaches
	folink1
	folink2
	Pharmacologic approaches
	folink3
	folink4
	Bioelectronic approaches
	folink5
	folink6

	Future outlook

	Ventricular Tachycardia
	Rationale for autonomic modulation for ventricular tachycardia
	Past and present
	Current strategies in autonomic modulation for ventricular arrhythmias
	folink7
	folink8
	folink9
	SGB
	Thoracic epidural anesthesia
	Developing neuromodulatory approaches
	folink10
	folink11
	folink12

	Future outlook

	Conclusions
	References


	JACBTS320_proof
	Unsaturated Fatty Acids to Improve Cardiorespiratory Fitness in Patients With Obesity and HFpEF
	References


	JACBTS347_proof
	JACC: Basic to Translational Science
	Reference



