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Abstract We review some of the important discoveries and advances made in basic and translational cardiac research in

2020. For example, in the field of myocardial infarction (MI), new aspects of autophagy and the importance of eosi-

nophils were described. Novel approaches, such as a glycocalyx mimetic, were used to improve cardiac recovery

following MI. The strategy of 3D bio-printing was shown to allow the fabrication of a chambered cardiac organoid.

The benefit of combining tissue engineering with paracrine therapy to heal injured myocardium is discussed. We

highlight the importance of cell-to-cell communication, in particular, the relevance of extracellular vesicles, such as

exosomes, which transport proteins, lipids, non-coding RNAs, and mRNAs and actively contribute to angiogenesis

and myocardial regeneration. In this rapidly growing field, new strategies were developed to stimulate the release

of reparative exosomes in ischaemic myocardium. Single-cell sequencing technology is causing a revolution in the

study of transcriptional expression at cellular resolution, revealing unanticipated heterogeneity within cardiomyo-

cytes, pericytes and fibroblasts, and revealing a unique subpopulation of cardiac fibroblasts. Several studies demon-

strated that exosome- and non-coding RNA-mediated approaches can enhance human induced pluripotent stem

cell (iPSC) viability and differentiation into mature cardiomyocytes. Important details of the mitochondrial Ca2þ uni-

porter and its relevance were elucidated. Novel aspects of cancer therapeutic-induced cardiotoxicity were de-

scribed, such as the novel circular RNA circITCH, which may lead to novel treatments. Finally, we provide some

insights into the effects of SARS-CoV-2 on the heart.
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* Corresponding author. Tel: þ44 2034479894, E-mail: s.davidson@ucl.ac.uk

VC The Author(s) 2021. Published by Oxford University Press on behalf of the European Society of Cardiology.

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted

reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

Cardiovascular Research (2021) 117, 2161–2174 REVIEW
doi:10.1093/cvr/cvab200

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/c
a
rd

io
v
a
s
c
re

s
/a

rtic
le

/1
1
7
/1

0
/2

1
6
1
/6

2
9
6
6
0
3
 b

y
 U

n
iv

e
rs

ity
 o

f S
h
e
ffie

ld
 u

s
e
r o

n
 0

9
 J

u
n
e
 2

0
2
2



.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

...................................................................................................................................................................

Keywords Cardiac • Myocardial infarction • Myocardial injury • Heart failure • Non-coding RNA • Cardiomyocyte

division • Induce pluripotent stem cells • Cardiotoxicity • Single-cell RNA sequencing s • COVID-19

1. Introduction

The year 2020 was unique in modern history, temporarily affecting

normal research activities worldwide, as well as affecting much of normal

life. Nevertheless, cardiovascular research continued unabated, and

output even increased. Incredibly, the number of publications in PubMed

containing the keyword ‘cardiac’ actually increased by 14%, from 86 498

in 2019 to 98683 in 2020. Here, we highlight some of the major advan-

ces that were made in basic and translational cardiac research—and

mechanistic studies that we believe may have the greatest impact on the

development of future therapeutics and bio-analytics for cardiovascular

disease (Figure 1). It is, by its nature, a subjective selection, and some

important advances may have been overlooked, but it represents a

snapshot of some of what the authors believe were research highlights

in 2020.

2. Myocardial infarction, ischaemia/
reperfusion injury, and heart failure,
a trilogy

Ischemia and reperfusion (IR) injury is an unavoidable deleterious effect

that determines the final infarct size after successful revascularization

following myocardial infarction (MI). There is currently no effective

therapy for reducing cardiac damage in the setting of MI. The year 2020

has brought relevant data to improve our understanding of the patho-

physiological mechanisms behind IR and has identified new potential

therapeutic targets to limit infarct size and the consequent adverse

cardiac remodelling.

Gao et al.1 propose a novel signalling pathway, TXNIP (thioredoxin-

interacting protein)/Redd that contributes to IR injury by promoting ex-

cessive autophagy during reperfusion. In particular, by combining studies

in cardiac-restricted TXNIP-knock out mice with experiments in

primary cultures of cardiomyocytes, the authors demonstrated that

TXNIP (a pro-oxidative molecule) inhibits autophagosome clearance

via a reactive oxygen species (ROS)-mediated mechanism; however, it

upregulates autophagosome formation by upregulating Redd1 (mTOR

inhibitor), leading to exacerbated autophagy after reperfusion and

consequent cardiomyocyte death.1 The study by Liu et al.2 sheds new

light on the role of eosinophils in acute MI. Through a series of

Graphical Abstract

Figure 1 The top cardiac-related phrases appearing in the titles of

Cardiovascular Research articles published in 2020, with the size of the

font indicating the phrase’s frequency.

2162 S.M. Davidson et al.
D

o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/c
a
rd

io
v
a
s
c
re

s
/a

rtic
le

/1
1
7
/1

0
/2

1
6
1
/6

2
9
6
6
0
3
 b

y
 U

n
iv

e
rs

ity
 o

f S
h
e
ffie

ld
 u

s
e
r o

n
 0

9
 J

u
n
e
 2

0
2
2



.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

mechanistic studies and transgenic mice, the authors provide evidence

that eosinophils, by producing IL-4 and cationic protein mEar1, mitigate

cardiomyocyte death, fibroblast activation, and neutrophil adhesion, ulti-

mately improving cardiac function. The work establishes a cardioprotec-

tive role of eosinophils against post-IR injury supporting the hypothesis

that an increase of circulating and cardiac eosinophils represents a com-

pensatory mechanism to repair the ischemic heart.

Regarding novel approaches and opportunities for cardioprotection,

the Panitch lab proposed a new therapeutic approach to limit IR injury

by interfering with leukocyte recruitment and attachment at the site of

injury.3 The authors designed a novel selectin-targeting glycocalyx mi-

metic (named DL-IkL) that targets a glycocalyx component of the dam-

aged endothelium and reduces the availability of endothelial adhesion

molecules (mainly selectins) interfering with neutrophil binding to the in-

flamed vessel wall. Administration of this new compound at reperfusion

and 24h thereafter to mice with a MI reduced neutrophil and macro-

phage accumulation, tissue fibrosis and cardiac damage, and improved

cardiac function.3 Other novel therapeutic approaches to limit cardiac

damage and lessen adverse cardiac remodelling have also been pro-

posed. By means of cardiac magnetic imaging analyses in a pig model of

MI, Mendieta et al.4 demonstrated that administration of intravenous

atorvastatin during ischemia limits cardiac damage, improves the recov-

ery of systolic function and mitigates adverse cardiac remodelling to a

larger extent than when administered orally shortly after reperfusion.

Furthermore, this intravenous approach also limits the systemic inflam-

matory response. This highly translational study supports the concept

that statins can be repurposed and used intravenously as a feasible and

safety cardioprotective approach on first medical contact in the setting

of STEMI.4 Another study that deserves to be highlighted in the field of

IR focused on the effect of circadian rhythm on acute MI, a subject of

considerable scientific interest but with a wide knowledge gap with re-

spect to the mechanism of the interaction. Zhang’s group demonstrated,

in cardiomyocyte-specific Krüppel-like factor 15 (KLFL15) knockout

mice, the key contribution of this oscillatory transcription factor to the

susceptibility of IR injury in a time-of-day specific manner.5 Moreover,

the effects of KLF15 were linked to the presence of NADþ, a key co-

enzyme for the proper functioning of mitochondrial deacetylase sirtuin-

3.5 The authors suggest that NADþ supplementation during a critical

time window may be particularly beneficial for patients with chronic

heart diseases.

Over the past few years, long non-coding RNA (lncRNAs) have

emerged as key regulators of the biological processes involved in the

progression of heart failure.6 Viereck et al.7 focused on the potential of

the highly conserved lncRNA H19, found to be downregulated in failing

hearts. The authors demonstrated that cardiomyocyte-directed H19

gene therapy suppresses pressure-overload-induced left ventricular car-

diac failure at both structural and functional level in mice.

Mechanistically, the Thum lab identified a link between H19 and the sup-

pression of pro-hypertrophic NFAT (nuclear factor of activated T cells)

signalling.7 These findings open up new pathways for exploiting H19 as a

potential therapeutic target in the management of heart failure patients.7

Lin et al.8 provided novel insights into the controversial approach of

using proton pump inhibitors (PPIs) beyond their acid-suppressing ac-

tion. In this work, the authors demonstrate that lansoprazole administra-

tion attenuates pressure overload-induced cardiac hypertrophy and

improves heart failure in mice regardless of its Hþ/Kþ-ATPase inhibition.

The protective benefits were associated with inhibition of the AKT/

GSK-3b/b-catenin signalling pathway, upregulation of HO-1 (heme

oxygenase-1) expression and reduction in ROS production, overall sup-

porting the use of PPIs to alleviate cardiac adverse remodelling.8

One crucial outstanding question is why it has not yet been possible

to translate cardioprotection to the clinic. This question was addressed

in a position paper of the Working Group on Cellular Biology of the

Heart, which provides important recommendations to improve transla-

tional research in sex-specific effects of comorbidities and risk factors in

ischaemic heart disease.9 Furthermore, Schreckenberg et al. proposed

that there may be a mix of responders and non-responders to cardio-

protective interventions, and they identified the mitochondrial transcrip-

tome as potentially involved.10

3. Rebooting cardiac regeneration
by cardiomyocyte renewal and
tissue engineering strategies

Since the first report in 2011, describing transient mammalian neonatal

heart myocardial renewal by means of resident cardiomyocyte de-

differentiation and proliferation,11 several independent studies have

addressed the role of genetic, metabolic, immunologic, and stimulatory

environmental factors to restore endogenous regenerative response in

the heart. Therefore, the comprehensive analysis of regulatory mecha-

nisms of cardiomyocyte cell-cycle control has become of increasing in-

terest to basic and translational cardiac researchers (Figure 2).

Several studies published in 2020 offered significant new insights into

the mechanism of myocardial regeneration via reactivation of cardio-

myocyte division. Volland et al.12 translated insights from cardiac devel-

opment by demonstrating that BRCA1-associated protein (BRAP) is

pivotal in blocking the cell-cycle inhibitor p21Cip, thus allowing DNA syn-

thesis, cell-cycle progression, and proliferation in murine cardiomyo-

cytes.12 In particular, the authors revealed a specific role for BRAP in

regulating cardiac development and cardiomyocyte cell-cycle control;

BRAP ablation resulted in attenuation of neonatal cardiomyocyte cell-

cycle progression and evoked lethal heart failure in vivo at post-natal age;

conversely, its overexpression enhanced the engagement into the DNA

duplication phase and reduced p21Cip expression in neonatal cardiomyo-

cytes. Therefore, BRAP signalling appears to be critical to regulate cardi-

omyocyte cell-cycle machinery, myocardial development, and adult

myocardial performance, hence suggesting a fine mechanism with critical

impact for future regenerative strategies.

The recapitulation of the embryonic developmental programme—

such as activation of epithelial–mesenchymal transition (EMT) in cardiac

stromal cells—has previously been shown to trigger reparative mecha-

nisms within the heart.13,14 In 2020, Aharonov et al.15 showed that tran-

sient overexpression of activated ERBB2 in adult cardiomyocytes caused

cardiac regeneration in a preclinical murine model of heart failure.

Restoration of ERBB2 signalling in the injured myocardium triggered an

EMT-like response within resident cardiomyocytes defined by cytoskele-

tal remodelling, junction dissolution, and extracellular matrix turnover,

overall inducing their migration and replacement of scar tissue by means

of myocardial renewal. This study suggests that reactivation in adult car-

diomyocytes of developmental EMT-like behaviour and ERBB2–ERK–

YAP mechano-transduction signalling may represent a relevant thera-

peutic target for cardiac restoration following injury.

Besides analytical investigation of signalling pathways regulating cardio-

myocyte cell-cycle activity, increasing interest has been directed towards

non-cardiomyocyte cell types, in driving myocardial renewal. Wu et al.16

Cardiac research in 2020 2163
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recently addressed the role of post-natal cardiac fibroblasts and ex-

tra-cellular matrix (ECM) in influencing cardiomyocyte cell division

by showing that fibroblast-induced ECM modulation can affect cardi-

omyocyte cytokinesis and induce their binucleation. SLIT2 and

Nephronectin (NPNT) were identified as fibroblast-derived ECM

reference components exerting proliferative effects, thus revealing

two putative molecular candidates for further investigation on the

mechanisms underlying bona fide cardiomyocyte cytokinesis from

embryonic to adult stages.

Recent data have emphasized the role of lymphatic cells in improving

cardiac function and inhibiting detrimental remodelling after injury.17–19

Liu et al.20 recently identified a function for lymphatic endothelial cells

(LECs) in orchestrating cardiomyocyte proliferation and survival during

heart development including the early post-natal regenerative stage.

LECs were shown to release trophic lympho-angiocrine signals, among

which the extracellular protein Reelin (RELN) emerged as promising

therapeutic candidate, since it improved myocardial rescue in the adult

mouse heart when administered via a bioengineered collagen patch.20 A

growing body of evidence on the role of immune system cells during car-

diac repair indicates that macrophages are prominent facilitators of neo-

natal mouse heart regeneration and cardiomyocyte mitochondrial

homeostasis, e.g. by eliminating dysfunctional mitochondria ejected by

cardiomyocytes.21–23 Notably, Li et al.24 confirmed that macrophage re-

cruitment is critical to initiating endogenous myocardial regeneration,

since genetic ablation of murine CD11b-positive macrophages inhibited

neonatal heart restoration with worsening of cardiac function after

apical resection. Moreover, the fundamental function of macrophages in

myocardial renewal was validated by evidence of restoration of cardio-

myocyte proliferation following transplantation of neonatal cardiac

macrophages in the injured adult heart.24

At present, preclinical heart research in mammals focuses mainly on

left ventricle myocardial infarction or cardiac ischaemic- or cardiotoxic

injury models with the aim of modelling the adult clinical scenario. There

is often limited correlation with congenital heart disease affecting paedi-

atric patients. Of note, tetralogy of Fallot, pulmonary artery hyperten-

sion, and pulmonary stenosis in children are often caused by pressure

overload in the right ventricle.25,26Against this background, Ye et al.27 re-

cently showed in the rat, that pulmonary artery banding at post-natal day

1 induces right ventricle pressure overload. This triggers myocardial re-

newal activation by over-proliferation of resident neonatal cardiomyo-

cytes. Interestingly, such findings were further verified by histological

analysis of human specimens of tetralogy of Fallot. The results suggest,

for the first time, that right ventricular pressure overload model may

represent an additional relevant model of heart regeneration and

Figure 2 Schematic of the latest insights on myocardial renewal and tissue engineering strategies to enhance cardiac repair and to stimulate heart re-

generation following injury. BRAP, BRCA1-associated protein; EMT, epithelial–mesenchymal transition; ECM, extra-cellular matrix; NPNT, nephronectin;

RELN, Reelin; hiPSC, human induced pluripotent stem cell. Schematic has been produced using Smart—Servier Medical Art (available at https://smart.serv

ier.com).
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neonatal cardiomyocyte proliferation, with translational relevance for

the pathogenesis of many paediatric congenital heart diseases.

New cardiac tissue engineering strategies were developed in 2020, in

order to provide reliable tissue models for translational research (Figure

2). For example, Kupfer et al.28 optimized a 3D bio-printing strategy

based on an ECM-derived bio-ink formulation, which supported human

induced pluripotent stem cell (iPSC) viability, proliferation, and matura-

tion into cardiomyocytes. This technique resulted in the fabrication of a

geometrically complex, chambered cardiac organoid with robust elec-

tromechanical function, and provided remarkable advances in terms of in

situ pluripotent stem cell differentiation at high density.28 Such engi-

neered human cardiac structures could be exploited as drug screening

platforms or for use in experimental medicine with in vitro developmental

or injury/disease models. From a regenerative point of view, an acellular

artificial cardiac patch has recently been described with cardioprotective,

pro-angiogenic and proliferative potential in rodent and porcine models

of acute myocardial infarction.29 De-cellularized porcine myocardium

was engineered with biodegradable polylactic-co-glycolic acid (PLGA)

microcarriers delivering human cardiac stromal cell-secreted factors.29

This combinatorial approach resulted in the optimization of a ready-to-

use and cell-free graft, which maintained regenerative properties after

cryopreservation, thus suggesting a feasible and clinically compliant ther-

apeutic strategy.29 As such, this study offers an elegant proof-of-principle

for the functional association of tissue engineering technique with para-

crine therapy to heal the injured myocardium.

4. Looking beyond the
cardiomyocytes—from phenotyping
individual cell types to cell atlases of
the heart

Microscopy entered a new era with the development of super-

resolution techniques. Similarly, single-cell transcriptomics has kicked off

a revolution in genetics, by providing a high-resolution view of gene tran-

scription at the level of individual cells, rather than bulk tissue. Next-

generation sequencing of mRNA expression in individual cells, combined

with machine learning, can now provide unprecedented, granular detail

of the individual cell types present within tissues.30 The trajectories of in-

dividual cell types can be followed as they undergo differentiation. In

2020, the technique’s enormous potential for the field of cardiovascular

biology was revealed by a landmark study, published in Nature, which

attempted to identify and categorize all the cell types of the adult human

heart.31After analysing approximately half a million single cells, this inves-

tigation revealed a surprising diversity of cell types in the heart, and unan-

ticipated heterogeneity within cardiomyocytes, pericytes, and

fibroblasts.31 Functional interactions between different cell types such as

immune cells and fibroblasts could be deduced.31 By applying this same

approach to mouse hearts, Ruiz-Villalba et al.32 were able to identify a

unique subpopulation of cardiac fibroblasts expressing high levels of

CTHRC1 (collagen triple helix repeat containing 1), that emerges fol-

lowing myocardial infarction and reduces the likelihood of death due to

cardiac rupture. Suryawanshi et al.33 used single-cell transcriptomics to

produce an equivalent map of all the cells within the foetal human heart.

This showed an unanticipated diversity of cardiac cell types and allowed

the separation of endothelial cells into previously uncharacterized sub-

populations. A comparison with foetal human hearts affected by congen-

ital heart block (CHB), a disease that results in significant mortality

(17.5%), revealed a remarkable interferon response in many cell types of

the diseased heart, which indicates a therapeutic target.33 By offering a

new lens with which to view the heart, single-cell transcriptomics is sure

to lead to many future insights into the secret life of cells of the heart.

A cell type of particular interest is macrophages, which are not only in-

tegral to the initial inflammatory response to injury, but also to subse-

quent wound healing. Consequently, maladaptive immune cell behaviour

contributes to ventricular remodelling. A paradigm shift in macrophage

biology occurred with the recognition that they can be divided into a

population of pro-inflammatory, M1 macrophages and a population of

reparative, M2 macrophages. Initial investigations of cardiac macrophage

populations following acute MI suggested they aligned well to this model.

However, as reviewed by Peet et al., 34 more recent data demonstrate

remarkable heterogeneity and plasticity in macrophage development,

phenotype, and function (Figure 3). These recent insights into macro-

phage biology may explain the failure of non-specific immunosuppressive

strategies and are important to understand in the development of novel

therapies targeting heart failure following acute MI.34

While a robust inflammatory response to tissue injury is a necessary

part of the repair process, it can also result in the deposition of scar tis-

sue. Bevan et al.35 used stable transgenic lines, whole organ imaging and

genetic and pharmacological interventions to demonstrate that different

subsets of macrophages promote scar deposition following cardiac injury

and facilitate scar removal during regeneration.35 Osteopontin was iden-

tified as having both pro-fibrotic but also potentially pro-regenerative

roles in the adult zebrafish heart, driving collagen deposition but also

controlling inflammatory cell resolution.35

The use of stem cell therapy as a means to regenerate the heart has a

long and chequered history. Despite the intuitive attractiveness of the

approach, few still believe that it results in significant cardiac regenera-

tion. While intracardiac stem cell injection appears to slightly improve

cardiac function following MI, no clear mechanism had been established

until Vagnozzi et al.36 showed it acts through an acute sterile immune re-

sponse. This was characterized by the temporal and regional induction

of CCR2(þ) and CX3CR1(þ) macrophages. Remarkably, the same re-

sponse could be obtained by injecting either killed cells or a chemical in-

ducer of the innate immune response. By modulating the macrophage

response, these treatments initiated an acute, inflammation-based,

wound-healing response that rejuvenates the infarct area of the heart.

This important study likely represents a capstone on 30 years of research

investigating the mechanism of stem cell-mediated regeneration of the

injured heart.

In a further example of the importance of inter-cellular communica-

tion, Zhao et al.37 used an impressive variety of techniques ranging from

bone marrow transplantation and parabiosis (conjoining of circulatory

systems) to show that mir-210 can be delivered to the endothelium

through the blood by a long-range endocrine mechanism. Significantly, it

modulated expression of target genes in the endothelium and promoted

pulmonary hypertension.

The cancer field has recently undergone a revolution with the discov-

ery that cytotoxic T cells can be redirected to specifically recognize and

eliminate cancer cells. Aghajanian et al.38 were able to ‘repurpose’ this

technique, using T cells to recognize a novel cardiac fibroblast epitope

they identified. By eliminating cardiac fibroblasts from injured mouse

hearts it was possible to restore cardiac function. These results provide

proof-of-principle for the development of immunotherapeutic drugs for

the treatment of cardiac disease.
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Figure 3 (A) Identification of cell types in human foetal heart. Clustering for 12461 cells from three healthy samples based on established lineage markers

and visualized using t-SNE. (B) Averaged proportion of all cell types (except EBs) contributing to foetal human hearts. Middle panel indicates major cell

groups with subgroups of immune cells (top panel) and endothelial cells (bottom panel) and number in parenthesis indicates percentage contribution to foe-

tal heart cells. Figure taken from Suryawanshi et al.33with permission. (C) Novel macrophage populations appear to play spatially restricted roles in remodel-

ling of the myocardium following acute myocardial injury (AMI). Novel high throughput techniques allow unbiased resolution of cells into distinct

populations, based on gene expression profile (scRNA-seq) or large panels of differentially expressed proteins (mass cytometry). Figure taken from Peet et

al.34with permission.
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5. Cell-to-cell communication via
exosomes and non-coding RNA

Cell-to-cell communication plays a pivotal role in cardiac remodelling

and function, both under physiological conditions to maintain myocardial

homeostasis, and under pathological conditions as an adaptive response

to injury and stress. In 2020, different studies aimed at gaining a better

understanding of how crosstalk between cells affects cardiac function,

resulted in the identification of novel pathophysiological mechanisms of

intercellular communication.

Moreira et al.39 identified a novel calcitonin-mediated paracrine mech-

anism between cardiomyocytes and fibroblasts in the human atrial myo-

cardium that tightly regulates fibroblast function, preventing the

accumulation of fibrous tissue and fibrogenesis. The authors used human

right atrial tissue to demonstrate that isolated cardiomyocytes abun-

dantly express the thyroid hormone calcitonin. Through specific

receptor-binding on the membrane of atrial fibroblasts, cardiomyocyte-

released calcitonin acts as a paracrine signal controlling cell proliferation

and BMP1 (bone morphogenetic protein-type 1)-related collagen proc-

essing, as demonstrated by single-cell RNA sequencing and proteomic

approaches. Supporting this finding, patients with persistent atrial fibrilla-

tion, a highly prevalent cardiac arrhythmia associated with considerable

mortality and morbidity, had impaired production of myocardial calcito-

nin with loss of calcitonin receptor in the fibroblast membrane. Using

several different mouse models, either with global disruption of calcito-

nin receptor expression or with atrial-specific knockdown of calcitonin,

Moreira et al.39 demonstrated the relevance of the calcitonin–calcitonin

receptor axis to control susceptibility to atrial fibrosis and fibrillation.

Evidence that has been accumulated over the past years relates the

cardioprotective effects of mesenchymal stromal cells (MSC) to their

paracrine activities, which result in anti-apoptotic, pro-angiogenic and

immunomodulatory mechanisms rather than de novo cardiomyocyte re-

generation through replication and differentiation. Using mouse models

of MI and myocardial I/R, Yan et al.40 demonstrated that N-cadherin

overexpression prolongs myocardial retention of implanted adipose-

derived stem cells (ADSC) and enhances ADSC cardioprotective effects,

mainly preserving capillary density and cardiomyocyte proliferation.

Furthermore, the authors highlighted an increase in N-cadherin/b-cate-

nin interaction and intracellular trafficking of b-catenin, with the subse-

quent expression of downstream molecules such as metalloproteinase

(MMP)-10 and MMP-13 and hepatocyte growth factor (HGF), as respon-

sible for the enhanced cardioprotective effects derived from N-cadherin

overexpression in ADSC.

Exosomes are extracellular nanovesicles, released by a wide spectrum

of cell types and carrying non-random subsets of bioactive molecules

(proteins, lipids, non-coding RNAs and mRNAs) already present in their

cells of origin. Together with soluble factors, exosomes are increasingly

recognized as active intercellular messengers in paracrine signalling, but

the mechanisms involved and their role as potential novel therapeutic

candidates to improve heart function remain unclear. Gao et al.41 dem-

onstrated, in a mouse model of MI that post-MI circulating exosomes

from heart and kidney origin mediate the activation of pro-angiogenic

signalling in adipose-derived MSCs (AD-MSCs). Through mechanistic

studies in cultured AD-MSCs, the authors linked the effects of cardio-

renal serum exosomes with activation of vascular endothelial growth

factor (VEGF) signalling after delivering miR-1956 into the cells. Thus,

miR-1956 acted as a functional exosome-messenger by downregulating

Notch-1 expression, which was identified as a key mediator of

exosome-miR1956-VEGF signalling in AD-MSCs. The benefits of

exosome-induced paracrine signalling on cardiac regeneration were also

evidenced in human iPSCs derived from cardiac fibroblasts (CF-iPSC).42

CF-iPSC exosomes were enriched in miRNA cluster miR-371-373,

highly expressed in human embryonic stem cells, and significantly en-

hanced spontaneous differentiation of CF-iPSC into cardiomyocytes, evi-

denced by the increased number of contracting embryoid bodies.

There is consistent evidence that the molecular cargo of exosomes

varies depending on environmental stimuli. Accordingly, there is increas-

ing interest in identifying strategies to modulate endogenous exosome

composition and thereby influence their biological effects. Lew et al.43

performed a study in diabetic db/db mice, in which the effectiveness of

exercise for preventing or reversing cardiac and coronary dysfunction in

diabetes was highlighted. Importantly, the study provided novel evidence

implicating cardiovascular-related miRNAs and particularly miR-126 and

its molecular targets (SPRED1/VEGF) as mechanistic effectors underlying

the vascular protective ability and cardioprotective properties of exer-

cise training. Of note, exercise-mediated changes in miRNA translation

were related to the intensity and the time at which exercise was imple-

mented during disease progression (i.e. early vs. late) in the diabetic

mice.

Recent evidence also points to rare subtypes of non-coding RNAs,

such as circular RNAs (circRNAs), as novel contributors to cardiovascu-

lar pathophysiology. However, their functional role in cardiac remodel-

ling in different pathological settings still requires better delineation. Li et

al.44 showed that circRNA_000203 was upregulated in the myocardium

of Angiotensin-II (AngII)-infused mice to induce cardiac hypertrophy, and

identified the potential mechanism involved. By means of dual luciferase

and RNA-pull-down assays, authors demonstrated that

circRNA_000203 acted as a sponge for miR-26b-5p and miR-140-3p in

cardiomyocytes, which resulted in the increased expression of their

common target gene, GATA4, thereby contributing to aggravated car-

diac hypertrophy.

Beyond lipid-lowering, statins exert cardioprotective effects (see

Mendieta et al.4). In this respect, Huang et al.45 demonstrated that exo-

somes released from atorvastatin-pretreated MSCs increased survival

and promoted cell migration and tube-like structure formation when de-

livered into endothelial cells in vitro, under hypoxia and serum depriva-

tion conditions. In addition, atorvastatin pre-treatment promoted the

efficiency of MSC-derived exosomes to preserve cardiac function and

enhance angiogenesis in animals presenting acute MI. Using different

mechanistic approaches, the authors identified lncRNA H19 as a media-

tor of the pro-angiogenic effects induced by the atorvastatin-pretreated

MSCs.

In recent years, increasing interest has been directed towards stimu-

lating the specific release of reparative exosomes in the ischemic myo-

cardium. Shock wave therapy (SWT) is frequently used as adjuvant

therapy to improve wound healing, and a first-in-human study in patients

with acute myocardial infarction was recently reported, 46 although

mechanisms involved were not identified. The study by Gollmann-

Tepeköylü et al.47 evidenced an increased release of miRNA-19a-3p

enriched endothelial-exosomes in response to SWT, both in vitro and

in vivo. Of note, exosomes derived from SWT-stimulated cells induced

VEGF-mediated angiogenic signals and capillary formation. Using a

mouse model of MI, the authors demonstrated the beneficial effects on

cardiac contractility after treatment with the exosomes released from

SWT-stimulated cells.

Strategies to enhance exosome effectiveness as a therapeutic tool

also consider manipulating endogenous exosome biodistribution to
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increase their local concentration in response to need. In this regard, Liu

et al.48 designed antibody-conjugated magnetic nanoparticles that can be

used as a vesicle shuttle, due to their ability to simultaneously capture

circulating exosomes (CD63-antigen binding) and target injured cardio-

myocytes (myosin-light chain antigen) in the infarcted area, in addition to

facilitating the local release of the captured exosomes on the injured car-

diac tissue. The applicability of this novel vesicle-shuttle approach as a

strategy for therapy was demonstrated in rat and rabbit models of MI.

Thus, magnetic-guided accumulation of exosomes in infarcted tissue led

to a reduction in the infarct size and enhanced angiogenesis four weeks

after treatment, in addition to an improvement of the cardiac function,

as assessed by echocardiography.

6. iPSC-CM (in vitro contraction,
arrhythmia, in vivo cardiac repair)

As can be seen from the previous section, there is still a great deal that

remains to be understood about how exosomes function. One resource

that will be useful for investigating this is the atlas of exosomal

microRNAs from human iPSC-derived cardiac cells, created by Chandy

et al.49 To create this database, human iPSC were differentiated into car-

diomyocytes (iPSC-CMs), endothelial cells (iPSC-ECs), or cardiac fibro-

blasts (iPSC-CFs). Small extracellular vesicles (sEVs) were then isolated

from them using a microfluidic system, and their miRNA contents was

sequenced and compared to the source cell. Interestingly, only a subset

of total cellular miRNAs was found to be secreted in sEVs, but a com-

mon core of miRNAs was secreted by all three cardiac cell types. There

was some cell specificity. For example, miR-1, which is critical for cardiac

development and pathology, was only secreted by iPSC-CMs.

A practical way to study inherited arrhythmias in vitro without the

need for cardiac biopsies is to differentiate patient-derived iPSCs into

cardiomyocytes. Benzoni et al.50 took advantage of this technique to in-

vestigate the mechanism of inherited, untreatable persistent atrial fibrilla-

tion. Electrophysiological characterization of the patient-derived

cardiomyocytes revealed functional alterations of If and ICaL currents

leading to a cardiac substrate more prone to develop arrhythmias under

stressful conditions.

One limitation of using iPSC-CM for electrophysiological or other

studies, is that the iPSC-derived cells more closely resemble foetal cardi-

omyocytes, utilizing glycolysis for ATP generation, and expressing imma-

ture ion channels (e.g. high levels of the ‘sinoatrial’ (If) current, and low

levels of IK1, which leads them to beat spontaneously).51 Therefore,

Garbern et al.’s52 discovery that inhibition of mTOR signalling enhances

maturation of cardiomyocytes derived from human iPSC, increasing their

expression of sarcomere proteins and ion channels (including Kir2.1),

was an important advance.

An alternative method that can be used to drive cardiomyocyte matu-

rity is to culture them for several months on a nan-patterned surface,

which results in human iPSC-CMs with adult-like dimensions and aligned

myofibrils.53 Pioner et al.53 showed that if these cells are derived from a

Duchenne muscular dystrophy (DMD) patient lacking full-length dystro-

phin, they have reduced myofibril contractile tension, slower relaxation

kinetics, and to Ca2þ handling abnormalities, similar to DMD cells. This is

very practical for in vitro investigations of cardiomyocyte-intrinsic genetic

diseases.53

Despite initial enthusiasm in regenerative medicine for the approach

of directly injecting cardiomyocytes derived from iPSC into the heart,

this approach has been frustrated by poor survival and/or functional

integration of implanted cells. However, Lou et al.54 showed that cell en-

graftment could be improved by overexpressing N-cadherin, a protein

that mediates the adhesion between cardiac myocytes (CMs). This also

improved their functional integration via paracrine activation of the ex-

tracellular signal-regulated kinase (ERK) signal transduction pathway, in-

ducing neo-vasculogenesis and increasing survival of the implanted cells.

Importantly, in mice that received these cells following MI, infarct size

was also reduced and left ventricular (LV) ejection fraction was

improved.54

Another interesting protein, very important in angiogenesis and cellu-

lar interactions, is angiopoietin-1. When Tao et al.55 overexpressed this

protein in human atrial human iPSC-CMs, and seeded them into a fibrin/

thrombin patch that was then implanted on the rat hearts following MI,

the implanted cells secreted Ang-1 protein for up to 14 days, upregu-

lated ERK signalling and inhibited pro-apoptotic Bax protein expression.

They saw increased mitosis and arteriole formation, improved cell en-

graftment rate, and less LV dilation and improved LV global pump

function.

Thus, while some studies suggest that iPSC-CM may be able to re-

store the damaged heart, other studies suggest that additional

approaches such as those mediated through paracrine mechanisms may

be required to provide meaningful benefit.

7. Powering the heart—
mitochondria and metabolism

Transport of Ca2þ into mitochondria is mediated by the mitochondrial

Ca2þ uniporter (MCU). This is important for metabolic adaption to

work, but since it exposes the mitochondria to the risk of Ca2þ over-

load, MCU activity is modulated by other proteins. One such protein is

the MCUB subunit. Using mice with cardiomyocyte-specific overexpres-

sion or deletion of MCUB, Huo et al.56 showed that MCUB is inducible

and limits mitochondrial Ca2þ influx after IR, preventing mitochondrial

permeability transition pore (mPTP) opening and protecting themyocar-

dium. Interestingly, hindlimb remote ischemic preconditioning increased

MCUB expression in the heart and decreased mitochondrial Ca2þ

uptake.

Another regulator of MCU activity that plays an important role in reg-

ulating pathological Ca2þ overload in the heart is MICU3 (mitochondrial

calcium uptake 3). Puente et al.57 eliminated MICU3 globally utilizing

CRISPR-Cas9 and found that the mice were protected against IR injury

and isoproterenol-induced cardiac dysfunction. Interestingly, it was origi-

nally found that global ablation of MCU is not cardioprotective,58 al-

though this appears to have been due to compensatory modifications

that desensitize the mPTP to Ca2þ leak.59

Lipid accumulation in diabetic and obese patients typically encom-

passes increased cardiac fatty acid (FA) uptake eventually surpassing the

mitochondrial oxidative capacity. Nevertheless, decreased lipolysis via

cardiac overexpression of Perilipin 5 (Plin5), a binding partner of

Adipose triglyceride lipase (ATGL), is compatible with normal heart

function and lifespan despite massive cardiac lipid accumulation.

Kolleritsch et al.60 provide evidence that this can be explained by a re-

duction in dynamin-related protein 1 (Drp1)-mediated mitochondrial

fission.

Doxorubicin is a chemotherapeutic drug widely used for treating a va-

riety of cancers. However, it causes significant cardiotoxicity and heart

failure. Dhingra et al.61 showed that doxorubicin de-represses nuclear

factor-kB (NF-kB)-mediated suppression of Bnip3 expression. In other

2168 S.M. Davidson et al.
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words, it causes increased Bnip3 expression, leading to mitochondrial in-

jury, including calcium influx, mPTP opening, ROS production, and cell

death. One interpretation is that maintaining NF-kB signalling may prove

beneficial in reducing mitochondrial dysfunction and heart failure in can-

cer patients undergoing Doxorubicin chemotherapy.

Galan-Arriola et al.62 performed a study of anthracycline-induced car-

diotoxicity in pigs and showed that cumulative exposure to doxorubicin

significantly reduced LV ejection fraction and extensive mitochondrial

fragmentation. Remote ischemic preconditioning (RIPC) applied before

each doxorubicin cycle preserved cardiac contractility and LV ejection

fraction in long-term cardiac MRI exams. RIPC prevented doxorubicin-

induced irreversible mitochondrial fragmentation and dysregulated

autophagy. They concluded that RIPC is an attractive strategy for treat-

ing anthracycline-induced cardiotoxicity in patients.

Ritterhoff et al.63 identified a role for metabolic remodelling in cardiac

hypertrophy by using an in vitro model of phenylephrine-induced hyper-

trophy in primary adult rat cardiomyocytes, and an in vivomodel of pres-

sure overload-induced cardiac hypertrophy. They found that an increase

in glucose consumption supports the aspartate synthesis that drives the

increase of biomass during cardiac hypertrophy. Conversely, preserva-

tion of fatty acid oxidation prevents this metabolic shift, thus preventing

cardiac hypertrophy.

8. Counteracting drug-induced
cardiotoxicity: new insights for ad
hoc cardioprotection

Myocardial dysfunction is often reported as a long-term complication of

chemotherapy-based treatments in cancer survivors. For example,

anthracycline formulations such as doxorubicin are widely used as effec-

tive oncological drugs against several tumours and cancers; yet, as major

drawbacks, they also induce cumulative cardiotoxic effects leading to hy-

pertension, arrhythmias, and congestive heart failure.64–66Despite recent

improvements in the field of cardio-oncology, no general consensus has

yet been reached on the most effective strategy to maximally exploit on-

cological drug potential while minimizing cardiac injury. In 2020, a number

of important studies were published describing novel therapeutic and di-

agnostic strategies and providing useful insights into the mechanisms un-

derlying the detrimental effects of doxorubicin on cardiac tissue.

Milano et al.67 developed an original, preclinical rat model of

chemotherapy-induced cardiotoxicity and chronic ventricular dysfunc-

tion, based on the dual administration of the monoclonal antibody

Trastuzumab and doxorubicin, which simulates the current clinical pro-

tocol for HER2-positive breast cancer.67 Human cardiac stromal cell-

derived exosomes were administered systemically and repeatedly in-

between doxorubicin and Trastuzumab doses. Notably, this was able to

counteract chemotherapy-induced cardiac fibrosis and LV dysfunction,

while curbing inflammatory cell infiltration by means of the horizontal

transfer of microRNA (miR-146a-5p).67

Another thought-provoking therapeutic approach has been recently

proposed to prevent anthracycline-induced cardiomyopathy by means

of gene therapy with pharmacological upregulation of telomerase in car-

diomyocytes.68 The rationale of this approach was based on the signifi-

cant pro-survival results obtained following AAV9 gene therapy for

telomerase (Tert) cardiomyocyte overexpression after MI in the adult

mouse,69 along with the TERT polymerase’s function in eliminating mito-

chondrial ROS in compromised arterioles of patients with coronary

artery disease.70 By translating such findings in the anthracycline cardio-

toxicity scenario, the authors provided new understandings on the ec-

topic expression of TERT targeting mitochondrial mechanisms, thus

offering a possible therapeutic approach to promote cardiomyocyte

preservation.

Although doxorubicin is well known for its pleiotropic detrimental

effects on cardiomyocyte viability and metabolism—including DNA

damage, generation of ROS, and mitochondria impairment—the details

of the molecular mechanisms underlying its cardiotoxic effects remain

unclear. Nevertheless, this understanding is needed to allow optimiza-

tion of ad hoc cardioprotective approaches. Han et al.71 recently investi-

gated the role of circular RNAs (circRNAs) in an in vitro system based on

iPSC-derived cardiomyocytes exposed to doxorubicin. A circRNA gen-

erated from the ITCH gene (CircITCH) was found to significantly de-

crease cardiomyocyte sensitivity to doxorubicin, by antagonizing miR-

330-5p and upregulating sirtuin 6, surviving, and SERCA2a expression.71

Interestingly, CircITCH was found to be downregulated in hearts from

patients with doxorubicin -induced cardiomyopathy and in doxorubicin-

treated iPS-cardiomyocytes. Conversely, AAV9-mediated overexpres-

sion of human CircITCH in murine hearts counteracted doxorubicin

detrimental influence on cardiac function, thus raising its potential as a

theragnostic candidate for early diagnosis of anthracycline-induced

cardiotoxicity.

A recent genetic screen conducted in zebrafish shed new light on the

role of endothelial cells in antagonizing doxorubicin damage; indeed, reti-

noid X receptor alpha a (i.e. the fish orthologue of the human Retinoid X re-

ceptor alpha) was shown to exert cardioprotective effects by rescuing

the compromised endothelial barrier in anthracycline-induced cardio-

toxicity. These findings advocate the relevance of considering cardiovas-

cular cell lineages other than cardiomyocytes as therapeutic target

against drug-related cardiotoxicity.72 In such a perspective, cardiac resi-

dent macrophages were also shown to operate as immune modulators

in reducing adverse cardiac remodelling during doxorubicin-elicited car-

diomyopathy, with their self-renewal potential tightly regulated by the

cardioprotective scavenger receptor SR-A1.73

Last year also witnessed the implementation of 3D cell-based plat-

forms to address the unmet need for comprehensive drug screening

with the evaluation of cardiotoxicity effects. Indeed, a human cardiac

organoid disease model with chronic adrenergic stimulation was opti-

mized by combining iPS-cardiomyocyte biology with a tissue engineering

approach.74 This organotypic construct recapitulated the major features

of ischaemic infarcted myocardium including pathological metabolic

shifts, fibrosis and impaired calcium handling.74 Nonetheless, it was also

successfully validated tomimic hypoxia-enhanced doxorubicin detrimen-

tal effects, thus offering a useful tool to model drug-induced exacerba-

tion of cardiotoxicity for oncological patients.74

Timely recognition of the early signs of cancer therapy-derived cardio-

toxicity is of utmost importance to minimize the incidence of myocardial

damage and heart failure in cancer survivors. However, reliable diagnos-

tic markers to rapidly detect the early onset of doxorubicin-induced car-

diomyopathy are currently missing. The impairment of cardiac

energetics is a major aspect of doxorubicin-related heart failure. In this

regard, various imaging techniques have been recently proposed to eval-

uate heart metabolic fluxes and assess cardiac mitochondrial metabo-

lism. Timm et al.75 recently illustrated the application of hyperpolarized

magnetic resonance imaging (MRI) in a rat preclinical model of

doxorubicin-induced heart failure. This strategy revealed that a change in

oxidative carbohydrate metabolism can be used as an advance warning

of myocardial dysfunction due to cardiac mitochondria alterations.75
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These data open up the possibility of early detection of doxorubicin-

induced cardiac damage in the clinical setting.

Cardiotoxicity can be caused by drugs other than chemotherapeutic

agents and is, in fact, often the cause for clinical failure or withdrawal of

drugs from the market. An interesting approach has been developed to

reveal the ‘hidden cardiotoxicity’ of drugs, which is defined as the cardio-

toxicity of a drug that manifests in the diseased heart but not in the

healthy heart, or as a drug-induced deterioration of cardiac stress adap-

tation. Brenner et al.76 revisited the COX-2 inhibitor rofecoxib, which

was withdrawn from the market due to increased cardiovascular risk,

and showed that it increased acute mortality in rats subject to ischaemia

and reperfusion, due to its proarrhythmic effect.

9. SARS-CoV-2—a new threat for

the heart?

Coronavirus disease 2019 (COVID-19), caused by the virus SARS-CoV-

2, predominantly affects the respiratory system. Nevertheless, since the

pandemic onset there is accumulating evidence that SARS-CoV-2 infec-

tion frequently presents with cardiovascular complications and acute

myocardial injury,77 as indicated by significantly elevated levels of

troponin-T and NT-proBNP, associated with greater disease severity

and worse outcomes.78 The underlying mechanisms for cardiac damage

in COVID-19 remain uncertain. Studies performed during 2020

considered different possibilities ranging from primary viral infection of

the cardiac tissue to myocardial microvascular dysfunction, microthrom-

bosis and cardiac damage secondary to lung damage or systemic inflam-

mation (massive inflammatory response/cytokine storm) and hypoxia—

processes that occur during disease progression (Figure 4).

SARS-CoV-2 infects human cells via binding of its glycosylated enve-

lope spike proteins to the angiotensin converting enzyme 2 (ACE2) re-

ceptor of host cells.79 The potential susceptibility of the human heart to

SARS-CoV-2 infection was evidenced by Chen et al.,80 who showed a

consistent presence of ACE2 in cardiac tissue, with expression levels

even higher than those in the lung, by carrying out a comparative screen

of ACE2 mRNA expression in different human organs based on the

GTEx database. According to data obtained from single-cell RNA se-

quencing, cardiomyocytes and pericytes were identified as the cells with

the highest expression of ACE2 in the heart, with ACE2 expression

detected at a lower level in other major cells isolated from myocardial

tissue, including endothelial cells, fibroblasts, and leucocytes.80,81 Of

note, Nicin et al.81 identified cardiomyocytes as the cell type with the

highest ACE2 expression, with ACE2 levels significantly elevated in the

cardiomyocytes of patients with heart disease of different aetiology com-

pared to healthy controls. On the contrary, the study by Chen and col-

leagues80 revealed the highest ACE2 expression specifically in mural

pericytes. Thus, the authors concluded that pericytes might act as the

target cardiac cell of SARS-CoV-2, subsequently disturbing the microvas-

cular environment of the myocardium.

Figure 4 Proposed mechanisms of acute myocardial injury (AMI) related to SARS-CoV-2 infection. AMI may result from primary viral infection of car-

diac tissue inducing cytotoxicity and apoptosis of cardiomyocyte cells, or of pericytes and endothelial of the myocardial capillaries resulting in microvascu-

lar dysfunction. In addition, AMI may be secondary to systemic inflammation and hypercoagulability—processes that occur during the disease evolution

and may derive towards the generation of capillary microthrombi in the heart or epicardial coronary thrombosis.

2170 S.M. Davidson et al.
D

o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/c
a
rd

io
v
a
s
c
re

s
/a

rtic
le

/1
1
7
/1

0
/2

1
6
1
/6

2
9
6
6
0
3
 b

y
 U

n
iv

e
rs

ity
 o

f S
h
e
ffie

ld
 u

s
e
r o

n
 0

9
 J

u
n
e
 2

0
2
2



.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

The hypothesis that SARS-CoV-2 can reside within the heart and, as

a consequence, directly induce myocardial injury was evidenced by

RT-PCR82 and electron microscopy83 in two independent studies, which

demonstrated the presence of viral particles in cardiac biopsies from

COVID-19 patients. In addition, two studies using human iPSC-CMs pro-

vided evidence that these cardiomyocytes are susceptible to SARS-CoV-

2 infection in vitro via ACE2.84,85 Bojkova et al.84 further demonstrated

the presence of intracellular double-stranded SARS-CoV-2 RNA and ex-

pression of the viral spike glycoprotein after incubating human iPSC-

CMs with two different strains of the virus. In addition, they detected

viral spike protein expression and viral particles in living human heart

slices, derived from explanted hearts, after infection with the SARS-

CoV-2 strains in vitro. SARS-CoV-2 infection-induced cytotoxicity

and apoptotic effects associated with decreased a-sarcomeric actinin

signal and inhibition of beating of cardiomyocytes in the in vitro stud-

ies.85 Furthermore, Bojkova et al. presented evidence that SARS-

CoV-2 undergoes a full replication cycle when infecting cardiomyo-

cytes and that cathepsins are likely involved, in addition to ACE2, in

cardiomyocyte infection. Interestingly, transcriptional analysis of hu-

man iPSC-CMs showed that SARS-CoV-2 infection activates immune

responses, while it inhibits the expression of genes involved in

cellular metabolism and suppresses ACE2 expression.

It must be recognized that the relevance of these in vitro studies was in

demonstrating the possibility for iPSC-derived cardiomyocyte infection

by SARS-CoV-2, and they do not provide direct evidence of infection of

cardiomyocytes in vivo. However, as proof-of-concept, the authors iden-

tified SARS-CoV-2 particles by electron microscopy in cardiomyocytes

of an endocardial biopsy sample obtained from a young male

COVID-19 patient with severe lung injury and reduced right and left

ventricular ejection fraction.84 In contrast, however, a more recent

study, focussed on post-mortem immunohistochemical, structural,

and molecular evaluation of cardiac series of patients who died

from active or cleared SARS-CoV-2 infection, did not find definitive

evidence of direct myocardial injury by the virus.86 Instead, Bois et al.

highlighted microthrombosis of the small myocardial vasculature in

the heart as a relatively common finding in COVID-19 patients even

in the absence of acute ischaemic injury. In this respect, among the

various mechanisms underlying myocardial injury in COVID-19

patients that have been hypothesized since the origin of the disease

in December 2019, the importance of microvascular damage is

increasingly recognized, most likely due to endothelial cell dysfunc-

tion and formation of microscopic blood clots (summarized in

Ostergaard (2021)87 and Roshdy et al. (2020)88). In addition, acute

coronary syndrome due to coronary thrombotic events from athero-

sclerotic plaque rupture has been confirmed as a major cardiovascu-

lar clinical manifestation of COVID-19.89

Systemic hypercoagulability, with major elevation of D-dimer and

fibrin/fibrinogen-degradation products, is considered a main cause of or-

gan failure in severe COVID-19 cases. Thus, SARS-CoV-2- induced en-

dothelial dysfunction may result in a procoagulant condition with

relevant consequences, either on epicardial coronary thrombosis, or on

generation of capillary microthrombi in the heart.

In line with the study by Bois et al.,86 a more recently published sys-

tematic pathologic analysis of hearts from patients dying of COVID-19

infection has reported 35% of cases with evidence of cardiac injury and

identified microthrombi in myocardial capillaries, arterioles, and small

muscular arteries as the leading cause of myocyte necrosis.90 It is note-

worthy that neither transmission electronic microscopy (TEM) nor in

situ-hybridization analysis evidence the presence of virus particles within

endothelial cells in vessels with and without microthrombi in this study.

Interestingly, by performing immunohistochemical analysis, Pellegrini et

al.90 found that microthrombi were distinctly different in composition,

with greater fibrin and c5-9 complement content, as compared to epi-

cardial coronary thrombus aspirates from STEMI patients.

Supporting the effects of SARS-CoV-2 infection on the heart micro-

vasculature, Maccio et al.91 provided evidence of SARS-CoV-2 specifi-

cally affecting capillaries, arterioles, and venules in a recent post-mortem

study of cardiac tissue from COVID-19 patients. By immunohistochemi-

cal and histological evaluation of the entire coronary tree, the authors

identified high endothelial ACE2 receptor expression specifically located

in small epicardial vessels and lympho-monocytic inflammation increasing

towards the small vessels, without involving the major coronary arteries.

In addition, Fox et al.92 reported the presence of swollen endothelial

cells in small arterioles, capillaries, and venules of hearts obtained from

COVID-19 patients, who died of respiratory failure, without identifying

large areas of myocyte necrosis, nor significant interstitial lymphocytic

infiltrate.

Uncontrolled inflammation, associated with high levels of circulating

cytokines, is thought to be a major cause of disease severity in COVID-

19 and one of the suggested underlying mechanisms to induce cardiac

damage in COVID-19 patients. In this regard, Basso et al.,93 by perform-

ing a systematic immunohistochemical analysis of cardiac tissue, obtained

at autopsy from patients dying of COVID-19 due to respiratory failure,

evidenced increased interstitial myocardial macrophage infiltration in the

majority of patients (86%) and changes consistent with lymphocytic

myocarditis in a small number of cases. The authors suggested that

increased levels of myocardial macrophages in these COVID-19

patients resulted from high systemic levels of pro-inflammatory cyto-

kines, since no causative relationship between SARS-CoV-2 and

myocardial inflammation could be established. Consistent with this

view, Del Valle et al.94 demonstrated that early cytokine measure-

ments in COVID-19 patients are reliable predictors of disease course

and outcome. The authors implemented a rapid multiplex cytokine

assay and analysed blood samples on the day of hospital admission,

in two independent cohorts of 1484 patients and 231 patients. Their

results demonstrated that elevated levels of interleukin (IL)-6 and

tumour necrosis factor (TNF)-a at hospitalization serve as strong

predictors of disease severity and propose their use in stratification

of patients with COVID-19.

10. Conclusion

As can be seen from the preceding sections, many exciting advances

were made in cardiology in 2020. We wish to acknowledge the dedica-

tion and determination of the researchers worldwide who have

produced the outstanding research we have discussed in this review, in

addition to all the research we did not have space to include. From the

junior postgraduate students travailing in the lab, to the most senior in-

ternationally renowned scientific leaders, it is interesting to look back

and see what has been achieved in a difficult year. No doubt, there will

be new challenges and changes to navigate—altered research funding

priorities, changed working practises, greater reliance on web-based

communication. But there will also be new opportunities. COVID-19

will surely remain an important topic of investigation, and studies of the

potential long-term cardiovascular effects will require investigation. We
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look forward to seeing the progress that will be made in cardiovascular

research in the following years.
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Bräsen JH, Schmitto JD, Gyöngyösi M, Löser A, Hirt MN, Eschenhagen T, Engelhardt

S, Bär C, Thum T. Targeting muscle-enriched long non-coding RNA H19 reverses

pathological cardiac hypertrophy. Eur Heart J 2020;41:3462–3474.

8. Lin H, Li Y, Zhu H, Wang Q, Chen Z, Chen L, Zhu Y, Zheng C, Wang Y, Liao W,

Bin J, Kitakaze M, Liao Y. Lansoprazole alleviates pressure overload-induced cardiac

hypertrophy and heart failure in mice by blocking the activation of beta-catenin.

Cardiovasc Res 2020;116:101–113.

9. Perrino C, Ferdinandy P, Bøtker HE, Brundel BJJM, Collins P, Davidson SM, den

Ruijter HM, Engel FB, Gerdts E, Girao H, Gyöngyösi M, Hausenloy DJ, Lecour S,
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Nickels K, Knöll R, Schmidt A, Guan K, Hasenfuß G, Seidler T. Control of p21Cip by

BRCA1-associated protein is critical for cardiomyocyte cell cycle progression and

survival. Cardiovasc Res 2020;116:592–604.

13. Blom JN, Feng Q. Cardiac repair by epicardial EMT: current targets and a potential

role for the primary cilium. Pharmacol Ther 2018;186:114–129.

14. Smart N, Bollini S, Dube KN, Vieira JM, Zhou B, Davidson S, Yellon D, Riegler J,

Price AN, Lythgoe MF, Pu WT, Riley PR. De novo cardiomyocytes from within the

activated adult heart after injury. Nature 2011;474:640–644.

15. Aharonov A, Shakked A, Umansky KB, Savidor A, Genzelinakh A, Kain D,

Lendengolts D, Revach OY, Morikawa Y, Dong J, Levin Y, Geiger B, Martin JF,

Tzahor E. ERBB2 drives YAP activation and EMT-like processes during cardiac regen-

eration. Nat Cell Biol 2020;22:1346–1356.

16. Wu CC, Jeratsch S, Graumann J, Stainier DYR. Modulation of mammalian cardiomyo-

cyte cytokinesis by the extracellular matrix. Circ Res 2020;127:896–907.

17. Henri O, Pouehe C, Houssari M, Galas L, Nicol L, Edwards-Levy F, Henry JP,

Dumesnil A, Boukhalfa I, Banquet S, Schapman D, Thuillez C, Richard V, Mulder P,

Brakenhielm E. Selective stimulation of cardiac lymphangiogenesis reduces myocardial

edema and fibrosis leading to improved cardiac function following myocardial infarc-

tion. Circulation 2016;133:1484–1497; discussion 1497.

18. Klotz L, Norman S, Vieira JM, Masters M, Rohling M, Dube KN, Bollini S, Matsuzaki F,

Carr CA, Riley PR. Cardiac lymphatics are heterogeneous in origin and respond to

injury. Nature 2015;522:62–67.

19. Vieira JM, Norman S, Villa Del Campo C, Cahill TJ, Barnette DN, Gunadasa-Rohling

M, Johnson LA, Greaves DR, Carr CA, Jackson DG, Riley PR. The cardiac lymphatic

system stimulates resolution of inflammation following myocardial infarction. J Clin

Invest 2018;128:3402–3412.

20. Liu X, De la Cruz E, Gu X, Balint L, Oxendine-Burns M, Terrones T, Ma W, Kuo

HH, Lantz C, Bansal T, Thorp E, Burridge P, Jakus Z, Herz J, Cleaver O, Torres M,

Oliver G. Lymphoangiocrine signals promote cardiac growth and repair. Nature 2020;

588:705–711.

21. Aurora AB, Porrello ER, Tan W, Mahmoud AI, Hill JA, Bassel-Duby R, Sadek HA,

Olson EN. Macrophages are required for neonatal heart regeneration. J Clin Invest

2014;124:1382–1392.
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