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Preface on the Current Trends  
in Cardiovascular Signaling in Health  
and Disease

Cardiovascular diseases (CVDs) are major causes of morbidity, mortality, and 
heavy economic distress in the USA and worldwide. Prevention, treatment, and 
management of CVD remain daunting challenges for our healthcare system, which 
depends on advancements of scientific research in the field. It is becoming increas-
ingly evident that signaling mechanisms at biochemical, molecular, and cellular 
levels in the blood vessels (vascular) and heart contribute to the underlying causes 
of development and progression of the CVDs. This book provides an overview of 
the state of the field regarding the cellular signaling mechanisms underlying the 
development and progression of life-threatening CVDs and is targeted at investiga-
tors and students interested in further discovery of efficient management and effec-
tive treatment of CVDs.

 Calcium- and Stress-Dependent Signaling 
in Cardiac Myocytes

Calcium is arguably the most important second messenger in the heart, responsible 
for modulating a host of critical cell functions from contraction to cell death. Thus, 
the first part of our book begins with a chapter titled “Calcium- Dependent Signaling 
in Cardiac Myocytes” by Ko et al. addressing fundamental aspects of calcium sig-
naling in cardiac myocytes with an overview of the key binding partners, molecular 
targets, and downstream effectors for calcium. The current understanding of how 
calcium dysregulation drives cardiac electrical and mechanical dysfunction in the 
setting of disease is addressed with a focus on novel, emerging concepts and poten-
tial therapeutic strategies. The discussion of calcium continues with a chapter titled 
“Organization of Ca2+ Signaling Microdomains in Cardiac Myocytes” addressing 
organization of microdomains for control of calcium signaling in cardiac myocytes. 
The importance of proper organization and structure for calcium microdomains is 
well established, but recent studies addressed in this chapter have delineated their 
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biogenesis and maintenance, opening up new avenues for therapeutic intervention. 
Beyond calcium, cardiac myocytes have evolved an elaborate network of signaling 
nodes to coordinate their response to acute and chronic stress signals. In this regard, 
Ai and colleagues discuss the latest developments in our understanding of the patho-
physiological roles for a very important class of stress-response serine/threonine 
kinases  – the mitogen-activated protein kinase (MAPK) family. Protein tyrosine 
kinases (PTKs) constitute another class of important stress-dependent kinases with 
identified roles in insulin signaling, hypertrophy, and cell cycle regulation. PTKs 
also serve as targets for tyrosine kinase inhibitors (TKIs) that serve as common 
cancer drugs. In “Cardiotoxicity and Cardiac Cell Signaling”, Scott and Smith sum-
marize the growing body of literature linking TKIs to cardiac complications includ-
ing electrical and mechanical dysfunction. Although much of the focus in the field 
tends to be on protein kinases with respect to posttranslational modification, protein 
phosphatases play an equally important role in modulating cardiac cell function. 
Abdullah et al. provide an overview on our current understanding of how protein 
phosphatases help balance protein phosphorylation to ensure proper regulation of 
critical cardiac functions, with a particular emphasis on their role in disease.

 Reactive Oxygen Species and Lipid Signaling 
in Cardiac Myocytes

Reactive oxygen species (ROS) constitute a diverse family of oxidant molecules 
with molecular oxygen as a common precursor. While ROS support proper biologi-
cal function throughout the body, they have been linked to a host of deleterious 
consequences through non-specific modification of proteins, lipids, and other mol-
ecules when produced in excess in cardiac myocytes. Mitochondria support energy 
production and are important sources for ROS in cardiac myocytes. In their chapter 
“Metabolic Regulation of Mitochondrial Dynamics and Cardiac Function,” Akar 
and colleagues share insight into state of the field with respect to the dynamic nature 
of mitochondria and the implications for heart health and disease. Of course there 
are non-mitochondrial sources of ROS in myocytes, and among the most important 
are the plasma membrane NADPH oxidase system. Uppu and team contribute an 
update on a pathway linking NADPH oxidase, ROS production, and oxidized cho-
lesterol species leading to altered mitochondrial function and apoptosis. There is 
growing appreciation for the physiological importance of cholesterol and other bio-
active lipids beyond energy storage and organelle structure. Hernandez-Saavedra 
and Stanford delineate mounting data supporting a central function for bioactive 
lipids, in particular oxylipins, in regulating a host of cardiovascular functions in 
their chapter “Lipid Mediators in Cardiovascular Physiology and Disease.”

Focus on Cardiovascular Signaling in Health and Disease
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 Inflammatory Signaling, Fibrosis, and Cardiac Function

Dysregulation of the body’s inflammatory response drives pathology across a wide 
range of cardiovascular diseases. Inflammasomes are multimeric protein complexes 
found in cells throughout the body, including in cardiac myocytes, which control the 
production of pro-inflammatory cytokines and amplify the inflammatory response 
to stress. In their chapter “Cardiac Inflammasome and Arrhythmia,” Li and Dobrev 
lead the reader through recent findings about how the inflammasome contributes to 
development of arrhythmia, especially atrial fibrillation. There is growing apprecia-
tion in the field for bidirectional communication between inflammation and injury- 
induced cardiac remodeling including fibrosis. Graham and Sethu provide an update 
in “Myocardial Fibrosis: Cell Signaling and In Vitro Modeling” on the complex 
signaling involved in fibrosis with a focus on engineering and in vitro models for 
studying cell-cell communication.

 Neural Regulation of Cardiac Rhythm

A treatment of cardiovascular signaling would not be complete without addressing 
the very important role that the autonomic nervous system plays in modulating car-
diovascular function and disease. The author, Ripplinger, concludes the first part of 
our book with an evaluation of where the field stands in our understanding of signal-
ing between the sympathetic and parasympathetic nervous systems and the heart. A 
detailed analysis of the key signaling pathways is provided along with an overview 
of state-of-the-art experimental models to facilitate dissection of the complicated 
feedback loops involved in neural regulation.

 Reverse Cholesterol Transport in Atherosclerotic 
Cardiovascular Disease

In the chapter titled “Mechanisms of Lipoproteins and Reverse Cholesterol 
Transport in Atherosclerotic Cardiovascular Disease,” Sucharski and Koenig com-
prehensively discuss reverse cholesterol transport in close association with lipopro-
tein mechanisms in atherosclerotic cardiovascular diseases (CVDs). Coronary heart 
disease (CHD) causes approximately 42% of all the cardiovascular disease- 
associated mortality in the USA. The bad cholesterol that is deposited in the arteries 
from low-density lipoprotein-associated cholesterol (LDL-C) has been known to 
increase the risk of CHD, atherosclerosis, myocardial infarction, and stroke. On the 
other hand, the elevated levels of high-density lipoprotein-associated cholesterol 
(HDL-C), the good cholesterol, have been recognized with the lower risk of CHD 
and known to play an important role in the reverse cholesterol transport (RCT) 
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pathway. The RCT pathway is crucial and operates the cholesterol efflux from 
peripheral cells and tissues by HDL. SCARB1, ApoA-I, and ABCA1/ABCG1 vari-
ants are associated with atherosclerosis and coronary artery disease. Thus, under-
standing RCT mechanisms is of significant scientific interest. These aspects are 
discussed by Sucharski and Koenig in the chapter focusing on the lipoproteins, with 
a particular emphasis on the mechanisms of RCT, disease-associated variants, and 
current therapies.

 Progression of the Atherosclerotic Plaque Regression

In the chapter titled “Atherosclerotic Plaque Regression: Future Perspective,” 
Suseela et al. discuss in detail complex nature of the atherosclerotic plaque contain-
ing cholesterol, phospholipids, proteins, and their oxidatively modified species. The 
oxidized molecules in the plaque have been shown to undergo auto-oxidation gen-
erating lipid carbonyls and cyclized products, leading to the formation of complexes 
with proteins and plaque-destabilizing actions downstream. High-density lipopro-
tein cholesterol (HDL) is crucial for the reverse cholesterol transport (RCT). It has 
been shown that the HDL mimetics, drugs which elevate functional HDL, and 
dietary modifications can only cause 10–30% relief of the plaque burden. But, none 
of these strategies have been shown to scavenge or quench the oxidized lipids and/
or oxidatively modified lipid species in the plaque. The authors emphasize that the 
molecules which scavenge and/or quench the lipid carbonyls can prevent formation 
of the carbonyl adducts leading to additional benefits. Furthermore, this chapter 
underscores the importance of improved plaque regression that could be possible 
with molecules capable of enhancing the functional HDL as well as scavenging the 
highly reactive lipid carbonyls.

 Role of Bioactive Lipid, Phosphatidic Acid 
in Statin-Induced Myotoxicity

In the chapter titled “Role of Bioactive Lipid, Phosphatidic Acid in 
Hypercholesterolemia Drug- Induced Myotoxicity – Statin- Induced Phospholipase 
D (PLD) Lipid Signaling in Skeletal Muscle Cells,” Tretter et al. present experimen-
tal findings and discuss the adverse actions of cholesterol-lowering drugs, statins, 
which lower cholesterol by inhibiting 3-hydroxy-3-methyl-glutaryl-CoA reductase 
(HMG-CoA reductase), the rate-limiting enzyme in the biosynthetic pathway of 
endogenous cholesterol. In spite of their efficacy for lowering endogenous choles-
terol levels and offering cardiovascular protection in hypercholesterolemia patients, 
statins are known to cause skeletal muscle damage (myotoxicity and myalgia), but 
the mechanisms and treatment of statin-induced myotoxicity and myalgia are not 
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established in detail. This chapter presents experimental findings on the involve-
ment of phospholipase D (PLD) and PLD-mediated lipid signaling in the statin 
(mevastatin and simvastatin)-induced myotoxicity in C2C12 mouse skeletal muscle 
myoblast in vitro. This chapter emphasizes on the importance of endogenous cel-
lular cholesterol depletion by statins, the PLD-mediated lipid signaling in statin- 
induced skeletal myocyte damage, and the importance of PLD inhibition in 
protecting against the statin-induced myotoxicity and myalgia in CVD patients who 
use statins to normalize high levels of endogenous cholesterol.

 Cell-to-Cell Communication in the Vascular Endothelium

In the chapter titled “Cell- Cell Communication in the Vascular Endothelium,” Ryan 
King et al. emphasize on the vasculature as a crucial organ responsible for the mass 
and energy transport throughout the body. The blood vessels consist of a layer of 
endothelial cells forming the interface with blood and pericytes modulating their 
function and the layers of smooth muscle cells which regulate the vascular tone. 
These operate and regulate the vascular function in response to biological and phys-
iological cues in health and disease, which are critically dependent upon communi-
cation among the vascular cells that utilize a wide array of direct cell-to-cell, 
paracrine, and autocrine mechanisms. In this chapter, the authors review these 
mechanisms, focusing especially on the endothelial cells and the underlying struc-
tural and molecular mechanisms of regulation of the vascular cell-to-cell 
communication.

 The Bioactive Phospholipid, Lysophosphatidic Acid Regulates 
Vascular Endothelial Barrier Integrity

In the chapter titled “Lysophosphatidic Acid Regulates Endothelial Barrier 
Integrity,” Zhao et al. discuss the critical function of vasculature which operates as 
a vessel network for blood circulation between lungs and other organs. The authors 
emphasize on the endothelium as a major component of blood vessels, which forms 
the inner lining of the blood vessels, playing a central role in maintenance of the 
blood vessel integrity. The authors further highlight the important role of endothe-
lial barrier that prevents vascular leak of the blood components into perivascular 
areas. Elevated vascular permeability and leak will cause tissue edema responsible 
for the acute inflammatory diseases. The authors identify the bioactive phospho-
lipid, lysophosphatidic acid (LPA) that has several physiological and pathophysio-
logical actions in a wide variety of cell types including the vascular endothelial cells 
(ECs). The authors in this chapter discuss on the LPA-mediated regulation of EC 
barrier property and present knowledge on LPA actions on the endothelial barrier 
function.

Focus on Cardiovascular Signaling in Health and Disease
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 Role of Lipid Mediators in Regulation of Vascular Endothelial 
Barrier Integrity and Function

Fu et al., in the chapter titled “Regulation of Vascular Endothelial Barrier Integrity 
and Function by Lipid- Derived Mediators,” provide a comprehensive and state-of- 
the-art discussion on the role of lipid-derived mediators in vascular endothelial bar-
rier structural integrity and function. The authors have identified that the maintenance 
of endothelial cell (EC) integrity is critical for the vascular permeability and inflam-
mation encountered among a plethora of pulmonary disorders and disease such as 
sepsis, ventilator-induced lung injury, and microbial infections. The authors present 
that the disruption of EC tight and adherens junctions lead to elevated vascular per-
meability, alveolar flooding, and pulmonary edema, whereas there is ample evi-
dence which discloses that the vascular ECs are capable of annealing the junctions, 
leading to the restoration of the barrier function. In this regard, the authors have 
highlighted that the phenomenon of barrier restoration is assisted by naturally 
occurring barrier-enhancing lipids such as sphingosine-1-phosphate, prostaglan-
dins, and oxidized phospholipids. The authors underscore the importance of an in- 
depth understanding of mechanisms of regulation of the vascular endothelial barrier 
restoration and stabilization which will open up novel therapies for vascular 
disorders.

 Role of Iron in Diabetic Vascular Endothelial Dysfunction

In the chapter titled “Hyperglycemic Oxoaldehyde (Glyoxal)- Induced Vascular 
Endothelial Cell Damage Through Oxidative Stress Is Protected by Thiol Iron 
Chelator, Dimercaptosuccinic Acid – Role of Iron in Diabetic Vascular Endothelial 
Dysfunction,” Gurney et al. discuss that in diabetic patients, the vascular endothe-
lium is prone to damage mediated by the glucose-derived oxoaldehydes including 
methylglyoxal and glyoxal. Along these lines, the authors present evidence on 
glyoxal- induced the cytotoxicity, cytoskeletal alterations, and barrier dysfunction 
through the reactive oxygen species (ROS)-induced oxidative stress involving intra-
cellular iron (Fe) and have shown protection of the thiol heavy metal chelator, 
dimercaptosuccinic acid (DMSA) against the glyoxal-induced damage of the vascu-
lar endothelial cells (ECs). Thus, the authors have discussed with experimental evi-
dences on DMSA protection against the vascular EC damage caused by the 
hyperglycemic oxoaldehyde AGE precursor through the action of iron and oxidative 
stress that culminates into diabetic vascular endothelial dysfunction.

Columbus, OH, USA Narasimham L. Parinandi
 Thomas J. Hund   
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Calcium-Dependent Signaling in Cardiac 
Myocytes

Christopher Y. Ko, Charlotte E. R. Smith, and Eleonora Grandi

Abstract Calcium (Ca) is a key regulator of cardiac function. Through interactions 
with various molecular binding partners, Ca controls both acute processes, such as 
ion channel gating and myofilament contraction, and long-term events such as tran-
scriptional changes that regulate myocardial development, growth, and death. 
Cardiac myocyte Ca levels are modulated by complex networks of signaling mecha-
nisms and precise subcellular structural organization that fine-tune the myocyte 
response to any given stimulus and allow for rhythmic contraction. On the other 
hand, disrupted Ca handling and Ca signaling abnormalities are well-established 
mediators of contractile dysfunction and transmembrane potential instabilities lead-
ing to arrhythmia. In this chapter, we discuss the most recent advances in under-
standing the complexities of Ca signaling in health and widespread cardiac disease, 
namely, heart failure and arrhythmia. We specifically focus on novel emerging 
aspects of Ca/calmodulin-dependent protein kinase II signaling and on ultrastruc-
tural changes that have been associated with these disease contexts. Unraveling 
these spatial and temporal aspects of Ca signaling is key to understanding the pro-
found mechanistic consequences of Ca dysregulation for cardiac myocyte and organ 
function and imperative to inform future therapies that might improve disease 
outcomes.

Keywords Arrhythmia · Calcium · CaMKII · Heart failure · T-tubules
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Abbreviations

β-AR β-Adrenergic receptor
μm Micrometer
AA Amino acid
AC Adenylyl cyclase
AF Atrial fibrillation
AP Action potential
APD Action potential duration
ATP Adenosine triphosphate
Bin1 Amphiphysin II or Bridging Integrator 1
Ca Calcium
Ca/CaM Calcium-calmodulin
CaM Calmodulin
CaMKII Calcium/calmodulin-dependent protein kinase II
cAMP Cyclic adenosine monophosphate
[Ca]i Intracellular calcium concentration
Cav1.2 L-type calcium channel
Cav3.1-3 T-type calcium channel
CICR Calcium-induced calcium release
CPVT Catecholaminergic polymorphic ventricular tachycardia
CRISPR Clustered regularly interspaced short palindromic repeats
Cx43 Connexin-43
DAD Delayed afterdepolarization
EAD Early afterdepolarization
ECC Excitation-contraction coupling
Epac Exchange factor directly activated by cAMP
FKBP12.6 FK506 binding protein 12.6
GLUT Glucose transporter
GS Stimulatory G protein
HCM Hypertrophic cardiomyopathy
HDAC Histone deacetylase
HF Heart failure
HFpEF Heart failure with preserved ejection fraction
HFrEF Heart failure with reduced ejection fraction
I/R Ischemia/reperfusion
ICa Calcium current
ICa-L L-type calcium current
ICa-T T-type calcium current
IK Potassium current
IK1 Inward rectifier potassium current
INa Sodium current
INa,L Late sodium current
INa,T Transient sodium current
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IP3 Inositol trisphosphate
IP3R Inositol trisphosphate receptor
Iti Transient inward current
Ito Transient outward potassium current
JPH2 Junctophilin-2
jSR Junctional sarcoplasmic reticulum
K Potassium
KCa2.2 Calcium-activated potassium channel
KD Dissociation constant
kDa Kilodalton
KI Knock-in
Kir2.1 Inward rectifier potassium channel
Kir6.2 Inward rectifier potassium channel
Kv1.4 Voltage-gated potassium channel
Kv4.2 Voltage-gated potassium channel
Kv4.3 Voltage-gated potassium channel
Kv7.1 Voltage-gated potassium channel
LTCC L-type calcium channel
MEF2 Myocyte enhancer factor 2
MI Myocardial infarction
Na Sodium
[Na]i Intracellular sodium concentration
NaV Voltage-dependent sodium channel
NCX Sodium-calcium exchanger
NHE Sodium-hydrogen exchanger
NKA Sodium/potassium ATPase
nm Nanometer
nM Nanomolar
NOS Nitric oxide synthase
O-GlcNAc O-linked β-N-acetylglucosamine
PDE5  Phosphodiesterase 5
PKA Protein kinase A
PLB Phospholamban
PTM Posttranslational modification
ROS Reactive oxygen species
RyR Ryanodine receptor
SCN5A Sodium voltage-gated channel alpha subunit 5
SERCA Sarco/endoplasmic reticulum calcium ATPase
SGLT Sodium-glucose cotransporter
SK2 Small-conductance Calcium-activated potassium channel
SR Sarcoplasmic reticulum
TA Triggered action potential
TT Transverse (t)-tubule
TTCC T-type calcium channel
WT Wild-type
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 Introduction

The heart is a complex and versatile organ capable of responding and adapting to a 
multitude of signals and stressors on every beat. The versatility of cardiac function, 
in turn, is highly contingent upon the many layers of functional integration in the 
heart, which comprise multiple spatial scales from the whole organ down to the 
molecular level. The multiple forms of signaling that exist among the cardiac sys-
tem serve as the basis for communication and are an essential element that allows 
for the high degree of functional integration. The syncytium that forms at the tissue 
scale via gap junctional coupling, for example, allows for electrical communication 
between electrotonically coupled myocytes. The activation of adrenergic receptors 
upon binding circulating hormones serves to transmit information from the extra-
cellular to the intracellular environment across the sarcolemma. Within the myo-
cyte, cascades of molecular interactions are responsible for a multitude of functional 
and regulatory processes. Within these contexts, calcium (Ca) is a key, ubiquitous 
second messenger that is central to these processes.

Unfortunately, the qualities that are advantageous for normal healthy heart func-
tion can often add to the complications that emerge as the heart adapts and under-
goes change in the disease state. As a consequence, heart disease still is the leading 
cause of death in the world, despite the significant advancements that have already 
been made in the field of cardiac research. Therefore, there remains a critical and 
continued need for unraveling the intricacies that govern heart function, in both 
physiology and disease, in order to better guide future therapeutic approaches and 
to improve clinical outcomes.

The goal of this chapter is to provide the most recent progress in the field on the 
ongoing efforts for understanding the complexities of cardiac function and disease, 
specifically as it pertains to Ca-dependent signaling in cardiac myocytes. The sig-
naling mechanisms discussed will be largely relevant to cardiac myocyte patho-
physiology, namely, as it relates to heart failure (HF) and arrhythmias, which are 
both complex and widely investigated clinical conditions resulting from perturba-
tions in intracellular Ca-dependent signaling mechanisms. Among the many 
Ca-dependent proteins involved in these signaling processes, a special focus will be 
placed on Ca/calmodulin-dependent protein kinase II (CaMKII), a central regulator 
of excitation-contraction coupling (ECC) and Ca cycling, to highlight the recently 
identified importance of key posttranslational modifications (PTMs) functioning as 
specific molecular regulators in a variety of disease contexts. Finally, the impor-
tance of cellular remodeling and ultrastructural changes that occur in cardiac myo-
cytes will be discussed in order to highlight the growing recognition of the 
tremendous, yet currently underappreciated, influence that spatiotemporal factors 
have on cardiac myocyte function.

C. Y. Ko et al.
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 Physiology

Contraction of the heart results from an increase in the cytosolic Ca concentration 
in cardiac myocytes subsequent to their electrical activation via ECC.  Voltage- 
dependent opening of the sarcolemmal L-type Ca channels (LTCCs) allows for an 
initial influx of Ca that critically triggers Ca-dependent activation of ryanodine 
receptors (RyRs) located in the closely apposed sarcoplasmic reticulum (SR) mem-
brane. RyR openings allow Ca to flow down its very large concentration gradient 
(three to four orders of magnitude) from the SR into the cytosol. This process initi-
ates contraction of cardiac muscle and is termed Ca-induced Ca release (CICR) [1]. 
At the whole cell level, this synchronous activation causes the change in cytosolic 
Ca to exhibit a rapid rise (tens of milliseconds), followed by a prolonged decay over 
several hundred milliseconds.

In ventricular myocytes, projections of the surface membrane extend transversely 
into the cell center as an array of LTCC-containing transverse (t)-tubules (TTs) [2]. 
This facilitates the formation of dyads where the two membrane structures of the TT 
and juxtaposed “junctional” region of the SR (jSR) are separated by a 12–15 nm 
cleft [3, 4]. Here, LTCCs are coupled with intracellular RyR clusters that are areas 
of densely packed RyR tetramers (most often but not always within dyads and 
defined as regions with contiguous RyR antibody labeling in super-resolution light 
microscopy) [5]. The presence of dyads throughout the cell allows Ca release to 
occur simultaneously at the cell periphery and interior to ensure synchronous con-
traction [6].

Cardiac myocyte electrical activity, CICR, and contraction, are subject to modu-
lation by several signaling pathways, which involve cascades of signaling molecules 
resulting in PTMs (e.g., phosphorylation) of target proteins [1]. The most widely 
studied signaling pathway in cardiac myocytes is that occurring in response to 
β-adrenergic stimulation, which leads to complex cardiac electrophysiological and 
Ca handling modulation resulting in increased heart rate (chronotropy), force of 
contraction (inotropy), speed of relaxation (lusitropy), and conduction (dromot-
ropy) during the physiologic fight or flight response. Sympathetic activation involves 
changes in transmembrane potential homeostasis via both direct influences on sar-
colemmal ion channels and transporters as well as indirect changes in Ca signaling 
that acutely regulate transmembrane fluxes and can lead to remodeling in the chronic 
(pathologic) setting [1].

It has been proposed that several of the downstream effects of β-adrenergic stim-
ulation are mediated by CaMKII, which is activated in response to the resulting Ca 
elevation. CaMKII is required for increased chronotropy (sinoatrial node firing rate) 
[7] and inotropy (ventricular contractile force) [8] during the fight or flight response. 
As a central mediator of several essential processes in the heart, CaMKII regulates 
expression and function of ion channels, transporters, and myofilament proteins, 
thus modulating electrophysiology, Ca handling, contractile function, and metabo-
lism. However, the role of CaMKII in mediating normal cardiovascular responses 
remains to be fully understood. On the other hand, many studies have highlighted 
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the role of this kinase as a promoter of adverse cardiac remodeling, dysfunction, and 
arrhythmia. Not only is this Ca-dependent kinase activated by Ca elevation, but 
several other cAMP-dependent and cAmp-independent pathways have been 
involved, including oxidation [9], O-GlcNAcylation [10], S-nitrosylation [11], and 
the Epac/NOS-dependent pathway [12], which may contribute to CaMKII hyperac-
tivation in various disease contexts. Indeed, CaMKII has emerged as a key molecule 
for transduction of myocardial stress response to various cardiac disease outcomes. 
We will review these avenues of CaMKII over-activation and their consequences for 
cardiac disease, with emphasis on HF and arrhythmia.

 Pathophysiology

 Heart Failure

HF is generally defined as the inability of the heart to meet the body’s metabolic 
demands. Patients present with a number of debilitating symptoms including short-
ness of breath, fatigue, and edema, with the severity of disease increased when these 
symptoms occur at rest in addition to during attempted exercise [13, 14]. HF is the 
primary end point of many cardiac pathologies and a secondary comorbidity of 
diseases including hypertension and diabetes [15]. Around 6.2 million Americans 
have HF, with 2.97% of the population predicted to be affected by 2030 [16]. By this 
time, medical costs associated with HF are estimated to rise to almost $70 billion 
[15]. Given the additional impact of HF on patient morbidity and loss of labor, HF 
is a considerable burden on both healthcare and the economy.

Primary HF can be classified depending on whether failure is caused by impaired 
ventricular contraction or relaxation. Systolic HF, also known as HF with reduced 
ejection fraction (HFrEF), occurs when <40% of blood in the left ventricle is 
pumped out per beat [14, 17]. It is caused by impaired contractile function and is 
associated with dysregulation of intracellular Ca and ultrastructural remodeling [6]. 
By contrast, in HF with preserved ejection fraction (HFpEF), ejection fraction is 
normal at >50% [14]. Here pathology is the result of improper relaxation and com-
pliance during diastole manifesting as reduced ventricular filling [18]. While ejec-
tion fraction is maintained above 50% in HFpEF, the total volume of blood in the 
ventricle is reduced due to impaired filling; thus, overall output is decreased [6, 14].

Gross structural remodeling characterizes both HFrEF and HFpEF, whereby 
ventricular chamber volume and wall thickness are altered, reflecting underlying 
changes in the size of individual myocytes (Fig. 1). HFrEF is typically accompanied 
by eccentric hypertrophy where myocytes become thinner and elongated resulting 
in chamber dilation and wall thinning [17]. Conversely, HFpEF more frequently 
presents with concentric hypertrophy in which chamber size is reduced and walls 
thickened, representative of increased cell width [6, 19, 20].
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Fig. 1 Cardiac remodeling in HF. (a) Gross structure of the non-failing heart and differential 
remodeling observed in HFrEF and HFpEF. In HFrEF ventricular walls are thinned and chambers 
are enlarged, whereas in HFpEF walls are thickened and chamber size reduced. (b) Representative 
cellular remodeling underlying changes in gross structure in HF. Myocytes are typically thinned 
and elongated in HFrEF and conversely increased in width in HFpEF. (Created using Servier 
Medical Art)

Compared to HFrEF, less is known about HFpEF, which is also reflected in the 
lack of efficient and specific treatments for HFpEF. Recent studies have highlighted 
marked discrepancies in Ca handling and structural remodeling between etiologies 
that will be further discussed in section “Cardiac Myocyte Remodeling and 
Ultrastructural Change”. Despite the differences between HFrEF and HFpEF, both 
have similar incidence and mortality rates [6, 21], highlighting the importance of 
examining both types of HF.

 Arrhythmias

In addition to the morbidity associated with symptomatic HF, HF patients also 
exhibit an increased propensity to develop cardiac arrhythmias [22]. Atrial fibrilla-
tion (AF) often coexists with HF and can either be a cause or a consequence of 
failure [23]. The rapid atrial and often subsequently high ventricular rates in AF per 
se can cause hemodynamic changes that impair systolic and diastolic function lead-
ing to HF, while electrical, structural, neurohormonal, and metabolic alterations in 
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HF can facilitate AF development and maintenance [23, 24]. Patients with concomi-
tant HF and AF typically have poorer prognosis than those solely with HF [22, 24]. 
Furthermore, sudden cardiac death, commonly related to ventricular arrhythmias, is 
a leading cause of death in patients with HF [25].

The complex and interactive disease-associated changes in myocyte ion currents, 
Ca handling, and contractile function (and their neurohormonal regulation), accom-
panied by ventricular hypertrophy and structural remodeling all contribute to a pro- 
arrhythmic state – exacerbating morbidity and mortality in HF patients. In particular, 
there is increased recognition that changes in myocyte Ca signaling contribute sub-
stantially to both contractile dysfunction (systolic and diastolic) and the integrated 
arrhythmia propensity [6, 18, 23, 26, 27]. HF myocytes exhibit reduced SR Ca 
uptake, increased diastolic SR Ca leak via RyR, and increased sodium-calcium 
exchanger (NCX) activity, all of which contribute to reduced systolic and diastolic 
function and delayed afterdepolarization (DAD)-mediated triggered arrhythmias in 
HF (Fig. 2) [6, 23]. As well as Ca, sodium (Na) dysregulation is also a hallmark of 
HF. Increased late INa and diastolic Na influx cause elevated intracellular Na ([Na]i) 
that promotes reverse-mode operation of NCX and results in increased intracellular 
Ca ([Ca]i)-mediated diastolic dysfunction alongside action potential (AP) prolonga-
tion and early afterdepolarization (EAD)-mediated triggered arrhythmias (Fig. 2) 
[28, 29]. Interestingly, defective Ca and Na homeostasis in HF have both been 
linked to altered modulation by CaMKII [29]. As such, the key role of CaMKII in 
both physiology and pathophysiology will be discussed in detail below.

 Ca-Dependent CaMKII Signaling in the Cardiac Myocyte

 Background

In the cardiac myocyte, the multifunctional serine/threonine kinase CaMKII is key 
in fine-tuning the intricate interplay among molecules responsible for many essen-
tial functions of the heart, such as AP generation, Ca cycling, and ECC. CaMKII is 
intimately linked to Ca signaling within the cardiac myocyte, whereby not only its 
activation and regulation are both dependent upon intracellular Ca levels, but also 
CaMKII itself is responsible for regulating many of the processes governing the 
levels of intracellular Ca on every beat. While the bidirectional feedback relation-
ship between Ca and CaMKII is integral to the robust physiological function of the 
heart, the cross-talk between Ca and CaMKII-dependent regulatory pathways, both 
in the acute and chronic setting, adds complexity to the mechanistic understanding 
of cardiac disease. Upregulation in the expression and activity of CaMKIIδ, the 
predominant cardiac isoform, has been reported in human HF [30–33], and this was 
corroborated in animal studies in which cardiac-specific overexpression of the 
CaMKIIδC splice variant resulted in severe HF and arrhythmias in mice [34], while 
aortic banded mice lacking CaMKIIδ only developed ventricular hypertrophy with-
out decompensating into HF [35]. Besides its involvement in HF [30–34, 36], 
chronic over-activation of CaMKII has been implicated in several other 
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Fig. 2 Ca-dependent CaMKII signaling. (a) CaMKII regulates key proteins essential for myocyte 
function, such as the generation of the AP, Ca handling, contraction, and transcription. Chronic 
over-activation of CaMKII has been associated with several cardiac pathologies such as HF and 
arrhythmias at the cellular and tissue scales. Due to the ubiquitous nature of CaMKII regulation, 
the mechanisms underlying CaMKII-mediated cardiac pathologies are complex, integrative, and 
interconnected and can lead to long-term consequences like cellular and tissue remodeling. Recent 
studies have found that CaMKII may be susceptible to more disease stressors than once thought, 
increasing the threat that CaMKII poses on cardiac health. (b) Schematic of the main processes 
linking CaMKII activity to systolic and diastolic dysfunction and cell- and tissue-level pro- 
arrhythmic behavior

Calcium-Dependent Signaling in Cardiac Myocytes



12

pathological conditions including cardiac hypertrophy [9, 37], diastolic and systolic 
dysfunction [38, 39], cardiac arrhythmias [40–43], and ischemia/reperfusion (I/R) 
injury [44, 45]. In these diseases, CaMKII regulation of cellular subsystems contrib-
utes to acute mechanical and electrical dysfunction as well as chronic cardiac 
remodeling via effects on ECC and cell survival processes. CaMKII inhibition is 
therefore being considered as a potential therapeutic strategy for treating arrhyth-
mias and cardiac remodeling [46]. However, detailed molecular mechanisms and a 
comprehensive understanding of how the numerous factors involved in CaMKII 
signaling integrate to modulate cardiac myocyte function still remain elusive and 
are a focus of ongoing studies in the field.

 Ca-Dependent CaMKII Signaling in Cardiac Myocyte Function 
and Disease

CaMKII regulates key Ca handling proteins that can have a direct influence on myo-
cyte Ca transients and subcellular SR Ca release activity (Fig. 2). One major target 
of CaMKII modulation is the RyR, which when phosphorylated by CaMKII (at 
serines S2808, S2811, and S2814) exhibits an increased open probability, resulting 
in enhanced SR-mediated Ca leak, Ca sparks, and Ca waves [36, 47–49]. As a con-
sequence, CaMKII activation has been linked to DADs, especially in the HF con-
text, in which NCX upregulation and IK1 downregulation make DAD induction 
more likely [50]. An enhanced SR Ca leak through hyperphosphorylated RyR2 is 
also likely to contribute to decreased SR Ca content and Ca transients that are seen 
in systolic HF [36]. Studies in a pair of mutant knock-in mice that were phosphomi-
metic (RyR2-S2814D) and non-phosphorylatable (RyR2-S2814A) at the S2814 
CaMKII phosphorylation site showed that acute CaMKII activation increased SR 
Ca leak, reduced CaM-RyR2 affinity, and caused an RyR2 shift into a pathological 
conformational state [51]. Interestingly, the RyR2-S2814A knock-in mouse was 
found to be protected against transverse aortic constriction-induced HF develop-
ment, but this protection was not seen in myocardial infarction (MI)-induced HF 
[52], suggesting a more important role for CaMKII-mediated RyR phosphorylation 
in nonischemic HF but perhaps less in ischemic HF. The inositol 1,4,5- trisphosphate 
receptor (IP3R) is another important Ca channel involved in the regulation of Ca in 
the myocyte, and it is localized at both the SR membrane and nuclear envelope [53]. 
While phosphorylation of IP3R by CaMKII at S150 reduces channel open probabil-
ity [53, 54], Ca release from IP3R can potentiate RyR openings and arrhythmogenic 
effects, especially in HF and AF where IP3 signaling is upregulated. The regulation 
of nuclear Ca dynamics by IP3R is especially important in CaMKII-mediated 
excitation- transcription processes that contribute to cardiac remodeling and gene 
expression changes that occur in the HF phenotype [53, 55]. The direct involvement 
of CaMKII in regulating mitochondrial Ca handling proteins, such as the mitochon-
drial Ca uniporter and the mitochondrial permeability transition pore, has also been 
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reported [56], though this role remains controversial [57] and the mechanistic 
details are continuing to be resolved.

CaMKII also regulates the main SR Ca reuptake mechanism via the SR Ca 
ATPase (SERCA) by phosphorylating T17 on phospholamban (PLB), which subse-
quently relieves its inhibitory effect on SERCA function [58]. The effect that PLB 
has on overall Ca handling, however, depends on the balance between SR Ca release, 
Ca load, and Ca reuptake. Phosphorylation of PLB can work to enhance Ca reup-
take conditions in the myocyte and exert a protective mechanism or work to exacer-
bate spontaneous Ca leak activity and spontaneous activity, thereby enhancing 
arrhythmias. A decrease in SERCA, an increase in SERCA/PLB ratio, and a 
decrease in PLB phosphorylation have all been described in HF and are thought to 
contribute to slower SR Ca uptake in HF, leading to an increase in diastolic Ca [59]. 
This, along with enhanced NCX expression, also results in a decreased SR Ca load, 
diminished Ca transients, and weaker contraction. Just as the balance of Ca is main-
tained by SERCA and NCX, pH is maintained, in part, by the Na/H exchanger 
(NHE) on the sarcolemma membrane. NHE can be activated by CaMKII and can 
help to restore intracellular pH from acidosis following I/R injury [60].

In a model of CaMKIIδC transgenic mice, CaMKIIδC activation was implicated 
in the pathological progression of HF and the development of cardiac dysfunction 
[39]. In this study, CaMKIIδ activation during the early period of transaortic con-
striction promoted adaptive increases in Ca transients and nuclear transcriptional 
responses, while chronic progression of the nuclear Ca-CaMKIIδC axis contributed 
to eccentric hypertrophy and HF [39]. Notably, CaMKII regulates several key con-
tractile proteins (Fig. 2), which include myosin binding protein C, troponin I, myo-
sin light chain-2, and titin [61–65]. As such, CaMKII has also been implicated with 
systolic and diastolic dysfunction in the contexts of hypertrophic cardiomyopathy 
(HCM), late eccentric hypertrophy, and HF. Aberrant CaMKII-dependent titin 
phosphorylation occurs in end stage HF and may contribute to altered diastolic 
stress [64]. In mouse models of sarcomeric HCM (cardiac troponin T R92L and 
R92W) exhibiting disruptions in Ca homeostasis, CaMKII inhibition led to recov-
ery of diastolic function coupled with improved SERCA activity and likely improve-
ment in Ca handling in the R92W mutant, whereas R92L mutants showed worsened 
Ca handling, remodeling and function, highlighting a mutation-dependent role of 
activated CaMKII in HCM progression [38].

CaMKII also plays a critical role in regulating ion channels at the sarcolemmal 
membrane that affect Ca flux and handling in the cardiac myocyte (Fig.  2). 
Phosphorylation of the LTCC (Cav1.2) by CaMKII can increase LTCC current (ICa-L) 
amplitude (facilitation), slow inactivation [66, 67], and also accelerate recovery 
from inactivation [68]. The resulting enhancement in Ca influx, in turn, can initiate 
a positive feedback interaction between CaMKII activation and ICa-L [69, 70] that 
promotes EAD development and altered RyR activity [71]. Furthermore, regulation 
of the T-type Ca channel (TTCC, Cav3.1–3) by CaMKII can result in increased 
TTCC current and open probability [72, 73].

Cardiac Na and K channels are also regulated by CaMKII (Fig.  2). CaMKII 
modulates Na channel kinetics similarly to a human mutation (SCN5A 1795InsD) 
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associated with heritable arrhythmias [74], which involve both gain and loss of 
function in the cardiac INa. Notably, CaMKII significantly enhances the late Na cur-
rent (INa,L), which has been found to contribute to AP prolongation and increased Na 
loading under pathological conditions [75], as well as increase the propensity for 
EADs in HF [76]. CaMKII-dependent phosphorylation also reduces Na channel 
steady-state availability and slows its recovery from inactivation, potentially predis-
posing to conduction defects, as discussed in the next paragraph. CaMKII regulates 
numerous cardiac K channels, including the voltage-gated (Kv1.4, Kv4.2, Kv4.3, 
Kv7.1), inward rectifier (Kir2.1, Kir6.2), and Ca-activated (KCa2.2, SK2) channels 
[65]. Among these, regulation of the transient outward current (Ito) has been the 
most extensively studied. CaMKII acutely regulates Ito subunit expression, traffick-
ing, as well as Ito gating (leading to slower channel inactivation and more rapid 
recovery from inactivation) resulting in Ito increase [77]. Similarly, acute overex-
pression of CaMKII resulted in a significant increase in IK1 [77]. However, chronic 
CaMKII overexpression that leads to HF development was accompanied by reduc-
tions in Ito and IK1 densities [77], which may exacerbate repolarization abnormalities 
and lower the threshold for DAD-mediated spontaneous APs.

We have reviewed how CaMKII effects on RyR, SERCA/PLB, INa, ICa, and IK can 
promote arrhythmia triggers such as EADs, DADs, and spontaneous APs at the cel-
lular scale. Alterations in CaMKII-mediated Na and Ca handling are suspected to 
alter myocyte properties and also can manifest as changes in conduction velocity, 
transmural dispersion of repolarization, or vulnerability to reentry at the tissue 
scale, as implicated in Long QT and Brugada syndromes [9]. CaMKII activation 
was found to slow the inactivation of the fast, transient Na current (INa,T) and slow 
recovery from inactivation [29]. At the tissue scale, delaying the recovery of NaVs 
from inactivation was found to increase the slope of the APD restitution curve, 
which would enhance the likelihood of alternans and reentry [78]. Reduced NaV 
conductance was found to increase the vulnerable window [79]. In structurally nor-
mal RyR2-P2328S CPVT mouse hearts which were more susceptible to atrial 
arrhythmia triggering, reduced upstroke velocity of monophasic APs, inter-atria 
conduction delays, and slowing of epicardial conduction velocity were observed 
[80]. These alterations suggested that Ca-dependent alterations in NaVs [81] could 
also promote functional reentry in other disease conditions like HF and also be 
associated with increased CaMKII activity. CaMKII-mediated loss of function on 
peak INa [74] could explain conduction slowing [82] independent of the structural 
and anatomical changes observed. Ventricular [83] and atrial simulations [84] also 
found that heterogeneous Na and Ca loading in cardiac tissue can predispose to 
reentrant arrhythmia. Furthermore, prerequisites for reentry (reduced conduction 
velocity, prolonged refractoriness, and increased susceptibility to conduction block) 
were demonstrated to be associated primarily to enhanced CaMKII effects on NaVs 
and increased oxidation in a multicellular mathematical model of the cardiac fiber 
[85]. Another important factor that affects conduction and the propensity for 
arrhythmias at the tissue scale is the degree of cell-to-cell coupling determined by 
connexin-43 (Cx43) expression and the formation of gap junctions between myo-
cytes. In cardiac tissue, well-coupled repolarized myocytes act as an electrotonic 
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“sink” that a “source” current from an AP must overcome in order to propagate in 
tissue [86]. Structural and electrophysiological remodeling processes that decrease 
the degree of coupling between myocytes, as occurs in HF [87], can alter this 
source-sink mismatch and lower the threshold for an arrhythmia trigger, such as an 
EAD, to propagate in tissue. Multiple sites of CaMKII phosphorylation of Cx43 
that act to reduce gap junctional coupling have been reported [88], further implicat-
ing CaMKII regulation in the processes that govern susceptibility not only to 
arrhythmias but also to structural remodeling that occurs in pathophysiological con-
texts. A recent study demonstrated the possibility of a novel approach of harnessing 
the source-sink mismatch by implementing gene therapy approaches to create “sta-
bilizer cells” overexpressing the inward rectifier K channel Kir2.1 in cardiac tissue 
vulnerable to arrhythmias to suppress arrhythmia triggers [89]. Progressive thera-
peutic approaches such as this may be key alternative avenues for addressing inte-
grative mechanisms of cardiac pathologies.

Increasing evidence supports an important role of CaMKII in excitation- 
transcription coupling, especially with respect to long-term changes that occur in 
contexts such as cardiac remodeling in HF. CaMKII along with calcineurin, a CaM- 
dependent phosphatase, is directly involved in the Ca-mediated processes that could 
activate altered gene expression [90–92]. One key pathway is through CaMKII- 
dependent phosphorylation of histone deacetylases (HDACs) (e.g., HDAC4 and 
HDAC5). Upon phosphorylation by CaMKIIδB, HDAC4 can unbind and translocate 
out of the nucleus through chaperone proteins, thereby derepressing and allowing 
for hypertrophic transcription factors such as MEF2 (myocyte enhancer factor 2) to 
drive gene transcription [91, 92]. A parallel pro-hypertrophic Epac-mediated path-
way involving PLC, IP3R, and CaMKII activation as well as HDAC5 nuclear export 
and MEF2 activation has also been identified [12]. How CaMKII-mediated tran-
scriptional changes regulate both the electrophysiological and structural remodeling 
is highly important in understanding the pathophysiology of HF and related 
Ca-mediated arrhythmias. Whether and how CaMKII regulates ultrastructural 
remodeling at the cellular level in parallel is also of great interest, but these mecha-
nisms are not yet fully understood.

As is evident, CaMKII regulates many different targets and exerts a multitude of 
effects in the cardiac myocyte that involve multiple spatial and temporal scales. 
Unlike in controlled experimental contexts, these effects are not necessarily inde-
pendent of each other but rather are involved in complex interdependent processes 
underlying cardiac function and disease. More recent studies have begun to investi-
gate these interactions to better understand the complexities underlying mecha-
nisms of disease. In the context of HF, a vicious cycle mechanism of positive 
feedback [93, 94] involving Na and Ca mishandling, upregulated CaMKII, and 
ROS  – characteristic of cardiac diseases such as HF, long QT syndrome, and 
CPVT – was identified and demonstrated in CaMKIIδ mutant mouse and HF rabbit 
cardiac myocytes. These findings were consistent with a similar positive feedback 
mediated mechanism involving CaMKII activation and concurrent intracellular Na 
and Ca overload identified under conditions of hypokalemia-induced ventricular 
fibrillation [95].
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Chronic over-activation of CaMKII is a major underlying contributor in the dys-
regulation of many of the described pathophysiological contexts in the myocyte. 
Since the regulation of Ca and CaMKII is mutually intertwined, elucidating the 
mechanisms that can explain how and why CaMKII becomes overactivated is an 
imperative goal that several research groups are striving to uncover at the molecular 
level. Many findings in this area of research have brought to light key insights that 
have helped to better understand the processes of CaMKII-mediated disease.

 CaMKII Structure and Ca-Dependent Activation

The molecular mechanisms of CaMKII activation and deactivation and kinase activ-
ity are intricately linked to Ca. CaMKII self-assembles into a dodecameric complex 
(12 monomers) of 2 stacked hexameric rings. Each CaMKII monomer (56 kDa, 
498-AA) consists of a catalytic domain (N-terminal), an autoinhibitory regulatory 
domain, and an association domain (C-terminal). Under baseline conditions, the 
regulatory domain is bound to and autoinhibits the catalytic domain such that 
CaMKII is in a closed conformational state (Fig. 3). As [Ca]i rises, Ca binds and 

Fig. 3 Mechanisms of CaMKII activation and posttranslational modifications. (a) As [Ca]i 
increases within the cardiac myocyte, a monomer of CaMKII activates and adopts an open confor-
mational state upon binding Ca/CaM. (b) General depiction of activated CaMKII monomer 
becoming posttranslationally modified. PTM represents any one of autophosphorylation at T287, 
oxidation at MM281/282, O-GlcNAcylation at S280, or S-nitrosylation at C273 or C290. (c) 
Posttranslationally modified CaMKII remains persistently active in open conformational state 
even after Ca/CaM dissociates when [Ca]i declines. CaM trapping may also occur as CaM affinity 
increases and dissociation rates are slowed. Chronic activation of CaMKII in autonomous activated 
state can promote HF and arrhythmias
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forms a complex with calmodulin (Ca/CaM), which then can bind the regulatory 
domain of CaMKII, relieving the autoinhibition of the catalytic domain (Fig. 3).

CaMKII is then able to activate, adopting an open conformational state, and 
phosphorylate its molecular targets [96]. The low affinity that CaMKII has for Ca/
CaM (KD = 10–50 nM) is what allows for CaMKII to sensitively detect changes in 
[Ca]i, which is especially important in the dyadic cleft in cardiac myocytes where 
high local [Ca]i changes occur during the cardiac AP. Typically, as [Ca]i declines in 
the myocyte, Ca/CaM unbinds and CaMKII deactivates. However, when [Ca]i ele-
vation is prolonged, as occurs in many disease conditions like HF and arrhythmias, 
CaMKII monomers can autophosphorylate neighboring subunits at threonine 287 
(T287) of the regulatory domain, prolonging the activated state of CaMKII [97, 98]. 
As a consequence, the affinity for Ca/CaM increases in a process called “CaM trap-
ping” in which CaM release and CaMKII deactivation are slowed by ~100- to 1000- 
fold [99]. Even when CaM does dissociate, phosphorylated CaMKII can maintain a 
partially active “autonomous” open state (Fig. 3) [97, 98]. Together, “CaM trap-
ping” and the autonomous activation of CaMKII contribute to a CaMKII “memory” 
effect responsible for the over-activation of CaMKII in cardiac pathologies.

There are four main isoforms of CaMKII – α, β, γ, and δ – and these are differ-
entially expressed in various tissues with varying degrees of basal Ca/CaM affinity 
(γ > β > δ > α) [100, 101]. While neurons mostly express the α and β isoforms of 
CaMKII, cardiac myocytes mostly express CaMKIIδ, which is responsible for 
85–90% of CaMKII activity, while CaMKIIγ is responsible for mostly the rest [101, 
102]. Four of the at least 11 splice variants of CaMKIIδ are found differentially 
localized in the cardiac myocyte [103–105]. CaMKIIδA is localized primarily to 
t-tubule, sarcolemmal, and nuclear membranes. CaMKIIδB is concentrated mainly 
in the nucleus due to an 11-AA nuclear localization sequence. CaMKIIδC is the 
predominant splice variant in the cytoplasm and localizes largely at the z-lines. 
CaMKIIδ9 is a lesser-studied splice variant expressed at similar levels to those of 
CaMKIIδB [106]. These splice variants all have the ability to heteromultimerize, 
thus diversifying the potential functional responses of CaMKII within the myocyte.

 Posttranslational Modifications of CaMKII as Novel 
Mechanisms of Cardiac Disease

The recent discovery of several new PTMs of CaMKII has revealed that CaMKII 
may be susceptible to an even wider range of pathological stressors than once 
thought. Four of these PTMs include oxidation at MM281/282 [9], O-GlcNAcylation 
at S280 [10], and S-nitrosylation at C273 and C290 [11] (Fig. 3), and they now 
implicate CaMKII to stressors such as oxidative stress, diabetic hyperglycemia, and 
nitric oxide synthase activation, which often coexist in disease and are associated 
with morbidity, mortality, and healthcare costs involving cardiac disease. 
Biochemical in  vitro studies have shown that these PTMs can prolong CaMKII 
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activation similarly to how autophosphorylation of CaMKII at T287 promotes 
autonomous activation [10, 11, 104, 107, 108]. Additional studies have found that 
PTMs that promote autonomous activation of CaMKII are now directly implicated 
with cardiac disease. Oxidized CaMKII has been found to contribute to apoptosis 
post-MI [9] and AF [104], while O-GlcNAcylation was shown to contribute to 
hyperglycemia-induced SR Ca leak and arrhythmia [10]. Interestingly, S-nitrosylation 
was shown to have a dual effect: while S-nitrosylation at CaMKIIδ-C290 promoted 
autonomous activation, S-nitrosylation at C273 suppressed CaMKII activation by 
CaM [11]. The latter suppressive effect suggests that nitrosylation of CaMKII may 
confer a sex-dependent protective effect against damage from I/R in females, who 
tend to have higher basal levels of NOS and nitrosylation than males [109]. The 
mechanisms by which each of these PTMs contributes to their respectively associ-
ated pathologies are not fully understood and are now being clarified.

The mechanisms of PTM-dependent autonomous CaMKII activation and their 
pathophysiological consequences have begun to be investigated directly within the 
cardiac myocyte environment context in order to gain more physiologically relevant 
insights. In one recent study, the binding affinity and off-rate kinetics of CaM- 
CaMKIIδ interactions, an indicator of autonomous CaMKII activation, were directly 
measured in cardiac myocytes [110]. CaM was found to dissociate more slowly by 
a threefold factor from the phosphomimetic CaMKIIδ T287D mutant variant than 
from either WT or the phosphoresistant CaMKIIδ T287A mutant. CaM dissociated 
even more slowly from oxidized CaMKIIδ T287D, demonstrating the synergy of 
PTMs in their effects on the autonomous activation of CaMKII. Among the PTMs, 
studies uncovering the mechanistic role of CaMKII O-GlcNAcylation in diabetes 
and related arrhythmias have been especially prolific [10, 111–113]. In a study uti-
lizing O-GlcNAcylation-resistant CRISPR S280A CaMKII-KI mice, hyperglyce-
mia was shown to promote O-GlcNAcylation of CaMKII at S280 and induce 
arrhythmias via phosphorylation of RyRs and associated ROS increase in cardiac 
myocytes [111]. A subsequent study investigating Ca handling and electrophysiol-
ogy demonstrated that high glucose-induced APD prolongation, APD alternans, Ca 
waves, and DADs were diminished in these CaMKIIδ-S280A-KI mice [10, 11, 104, 
112]. Another study investigating the link between diabetic hyperglycemia and the 
increased risk of arrhythmias sought to determine whether hyperglycemia alone can 
be accountable for arrhythmias or whether it requires the presence of additional 
pathological factors. Even though hyperglycemia alone was sufficient to enhance 
cellular arrhythmias (i.e., APD prolongation, short-term APD variability, and alter-
nans), a “second hit” greatly exacerbated cardiac arrhythmogenesis in diabetic 
hyperglycemia [114].

Given the recognized importance and significant clinical implications of chronic 
CaMKII activation and related Ca signaling alterations in cardiac disease, under-
standing the effects of these PTMs on CaMKII autonomy and their impact on car-
diac myocyte function is especially important. Yet, many questions relating CaMKII 
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to cardiac function and disease still remain. A recent study demonstrated the ability 
for activated CaMKIIδ to translocate from the TT/SR junction to its extra-dyadic 
targets within the myocyte [115], providing evidence contrary to the notion that 
CaMKIIδ is immobile and anchored within the myocyte. Another open question is 
how CaMKII activation dynamically changes from beat to beat in time with the 
changes in Ca within the myocyte. These spatiotemporal aspects of CaMKII activ-
ity and their effects on the myocyte remain largely unexplored and highlight the 
importance of understanding how the ultrastructure of the myocyte in the intracel-
lular environment along with the spatial organization of proteins involved in ECC 
can impact cardiac myocyte function and disease.

 Cardiac Myocyte Remodeling and Ultrastructural Change

 Background

The gross anatomical and physiological changes that occur during the transition 
from healthy to failing myocardium are reflective of cellular and ultrastructural 
remodeling from within individual myocytes. In the healthy heart, subcellular archi-
tecture is optimally organized to ensure a uniform rise in Ca and thus contraction. 
This is primarily achieved through the presence of TT membrane invaginations that 
facilitate close apposition of LTCCs and RyRs to form dyads throughout the cell [2, 
3]. This allows triggered Ca release to occur synchronously both at the surface and 
along TTs in the cell center. While Ca release from the SR is dependent on RyR 
properties [116–118], its spatial localization is associated with TT structure and 
organization due to the preferential expression of LTCCs on TTs [3, 119–121]. As a 
result of this, remodeling of either TTs or RyRs can dramatically affect the pattern 
of Ca release within cells.

While TTs were identified over 60 years ago [122], work in this area is resurgent 
due to the development of advanced imaging techniques that permit investigation of 
the interplay between TTs and RyRs and spatiotemporal patterns of subcellular Ca 
release. Recent work has shown there is extensive remodeling of the TT network in 
HF that is associated with dyadic disruption [123–128]. This is accompanied by 
contractile dysfunction through reduced trigger for Ca release [129, 130], RyR 
remodeling [131–135], and altered RyR modulation [94, 136–138]. While what 
instigates remodeling is yet to be elucidated, the subcellular changes that occur 
together culminate in the disease phenotypes we observe in vivo. As such, the mech-
anisms of impaired Ca release through ultrastructural remodeling in disease warrant 
continued investigation and will be the subject of this section.
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 Ultrastructural (T-Tubule) Remodeling

In the healthy ventricle, TT invaginations occur every ~1.8–2 μm at the z-line [2]. 
They project transversely with longitudinal elements to create a branching 
transverse- axial network within cells [2, 139–141]. To facilitate efficient ECC, all 
TTs are connected to the cellular SR network [141] with a recent study demonstrat-
ing that TTs are wrapped in voluminous SR that is often spaced less than 10 nm 
away [142]. The close apposition between TTs and the SR is imperative for effec-
tive CICR and is mediated by Junctophilin-2 (JPH2) interacting with LTCCs and 
anchoring the TT and SR membranes [143–145]. Interestingly, the density of the TT 
network varies between species [2, 123, 146, 147]. Narrow tubules with increased 
complexity are observed in animals with faster resting heart rates, likely due to the 
need for rapid AP propagation and Ca cycling [148, 149]. Though narrow TT 
lumens could restrict ion diffusion if static, TT luminal eccentricity changes with 
sarcomere shortening on a beat-by-beat basis to aid ion exchange [150]. As such, 
both the organization and plasticity of the TT network are key for cardiac function.

While the TT network is intricately arranged and ordered in the healthy heart, 
this is not the case in disease. Extensive TT remodeling has been reported in a num-
ber of HF pathologies induced by hypertrophy [124, 125], MI [124, 151–155], and 
tachypacing [123, 126, 129, 156], all of which result in impaired AP propagation 
[157] and dyadic uncoupling [123, 128, 158, 159]. Though it remains unclear 
whether changes to the TT network initiate the onset of disease or are an associated 
outcome, remodeling begins prior to function being impaired on the echocardio-
gram and progresses as the severity of disease pathology increases [125]. Patchy TT 
loss, with the TTs that remain being more longitudinally oriented, enlarged and 
branched are well-characterized features of HF [123–129, 151–156, 160] (Fig. 4). 
However, recent work has shown TT remodeling is dependent on whether there is 
systolic or diastolic impairment. In HFrEF, changes in TT structure reflect those 
previously described, yet in HFpEF TT density is conversely maintained or increased 
through proliferation and dilation [18, 27] (Fig. 4). As in physiological hypertrophy 
where TT density increases with exercise training [161], the enhancement of the TT 
network in HFpEF is thought to be compensatory, with a positive correlation 
between TT density and the level of diastolic dysfunction observed [6, 18]. Though 
impaired relaxation in HFpEF is partly thought to be associated with changes to the 
extracellular matrix [6, 162, 163], no difference in TT collagen deposition has been 
observed in HFpEF patients despite this being seen in HFrEF [18, 164]. This is 
thought to further support the notion of compensatory TT proliferation in HFpEF, 
highlighting the vast mechanistic differences in etiology in HFpEF versus the mal-
adaptive TT remodeling and increased tubular collagen content seen in HFrEF [18]. 
Since TT collagen deposition could impair content exchange by making TTs stiffer 
and less able to distend, the impact of this, along with dyadic disorganization, 
should be considered when examining the impact of TT remodeling in HFrEF.

At present the cause of TT remodeling in HF is unclear. However, several TT 
regulatory proteins have been shown to be downregulated in the failing 
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Fig. 4 Ultrastructural remodeling and consequent Ca release in HF. (a) Schematic diagrams of 
non-failing, HFrEF and HFpEF cardiac myocytes. In HFrEF there is patchy TT loss with remain-
ing TTs increasingly longitudinally oriented, enlarged, and branched. Due to TT loss in HFrEF, 
there are orphaned RyRs that contribute to diastolic SR leak. In contrast, in HFpEF TT density is 
maintained or increased through dilation and proliferation. (b) Representative Ca transients for 
each group showing reduced transient amplitude in HFrEF and preserved/increased amplitude in 
HFpEF. (Diagrams created using Servier Medical Art with Ca transients recapitulating data from 
Kilfoil et al. [27])
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myocardium. Of particular importance are JPH2 and amphiphysin II (Bin1), a pro-
tein that induces TT formation and localizes LTCCs to the sarcolemmal/TT mem-
brane [126, 146, 165, 166]. Decreased JPH2 expression in HF is linked to disruption 
of the TT network and dyadic disorder [125, 167]; with reduced Bin1 associated 
with decreased TT density and impaired LTCC trafficking [126, 156, 168]. The 
z-disc protein telethonin, phosphatase myotubularin 1, and membrane repair protein 
Mitsugumin 53 have also been suggested to play roles in TT pathology [156, 169–
171]. These proteins likely act in conjunction with Bin1, JPH2, and other signaling 
proteins to govern TT maintenance [6, 156]. Since TT regulatory proteins typically 
have additional roles, changes in their expression in HF are likely to have a multi-
faceted impact on ultrastructure with dyadic disorder and altered protein localiza-
tion accompanying TT loss and remodeling.

 RyR Remodeling

As previously discussed, the optimal organization of TTs in the healthy heart 
ensures close apposition of LTCCs with RyRs of the SR to facilitate efficient 
CICR.  Just as TTs are intricately arranged, RyRs are also highly ordered with 
80–85% of RyR and LTCC molecules found together within couplons [172]. While 
couplons exist on both the surface sarcolemma and TTs, internal RyRs are larger, 
increased in number, and more closely spaced than those at the surface [5]. Since 
larger clusters have a lower threshold for Ca release, this likely aids the synchronic-
ity of ECC throughout the cell [117]. Like LTCCs [145], RyRs are colocalized with 
JPH2, with JPH2 thought to be dispersed throughout RyR clusters [173]. In addition 
to regulation by JPH2, RyRs are modulated by several proteins and posttransla-
tional changes such as phosphorylation by CaMKII as previously discussed [36, 47, 
48, 174]. Interestingly, phosphorylated RyRs have been shown to move into dyads 
organized by Bin1 [175] thus further enforcing the synergistic relationship between 
TTs and SR.

Just as TTs are adversely remodeled in HFrEF, there are also alterations to both 
the SR and RyRs. The amount of SR per cell volume, junctional SR surface area, 
and dyad length are reduced, with localized areas of SR disorder [141, 158, 159]. 
These changes in SR are unsurprisingly accompanied by decreased RyR expression 
and reduced density of clusters associated with TTs [128, 135]. This is perhaps 
compounded by decreased Bin1 expression reducing the localization of RyRs to 
Bin1-arranged dyads [175]. Indeed, due to TT remodeling in HFrEF, a greater num-
ber of RyRs are found outside of dyads, with orphaned RyRs remaining along the 
z-line but no longer coupled with TTs and thus lacking local control [131, 151] 
(Fig. 4). Interestingly, RyR clustering itself is also altered in the failing ventricle. 
Smaller, more dispersed, and more closely spaced RyR clusters predominate but are 
accompanied by large multi-cluster Ca release units [134, 137]. Remodeling of 

C. Y. Ko et al.



23

RyRs in HFrEF is not exclusively caused by dyadic disruption through TT loss. 
Changes in RyRs are also associated with pathological hyperphosphorylation and 
oxidation, along with altered regulation by proteins such as FKBP12.6 [36, 137, 
176–179]. While the causality of remodeling is multifaceted, it manifests as RyR 
hyperactivity resulting in Ca leak from the SR and diminished Ca transient ampli-
tude (Fig. 4) [18, 27, 134, 138, 180].

Despite RyR remodeling being well characterized in HFrEF, very little is known 
about any changes in HFpEF. Contrary to systolic HF, TT preservation in HFpEF 
ensures dyads are maintained and thus stops RyR orphaning [18, 27]. Although 
structurally similar to the healthy heart, HFpEF RyRs are hyperphosphorylated as 
in HFrEF [27]. However, unlike in systolic HF, this is not associated with increased 
SR leak but rather diminished β-adrenergic drive [27]. As such, baseline Ca tran-
sient amplitude is unaltered or enhanced in HFpEF (Fig. 4), with impairment only 
presenting upon attempted inotropic stimulation [18, 27]. While further work is 
required to improve knowledge of HFpEF, the impact of RyR remodeling and 
dyadic disruption in HFrEF are highly detrimental to Ca release and will be dis-
cussed in more detail below.

 Consequence of Structural Remodeling on Spatiotemporal 
Factors of Ca Release

The ultimate outcome of remodeling in HFrEF is reduced global Ca transient ampli-
tude and thus contractile dysfunction. Though the mechanisms vary between mod-
els and disease state, this is typically a culmination of a number of factors. Less 
dyadic coupling between LTCCs and RyRs results in a dyssynchronous rise in Ca, 
with fewer LTCCs and reduced ICa-L due to TT loss providing a smaller, less- effective 
trigger for CICR [126, 127, 129, 130, 151, 155, 160]. This is compounded by 
decreased SR Ca load caused by RyR leak and/or impaired SERCA activity gener-
ating a smaller Ca transient [176, 180, 181]. Taken together these alterations result 
in reduced contractility and thus impaired function.

Of great importance is the fact that remodeling is not uniform throughout failing 
ventricular cells. Spatial differences in TTs, dyad organization, and RyR clusters 
lead to heterogenous and inefficient triggered Ca release that is detrimental to con-
traction and has potential for arrhythmic activity. Indeed, intracellular Ca dysregula-
tion clearly contributes to arrhythmia in a broad range of pathologies including HF, 
and HF myocytes and tissue are prone to triggered activity and alternans due to 
abnormal Ca handling [23, 182]. Patchy TT remodeling and heterogenous RyRs are 
associated with regions devoid of AP propagation, impaired triggered Ca release, 
and a dyssynchronous rise in systolic Ca [27, 127, 151, 155, 160, 183]. In addition 
to spatial differences in triggered Ca, diastolic release is also altered as a conse-
quence of remodeling. Ca sparks are more frequently observed in hyperactive, 
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orphaned RyRs outside of dyads [131, 138, 152], with slower to rise sparks and 
silent Ca leak associated with morphological changes in dyadic RyR clusters in 
modeling studies [134, 184]. Since RyR heterogeneity is likely to potentiate waves 
[117, 118] and SR leak and TT disruption promote alternans [185], this activity may 
underlie aberrant pro-arrhythmic Ca release observed in HF [131]. Ultimately since 
leak reduces SR Ca load, the main determinant of the systolic transient, this also 
impairs triggered release thus exacerbating the adverse effects of remodeling.

Though not covered in detail in this review, another important consideration of 
ultrastructural remodeling in HF is Ca removal by NCX.  Since NCX-mediated 
removal of Ca from the cytosol is electrogenic, enhanced SR leak could cause after-
depolarizations in the failing ventricle [50]. However, as NCX is preferentially 
expressed on TTs that are disrupted [3, 186], spatial differences in Ca handling are 
likely to occur depending on proximity of NCX to RyRs where the Ca release 
occurs. Though dyadic leak may result in an EAD or DAD due to close proximity 
to NCX, leak from orphaned RyRs is more likely to propagate resulting in waves 
[6]. Since both outcomes could occur simultaneously within cells, this is further 
evidence of the detrimental impact of ultrastructural remodeling in HF.

 Potential Treatments

Given the adverse consequences of ultrastructural remodeling in HFrEF, it is unsur-
prising that TT and dyadic restoration are seen as ideal therapeutic targets. While a 
number of proteins play a role in TT regulation, Bin1 has emerged as a promising 
candidate for repair. It has been identified as a biomarker whereby circulating car-
diac Bin1 correlates with cardiovascular risk and severity of remodeling in humans 
[187, 188]. Exogenous Bin1 delivered through adeno-associated virus has also been 
shown to both protect hearts prior to HF-induction and restore cardiac function in 
animals with preexisting failure [189, 190]. Gene therapy involving JPH2 has simi-
larly improved outcomes in HF [167], with both Bin1 and JPH2 acting to limit TT 
remodeling and thus maintain Ca release [167, 189, 190]. While further work is 
needed to test the safety and efficacy of these treatments in patients, other works 
using preexisting therapies have also proved beneficial for reversal of remodeling. 
Both mechanical unloading and biventricular pacing have been shown to improve 
the homogeneity of TTs, RyRs, and Ca release in HF [132, 133, 152]. Similar res-
toration has been observed following treatment with tadalafil, a PDE5 inhibitor 
typically used to treat erectile dysfunction [156]. Interestingly in this study, reversal 
of TT remodeling was also associated with changes in Bin1 expression, further 
highlighting its importance [156]. Since unloading, resynchronization and tadalafil 
are already used in clinic, they appear to be ideal treatments for reversing ultrastruc-
tural remodeling and improving outcomes of HF.
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 Conclusions and Research Frontiers

 Spatial and Temporal Heterogeneity of Ca-Dependent Signaling

Recent work has highlighted the spatial and temporal heterogeneity of Ca-dependent 
signaling in the heart. At the cellular level, CaMKIIδ has been shown to translocate 
from the dyad to reach other cellular targets [115], suggesting the timing and local-
ization of its activation and deactivation could be important in regulating function. 
Since dyadic remodeling occurs in HF, it is likely that the localization of CaMKII is 
altered in addition to it being chronically activated [30–34, 36] as well as regulating 
hypertrophic gene transcription [12, 90–92]. This may contribute to the subcellular 
differences in Ca release associated with patchy, irregular TT patterns and variabil-
ity in RyR coupling, cluster size, and phosphorylation that are also known to occur 
[36, 131, 134, 137, 151]. Direct regulation of ultrastructural remodeling by CaMKII 
is yet unknown, though CaMKII has been involved in remodeling of dendritic 
spines [191]. Taken together, it is clear that both CaMKII and TT remodeling in HF 
cause changes in discrete areas that lead to dyssynchronous Ca release within cells. 
This is ultimately compounded by unequal remodeling across the syncytium of the 
myocardium. In the healthy heart, transmural heterogeneity across the ventricular 
wall helps synchronize contraction and relaxation [192–194]. However, the pattern 
of heterogeneity is altered in HF leading to abnormal cardiac cycling [193, 194]. 
Theoretical studies suggest that TT degradation and consequent heterogenous SR 
Ca handling should promote both spontaneous Ca release, which drives DADs, and 
alternans in cardiac tissue [195]. While sophisticated models have been developed 
to describe detailed spatial and temporal characteristics of cardiac myocyte ECC, 
simulations of perturbed TT structure have been heuristic in their approach [185, 
196–198], rather than tightly coupled to experiments. As remodeling in HF is non-
uniform and dependent on causality, it is likely that some areas of the ventricle are 
more adversely affected than others. Indeed, regional variability in TT remodeling 
has been observed in HF patients [199]. However, it is unclear whether differences 
also exist between layers of the ventricular wall. At present the interaction between 
intercellular variability (e.g., transmural heterogeneity) and subcellular variability 
has never been investigated, and the mechanisms, extent, and importance of tissue 
homogenization are unknown. Since the dyssynchronous effects of subcellular het-
erogeneity would be amplified and further increased by transmural and regional 
differences at the tissue level, this area is a key topic for future work.

 Considerations for Therapy

In addition to appreciating the impact of cellular remodeling at the whole-heart 
level, there are additional considerations for therapy. In order to reverse the aberrant 
changes in Ca handling associated with ultrastructural remodeling, much focus has 
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been put on TT restoration. As previously discussed, this has already been shown to 
be beneficial in experimental studies and is now likely to progress to clinic. However, 
for this to be successful, EC coupling protein restoration is required in addition to 
TT repair to reverse any dyadic disruption not due to TT loss. Since impaired dyadic 
function has also been observed where TTs remain in the HF ventricle [155], this is 
a key concept for therapy. As the TT regulatory proteins Bin1 and JPH2 also regu-
late LTCCs and RyRs [145, 166, 173, 175], they should be able to target their traf-
ficking back to the dyad, yet it is unclear whether the localization and activity of 
their modulators such as CaMKII can also be restored. A number of studies have 
already demonstrated the beneficial effects of CaMKII inhibition in improving 
function in animal models of maladaptive remodeling and human HF [30, 200, 201] 
as well as in mitigating susceptibility to arrhythmias [94, 95]. However, targeting 
CaMKII as a therapeutic approach presents a unique challenge given the need for 
preserving numerous essential CaMKII-dependent cellular processes and the wide 
range of CaMKII variants and PTMs. It is also unclear currently whether different 
modes of activation states underlie differences in physiological or pathological 
activity. Treatment for CaMKII overexpression and chronic activation in HF, thus, 
may need to be selectively targeted. Recent studies that have identified molecular 
mechanisms of chronic CaMKII activation may prove to be valuable in this regard. 
Alternatively, minimizing CaM affinity may serve to eradicate more widespread 
dysfunction associated with elevated diastolic Ca by limiting CaM trapping and 
preventing overactive CaMKII.  Understanding how these numerous factors inte-
grate to modulate Ca handling and affect cardiac myocyte physiology can yield 
valuable mechanistic insights that can lead to the development of therapeutic strate-
gies for treating cardiac disease.
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Organization of Ca2+ Signaling 
Microdomains in Cardiac Myocytes

Jing Li, Bradley Richmond, and TingTing Hong

Abstract Calcium signaling in cardiomyocytes regulates muscle contractile func-
tion and electrical signal propagation in the heart. While calcium influx in nodal 
cells controls the rhythmic heartbeat, calcium transients in working cardiomyocytes 
direct excitation-contraction coupling and energy-dependent diastolic relaxation to 
maintain beat-to-beat pump function. Calcium dysregulation is a hallmark of the 
pathophysiology of multiple heart diseases including hypertrophy, heart failure, and 
arrhythmia. Proper compartmentalization and regulation of intra-cardiomyocyte 
calcium signaling relies on the organization of key calcium-handling machinery to 
specific functional microdomains. These microdomains serve as signaling hubs to 
orchestrate cardiac activities whose disruption can contribute to disease progres-
sion. Thus, understanding the structure and function of the calcium signaling micro-
domains in cardiomyocytes is of great scientific interest and translational 
significance. In this chapter, we discuss the current knowledge concerning calcium 
signaling at major cardiomyocyte microdomains, microdomain remodeling in dis-
eases, and targetable approaches for the development of new therapies.
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 Introduction

Human hearts consist of billions of cells activated in a coordinated sequence leading 
to synchronous contraction and relaxation during each heartbeat cycle. This coordi-
nation is responsible for the rhythmic and efficient pump function of the heart. For 
each heartbeat, a normal sequence of events starts with action potential initiation at 
the sinoatrial node followed by a rapid myocyte-to-myocyte spread of action poten-
tial through the conduction system and the working myocardium resulting in 
sequential activation of atria and ventricles. During diastolic relaxation, heart cham-
bers dilate to allow blood refill and to prepare for next contraction. Effective con-
traction of heart chambers requires efficient intracellular calcium signaling events 
occurring at the individual cardiomyocyte level. As the contractile units building the 
chamber walls, working cardiomyocytes are large, rod-shaped cells with longitudi-
nally aligned contractile myofibrils under the regulation of intracellular calcium 
concentrations. Effective beat-to-beat ventricular contraction and relaxation require 
coordinated calcium cycling in individual ventricular cardiomyocytes, which is 
often achieved by sequential calcium signaling events at compartmentalized intra-
cellular microdomains.

 Calcium Signaling in Cardiomyocytes

Normal beat-to-beat heart contraction requires proper excitation-contraction (EC) 
coupling between membrane action potential and cellular contraction. Efficient EC 
coupling is achieved by healthy intracellular calcium transients, which are a 
sequence of calcium signaling events starting from action potential-activated initial 
calcium entry, followed by a massive calcium release from the intracellular calcium- 
storing sarcoplasmic reticulum (SR), and completed with the subsequent diastolic 
calcium removal via SR reuptake and sarcolemmal exclusion.

The current accepted model of intracellular calcium transient development is 
described as calcium-induced-calcium release (CICR) [1]. Following each mem-
brane action potential, opening of the sarcolemmal voltage-gated L-type calcium 
channels (LTCCs) mediates the initial calcium influx into the cytosol to then induce 
massive calcium release from the SR. After its original proposal in early 1980s, this 
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model is supported by the subsequent finding of ryanodine receptors (RyRs) at the 
SR membrane which sense the calcium influx and cause the release of calcium from 
the SR [2, 3]. Later in 1993, the Lederer lab further identified calcium sparks from 
SR as the “elementary units” of calcium transients [4]. Optimal CICR requires a 
close physical association between the sarcolemmal LTCCs and the junctional SR 
(jSR) RyRs [1–4]. This is achieved by LTCC localization to the transverse tubules 
(t-tubules or TT) [5, 6]. The complexes of t-tubule LTCCs together with jSR mem-
brane RyRs (approximately a 1:4 ratio) are known as dyads [7, 8]. During relax-
ation, the accumulated calcium needs to be removed from the cytosol by either 
calcium sequestration to SR lumen via the SR Ca2+-ATPase 2a (SERCA2a) or cal-
cium removal into the extracellular space by the Na+/Ca2+ exchanger (NCX) and to 
a lesser extent by the sarcolemmal Ca2+-ATPase [9]. Thus, a normal transient 
requires both optimal CICR initiated at dyads where LTCCs at TTs are coupled with 
RyRs at jSR and efficient energy-dependent diastolic calcium removal mainly 
through SERCA2a-mediated SR reuptake and NCX-mediated exclusion.

Impaired calcium transients are a pathophysiologic hallmark of failing myocytes 
[10–12]. Disturbed calcium transients in failing cardiomyocytes are attributed to TT 
remodeling [13–15] which uncouples LTCC-RyR dyads [11, 15–19] and diseased 
functional downregulation of calcium removal proteins including SERCA2a [20] 
and NCX, impairing cardiac inotropy and lusitropy. Given that calcium transients 
are generated by multiple channels and organelles, there are many disease-related 
alterations possible that can result in abnormal pump function. Historically, the 
focus has been on the altered calcium ion uptake into and release out of the SR. The 
typical failing calcium transient has a low peak amplitude and slowed decline [21–
23]. The slow decline of the calcium transient is attributed to diseased regulation of 
SERCA2a and NCX [20, 24], whereas the reduction in calcium amplitude is due to 
hyperphosphorylation of RyRs [25, 26] that causes SR leakage and depletion of 
calcium storage in the SR. During acute or chronic stress such as sympathetic over-
drive and pressure overload, altered β-adrenergic signaling and intracellular cal-
cium homeostasis can contribute to pump failure by modulating the phosphorylation 
and functional states of the calcium-handling proteins.

In conclusion, a healthy calcium transient is needed for normal cardiac contrac-
tion and relaxation capacity in both resting states and under stressed conditions. In 
addition to supporting proper pump function, intracellular calcium homeostasis also 
helps maintain desired cardiomyocyte excitability. Disruption of normal excitability 
can cause life-threatening arrhythmias and sudden cardiac death. For instance, in 
dilated cardiomyopathy abnormal hyperphosphorylation-induced hyperactive and 
leaky RyR receptors cause SR calcium leak, decreasing EC coupling and promoting 
ventricular arrhythmias. Furthermore, outside of working cardiomyocytes, intracel-
lular calcium signaling determinates a variety of different physiological functions in 
other types of cardiac myocytes. In pacemaker cells, for example, calcium influx 
through voltage-gated calcium channels controls automaticity and thus heart rate. 
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Taken together, intra-myocyte calcium signaling is critical to a range of key func-
tions of the heart which ultimately sustain rhythmic and robust heartbeats.

 Calcium Signaling Microdomains in Cardiomyocytes

The most well-studied microdomain-based regulation of calcium signaling is per-
haps the modulation of intracellular distribution and compartmentalization of 
LTCC-RyR dyads, including regulation caused by β-adrenergic receptor (β-AR) 
activity. In this section, we will focus on the major intracellular microdomains 
involved in the regulation of LTCC-RyR dyads and diastolic calcium-handling pro-
teins SERCA2a and NCX, including the cardiac bridging integrator 1 (cBIN1)-
microdomains at the t-tubules, the ankyrin-spectrin microdomains, and the caveolae 
microdomains. Additionally, we will discuss how these microdomains remodel dur-
ing disease progression.

 TT/jSR Microdomains in Systolic and Diastolic 
Calcium Handling

As discussed earlier, EC coupling in cardiomyocytes is regulated at the LTCC-RyR 
dyads localized to microdomains within cardiac t-tubules. T-tubules are sarcolem-
mal invaginations that form and organize an interconnected and complex tubular 
membrane network. To achieve a variety of specific functional needs, t-tubules con-
tain microdomains created by scaffolding proteins with distinct pools of ion chan-
nels, transporters, and signaling molecules clustered at compartmentalized 
subregions [27]. This is the case in dyad formation, as LTCC-RyR couplons are 
brought together by the membrane-molding and scaffolding protein cBIN1 [28, 29]. 
cBIN1 draws together and bridges t-tubule LTCCs to RyRs at the jSR membrane for 
synchronous CICR and efficient EC coupling. In this section, we will focus on the 
organization, functional roles, and abnormal remodeling of the t-tubule-localized 
cBIN1-microdomains. We will highlight their roles in the regulation of calcium 
signaling in normal and diseased cardiomyocytes. Possible cross talk between 
cBIN1-microdomains and other calcium signaling regulatory TT/jSR adaptor pro-
teins like junctophilin-2 (JP2) will also be reviewed.

 Organization of cBIN1 and JP2 Microdomains at TT/jSR Membrane

T-tubule cBIN1-microdomains are created by a membrane-scaffolding protein 
cBIN1, the cardiac isoform of BIN1 encoded by a splice variance derived from the 
BIN1 gene. BIN1 is a phospholipid-binding and cytoskeleton-interacting protein 
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belonging to the N-terminal Bin1-amphiphysin-Rvs (N-BAR) domain-containing 
protein superfamily [27, 30]. In the mammalian system, BIN1 (also known as 
amphiphysin 2) is encoded by a single gene of 20 exons and produces over ten pro-
tein isoforms via alternative splicing [28, 31–34]. Encoded by constitutive exons 
1–10 in all variants, the N-terminal N-BAR domain of BIN1 forms intermolecular 
homodimers with a “banana”-shaped concave surface topology that binds to lipid 
bilayers and induces membrane invagination [35]. The C-terminal SH3 domain in 
BIN1, encoded by the last two constitutive exons [31, 33], is critical for BIN1 inter-
action with intracellular proteins including the microtubule and actin cytoskeleton 
[36–38]. Finally, the middle exons 11–18 encode a coiled-coil region in BIN1 which 
is heavily alternatively spliced with tissue and disease specificities [27]. For 
instance, the MYC-binding domain is formed by a constitutive exon 18 and a ubiq-
uitously alternatively spliced exon 17 [39]. Other examples include the isoforms 
containing an exon 11-encoded phosphoinositide-binding motif which are highly 
expressed in skeletal muscle [34]. These isoforms provide a heightened binding 
affinity to phospholipids and thus have the membrane bending ability required for 
skeletal t-tubule biogenesis. In the neuronal system, a set of four continuous exons 
13–16 are often co-spliced to encode an clathrin-associated protein (CLAP)-binding 
domain for endocytic neurotransmitter reuptake [32, 33].

In mammalian cardiomyocytes, alternate splicing of the BIN1 gene produces 
four to six transcript variants and corresponding protein isoforms [28, 40]. Two 
BIN1 protein isoforms featuring the inclusion of exon 13, BIN1  +  13 and 
BIN1 + 13 + 17 (also known as cBIN1) [28], were detected in adult mouse ventricu-
lar cardiomyocytes. cBIN1 is the isoform that localizes to t-tubules, binds to the 
Z-disc structural protein α-actinin, and facilitates N-WASP-promoted cortical actin 
polymerization [28]. The unique domain encoded by co-splicing of exons 13 and 17 
without exons 14–16 in cBIN1 allows the molecule to both interact with the lipid 
bilayer at t-tubules and the subsarcolemmal cortical actin. Both interactions are 
critical to the formation of microdomains anchored at the myofilament Z-discs [28]. 
Direct visualization by super-resolution fluorescent microscopy and transmission 
electron microscopy imaging revealed that cBIN1-microdomains are formed by 
contoured and multilayered membrane microfolds [29, 41]. In BIN1-deficient car-
diomyocytes and the loss of domain-forming microfolds was rescued by exogenous 
cBIN1 but not by other BIN1 isoforms [28, 42]. Later studies identified that the 
exon 11-containing BIN1 isoform(s) highly expressed in skeletal muscle can also be 
detected in sheep cardiomyocytes [40]. Also, in human induced pluripotent stem 
cell (hiPSC)-derived cardiomyocytes, overexpression of the skeletal BIN1 isoform 
increased calcium transient amplitude and EC coupling [43]. The functional simi-
larities and distinctions as well as impacts from intermolecular interactions among 
BIN1 isoforms in adult human ventricular cardiomyocytes await future detailed 
studies.

Another set of microdomains at the TT/jSR are the microdomains organized by 
a cardiac expressed JP2 whose unique binding affinity to both the TT and jSR mem-
brane link the two membrane systems together. JP2 achieves the TT/jSR linkage 
function via a C-terminal hydrophobic domain which spans the jSR membrane and 
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by its cytosolic membrane occupation and recognition nexus (MORN) domains 
which associate with the t-tubule membrane [44]. The membrane-tethering affinity 
of JP2 domains is modulated by posttranslational palmitoylation [45]. Theories 
concerning the roles of JP2 in organizing t-tubule structure and EC coupling are still 
evolving. Recently, it was reported that the joining region in JP2 interacts with and 
recruits LTCC and facilitates dyad assembly for normal cardiac CICR [46, 47]. 
Outside of its regulation of t-tubule structure and EC coupling, a separate role of 
JP2 has been reported as a gene transcriptional regulator when the N-terminal frag-
ment of JP2 is liberated under stress and translocated to nucleus to modify gene 
transcription [48]. Future studies will be necessary to understand the full spectrum 
of JP2 functions and its contribution to healthy cardiomyocyte function.

 Calcium Signaling at the cBIN1 and Other TT/jSR Microdomains

In mature ventricular cardiomyocytes, cBIN1-microdomains at t-tubules facilitate 
efficient EC coupling by organizing dyads formed by LTCCs and RyRs [27, 29]. 
T-tubule cBIN1-microdomains organize LTCC clusters by facilitating the 
microtubule- dependent forward trafficking of LTCCs [38] and by stabilizing LTCCs 
that are already delivered to the t-tubule surface. cBIN1-organized LTCC clusters 
are effectively coupled to RyRs via cBIN1-facilitated RyR recruitment to the jSR 
membrane [29]. This role of cBIN1 in recruiting RyRs is particularly important for 
proper dyad regulation during the flight-and-fight response driven under the acute 
activation of the sympathetic nervous system [29]. In normal cardiomyocytes with 
sufficient cBIN1 expression, the acute stress response causes a fast and responsive 
mobilization of cBIN1-microdomains in order to recruit active RyRs that are phos-
phorylated by protein kinase A (PKA). In the presence of intact cBIN1- 
microdomains, these stress-activated RyRs are effectively recruited to jSR to couple 
with LTCCs, forming larger and stronger dyads with elevated EC coupling gain [29] 
(Fig. 1a). Thus, cBIN1-microdomains assist cardiomyocytes in meeting functional 
systolic needs at resting states and particularly during acute stress responses. 
Recently, the cBIN1-microdomain has been identified as a critical regulator of dia-
stolic calcium removal via its organization of the intracellular SERCA2a distribu-
tion along the SR membrane [42]. Subpopulations of SERCA2a near jSR are 
organized by cBIN1 to allow a quick decline of cytosolic calcium at the TT/jSR 
cleft during diastolic relaxation [42] (Fig. 1a). Such a role in diastolic calcium regu-
lation indicates that cBIN1-microdomains may serve as a centralized calcium sig-
naling hub in ventricular cardiomyocytes. This raises the possibility that 
cBIN1- microdomains can be targeted to induce simultaneous improvement in car-
diac inotropy and lusitropy. Given the current lack of treatments for diastolic dys-
function, lusitropic protection offered by cBIN1-microdomains could be significant 
in the development of therapies for hearts with diastolic dysfunction.

In addition to regulating intracellular calcium cycling, cBIN1-microdomains 
also promote the electrical stability of the heart [28]. The tortuous membrane folds 
sculpted by cBIN1 dimers can restrict extracellular ion diffusion within t-tubule 
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Fig. 1 Schematic illustration of calcium signaling microdomains in healthy cardiac transverse 
tubules. Box (a) cBIN1 and JP2 microdomains; Box (b) ankyrin-spectrin microdomains; Box (c) 
caveolae microdomains. Abbreviations are as follows: T-T transverse tubule, jSR junctional sarco-
plasmic reticulum, LTCC L-type calcium channel, RyR2 ryanodine receptor 2, SERCA2a sarcoen-
doplasmic reticulum Ca2+-ATPase, cBIN1 cardiac bridging integrator 1, JP2 junctophilin-2, β2-AR 
β2 adrenergic receptor, NCX, a+/Ca2+ exchanger, NKA sodium potassium ATPase, AnkB Ankyrin 
B, PP2A protein phosphatase 2A, IP3R inositol trisphosphate receptor. (Illustration created with 
BioRender.com)

lumen [28], maintaining cardiac homeostasis and membrane excitability [28]. 
During increasing rates of contraction, the slow diffusion zone causes outward- 
flowing ions like K+ to accumulate while inward current ions like Na+ and Ca2+ to 
deplete quickly, maintaining electrical stability of cardiomyocytes [28]. This slow 
diffusion zone may also restrict the exchange of other small molecules such as 
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hormones between t-tubule lumen and the bulk extracellular environment, facilitat-
ing homeostatic regulation during fluctuations in extracellular environment.

These TT/jSR-localized microdomains, including both the cBIN1-microdomains 
and the previously mentioned JP2-organized microdomains, likely interact with 
each other and other scaffolding proteins to control and coordinate intra-myocyte 
calcium signaling. For instance, both BIN1 [38, 43] and JP2 [46, 47, 49] have been 
reported to traffic and recruit LTCCs. However, it remains to be explored if and how 
the two microdomains work in concert to promote LTCC localization and dyad 
formation at t-tubules. Additionally, cBIN1-microdomains may also interact with 
caveolae (see section “Caveolae Microdomains in Calcium Signaling and Stress 
Response”) to promote dyad formation and function during acute sympathetic stim-
ulation [29]. Since caveolae are known to be important for β-AR modulation of 
LTCC activity, it is likely that cBIN1-microdomains may also directly modulate 
caveolae reorganization to increase LTCC activity at dyads. This interaction com-
bined with the role of cBIN1-microdomains in recruiting PKA-phosphorylated 
RyRs shows that cooperation between cBIN1 and caveolae microdomains may be 
important for efficient cardiac fight-or-flight response. Potential interactions 
between these microdomains and various adaptor proteins may also be critical to 
intra-myocyte calcium homeostasis. Examples of such adaptor proteins include 
A-kinase anchoring proteins (AKAPs), a family of proteins which tether PKA to its 
substrates and are involved in the regulation of both the calcium signaling and con-
tractile machineries in the heart [50]. AKAP18  in the heart both promotes PKA 
phosphorylation of LTCCs and is associated to SR via binding to phospholamban 
(PLN), thereby serving as a SR signaling nexus [50]. Thus, AKAP18 could work in 
tandem with cBIN1 and caveolae microdomains to further tweak the calcium sig-
naling response during sympathetic activation. Another adaptor protein that may 
work with microdomains is the BIN1 and caveolin-3-binding partner dysferlin, a 
230-kD membrane protein with calcium and phospholipid-binding affinity [51] 
found at t-tubules and enriched at the subsarcolemmal vesicles [52, 53] (Fig. 1). 
Given its role in facilitating membrane repair [54, 55], dysferlin’s interaction with 
cBIN1 and caveolae microdomains could be important for lipid and membrane traf-
ficking at t-tubules. Disruption of these processes could result in de-tubulation 
which in turn impairs calcium transients and promotes cardiomyopathy. All these 
examples demonstrate the importance of identifying the complex molecular interac-
tions and functional interplays among membrane microdomains and adaptor pro-
teins at the sites near TT/jSR where the calcium transients initiate.

 TT/jSR Microdomains, Calcium Signaling, and Heart Failure

Heart failure (HF) is a major cardiac syndrome with high mortality and morbidity. 
It is also a widespread challenge, with Americans over 45 years of age having over-
all lifetime risks for HF ranging from 20% to 45% [56]. Indeed, heart failure-related 
hospitalization in individuals 65 years of age and older is the single greatest cost to 
the Medicare budget [57]. A typical pathophysiology of failing cardiomyocytes 
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includes weakened calcium transients [10–12] due to abnormal systolic calcium 
release from LTCC-RyR dyads [6, 11, 15–19] as well as impaired diastolic removal 
due to altered SERCA2a activity [20]. The central factor contributing to calcium 
transient weakening is the disorganization of t-tubules [13–15] leading to disruption 
of microdomains and calcium-handling machinery. Indeed, in the past decade, gross 
t-tubule network remodeling has gained substantial appreciation as a marker for the 
transition from hypertrophy to failure [14] and as a contributing mechanism of heart 
failure development and progression generally [15, 58–62]. Additionally, abnormal 
remodeling in calcium-regulating microdomains at TT/jSR regions such as the 
cBIN1, ankyrin B, JP2, and caveolae microdomains has recently drawn significant 
interest in the cardiovascular research field [27]. Today, new data are constantly 
accruing which reveal the importance of these t-tubule microdomains and their con-
tribution to heart failure pathophysiology.

Since the original introduction of BIN1 into the cardiac field [38] and the cloning 
of the cardiac isoform in 2014 [28], a wealth of evidence has been generated con-
necting cBIN1-microdomain abnormalities to disturbed calcium transients in fail-
ing cardiomyocytes [29, 63–66]. cBIN1-microdomains are increasingly appreciated 
as the TT/jSR signaling hub central to the organization of CICR machinery includ-
ing the LTCC-RyR dyad [29] and the SR calcium pump SERCA2a [42]. In failing 
cardiomyocytes, BIN1 proteins are transcriptionally decreased in human [63] and 
animal models of both systolic and diastolic heart failure [29, 42]. Moreover, BIN1 
protein levels can recover during recovery of heart function following SERCA2a 
gene therapy [64]. Pathological outcomes resulting from reduced cBIN1 in failing 
cardiomyocytes include (a) diminished LTCC expression at t-tubule membrane due 
to reduced ability of cBIN1-deficient t-tubules to attract LTCC vesicles trafficking 
along microtubule highways [38], (b) disrupted LTCC clusters and reduced channel 
activity when cBIN1 scaffolds are missing, (c) loss of the restrictive diffusion zone 
and its protection against ventricular arrhythmia due to insufficient cBIN1 micro-
folds [28], (d) inefficient dyad recruitment of active RyRs during β-AR stress which 
both reduces the EC coupling gain needed for a proper stress response and causes 
the accumulation of leaky phosphorylated RyRs (“orphan” RyRs) that contribute to 
arrhythmia [29], and (e) diastolic calcium overload from reduced SERCA2a activity 
due to its improper redistribution along the SR [42]. Of great importance and excite-
ment is that the converse is also true. Normalization of cBIN1-microdomains in 
failing cardiomyocytes by exogenous cBIN1 introduced by gene therapy can suc-
cessfully reorganize the calcium-handling machinery in mouse hearts subjected to 
either chronic sympathetic overdrive [42] or pressure overload [42, 67]. Significantly, 
the restoration of this machinery results in the restoration of cardiac function. The 
functional importance of the cBIN1-microdomain in cardiomyocyte biology and 
heart failure pathophysiology, its involvement in both systolic and diastolic calcium 
regulation, and the recent successes of therapeutic interventions all indicate that this 
TT/jSR-localized membrane microdomain could be a master regulator of cardio-
myocyte health. Because cBIN1-microdomains can modulate the entirety of the 
CICR calcium-handling machinery, cBIN1-microdomains offer a rich target in the 
development of new and effective therapies for heart failure.
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cBIN1-microdomain deficiency also exacerbates β-AR-activated and PKA- 
promoted hyperphosphorylation of RyR2 in cardiomyocytes [29], indicating 
microdomain- based modulation of the phosphorylation states and activities of 
calcium- handling proteins. As one of the key pathophysiologic hallmarks contribut-
ing to calcium mishandling in failing cardiomyocytes, altered phosphorylation 
states of calcium-handling proteins are caused by disrupted balance between protein 
kinases (PKA, PKC, Ca2+/calmodulin-dependent protein kinase II (CAMKII), etc.) 
and protein phosphatases (PPs: PP1, PP2A, PP2B; calcineurin, etc.) [68–70]. 
Interestingly, as common targets of these kinases and phosphatases, the steady-state 
phosphorylation of calcium-handling proteins can be drastically different from each 
other [70, 71]. Under diseased conditions such as heart failure, RyR2 is often hyper- 
phosphorylated and coexists with the opposite hypo-phosphorylated PLN [69, 70, 
72, 73], indicating target-specific differential regulation. Although the underlying 
mechanisms are not completely elucidated, increasing evidence suggest that distinct 
scaffold proteins and their organized microdomains may differentially compart-
mentalize calcium-handling proteins with unique subsets of regulatory kinases and 
phosphatases. This intricate compartmentalization may contribute to the differences 
in the steady-state phosphorylation of protein targets such as RyR2 and PLN. For 
instance, ankyrin B-microdomains (see section “Ankyrin-Spectrin Microdomains in 
Calcium Signaling”) can localize PP2A to its primary target RyR2 at the jSR to 
modulate RyR2 phosphorylation [74, 75], while cBIN1-microdomains promote 
RyR2 hyperphosphorylation by PKA but not CAMKII [29]. These data indicate that 
discrete microdomains may allocate divergent panels of kinases and phosphatases 
to specific protein targets, resulting in distinctive and microdomain-specific modu-
lation of calcium-handling and overall intracellular calcium transients.

On the other hand, the roles of JP2-microdomains at the TT/jSR are complicated, 
and their functional importance in heart failure pathophysiology remains intriguing. 
Some studies suggest that knockdown of JP2 results in systolic heart failure [76] 
and that JP2 is downregulated [76, 77] or proteolytically cleaved in some models of 
heart failure [78]. However, other studies failed to detect JP2 changes in failing 
hearts [64, 65]. Interestingly, in a more recent study using the CASAAV  (CRISPR/
Cas9-AAV9-based somatic mutagenesis) to investigate cell-autonomous JP2 func-
tion, it was found that loss of JP2 microdomains is more of a secondary effect rather 
than a primary cause of heart failure [79]. Nevertheless, the role of JP2 in linking 
TT/jSR where EC coupling dyads are located justifies further research into JP2- 
microdomain function, remodeling, and contribution to heart failure etiology and 
progression. Interactions between JP2 and other microdomains should also be 
explored to elucidate how functional interplays at TT/jSR regions could contrib-
ute to homeostatic control of beat-to-beat calcium cycling.

In summary, the junctional TT/jSR sites between t-tubules and jSR membrane 
house the calcium-handling machinery in cardiomyocytes critical to synchronous 
CICR and healthy calcium transients. Many scaffolding proteins at this specific TT/
jSR region create a centralized calcium signaling hub by bringing calcium-handling 
proteins, receptors, enzymes (particularly kinases and phosphatases), plasma 
membrane lipids, adaptor proteins, and cytoskeleton components together into 
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macromolecular complexes. This signaling hub not only maintains healthy calcium 
homeostasis at basal conditions, but it also controls effective calcium machinery 
mobilization and reorganization in response to stress. During disease progression, 
complex adaptive and maladaptive remodeling occurs at these microdomains, 
resulting in impaired calcium signaling and contributing to the worsening cycles of 
heart failure.

 Ankyrin-Spectrin Microdomains in Calcium Signaling

In addition to the dyad-organizing cBIN1-microdomains at the TT/jSR regions, car-
diac t-tubules are also enriched with microdomains organized by subsarcolemmal 
actin, ankyrins, and spectrins [80]. These well-studied ankyrin-spectrin microdo-
mains are essential to the formation and correct localization of three key macromo-
lecular complexes: NCX, sodium potassium ATPase (NKA), and the inositol 
trisphosphate receptor (IP3R) [81]. The NCX/NKA/IP3R microdomains organized 
by ankyrin B are critical to both cytosolic calcium decline during relaxation and the 
extrusion of excess calcium that might interfere with CICR efficiency. In addition, 
many other ankyrin-spectrin microdomains exist consisting of different spectrin and 
ankyrin protein isoforms and their unique set of binding partners. These microdo-
mains are found at both the lateral sarcolemma and the intercalated discs of myo-
cytes, and each is responsible for a distinct set of cellular functions critical to heart 
health [80]. In this section, we will discuss the organization of ankyrin-spectrin 
microdomains in cardiomyocytes, their roles in regulation of calcium signaling, and 
their relationships to cardiovascular diseases.

 Organization of Ankyrin B-βII Spectrin Microdomains

The ankyrin-spectrin structural microdomains are formed by a subcortical actin/
spectrin cytoskeleton network held together by the adaptor protein ankyrins. 
Spectrins are actin-binding polypeptides which provide structural support to the 
plasma membrane [82]. Two subunits of spectrin, α and β spectrin subunits, are 
encoded by two α and five β genes, respectively [83]. These spectrin subunits form 
antiparallel heterodimers which can assemble into a variety of hetero-tetramic spec-
trin molecules with differential localization and function [84]. For instance, while 
βIV spectrin binds to ankyrin G at intercalated disks [85], βII spectrin is expressed 
at t-tubules and catalyzes the formation of the larger ankyrin B macromolecular 
complex [86, 87]. Spectrins bind to ankyrins for interaction with integral membrane 
proteins. Of particular importance to calcium signaling, loss of βII spectrin in adult 
ventricular cardiomyocytes results in impaired expression of ankyrin B and its asso-
ciated proteins [87, 88].

Ankyrins are adaptor proteins containing four domains including an N-terminal 
membrane-binding domain (MBD), a spectrin-binding domain (SBD), a death 
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domain (DD), and a C-terminal domain (CTD) [89]. The MBD domain contains 24 
ANK repeats with specific binding pockets for a number of membrane proteins 
[90–97] including ion channels, transporters, and pumps. These pockets are 
designed to facilitate simultaneous binding and multimodal regulation. The SBD in 
ankyrins is a highly conserved domain containing a tandem ZUFN-ZUFC-UPA 
structure with binding affinity to both spectrins [98, 99] and calcium-regulating 
proteins [74, 75, 87]. The DD and CTD together are recognized as the regulator 
domain (RD) with the capacity to modulate intermolecular interactions and local-
ization of ankyrin-associated proteins [80, 100]. By bridging the actin/spectrin net-
work to membrane proteins and their binding partners, ankyrins form large 
macromolecular complexes featuring compartmentalized functional regulation.

In vertebrates, there are three different ankyrin genes encoding ankyrin R 
(ANK1), ankyrin B (ANK2), and ankyrin G (ANK3). Alternative splicing of each of 
the three ANK genes generates multiple protein isoforms termed as small, canoni-
cal, and giant [80]. While ankyrin R is primarily expressed in the erythrocytes, 
smaller ankyrin R isoforms are expressed in striated muscle and bind to obscurins 
[101]. Ankyrin B and G are expressed ubiquitously across different types of cells, 
including cardiomyocytes [101]. Despite sequence similarity, ankyrin B and G con-
tain distinct and non-compensatory functions that do not overlap. Ankyrin G and 
spectrin IV complex at the intercalated discs for interaction with Nav1.5, pla-
kophilin, and CAMKII [85]. Ankyrin B is found at t-tubule, SR, and lateral mem-
brane in myocytes comprising nodal cells, conduction system cells, atrial 
cardiomyocytes, and ventricular cardiomyocytes [86, 87, 101, 102]. In addition to 
the canonical 220-kD ankyrin B, two smaller isoforms of ankyrin B (188 and 212 
kD) were also found in cardiomyocytes with distinct localization and functions 
[103]. While ankyrin B-212 kD expressed at M-line interacts exclusively with 
obscurins, the ankyrin B-188 kD isoform is expressed at the t-tubules of the ven-
tricular cardiomyocytes and interacts with βII spectrin to regulate NCX expression 
at t-tubules. As ankyrin B is critical to regulation of cytosolic calcium removal, its 
binding partners and functional roles will be elucidated in the next section.

 Ankyrin-Spectrin Microdomain-Regulated Calcium Signaling

The wide spectrum of ankyrin B-regulated myocardial signaling and activity is due 
to the large body of identified binding partners of ankyrin B in the heart. These 
partners include the MBD-bound ion channels and transporters (Cav1.3  in SAN 
only [97], Kir6.2 [96]), structural proteins (tubulin, β-catenin), and cell adhesion 
molecules (β-dystroglycan, dystrophin) [92, 104, 105]; the SBD-bound spectrins 
[98] (αII and βII spectrins) and protein phosphatase 2A (PP2A) [74]; and the HSP40 
[106] and obscurin [107] that are bound to the RD in ankyrin B (see reviews in [100, 
101]). This large pool of ankyrin B-binding partners enables the multimodal regula-
tory capacity of ankyrin B and allows the protein to modulate several cell biological 
processes in myocytes from calcium signaling to membrane excitability. In the SAN 
myocytes, ankyrin B regulates surface expression of the neuronal L-type calcium 
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channels (Cav1.3) for normal pacemaker automaticity [97]. In ventricular cardio-
myocytes, binding to the MBD domain of ankyrin B is required for the t-tubule 
localization of both NCX and NKA. These interactions form the well-established 
ankyrin B macromolecular complex containing NCX and NKA at the t-tubule mem-
brane, as well as IP3R at the SR membrane [81]. Located next to the LTCC-RyR 
dyads, these ankyrin B microdomains help organize the functional NCX localiza-
tion for efficient sarcolemmal calcium exclusion during diastole (Fig.  1b). This 
localization ensures a rapid calcium decline in the cleft between t-tubule and jSR 
membrane during relaxation. The ZU5c region of ankyrin B-SBD was later found to 
be associated with the B56α subunit of PP2A [74, 75], which localizes PP2A to its 
primary target RyR2 at the jSR membrane. The interaction between ankyrin B-SBD 
and PP2A likely regulates the phosphorylation states of the RyR2, a known determi-
nator of RyR2 activity and RyR2-dependent SR calcium leak. By regulating both 
systolic SR calcium release via RyR2 and diastolic calcium exclusion via t-tubule 
NCX, the t-tubule-localized ankyrin B-microdomains in ventricular cardiomyo-
cytes play a critical role in maintaining intracellular calcium equilibrium for coor-
dinated beat-to-beat heart contraction (Fig. 1b).

On the other hand, the ankyrin G and βIV spectrin complex at the intercalated 
discs is critical to Nav1.5 surface expression and channel activity modulated by 
CAMKII [85]. In addition to facilitating ankyrin G and CAMKII-dependent regula-
tion of Nav1.5, βIV spectrin binding is critical to the localization and function of the 
mechano-sensitive K2p channel TREK-1  in ventricular cardiomyocytes [108]. In 
summary, the diverse roles of ankyrin-spectrin-organized ionophoric and signaling 
proteins are pivotal to the maintenance of myocyte contraction and membrane excit-
ability for healthy and rhythmic heartbeats.

 Ankyrin-Spectrin Microdomains in Cardiovascular Diseases

Abnormal remodeling in ankyrin-spectrin microdomains is associated with a variety of 
cardiovascular diseases. Due to its role in regulating the INa current at the intercalated 
discs, ankyrin G is associated with Brugada syndrome and arrhythmias in a SCN5A 
variant affecting the ankyrin G-binding motif of the Nav1.5 channel itself (E1053K) 
[94]. Ank3 conditional knockouts in mouse cardiomyocytes cause an ankyrin G defi-
ciency as well as reduced heart rates, prolonged PR intervals, widened QRS complexes, 
and more frequent adrenergic stress-induced arrhythmias [109]. Ankyrin G is also a key 
nodal protein required for cardiac myofilament integration with the intercalated disks 
[110]. Deficiency of ankyrin G in mice and human is associated with the development 
and progression of dilated cardiomyopathy and heart failure [109].

Though ankyrin B loss most commonly manifests as arrhythmias, it has also been 
directly linked with a wide spectrum of cardiovascular diseases in human [101]. Loss 
of ankyrin B function in humans and mice is associated with a variety of changes in 
cardiac structure and function. At the myocyte level, ankyrin B loss disrupts ankyrin 
B-spectrin βII microdomains and thereby causes membrane ion channel mis- 
localization. This mis-localization can substantially disrupt intracellular calcium 
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homeostasis and promote arrhythmias [111]. Of particular note is ankyrin B syn-
drome, an inheritable arrhythmogenic disease in humans originally classified as long 
QT syndrome 4 which develops from the loss of function of the ANK2 gene [112]. In 
addition to arrhythmogenesis, ankyrin B syndrome is now associated with altered 
cardiac structure, excitability, and signaling. Thus, the list of clinical phenotypes of 
ankyrin B syndrome has expanded to include sick sinus node disease, heart rate vari-
ability, long QT syndrome, CPVT, arrhythmogenic cardiomyopathy, atrial fibrilla-
tion, acquired heart failure, and sudden cardiac death [101]. While the underlying 
mechanisms are yet to be elucidated, the observed phenotypic variability of ankyrin 
B syndrome is reflected in the fact that loss-of-function mutations can be found in all 
the four domains of ankyrin B. The first loss-of-function mutation discovered was an 
p.E1425G variant affecting the RD domain which was found in a French family over 
two decades ago [113]. Patients with this variant exhibit sinus node dysfunction, 
atrial fibrillation, prolonged QTc, CPVT, and sudden cardiac death. The more 
recently identified p.S6446F variant is found in the N-terminal MBD and causes 
improper NCX localization with subsequent cytosolic calcium overload [114]. 
Patients with the p.S6446F variant present congenital heart defect, Wolff-Parkinson-
White syndrome, and cardiomyopathy. Variants in the SBD can disrupt ankyrin B’s 
binding affinity to βII spectrin with or without altering NCX localization [87]. 
Interestingly, another variant identified as p.Q1283H in the SBD can cause impaired 
ankyrin B interaction with PP2A with a resultant RyR2 hyperphosphorylation [115]. 
This connection links ankyrin B syndrome to altered EC coupling and dilated cardio-
myopathy. In addition to loss-of-function mutations, ANK2 haploinsufficiency due to 
reciprocal chromosomal translocation [116] also causes ankyrin B syndrome.

Most recently, ankyrin B syndrome has been associated with arrhythmogenic 
right ventricular cardiomyopathy (ARVC) [117]. Both ankyrin B variants p.E1458G 
and p.M1988T were detected in patients with ARVC. Intra-myocyte NCX localiza-
tion was disrupted in ventricular tissue from patients housing the p.M1988T variant, 
yielding reduced plasma membrane expression and abnormal Z-line targeting. 
Meanwhile, mice with cardiomyocyte-specific knockout of the Ank2 gene displayed 
ARVC-like phenotypes, including biventricular structural abnormalities, reduced 
ejection fraction, cardiac fibrosis, and exercise-induced death [117]. Cardiomyocytes 
from Ank2 knockout mice showed mis-localization of β-catenin, a binding partner 
of the MBD in ankyrin B, though normal desmosomes at intercalated discs remain 
preserved. GSK-3β inhibitor, a pharmacological activator of β-catenin, was effec-
tive in reversing the ARVC phenotype in knockout mice, indicating its therapeutic 
potential for ankyrin B variant-driven ARVC in human.

Due to their essential roles in organizing ion channels and transporters to distinct 
functional compartments, the ankyrin-spectrin microdomains are emerging as key 
calcium signaling regulatory hubs in diverse cell types of cardiac myocytes. In addi-
tion to animal studies, the discovery of human diseases related to ankyrin B has 
further solidified the importance of the ankyrin-spectrin microdomains in human 
physiology and cardiac diseases. Elucidation of intricate molecular pathways for 
synergistic interactions with ankyrin B variants can help identify novel therapeutic 
targets to treat ankyrin B-associated diseases.
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 Caveolae Microdomains in Calcium Signaling 
and Stress Response

Another well-established class of membrane microdomain involved in cellular cal-
cium regulation is the caveolae, which are cholesterol-rich sarcolemmal microdo-
mains critical to β-adrenergic modulation of calcium handling. These microdomains 
facilitate effective regulation of calcium signaling during sympathetic stress by 
localizing key ion channels and catecholamine receptors to the caveolar membrane 
and near the t-tubules. Disruption of caveolae causes both β-adrenergic signaling 
breakdown and t-tubule remodeling. Caveolar dysfunction is associated with sev-
eral diseases related to calcium signaling including cardiac hypertrophy, long QT 
syndrome, and arrhythmia.

 Organization of Caveolae Microdomains in Cardiomyocytes

First observed in 1953 [118] and later found to be present in a wide variety of cell 
types [119], caveolae form flask-shaped invaginations in the sarcolemma of cardio-
myocytes [120] that can increase the total sarcolemmal area by as much as 14–21% 
[121]. While these 50- to 90-nm-diameter [120] invaginations are located across the 
whole sarcolemma, they tend to concentrate strongly at the necks of t-tubules close 
to t-tubule opening [122–124]. The formation, shape, and organization of these 
invaginations are dependent primarily upon caveolin-3 (Cav3), a member of the 
membrane-scaffolding caveolin protein family which is unique to cardiomyocytes 
and skeletal muscle [125]. These proteins are composed of three domains including 
an N-terminal oligomerization domain, a caveolin scaffolding domain that binds 
membrane and other proteins, and a C-terminal intramembrane domain [126]. Cav3 
oligomerizes into nonamers which further cluster and bind to the membrane to cre-
ate the distinctive caveolar flask shape [127] (Fig.  1c). Caveolae formation also 
requires Cav3 interactions with a class of proteins known as cavins whose exact role 
has not yet been fully elucidated [119, 126]. Additionally, Cav3 has been shown to 
bind cholesterol and thereby concentrate cholesterol and sphingolipids to caveolae 
[119, 127]. Finally, Cav3 stabilizes caveolae by creating a strong network of cyto-
skeletal interaction with actin/microtubule scaffolding [119, 127] as well as with 
members of the dystrophin-glycoprotein complex [125, 128]. All these functions 
make Cav3 the central protein player in maintaining the shape, localization, stabil-
ity, and lipid composition of caveolae.

Caveolae are involved in a wide range of cellular functions, including critical 
calcium signaling pathways. Some of these functions, including membrane tension 
regulation, endocytosis, lipid metabolism, and mechanosensory, depend primarily 
upon the shape and lipid chemistry of caveolae [119, 127]. However, many major 
caveolar functions come from the microdomain’s concentration of key signaling 
proteins involved in a wide variety of cell-signaling pathways. The list of caveolae- 
associated signaling proteins is long, including Src kinases, G proteins, LTCCs, 
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HCN4, Kv1.5, Kv11.1, Kir6.2/Sur2a, Nav1.5, NCX1, β-AR2, adenylyl cyclase, 
insulin receptors, and various growth factors [119, 126, 127, 129–132]. While much 
remains unknown about the diverse roles of caveolae in these signaling pathways, it 
is evident that caveolae serve as multifaceted signaling hubs whose disruption could 
impact several crucial cell processes [133–138]. As detailed below, caveolae play a 
well-studied and important role in catecholamine regulation of calcium signaling in 
cardiomyocytes.

 Caveolae-Related Organization of Calcium Signaling

Caveolae are critical regulators of cardiac calcium signaling particularly during 
sympathetic stimulation. Under acute sympathetic stress, catecholamine binding to 
β1 and β2 adrenergic receptors (β1-AR and β2-AR) at the cardiomyocyte surface 
alters intracellular calcium signaling to facilitate the faster and stronger contractions 
[139] of the fight-or-flight response (Fig.  1c). Not only do caveolae contain the 
entire β2-AR surface population in cardiomyocytes [133, 140, 141]; they also main-
tain populations of other proteins critical to stress signaling. Critically, localization 
to necks of t-tubules places caveolae near the CICR machinery [142]. Caveolae act 
in concert with a series of regulatory proteins to compartmentalize β2-AR signals to 
specific protein targets in this machinery. The net result of these interactions is 
increased calcium transient amplitude, tighter CICR synchronization, and increased 
TT/SR junctions [143]. Taken together, these may contribute to the increased car-
diac output characteristic of sympathetic stress [139, 143].

Caveolae-clustered β2-AR stimulation influences calcium signaling through 
stimulatory and inhibitory G-protein cascades. On one hand, β2-AR couples with a 
stimulatory heterotrimeric G protein (Gs) whose alpha subunit (Gα) dissociates 
upon catecholamine activation of β2-AR. Gα then stimulates adenylyl cyclase (AC) 
to generate cAMP which in turn activates PKA to phosphorylate its targets includ-
ing calcium-handling proteins. On the other hand, β2-AR stimulation can also spark 
an inhibitory G-protein cascade which is part of a negative feedback loop. In the 
inhibitory cascade, β2-AR stimulation causes the beta and gamma subunits (Gβγ) of 
an inhibitory G heterotetramer (Gi) to dissociate. Gβγ then inhibits the AC-cAMP- 
PKA axis, thus limiting PKA phosphorylation of calcium-handling proteins [133]. 
Interestingly, PKA phosphorylation of the β2-AR itself causes the receptor to favor 
association with Gi rather than Gs. This regulatory mechanism makes β2-AR acti-
vation biphasic. At first, β2-AR stimulation increases PKA activity via the Gs path-
way, which is then followed by PKA phosphorylation of β2-ARs with a resultant 
negative feedback loop of upregulated Gi pathway. Given sufficient catecholamine 
stimulation, the Gi pathway becomes dominant [140, 144–146]. This biphasic pat-
tern contrasts with signaling from the β1-ARs, which are spread out across sarco-
lemma and can associate only with Gs proteins without inhibitory self-regulation 
[133]. Such a β2-AR-mediated biphasic signaling suggests the functional 
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significance of receptor compartmentalization in maintaining homeostasis within 
the local microenvironment, preventing the effects of potential overstimulation dur-
ing stress.

By compartmentalizing β2-ARs, caveolae contribute to a fine-tuned stress sig-
naling by restricting the effects of Gs and Gi to their own protein populations. In 
contrast to β1-AR-activated PKA phosphorylation of sarcolemmal and cytosolic 
targets in a much more diffused manner, localized β2-AR activation can more effec-
tively modulate and control PKA-regulated calcium-handling proteins within subre-
gions. One variety of PKA, known as PKA-RII, localizes to the membrane by 
binding AKAPs which are associated with PKA targets [142]. As discussed earlier, 
various AKAPs exist and associate with the calcium-handling machinery compo-
nents LTCC, RyR2, and PLN, making their phosphorylation by PKA very likely 
during sympathetic stimulation [147–150]. Furthermore, the target proteins them-
selves can also be clustered into caveolae. For instance, it has been established that 
caveolae maintain a subpopulation of Cav1.2 which is linked exclusively to β2-AR 
stimulation but are not involved in EC coupling, though their role in the stress 
response is unclear [151]. Increased channel conductance and calcium influx occur 
with PKA phosphorylation of the LTCC subunits Cav1.2 (α1c) and β2 and acces-
sory protein Ahnak [152–155]. Due to caveolae localization to t-tubules, β2-AR 
stimulation also generates signals easily targeted to t-tubule proteins [133, 156]. In 
fact, disruption of t-tubule and the resultant caveolar β2-AR redistribution leads to 
catecholamine stimulation of cytosolic proteins typically targeted by β1-AR signal-
ing [133, 141, 142]. This t-tubule compartmentalized β2-AR signaling is also 
achieved by concentrating phosphodiesterases (PDEs) at the desired protein targets. 
PDEs degrade cAMP and prevent cAMP spreading and activating off-target PKA 
[157–159]. Several kinds of PDEs are associated with t-tubules and calcium- 
handling proteins like RyR2 and SERCA2a [141, 158, 160], localizing calcium sig-
naling near t-tubules without spreading into the cytosol. In conclusion, caveolae 
causes β2-AR signaling to reach a specific set of calcium-handling protein targets 
without causing unwanted calcium signaling effects elsewhere in the cell.

Caveolae in cardiomyocytes may also work in concert with other calcium- 
handling microdomains such as the ones organized by cBIN1, JP2, and ankyrins. 
Accumulating evidence indicates that Cav3-organized caveolae interact with the 
calcium-handling cBIN1-microdomains at t-tubules. One original study in knock-
out mice indicates that BIN1 removal disrupts caveolar distribution in cardiomyo-
cytes [161]. This codependency begins early with Cav3 association with BIN1 and 
t-tubules during t-tubule biogenesis, though a clear mechanistic role of Cav3 in the 
process is unknown [124, 162]. A recent study in zebrafish skeletal muscle indicates 
that cavin-dependent recycling of Cav3 between t-tubule and sarcolemmal mem-
brane interplays with the BIN1 pathway to regulate t-tubule structure and biogene-
sis [163]. As discussed earlier, in cardiomyocytes, cBIN1-microdomains reorganize 
within minutes of β-AR activation, recruiting PKA-phosphorylated RyRs to dyads 
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for effective LTCC-RyR couplon formation [29]. With the established role of caveo-
lae in β2-AR signaling, it is logical to suspect that the two microdomains function 
in coordination to mobilize cardiomyocyte calcium signaling machinery in response 
to acute sympathetic stress. How the cBIN1-microdomain-modulated sympathetic 
response of EC coupling is connected to β2-AR-mediated sympathetic signaling 
remains as an interesting topic. Nevertheless, caveolae, caveolar proteins, and their 
binding partners are critical players in controlling proper calcium signaling and EC 
coupling at baseline and during stress. Breaking this tight local control of signaling 
disrupts proper calcium regulation, likely contributing to the caveolae-related heart 
dysfunction discussed in the next section.

 Caveolae, Calcium Signaling, and Disease

Caveolae disruption is associated with a wide variety of illnesses throughout the 
body, including dystrophies, diabetes, cancer, osteoporosis, and lipodystrophy [119, 
127, 164]. In the heart, caveolar dysfunction is linked to several cardiac diseases 
such as heart failure, hypertrophy, and arrhythmia.

Given the significance of caveolae in compartmentalizing β2-AR signaling, 
calcium- handling pathways in cardiomyocytes are usually vulnerable to caveolar 
dysfunction, although the relative contribution of caveolae in disease progression is 
difficult to determine. For instance, failing cardiomyocytes with weakened calcium 
transients often exhibit β2-AR dispersion out of caveolae [142] and t-tubules. Such 
uncoupling destroys proper cAMP compartmentalization, leading to off-target 
phosphorylation of cytosolic calcium-handling proteins following β2-AR activa-
tion. The disorganized β2-AR signaling and the resultant intrusion into the calcium 
signaling pathways of the β1-ARs could cause contractility and relaxation issues 
due to diffused and augmented catecholamine stimulation [133, 140–142]. This 
effect can be further complicated by β2-AR phosphorylation and biasing toward the 
Gi pathway, which is elevated in pressure overload-induced heart failure and causes 
detrimental maladaptive cardiac remodeling [165]. However, due to the coexisting 
of other complex calcium-disturbing problems including t-tubule remodeling [142], 
it is difficult to tease out the relative contribution of caveolar dysfunction to  the 
pathophysiologic manifestation of failing cardiomyocytes.

Caveolar dysfunction has also been linked with the development of cardiac 
hypertrophy. Reduction in Cav3 levels and thus a decrease in the population of 
caveolae have been observed in models of pressure overload-induced hypertrophy 
[166]. Several Cav3 mutations are implicated in the development of these condi-
tions, with some of them showing a reduction of caveolae at the cell surface [127, 
167, 168]. Both the variety of Cav3 mutations and the complexity of the disorder 
make it difficult to determine the exact contributions of caveolar dysfunction to 
hypertrophic remodeling, which are partially allocated to β2-AR stimulation- 
activated ERKs and the MAPK pathways [134, 144]. Interestingly, blocking LTCCs 
localized to caveolae inhibits the development of hypertrophy while not causing 
changes in contractility, indicating a unique role of caveolar LTCC function tweaked 
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by local β2-AR activity [169]. A recent study indicates that CAMKII in caveolae 
phosphorylates LTCCs subunits and poses a positive feedback loop further increas-
ing LTCC activity in caveolae [170], aggravating cardiac hypertrophy. These data 
indicate that active local LTCCs with a resultant augmented calcium in caveolae, as 
well as activation of the downstream signaling pathways and maladaptive feedback 
loops, may serve as a key mechanism contributing to the development of cardio-
myocyte hypertrophy.

Given that caveolae are pivotal to the subcellular localization of a variety of ion 
channels, caveolar dysfunction is often associated with abnormal ionic currents 
with increased arrhythmogenesis. CAV3 mutations in human are associated with 
long QT syndromes and sudden infant death syndromes [130, 171]. Abnormalities 
associated with CAV3 mutations range from increased depolarizing INa and ICa cur-
rents [171, 172] and reduced repolarizing inward rectifier IK1 current [171, 172] to 
decreased delayed rectifier IKs and IKr currents [173], together prolonging action 
potential and QT duration.

Altogether, caveolae are key pillars of healthy calcium signaling in cardiomyo-
cytes, especially during sympathetic stress. Caveolae promote differential calcium 
signaling regulation in cardiomyocyte subregions by concentrating calcium chan-
nels and key stress-response receptors, facilitating highly localized and compart-
mentalized calcium signaling under both basal and stressed conditions. The wide 
range of pathways impacted by caveolae also makes these microdomains a potential 
target for new therapy development for several cardiac disorders, especially those 
where calcium signaling is compromised or altered by sympathetic stress.

 Conclusions and Future Perspectives

In conclusion, the healthy rhythms, excitability, contractility, relaxation, and stress 
response of cardiomyocytes are all under the regulation of intra-myocyte calcium 
signaling. To achieve a diverse range of functional capacity, calcium signaling in 
cardiomyocytes is differentially regulated at various classes of membrane-based 
subcellular microdomains (summarized in Fig. 1). The complex organization, func-
tions, and interactions of these calcium regulatory microdomains are critical to the 
maintenance of rhythmic and strong heartbeats. Disruption of these microdomains 
is connected to a wide range of cardiac diseases. In the case of chronic stress, micro-
domain remodeling occurs ahead of gross morphological changes in cardiomyo-
cytes, which will then develop into maladaptive remodeling and functional 
decompensation. Future studies are needed to understand the formation, function, 
regulation, and interaction among these microdomains in healthy cardiomyocytes, 
as well as the molecular mechanisms underlying microdomain remodeling in car-
diac diseases. Elucidation of these intra-cardiomyocyte calcium regulatory micro-
domains will help identify new druggable targets to exploit in the development of 
new and effective therapies to treat cardiovascular diseases like heart failure and 
sudden cardiac death.
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Stress Kinase Signaling in Cardiac 
Myocytes

Xun Ai, Jiajie Yan, and Dan J. Bare

Abstract Stress-response kinases, the mitogen-activated protein kinases (MAPKs), 
are activated in response to the challenge of a myriad of stressors. c-jun N-terminal 
kinase (JNK), extracellular signal-regulated kinase (ERK), and MAPK p38 are the 
important members of the MAPK family in the heart. Extensive studies have revealed 
critical roles of activated MAPKs in the processes of cardiac injury, cardiac arrhyth-
mias, heart failure, and other cardiovascular diseases. Advancing our understanding 
regarding the functional impacts of MAPKs in the development of heart diseases 
could shed new light on developing novel therapeutic approaches to improve cardiac 
function and prevent arrhythmia development in patients. This chapter summarizes 
relevant current knowledge on the pivotal roles of MAPKs in physiopathological and 
molecular remodeling in cardiac myocytes during the disease development and for the 
therapeutic potentials of developing MAPK inhibitors and/or activators.
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Abbreviations

ASK1-2  Apoptosis signal-regulating kinases-1/2
AF  Atrial fibrillation 
BAMBI BMP and activin membrane-bound inhibitor
Ca2+-ATPase Plasma membrane calcium/calmodulin-dependent ATPase or PMCA
CICR  Ca2+ induced Ca2+ release
ICa  Ca2+ influx
CaMKIIδ  Calcium calmodulin kinase IIδ
Ca2+  Calcium
CVDs Cardiovascular diseases 
CHOP C/EBP homologous protein
JNK  c-jun N-terminal kinase
Cx43  Connexin43
CSBP  Cytokinin-specific binding protein
DAD Delayed afterdepolarization
DNMT1  DNA methyltransferase-1
DOC-1  Downstream-of-CHOP gene1
DWORF  Dwarf open reading frame
ECC Excitation-contraction coupling
ERK Extracellular signal-regulated kinase
GSK-3 Glycogen synthase kinase-3
HF  Heart failure
HMGB1  High mobility group box 1 protein
CRP C-reactive protein
[Ca2+]i  Intracellular Ca2+

I/R  Ischemia-reperfusion
LTCCs  L-type Ca2+ channels
MK2  MAPKAP kinase-2
Vmax  Maximal rate
MAPKs  Mitogen-activated protein kinases 
MNK  Mitogen-activated protein kinase interacting protein kinase
MSK1/2  Mitogen and stress-activated protein kinase1/2
MEKK4 Mitogen-kinase protein kinase kinase kinase-4
MI  Myocardial infarction
MyBP-C  Myosin-binding protein C
NCX  Na+ /Ca2+ exchanger
Ik  Outward potassium current
PKCε Protein kinase Cε
PP1 Protein phosphatase 1 
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PLB Phospholamban
PAF  Platelet-activating factor
p70RSK p70 ribosomal S6
p90RSK p90 ribosomal S6
INa  Rapid sodium influx
RISK  Reperfusion injury salvage kinase
RyR2  Ryanodine receptor channel-2
SR Sarcoplasmic reticulum
SERCA2a Sarcoplasmic reticulum Ca2+-ATPase 2a
SPEG  Striated muscle enriched protein kinase
PTEN Tensin homolog on chromosome 10
TNFα-R1  Tumor necrosis factor alpha receptor1
TnT Troponin T
TGF-β Transforming growth factor beta
TAC  Transverse aortic constriction
T-tubules  Transverse tubules 
TPY  Threonine-proline-tyrosine phosphorylation motif

 Introduction

The heart exhibits enhanced cellular stressors given its high level of energy con-
sumption and output (i.e., oxidative stress, inflammatory stress, senescence stress) 
and with increasing age and cardiovascular diseases (CVDs), which leads to a higher 
susceptibility to additional extrinsic stress stimuli (i.e., ischemia, inflammation, 
excessive alcohol exposure, obesity) [1–9]. The mitogen-activated protein kinases 
(MAPKs) are stress kinases that are activated in response to both intrinsic and 
extrinsic stress challenges and critically regulate cell survival and growth. Over the 
years, MAPK activation has been found to be critical in the development of various 
diseases such as diabetes, cancer, Alzheimer’s disease, as well as various cardiac 
diseases such as cardiac hypertrophy, heart failure, and atrial fibrillation [10–27]. 
Among ~500 recognized protein kinase genes in the human genome, the MAPK 
family is composed of three major members, c-jun NH2-terminal kinases (JNK), 
p38 mitogen-activated protein (MAP)  kinase (p38), and  extracellular signal- 
regulated kinases (ERK1/2). These three subfamilies have been the focus of exten-
sive studies to uncover their contributions to pathological cardiac remodeling and 
disease development [10, 14–27].
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 Stress Kinase MAPK Signaling in the Heart

MAPKs are serine/threonine kinases that phosphorylate serine or threonine residues 
in a consensus sequence of Pro-X-Thr/Ser-Pro on the target protein [28]. The 
canonical pathways leading to MAPK activation require a kinase cascade in which 
MAP kinase kinases phosphorylate MAPKs that in turn activate MAPKs. The 
MAPK cascade controls the activity of downstream target proteins including numer-
ous transcription factors, through the regulation of binding partners, protein confor-
mational changes, protein stability, and subcellular localization [29].

 JNK

JNK is an important member of the MAPK family that is activated in response to 
various stress challenges and regulates cell proliferation, differentiation, apoptosis, 
autophagy, cell survival, cell mobility, and cytokine production [10, 21, 28, 30–32]. 
The JNK kinase family was discovered in the early 1990s by Kyriakis and Avruch 
and reported as a novel protein named as pp54 MAP-2 kinase, which is activated by 
phosphorylation of the amino acid residues of threonine-183 and tyrosine-185 [33, 
34]. Next, two isoforms were identified with molecular weights of 46 and 56 kDa 
and were named JNK1 and JNK2, respectively [35]. Later, it was revealed that these 
JNK kinases could be activated by various extracellular stimuli. Given that these 
JNKs contained a threonine-proline-tyrosine phosphorylation motif (TPY), they 
were characterized as a member of the MAPK family. Finally, JNK3 was discovered 
in 1995 as the last member of this MAPK subfamily and is mainly expressed in 
neurons [10, 22, 36, 37]. In the heart, JNK1 and JNK2 are the major isoforms, while 
JNK3 is expressed at a much lower level [24, 38].

JNKs function within a protein kinase cascade and are activated by dual phos-
phorylation of on the specific threonine-X-tyrosine motif by the upstream kinases 
MKK4 and MKK7 in response to stress challenges [21, 28, 31, 39]. JNK itself is a 
Ser/Thr kinase that phosphorylates its substrates on serine or threonine residues in 
a consensus sequence of Pro-X-Thr/Ser-Pro [28]. Numerous JNK substrates have 
been identified and include but are not limited to Ca2+/calmodulin-dependent pro-
tein kinase  II δ (CaMKIIδ), c-jun, Jun-B, ATF2, c-Myc, and p53 [28, 40]. JNK 
activation has been observed with aging, excessive binge alcohol-triggered “holiday 
heart syndrome,” and with CVDs such as myocardial ischemic injury and heart 
failure. Accumulating evidence suggests that JNK signaling is critically involved in 
the development of diabetes, atrial fibrillation, and other CVDs such as heart failure 
(HF), ischemic myocardial infarction (MI), and atherosclerosis [9, 10, 20–22, 
30, 41–44].
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 P38

p38 MAP kinase, also referred to as RK, p40, or CSBP2 (cytokinin-specific-binding 
protein 2), is also a member of the MAPK family and is ubiquitously expressed in 
all somatic cell types [45]. Although p38 participates in signaling cascades control-
ling cellular responses to cytokines and other stress stimuli, the function of the p38 
kinases appears to be both protective and deleterious in the stressed heart [46]. The 
p38 was initially found as an unidentified 38-kDa protein, which exhibited increased 
phosphorylation of tyrosine residues by lipopolysaccharide [47]. Later, it was dis-
covered that there are four identified genes of the p38 MAPK: p38α, p38β, p38γ, 
and p38δ. P38α shares sequence homology with p38β (~75%), p38γ (~62%), and 
p38δ (~61%), while p38γ and p38δ are ~70% identical [48, 49]. While the heart 
expresses all the sub-isoforms, p38α is the most abundant, followed by p38γ [50–
52]. The canonical activation of p38 MAPK was found to be achieved through dual 
phosphorylation of the threonine (Thr)-glycine (Gly)-tyrosine(Tyr) motif in its acti-
vation loop [53]. The phosphorylation of this threonine-X-tyrosine motif of p38 
in vivo is predominantly mediated by upstream MAPK kinases, MKK3 and MKK6, 
which are activated by MAPK kinase kinases such as TAK1, ASK1, DLK, and 
mitogen-kinase protein kinase kinase kinase 4 (MEKK4) [54–57]. This cascade can 
be instigated by one of multiple MKK-activating MAP3Ks in a stimulus-/stress- 
dependent manner relevant for specific cell type. Studies suggest that the different 
isoforms require differential activation of MAPK kinases for full activation, one 
such example being p38α which requires both MKK6 and MKK3 activation to be 
phosphorylated in response to cytokines, while p38δ is activated by MKK6, but 
negatively regulated by MKK3 [49]. In addition, low-molecular-weight GTP- 
binding proteins in the Rho family (i.e., Rac1, Cdc42, RhoA, and RhoF (Rif)) and 
heterotrimeric G-protein-coupled receptors could activate p38 [58–60]. 
Furthermore, the activity of p38 can also be modulated by dual-specificity phospha-
tases, such as PAC-1 and MKP-1 [53]. Finally, the autoactivation of p38, as a non-
canonical mode of p38 activation, was observed through the activation of scaffolding 
proteins such as TAB1 along with the “priming” phosphorylation of Tyr-323 by a 
tyrosine kinase of the SYK family [61–63].

 ERK

The ERK family, another MAPK member group, can be divided into five subfami-
lies named ERK1–ERK5. ERK1 and ERK2 share 90% homology and thus are usu-
ally referred to as ERK1/2 [64, 65]. And ERK1 and ERK2 (44kDa and 42kDa, 
respectively [66, 67]) are the most thoroughly investigated isoforms in the ERK 
family. The basic ERK signal transduction cascade has been shown to follow the 
typical MAPK cascade reaction (Ras-Raf-MEK-ERK pathway). ERK1/2 is acti-
vated by MEK1/2-mediated phosphorylation at Thr-183 and Tyr-185 [68]. This 
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dual-site phosphorylation enhances the ERK1/2 activity by >1000 folds [68, 69]. 
ERK can also be activated by tyrosine kinase receptors and Gi/o-, Gq-, and 
Gs-coupled receptors via a range of different signaling pathways [70–75]. One of 
the best characterized MKKKs to activate ERK is Raf-1, a Ser/Thr protein kinase 
[76], which binds directly to activated GTP-bound Ras leading to a full activation of 
MKKK [77]. Once it is fully activated, Raf-1 phosphorylates and activates MKK1 
or MKK2. MKK1/2, which in turn phosphorylates ERK1 or ERK2 (ERK1/2) on the 
Thr-X-Tyr motif in its activation loop, leads to ERK activation. Like JNK and p38, 
ERK is a Thr/serine (Ser) kinase that is normally located in the cytoplasm and trans-
locates into the nucleus when it is activated [29, 78]. Fully activated ERKs phos-
phorylate a wide spectrum of substrates with a general amino acid consensus 
sequence of proline (Pro)-X-Ser/Thr-Pro that can be localized at the plasma mem-
brane, in the cytosol and the nucleus that regulate important aspects of cell physiol-
ogy including cell proliferation, differentiation, adhesion, migration, and survival 
[79–83].

 MAPKs and Calcium Homeostasis in Myocytes

One of the hallmarks of a diseased heart is an altered protein phosphorylation state 
that critically contributes to ion transporter and channel dysfunctions leading to the 
disruption of Ca2+ homeostasis in response to both intrinsic and extrinsic stress 
stimuli in the heart [10, 20, 21, 22, 28, 31, 131, 132]. Calcium (Ca2+) is an important 
cation in the conversion of an electrical signal to mechanical function (termed as 
excitation-contraction coupling) during each heartbeat to maintain normal cardiac 
function and is also important in the cellular signal transduction pathways that con-
trol myocyte survival and growth [84–91]. Excitation-contraction coupling (ECC) 
is an essential link between myocyte excitation (membrane depolarization of the 
action potential) and Ca2+ release from the sarcoplasmic reticulum (SR) for myocyte 
contraction, and this series of events is critical in the beat-to-beat cardiac muscle 
contraction and relaxation.

 Normal and Abnormal Calcium (Ca2+) Signaling in Myocytes

The cardiac action potential occurs when myocyte membrane potential is depolar-
ized upon the initiation of a rapid sodium influx (INa) followed by Ca2+ influx (ICa), 
while repolarization occurs by the outward potassium current (Ik). During systole in 
normal cardiomyocytes, the Ca2+ entry via L-type Ca2+ channels (LTCCs) along 
with a much smaller amount of Ca2+ influx via the Na+ /Ca2+ exchanger (NCX) acti-
vates ryanodine receptor channels (RyR2) on the SR membrane to release a large 
amount of SR stored Ca2+. The LTCCs located in the plasma membrane are acti-
vated by the rapid sodium influx (INa) and depolarization of the myocyte membrane 
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[92–97]. A small amount of inward Ca2+ flux (ICa) through activated LTCCs triggers 
large quantities of Ca2+ to be released from the SR via cardiac ryanodine receptor 
type 2 (RyR2; also called Ca2+-triggered SR Ca2+ release channels) to produce a 
large intracellular Ca2+ ([Ca2+]i) transient, driving myocyte contraction [89, 98–100]. 
This Ca2+-induced Ca2+ release (CICR) event occurs locally within the clusters of 
RyR2 channels on the SR membrane that are in close proximity to LTCCs located 
on the plasma membrane [101, 102]. CICR is further facilitated by dyads, which are 
the structures consisting of terminal cisternae of SR, composed of clusters of RyR2 
channels, paired with transverse tubules (T-tubules), and LTCCs [103]. Upon action 
potential arrival at the T-tubule, Ca2+ influx via LTCCs activates RyR2 channels on 
the cytosolic side of SR allowing for  the occurrence of CICR, which activates 
neighboring RyR2 channels, resulting in a rapidly increased cytosolic Ca2+ [104, 
105]. CICR is also the trigger for Ca2+-troponin C binding, leading to myofilament 
activation and cardiac muscle contraction [106, 107]. During cardiac muscle relax-
ation, LTCCs close and terminate the influx of Ca2+, and RyR2 channels usually are 
also closed. Meanwhile, the excess amount of cytosolic Ca2+ is removed mainly 
through cardiac sarcoplasmic reticulum Ca2+-ATPase 2 (SERCA2) Ca2+ uptake back 
to the SR and Ca2+ extrusion from the myocyte to the extracellular space through 
NCX, while another small portion of Ca2+ is taken up by mitochondria via mito-
chondrial Ca2+ uniporters as well as a small Ca2+ efflux via the plasma membrane 
Ca2+-ATPase (also known as plasma membrane calcium-/calmodulin-dependent 
ATPase or PMCA) [93, 98, 108–110]. Normal contraction of the heart requires high 
Ca2+ levels in systole and low levels in diastole [111, 112]. Therefore, SR Ca2+ 
release via RyR2 channels and reuptake via the predominating Ca2+ pump SERCA2a 
isoform (SERCA2a) and, to a much lesser extent SERCA2b isoform, critically 
mediate the cytoplasmic Ca2+ concentration, which is essential in cardiac contrac-
tion and relaxation of each heartbeat [87, 90].

Given the tightly regulated role of Ca2+ in ECC, even a small amount of aberrant 
Ca2+ release resulting from slowly developed pathological changes of the intracel-
lular Ca2+ homeostasis can potentially have escalating negative consequences for 
the myocyte and ultimately the entire heart. With increasing age and abnormal 
stressed conditions (e.g., heart failure (HF), ischemia-reperfusion (I/R) injury, myo-
cardial infarction (MI), post-MI, and excessive alcohol exposure), impaired Ca2+ 
homeostasis causes myocardial molecular remodeling, including aberrant gene 
expression, myocyte death, electrical and mechanical dysfunctions, contractile dys-
function, and triggered arrhythmic activities [24, 25, 113–122]. Abnormal Ca2+ 
dynamics such as reduced SR Ca2+ content via decreased uptake by SERCA2 and 
increased diastolic SR calcium leak via RyR2 channels are involved in the develop-
ment of maladaptive cardiac remodeling. The abnormal diastolic SR Ca2+ leak via 
RyR2 openings may produce large/frequent Ca2+ sparks that may trigger propagat-
ing diastolic Ca2+ waves [113, 121, 123]. These aberrant Ca2+ waves result in an 
excess outward NCX current, which is electrogenic (3 Na+ in, 1 Ca2+ out), and, thus, 
may produce triggered arrhythmic  activities such as delayed afterdepolarization 
(DAD) that may initiate cardiac arrhythmias [98, 123]. Under certain pathological 
conditions such as HF, decreased SR Ca2+ refill during the SR Ca2+ cycling in myo-
cytes due to reduced Ca2+ uptake by SERCA2a leads to a reduced Ca2+ transient 
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amplitude and consequently decreased cardiac contractility as seen in the failing 
heart [124–127]. In the normal diastolic phase, CICR-mediated SR Ca2+ release 
shuts off almost completely (∼99%). However, increased diastolic RyR2 channel 
activity leads to increased diastolic SR Ca2+ leak and further reduced SR Ca content, 
which results in a reduced systolic fractional Ca2+ release for a given ICa as the 
release trigger [123, 128, 129]. Meanwhile, this increased diastolic SR Ca2+ leakage 
along with an impaired SR Ca2+ uptake in HF slows down the intracellular Ca2+ 
decline and then elevates the amount of diastolic intracellular Ca2+ concentration, 
which leads to increased Na+ influx via NCX for removing the elevated intracellular 
Ca2+ outside of the cell membrane. As a result, increased diastolic SR Ca2+ leak 
promotes aberrant Ca2+ events (Ca2+ sparks and waves), and the inward NCX current 
produces abnormal triggered activities, DADs, to initiate atrial arrhythmias such as 
atrial fibrillation (AF) and ventricular arrhythmias including ventricular tachycardia 
and ventricular fibrillation; fatal types of cardiac arrhythmias [94, 98, 99, 123, 130].

 MAPKs in Stress-Evoked Ca2+ Mishandling in Myocytes

JNK is a key member of the MAPK family, which plays a critical role in maladap-
tive cardiac remodeling [10, 20, 21, 30, 31, 43, 133–135]. Although the contribu-
tions of JNK1 in cellular apoptosis and proliferation as well as cardiac contractile 
function have been well studied, the function of JNK2, one of the two major cardiac 
isoforms, has received significantly less attention [10, 20, 133]. Recently, a causal 
role of JNK2 in abnormal Ca2+ handling was discovered for the first time in animal 
models and humans with both binge alcohol exposure and increasing age with pre-
served cardiac function and no history of cardiac arrhythmias or any major CVDs 
[20, 24–26]. JNK2, but not JNK1, drives a significant diastolic SR Ca2+ leak and a 
higher SR Ca2+ load at the same time in the stressed myocytes. This JNK2-enhanced 
SR Ca2+ uptake partially compensates for the greater diastolic SR Ca2+ leak and 
maintains a normal level of Ca2+ transients and normal cardiac function, while the 
greater JNK2-driven diastolic SR Ca2+ leak acts as a key contributor to enhanced 
atrial arrhythmic Ca2+ events and arrhythmia susceptibility [24, 25].

Very recently, JNK2 was identified as a previously unrecognized enhancer of 
SERCA2 function via the elevation of the maximal rate (Vmax) of SERCA2 activity 
by phosphorylating SERCA2 protein [24]. The SERCA2 pump activity is known to 
be regulated by phospholamban (PLB), sarcolipin, myoregulin, striated muscle 
enriched protein kinase (SPEG) and DWORF (dwarf open reading frame) micrope-
ptide [136–139]. All those regulators that are known to increase SERCA2 Ca2+ 
affinity (Km) do not change the Vmax, whereas, JNK2 significantly enhances the Vmax 
of SERCA2-ATPase activity but not the Km [24, 136–139]. Intriguingly, JNK2- 
enhanced SR Ca2+([Ca2+]SR) load by itself (in the absence of CaMKII-dependent 
RyR2 channel sensitization) may not be sufficient to cause significant diastolic leak, 
a combined higher load and CaMKII-sensitized RyR2 channels may promote the 
diastolic leak as previously demonstrated [24, 113, 120, 122, 123]. Thus, JNK2 is 
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an important stress-induced regulator driving to maintain a high SR Ca2+ uptake and 
load in order to preserve cardiac function, while JNK2 also drives a greater CaMKII- 
dependent SR Ca2+ leak to promote abnormal triggered activities (discussed in 
detail below), as seen in both humans and animal models.

The atrial action potential morphology differs from that of the ventricle, where 
the atrial action potential is generally shorter with a triangular shape due to a smaller 
Ca2+ influx and a more gradual repolarization period [140, 141]. Ca2+ handling in 
atrial myocytes while similar to that of ventricular myocytes has some important 
structural and molecular differences. Atrial myocytes are thinner and longer and 
exhibit a longer lag time between APs and Ca2+ transients at the center of the cell. 
This property of the atrial cell contributes to a higher instability of Ca2+ propagation, 
which is pro-arrhythmogenic [142]. Notably, atrial Ca2+ transient amplitude is 
smaller, and the rate of intracellular Ca2+ decay is higher than in ventricular myo-
cytes due to a greater SERCA2 uptake and a stronger NCX removal of cytosolic 
Ca2+ during the diastolic phase [142, 143]. The increased SERCA2-dependent intra-
cellular Ca2+ removal is attributed to a greater amount of SERCA2 protein and lower 
level of SERCA2 inhibitory protein PLB [142, 143]. This stronger cytosolic Ca2+ 
removal machinery in the atria leads to a higher SR Ca2+ content than that of ven-
tricular myocytes, which makes atrial myocytes prone to diastolic SR Ca2+ leak 
when RyR2 is pathologically sensitized and SR Ca2+ overload is increased due to 
the dual functional impact of stress-activated JNK2 [24, 120, 123, 142, 144–146]. 
Thus, markedly increased JNK2 in atria exposed to stress stimuli (i.e., aging, binge 
alcohol) is a major contributor to continued pathological remodeling and enhanced 
AF risk [20, 24–26, 120]. T-tubules are a subcellular network involved in SR Ca2+ 
dynamics by the coupling of LTCCs to RyR2 channels on the SR membrane to 
allow a rapid intracellular Ca2+-triggered SR Ca2+ release in response to electrical 
excitation [147–150]. Previously it was believed that atrial T-tubules were virtually 
absent in isolated myocytes from small rodents; [151, 152] however, accumulating 
evidence suggests that the T-tubule network is present in intact atrial myocytes and 
plays a functional role in atrial myocytes from both large mammalian species and 
small rodents (including humans, sheep, dogs, cows, and horses, rats, mice) [153–
157]. These inconsistent research findings may likely be due to the nature of fast 
T-tubule structural deformation during myocyte isolation and preparation. However, 
atrial T-tubular networks are clearly less abundant and less well-organized com-
pared to ventricular. In fact, rapid pacing-induced HF dogs showed reduced atrial 
T-tubular abundance that was linked to altered subcellular Ca2+ dynamics and AF 
development [122, 154, 155]. However, the involvement of the stress-response 
MAPKs in T-tubular remodeling remains unknown to date.

Like JNK, other MAPK members ERK and p38 are also involved in various 
types of stress-caused cardiac pathogenesis [10, 21, 22, 131, 132, 158]. Although 
enhanced activity of ERK or p38 alone may or may not be required or sufficient for 
facilitating cardiac hypertrophy, both ERK and p38 were found to be involved in 
pathological remodeling and AF development in the failing heart [159–165]. 
Hypertrophic stimuli lead to an increase in ICa and downregulation of SERCA2 
expression via activated ERK [17–19]. While Ras, a GTPase, is able to activate 
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ERK through a Ras-Raf-MEK cascade [166], Ras signaling-activated ERK was 
found to contribute to downregulation of L-type Ca2+ channels and reduced channel 
activity along with reduced SERCA2 protein expression in cultured myocytes [15, 
16]. Thus, Ras-ERK-modulated molecular remodeling led to decreased intracellular 
Ca2+ transients and impaired SR Ca2+ uptake, which could lead to enhanced arrhyth-
mogenicity [167]. In both isolated cardiomyocytes and Langendorff-perfused intact 
hearts, activation of p38 MAPK signaling was found to induce SR Ca2+ overload 
through enhanced SERCA2 activity and increased SR Ca2+ uptake during cardiac 
I/R injury, which in turn prompted myocardial apoptosis [168]. Overall, the stress- 
response MAPK signaling cascades are critically involved in cardiac Ca2+ handling 
and stress-caused maladaptive cardiac remodeling. However, many questions 
remain unanswered such as the extent and detailed mechanisms of how the three 
MAPK members interact and functionally overlap with regards to Ca2+ handling in 
cardiac myocytes under physiological and stressed conditions.

 MAPKs and Ca Handling Proteins in Myocytes

JNK2 was recently recognized as a critical activator and transcriptional regulator of 
CaMKIIδ, a highly validated pro-arrhythmic signal [25, 40, 120]. CaMKIIδ is a 
well-recognized regulator of Ca2+ dysregulation in cardiomyocytes through its criti-
cal contribution in phosphorylation of the Ca2+ handling proteins RyR2-Ser2815 
(sensitizing RyR2 channels to increase diastolic SR Ca2+ leak) and PLB-Thr17 (ele-
vating the SERCA activity to enhance the SR Ca2+ uptake), which results in trig-
gered activities and arrhythmia pathogenesis in humans and animal models [25, 
145, 146, 169–171]. In addition, CaMKIIδ also regulates other ion channels such as 
Ca2+, Na+, K+ channels as well as NCX and myofilament proteins including troponin 
T (TnT) and myosin-binding protein C (MyBP-C) via phosphorylation [172–191]. 
Thus, hyper-activated CaMKIIδ drives RyR2 channel-mediated diastolic Ca2+ dys-
function that causes and triggers arrhythmic activities but also contributes to cardiac 
contractile function. Intriguingly, recent studies revealed that JNK2 has specific 
actions in regulating both expression and activation of CaMKIIδ, which conse-
quently drives CaMKIIδ-dependent SR Ca2+ mishandling in the stressed heart. 
Specifically, JNK2 and CaMKIIδ were found to be tethered with each other, and 
JNK2 increases phosphorylation of CaMKIIδ at the autophosphorylation site 
Thr286 to activate CaMKIIδ in a JNK2 dose-dependent manner [25]. Protein phos-
phatase 1 (PP1) is known to  target this specific Thr286 site to dephosphorylate 
CaMKIIδ [192]. Thus, a possible interrelationship between PP1 and JNK2 might 
exist in regulating the CaMKIIδ activity, and this is worthy of further 
investigation.

Although CaMKIIδ is essential in regulating a large number of cellular sub-
strates including ion channels, pumps, transporters, and transcription factors [25, 
120, 172–191, 193], exactly how the CaMKIIδ gene and protein expression is con-
trolled remains surprisingly understudied. A recent study reported for the first time 
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that JNK2 downstream transcription factors c-jun and activating transcription factor 
2 (ATF2) both bind to the CaMKIIδ gene promoter and regulate CaMKIIδ expres-
sion [40]. Surprisingly, c-jun was found to be a key transcription factor for the basal 
level expression of CaMKIIδ mRNAs and proteins. This was evidenced by the sup-
pression of CaMKIIδ promoter baseline activity when c-jun was knocked out in the 
cells or the binding consensus sequence for c-jun was mutated to alter binding. 
Moreover, robustly activated JNK2, mimicking a stressed condition, significantly 
increases the binding of c-jun, but did not change the binding of ATF2, to the 
CaMKIIδ promoter, while JNK2 inhibition alleviated this enhanced c-jun binding 
activity. In addition, the JNK2 specific action in c-jun-regulated CaMKIIδ promoter 
activity was strongly supported by the suppressed CaMKIIδ promoter activity from 
JNK2 knockdown or suppressed activity [40]. These findings take on special trans-
lational importance given that the development of drugs that target CaMKIIδ activ-
ity has been considered as an appealing anti-arrhythmic intervention point; however, 
specificity issues driving off-target effects greatly hinder the clinical applications. 
Additionally, upstream or downstream components of the CaMKII signaling cas-
cades are then considered as new potential therapeutic targets. Stress-driven JNK2 
activation and the JNK2-CaMKII cross talk are likely critical mechanisms that cou-
ple stressors and maladaptive cardiac responses. Therefore, modulating JNK2 activ-
ity could be a likely therapeutic approach to prevent and treat cardiac arrhythmias.

An extensive number of studies have demonstrated that JNK1 activation is criti-
cally involved in preservation of cardiac function and promoting apoptosis after 
myocardial I/R, MI, and HF via the regulation of signaling pathways that modulate 
gene expression [10, 21, 165, 194–200]. Also, emerging evidence suggests that p38 
regulates SERCA2 mRNA and protein expression via the transcription factors Egr-1 
and SP1 [14]. However, the functional role of all three MAPK members and sub- 
isoforms of each kinase in Ca2+ handling proteins in cardiomyocytes under physio-
logical conditions or stress challenges requires further investigation. Our 
advancement of understanding the functional role of MAPKs will likely aid the 
effort of developing novel preventive and therapeutic strategies for CVDs.

 MAPKs and Molecular Remodeling in Myocytes

The MAPK signaling pathway transduces and integrates diverse stress stimuli into 
complex cytoplasmatic and nuclear processes and finally leads to altered cellular 
function including proliferation, gene expression, differentiation, and apoptosis. 
MAPKs regulate cellular processes via direct phosphorylation of downstream tar-
gets and/or indirectly regulate gene expression in maintaining normal cell function 
and cellular responses under stress stimuli challenges. Generally, the JNKs and p38 
kinases regulate the stress or injury responses, while the ERKs are more specialized 
for mitogenic and growth factor stimulations [201, 202].
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 MAPKs and Gene Regulation in Myocytes

Gene regulation is one of the important functions of the MAPK family via the 
downstream transcription factors such as c-jun, ATF2, JunD, c-Fos, SRF, AP-1, 
c-Myc, MEF2, GATA, SMAD, STAT-1, and NFκB. The JNKs directly phosphory-
late a number of their downstream transcription factors such as c-jun, ATF2, AP-1, 
JunD, Sp1, Elk1, and c-Myc [26, 40, 203–206]. The AP-1 complex is composed of 
homodimers of c-jun or heterodimers of c-jun/ATF2 or other combinations of tran-
scription factors, which induce target gene expression by binding the AP-1 consen-
sus site(s) in the promoter region of the gene or dissociating from the promoter 
region to upregulate or suppress the specific gene expression [40]. These activated 
transcription factors critically contribute to the transcriptional regulation of proteins 
that are involved in I/R caused myocardial injury and ATP depletion. JNK1 is also 
known to regulate several important genes (i.e., Notch1, SOD-3) in response to 
inflammation, oxidative stress, and heat stress through phosphorylation of several 
transcription factors (i.e., c-jun, Sp1, DAF-16) [207–209]. Under long-term stress 
challenges (i.e., aging, repeated binge alcohol exposure), JNK2, but not JNK1, is 
activated, which leads to reduced AP-1 activity but increased binding of c-jun and 
unchanged binding of ATF2 to the promoters of JNK2 target genes such as the “cell- 
to- cell communicator”  gap junction protein connexin43(Cx43), “pro-arrhythmic 
kinase” CaMKIIδ, and “epigenetic regulatory molecule” DNA methyltransferase1 
(DNMT1) to either suppress or enhance their transcriptional activities and gene 
expression. Consequently, this JNK2-mediated gene regulation leads to impaired 
cellular function including intercellular uncoupling between cardiac myocytes 
along with the slowing of electrical conduction or enhanced cardiac Ca2+-mediated 
arrhythmic triggered activities or increases DNA methylation [20, 24–26, 40, 210].

Like the JNKs, p38 also directly phosphorylates transcription factors including 
ATF1/2/6, c-Myc, c-Fos, GATA4, MEF2A/C, SRF, STAT-1, and CHOP [53, 211–
213]. Upon activation, p38 translocates into the nucleus and reenters the cytosol 
when inactivated which is essential for its function across all cell types [58]. The 
phosphorylation status and the interaction of p38 with other proteins determine its 
subcellular location and activities of its downstream targets [214]. For instance, 
activated p38/MAPKAP kinase-2 (MK2) can form a complex with activated p38 in 
the nucleus leading to the export of MK2 from the nucleus to phosphorylate its 
cytosolic substrates [215, 216]. The mitogen and stress-activated protein kinase 1/2 
(MSK1/2) is a downstream target of p38 but also regulates the subcellular location 
of p38 and the p38/MSK complex in regulating the transcriptional activity of CREB, 
STAT3, and NFκB [217–221]. Moreover, p38-regulated transcription factors con-
tribute to the upregulation of several important stress-response genes including 
phosphatase and tensin homolog on chromosome 10 (PTEN) that acts to limit the 
phosphorylation and activation of Akt as well as the transforming growth factor beta 
(TGF-β) signaling pathway in regulating cell growth/differentiation/apoptosis and 
other cellular functions [222, 223].
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Activated ERK1/2, another MAPK family member, has been found to undergo 
nucleus-translocation and directly phosphorylate transcription factors and bind to 
chromatin inside the nuclei [224–226]. A recent discovery shows that autophos-
phorylation of ERK2 at the site of Thr188 (Thr208 in ERK1) promotes the nucleo-
tide binding but attenuates ERK kinase activities, while inhibiting the upstream 
regulator MEK1/2 also abolishes the nucleotide binding and reduces the activity of 
ERK [227, 228]. ERK has diverse cytoplasmic targets such as the p90 ribosomal S6 
(p90RSK) family with isoforms 1–4, p70 ribosomal S6 (p70RSK) [229], MNK [230], 
and glycogen synthase kinase-3 (GSK-3) [231], which consequently phosphorylate 
a wide range of substrates involved in gene transcription, translation, cell cycle 
regulation, and cell survival [232, 233]. Moreover, ERK can phosphorylate a com-
plex family of transcription factors, the ternary complex factors (TCFs; SAP-1, 
Elk-1, Net, etc.), which are vertebrate ETS-domain proteins that link transcription 
to MAPK signaling in order to regulate the expression of c-Fos, c-Myc, and c-jun 
and in turn contribute to transcriptional regulation of various late-response genes 
that promote cell survival, cell division, and mobility, which are opposite to the 
regulatory role of JNK and p38 on those cellular responses as discussed above [158, 
234–237]. In addition, several key transcription factors including FOXO, BETA2/
NeurD1 (the basic helix-loop-helix protein partner), E4, and PDX-1 were found to 
be related to glucose regulation and insulin gene transcription, which also underlie 
the anti-apoptosis effect in myocytes and cardiac protective effect of ERK1/2 
[238–241].

In summary, MAPK signaling pathways are key mediators of cell transcriptional 
responses to stress-induced extracellular signals. These pathways critically control 
gene expression in a number of ways including the phosphorylation of cytosolic 
proteins and regulation of transcription factors and co-regulatory proteins.

 MAPKs and Apoptotic Signaling Pathways 
in Stress-Exposed Myocytes

Apoptosis is a highly regulated process in the cell composed of a balance between 
pro-death and pro-survival cell signals, and apoptotic cell death plays a pivotal role 
in myocyte survival in response to stress stimuli such as ischemic cardiac injury and 
heart failure. Apoptosis can be roughly divided into extrinsic apoptosis, meaning the 
apoptosis signaling coming from the environment, and intrinsic apoptosis, meaning 
the apoptosis signaling coming from the cell itself. The main route of apoptosis in 
the heart is intrinsic apoptosis, and the key initiator of intrinsic apoptosis is the 
mitochondrial release of cytochrome c [242]. Cytochrome c released from mito-
chondria forms a complex from pro-caspase 9 and its cofactor APAF-1 and eventu-
ally leads to the activation of caspase 9 and apoptosome formation in the cytosol 
followed by the activation of caspase 3 leading to apoptosis [242]. Various adverse 
conditions can lead to intrinsic apoptosis in cardiac myocytes including but not 
limited to redox stress, energy deprivation, and activation of Gαq signaling 
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[243–245]. On the other hand, activation of the extrinsic apoptotic signaling path-
way is a common phenomenon in stressed hearts such as seen with myocardial 
ischemic I/R, postinfarction remodeling, end-stage heart failure, and diabetes [246–
249]. Two families of independent receptors that mediate the extrinsic apoptosis 
signaling are mainly regulated by the Fas receptor (receptor for Fas ligand, FasL) 
and TNFα receptor 1 (TNFα-R1). Activation of Fas receptor and TNFα-R1 by their 
specific ligands leads to cleavage of pro-caspase 8 into caspase 8 which further 
activates caspase 3 to promote apoptosis. In both extrinsic and intrinsic apoptosis, 
the Bcl-2 family of proteins with Bcl-homology domains plays important roles. To 
date, this Bcl-2 family is known to contain two subgroups, anti-apoptotic proteins 
including Bcl-2, Bcl-X(L), Bcl-W, Bfl-1, and Mcf-1 and pro-apoptotic proteins 
including Bad, Bac, Bak, Bix, Box, Bid, Bim, Bnip3, and Nix [250, 251]. 
Phosphorylation of Bcl-2 family members plays a key role in regulating mitochon-
drial membrane integrity, and MAPK has been shown to regulate the Bcl-2 family 
by phosphorylation [250, 251]. While anti-apoptotic Bcl-2 proteins bind to the pro-
teins forming mitochondrial pores, controlling their opening and closure, some pro-
apoptotic Bcl-2 proteins including Bax and Bak can insert into mitochondrial outer 
membrane upon activation via phosphorylation and form pores into the mitochon-
dria [252–255]. The Bcl-2 family achieve the anti-apoptotic effect through the inhi-
bition of pro-apoptotic proteins (i.e., Bad, Bax, and Bim) [256–260].

 JNK and Apoptotic Signaling Pathways in Myocytes

In the heart, JNK is activated in response to various stimuli signals including 
mechanical stretch [261, 262], pressure overload [263–265], I/R [266, 267], and 
catecholamine stimulation [263], which are known to activate apoptotic signaling 
pathways [262, 268, 269]. Apoptosis signal-regulating kinases (ASK, including 
ASK1 and ASK2) promote the activation of MKK4 and MKK7, which are the 
upstream activators of JNK [21]. However, mixed findings regarding the role of 
JNK in apoptosis have been reported, suggesting complicated stress responses of 
JNK signaling in different cell types and potentially different isoform activation at 
different time frames following various stress challenges. In ROS-challenged myo-
cyte models (H2O2-treated or norepinephrine-treated adult rat ventricular myo-
cytes), JNK activation is involved in ROS-induced apoptosis, evidenced by alleviated 
ROS production and reduced apoptosis through JNK-specific inhibiton [270, 271]. 
In addition, JNK has been localized to the mitochondria in cardiac myocytes and is 
known to promote the mitochondrial cytochrome c release in a capase-9-dependent 
but capase-8-independent manner, suggesting a direct functional role of JNK in 
mitochondria-associated appotosis [272]. This pro-apoptotic effect of JNK was also 
found in noncardiac mammalian cells via enhanced phosphorylation and degrada-
tion of anti-apoptotic proteins Bcl-2 and Bcl-X(L), which removes the inhibitory 
regulation of Bcl-2 and consequently activates the pro-apoptotic proteins Bad, Bax, 
and Bim [256–260]. Furthermore, suppressing JNK1 or the MKK4 pathway from 
overexpression of dominant negative proteins enhances apoptosis during NO 

X. Ai et al.



81

treatment and I/R injuries, further supporting the anti-apoptotic effect of cardiac 
JNK in response to ischemic stress [273–275]. While JNK inhibition reduces apop-
tosis during numerous stress conditions including transient energy deprivation (glu-
cose deprivation and mitochondria inhibition), I/R, and hyperglycemia in cultured 
H9c2 cells and myocytes, JNK-deficiency in fibroblasts activates mitochondrial 
apoptotic signaling [276–280]. Thus, the functional role of JNKs in cellular apop-
totic pathways of the heart may vary depending on the cell type and context in 
response to different types of stress stimuli. While the findings discussed above are 
predominantly regarding the contributions of JNK1 in cellular apoptosis and prolif-
eration that have been well studied [10, 20, 133], the functional roles of cardiac 
JNK2 and JNK3 (with less expression in the heart) in the apoptotic pathway under 
different stressed conditions remain largely unknown. Further investigations are 
clearly needed to enhance our understanding regarding the functional role of JNK 
in myocardial remodeling and maladaptive development.

 p38 and Apoptotic Signaling Pathways in Myocytes

p38 is critically involved in cardiac apoptosis in various animal models of cardiac 
disease such as cardiac injury and HF [281–285]. p38 was found to activate p53 and 
promote apoptosis by enhancing the expression and translocation of Bax in mito-
chondria [286]. p38 can also phosphorylate Bcl-2 via translocation into mitochon-
dria to suppress the anti-apoptotic effect of cytosolic Bcl-2 [287]. In platelet-activating 
factor (PAF)-treated H2c2 cardiac myocytes with elevated cytosolic Ca2+, caspase 3 
activity and mitochondria release of cytochrome c increase in a p38-dependent 
manner, further supporting the pivotal role of p38 in promoting myocyte apoptosis 
[288]. Also, a reduced level of Bcl-2 and enhanced apoptosis was found in cardiac 
myocytes with overexpression of wild-type p38 but not in the myocytes with over-
expression of an inactive dominant negative form of p38α [283]. This pro- apoptotic 
function of p38α was further demonstrated in a mouse myocardial infarction model 
where overexpression of p38α alleviates the inhibition of apoptosis guard Bcl-X(L) 
and Bcl-2 reduces the Bcl-X(L) deamination consequently activating the pro- 
apoptotic signaling cascades [282]. The I/R injury response is crucially determined 
by mitochondrial function and activity and p38 inhibition during I/R decreases 
mitochondrial swelling and ultrastructural alterations and mitigates mitochondrial 
membrane depolarization [289]. There is also evidence that p38 activation during 
I/R contributes to cardiac damage by triggering intracellular Ca2+ overload [290]. 
While the pro-apoptotic role of p38α in myocytes has been well-recognized, the 
pro-apoptotic role of p38δ in deteriorating cardiac function was recently reported 
with chemotherapeutic doxorubicin-induced cardiomyopathy [291]. Moreover, p38 
is a key player in α1-adrenoreceptor blocker doxazosin-induced apoptosis in car-
diac myocytes that increases the risk of  HF development [292, 293]. Although the 
overwhelming evidence suggests a pro-apoptotic role of p38, an anti-apoptosis role 
of p38 has also been described under certain stressed conditions. For instance, with 
specific β-adrenergic receptor signaling mediated through Gi-dependent receptors, 
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p38 could exert anti-apoptotic roles, while osmotic stress also showed anti- apoptotic 
function of p38 via phosphorylation of small heat shock protein αB-crystallin [294–
296]. Therefore, p38 may have a differential functional impact on myocyte apop-
totic signaling pathways in response to different stress stimuli. In addition, the 
distinct functional roles of the different sub-isoforms of p38 under different stress 
stimuli require further investigation.

Other than a direct regulation of p38 in the apoptotic signaling cascade proteins, 
p38 can also promote apoptosis in cardiac myocytes by regulating apoptotic genes 
via a wide panel of transcription factors including but not limited to ATF2, AP-1, 
GATA, SMAD, STAT-1, and NFκB [297]. For instance, in I/R injury and hypoxia 
animal and cell models, p38-dependent phosphorylation of ATF2 leads to enhanced 
expression of phosphatase PTEN which limits the phosphorylation and activation of 
Akt, a powerful survival pathway regulator [222]. Suppressing p38 by overexpress-
ing dominant negative p38 or PTEN both attenuated myocyte death, cardiac injury, 
and functional loss after the I/R injury [222]. Enhanced expression of FasL is a 
well-established route toward DNA fragmentation and apoptosis [298, 299]. p38 
has been shown to upregulate Fas/FasL expression via increased phosphorylation of 
the downstream transcription factor STAT-1 at the Ser727 site to enhance its tran-
scriptional activity in myocytes treated with angiotensin II, norepinephrine, and 
hypoxia [300, 301]. Moreover, p38-dependent AP-1 and GATA transcriptional reg-
ulation were also found to upregulate TGF-β expression, which triggers the activa-
tion of transcription factor SMAD-mediated apoptosis in angiotensin II-treated 
myocytes [223]. GADD153 (growth-arrest-and-DNA-damage-inducible protein 
153 also known as C/EBP homologous protein (CHOP)) is one of the pro-apoptotic 
transcription factors engaged in response to enhanced ER stress. p38-dependent 
activation of GADD153 has been shown to promote the expression of downstream- 
of- CHOP gene 1(DOC-1), which encodes for a stress-induced form of carbonic 
anhydrase VI that catalyzes the formation of H2CO3 to increase cellular stress- 
induced apoptosis [302, 303]. In addition, p38-activated GADD153 enhances NFκB 
phosphorylation and nuclear translocation, which was found in doxorubicin-induced 
inflammation and apoptosis in cardiac myocytes [304]. Furthermore, inhibition of 
p38/NFκB signaling alleviates isoproterenol-induced cardiac dysfunction in a rat 
model [297]. Thus far, the evidence supports a key role for p38 in myocyte apopto-
sis and the development of cardiac maladaptive function.

 ERK and Apoptotic Signaling Pathways in Myocytes

ERK activation is largely anti-apoptotic in the heart under various stressed condi-
tions such as I/R injury, oxidative stress, hypoxia stimulation, and β-adrenergic 
stimulation [305, 306]. ERK inhibition enhanced the oxidative stress-induced cell 
injury and apoptosis, while also pharmacologically potentiated ERK activation 
showed a protective effect against apoptosis induced with a chemotherapy reagent 
doxorubicin in cardiac myocytes [307–309]. In contrast, activated ERK1/2 attenu-
ates I/R injury in both cell and animal models [268, 310–313]. Another interesting 
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finding is that the cell survival signaling through β2-adrenergic receptor activation 
has been shown to be regulated through activated ERK [314].

The cardiac protective roles of ERK1/2 during a stress challenge are multidimen-
sional. ERK substrates include nuclear substrates (transcription factors) and cytosolic 
substrates promote apoptosis through activity and transcriptional regulation of certain 
key apoptosis-related proteins in the cytosol or nucleus. For example, activated cardiac 
ERK1/2 can phosphorylate cytosolic proteins such as phospholipase A2 and transcrip-
tion-regulating kinases p90SRK, GSK3, which are critically involved in cellular apopto-
sis under stressed conditions [315–322]. ERK1/2 also inhibits a key pro-apoptotic 
protein Bad by facilitating the protein kinase Cε (PKCε)-mediated phosphorylation of 
Bad in mitochondria and downregulates the expression of Bax, another pro-apoptotic 
protein in the Bcl-2 family, resulting in the inhibition of cytochrome c release from 
mitochondria in cardiac myocytes [312, 316–318]. Moreover, ERK-GATA4 signaling 
was shown to be involved in the anti-apoptosis function of ERK by upregulated expres-
sion of anti-apoptotic protein Bcl-X(L) via enhanced phosphorylation of the transcrip-
tion factor GATA4 at the Ser105 site to enhance the promoter activity of Bcl-X(L) 
[312, 323]. It is known that activating ERK promotes the activation and nuclear trans-
location of transcription factor Nrf2 which promotes the expression of genes that 
potentiate the glutathione antioxidant response, while ERK also upregulates COX-2 
via enhanced AP-1 and NFκB-2 transcriptional activity to sustain the cardiac myocyte 
survival and metabolism in response to an oxidative stress challenge [213, 324]. This 
convincing evidence suggests that ERK1/2 fulfills an anti-apoptotic role to promote 
cell survival and growth in response to stress stimuli to protect cardiac function. 
However, ERK was also found to be pro- apoptotic in certain disease models. For 
instance, in a diabetic rat model with upregulated HMGB1 (high mobility group box 1 
protein), ERK was found to promote apoptosis via the activation of Ets-1, which even-
tually leads to enhanced Bax protein and caspase 3 activation [325].

Taken together, the three MAPK members fulfill unique but overlapping intracel-
lular signaling mechanisms in responding to a myriad of mitogens and stressors 
mediating the signaling networks of cell survival and death as well as cardiac 
metabolism and pathogenesis in a cell type and context dependent manner.

 Dynamic Relationships of MAPKs in Pathological Cardiac 
Remodeling in Stressed Hearts

Accumulating evidence suggests that the three MAPK family members play impor-
tant roles in the development of pathological remodeling and maladaptive cardiac 
function during disease progression in a cellular context- and time-dependent man-
ner [10, 21, 22, 131, 132, 326]. Cardiac remodeling encompasses the molecular and 
structural changes accompanying the electrical physiological and pathological 
changes in stress-exposed hearts. Those changes are manifested clinically in the 
progression of HF including increased heart size, deteriorated cardiac contractile 
function, and reduced cardiac output along with a series of clinical symptoms of 

Stress Kinase Signaling in Cardiac Myocytes



84

HF. Cardiomyocytes are the major cardiac cells involved in the remodeling process, 
although other components are also involved including the interstitium, fibroblasts, 
and coronary vasculature. Being terminally differentiated cells, cardiac myocytes 
respond to stress stimuli by adaptive growth, also known as hypertrophy, as the 
adaptive response in stress-exposed hearts [327]. Cardiac hypertrophy can be 
roughly divided into physiological (or adaptive) hypertrophy and pathological (or 
maladaptive) hypertrophy [328]. Physiological hypertrophy is reversible and occurs 
in response to continuously increased demand for cardiac function, which bears the 
main characteristics of increased cell size, increased fatty acid oxidation and protein 
synthesis, sarcomeric reorganization, and increased gene transcription related to 
cell growth [329, 330]. Pathological hypertrophy may also occur after myocardial 
ischemic injury, inflammatory heart muscle diseases (i.e., myocarditis), idiopathic 
dilated cardiomyopathy, or unfavorable cardiac volume loading such as hyperten-
sion, aortic stenosis, or valvular regurgitation. Pathological hypertrophy is usually 
accompanied by enhanced inflammation signaling, fetal gene expression, interstitial 
fibrosis, and risks of decompensation and progression toward to HF [329–332].

Regardless of cardiomyocyte MAPK activation under different stress conditions, 
a different temporal response to various stress stimuli clearly plays a role [161, 
333–336]. Cardiac ERK1/2 plays an essential role in promoting myocyte survival 
and growth during the progression of adaptive hypertrophy and pathological mal-
adaptive remodeling [337–339]. In response to stress stimuli, ERK1/2 can be acti-
vated by either G protein-coupled receptor (altered angiotensin II, endothelin-1, 
phenylephrine, catecholamines, etc. ) [331, 332, 340–343], receptor tyrosine kinases 
(altered fibroblast growth factor, TGF-β1, growth differentiation factor 15, etc. ) 
[344–346], or mechanical stretch [347]. Activated ERK drives a wide network of 
intricate pathways which activate secondary signaling to regulate cardiac myocyte 
cytosolic activity and gene regulation leading to cardiac hypertrophy without pre-
mature death or impaired cardiac function [84, 348–350]. While suppression of 
ERK1/2 signaling by inhibition of ERK1/2 or MEK1/2 with pharmacological agents 
and dominant negative protein overexpression abolishes hypertrophic response in 
myocytes during pathological insults (e.g., pressure overload, I/R injury, oxidative 
stress), this ERK inhibition however leads to aggravated cardiac function and exac-
erbated myocyte death [161, 324, 351–354]. Thus, ERK-mediated hypertrophic 
remodeling appears to be a beneficial early response to maintain a normal cardiac 
function under stress challenges.

A dynamic relationship between the three MAPKs was found in various cardiac 
disease models. While some studies observed only transient ERK activation in a 
pressure-overload mouse model induced with transverse aortic constriction (TAC), 
other reports suggest that ERK remained activated for 2- to 4-week post-TAC [333, 
335, 336]. However, JNK and p38 were found to be constantly activated over the 
course of pressure overload [161, 333–336]. On the other hand, severity of the pres-
sure overload and HF status likely plays a key role in the differential activation 
status of the three MAPK members [333, 335, 336]. For instance, JNK and p38 
activation in the heart and in white blood cells were in positive correlation with the 
severity of pressure overload measured with trans-stenotic systolic pressure 
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gradient and the severity of hypertrophy (left ventricular weight/body weight ratio) 
[355]. This was supported by another study in animals showing that JNK is signifi-
cantly increased with a mild to severe pressure overload (35–85% aortic constric-
tion), while p38 is activated in HF with a more severe pressure overload (85% aortic 
constriction), but ERK was only transiently activated [356]. In human hypertensive 
patients with uncontrolled blood pressure, p38 and JNK activation is significantly 
higher in white blood cells compared to patients with controlled blood pressure 
[355]. Myocardial I/R is another common and complicated pathophysiological 
stressor that can lead to myocardial stunning, arrhythmias, and eventually HF [357]. 
Different time scales of MAPK activation have been shown in the infarct or infarct 
border zone of post-MI mouse, and p38 phosphorylation is increased initially, while 
JNK phosphorylation increased approximately 2 weeks after MI; on the other hand, 
ERK phosphorylation increased after about 4 weeks after MI, likely contributing to 
the post-MI myocardial remodeling [358]. In a rat model of I/R injury, increased 
p38 and unchanged ERK occurred during the acute ischemia phase, while JNK was 
only increased during the reperfusion phase [359]. Similarly, in a long-term isch-
emia porcine model of coronary embolism, JNK, p38, and ERK activations were all 
enhanced, contributing to the postischemic remodeling from the microinfarction 
and apoptosis [360]. The enhanced phosphorylation of p38 and JNK after I/R injury 
further decreased the cell viability and promoted cardiac cell apoptosis [361] via 
decreased anti-apoptotic Bcl-2 and increased pro-apoptotic Bax [280]. Moreover, 
acute MI (6 hours after LAD ligation) could activate both JNK and p38, yet ERK 
was decreased, accompanied by increased activity of pro-apoptotic protein caspase-
 3 [362–364]. ROS has been shown to be critical in activating MAPKs in response to 
I/R injury. Suppression of ROS production alleviates MAPK activation and attenu-
ates the loss of cardiac function and decreased infarct size [365]. This is supported 
by the findings of ROS-dependent JNK and p38 activation in post-MI ventricular 
tissues [366]. In animal models of diabetes and post-MI diabetes, increased ROS 
was found to be responsible for intensified myocardial injury and loss of cardiac 
function along with increased activation of JNK and p38, and the contribution of 
ROS-activated JNK and p38 was confirmed by the striking rescue effect of ROS 
suppression and stress kinase inhibiton [367, 368]. Moreover, antioxidant/anti- 
inflammatory agents also prove to enhance ERK1/2 activation and preserve the car-
diac function along with suppressed activities of JNK and p38 [369, 370].

Overall, dynamic changes of the three MAPKs appear to occur at different time 
points during the pathological cardiac remodeling process in response to a myriad 
of mitogens and stressors. In general, the end result of this temporally dynamic 
activation of p38 and JNK leads to the aggravation of cardiac injury, promotes mal-
adaptive cardiac remodeling, and impairs cardiac function, while the activation of 
ERK promotes cell survival and preserves cardiac function. To date, the MAPK 
family has received extensive interest due to the far-reaching implications its mem-
bers manifest in signaling and cross talk with other signaling networks. Further 
understanding regarding the dynamic relationship between the three MAPK mem-
bers under different stress conditions will be required for the development of 
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effective therapeutic strategies and the discovery of novel therapeutic targets for 
early intervention and treatment of cardiac diseases.

 MAPKs and Therapeutic Potentials

MAPKs are critically involved in cardiac pathological remodeling, and disease 
development (i.e., hypertrophy, ischemic injury, HF, and cardiac arrhythmias) posi-
tioning the modulation of MAPK activity as a novel point for therapeutic interven-
tion. Pharmacological inhibition and genetic deletion of the three MAPK kinases 
has proven to change the course of stress-induced cardiac adaptive and maladaptive 
remodeling [333, 371]. Inhibition of JNK and p38 activities has been shown to 
reduce cardiac injury and preserve cardiac function in the stressed heart, and this 
was supported by manipulating upstream regulators of JNK and/or p38 to suppress 
their activities. The knockdown of Grb2 adaptor protein suppressed JNK and p38 
activities (no effect on ERK), which effectively alleviated cardiac hypertrophy and 
apoptosis in pressure-overload hearts [334, 372]. Another example is that deletion/
suppression of multiple upstream regulatory genes (i.e., BAMBI, NECTIN2, 
DKK3, and the 14-3-3 family) inhibits JNK and p38 activity along with exacerbated 
apoptosis, fibrosis, and cardiac function loss [373–376].

However, selective inhibition of each MAPK often offers different outcomes, 
which is in line with the evidence of differential involvement of the three MAPKs 
and their downstream signaling pathways at different stages during the progression 
of cardiac remodeling and disease development under different stress conditions. 
While some studies have shown a beneficial effect of competitive inhibition of the 
p38 signaling alone by overexpression of dominant negative p38 or pharmacologi-
cal inhibition in promoting cardiac hypertrophy by preventing apoptosis and fibrosis 
and preserving cardiac function in response to pressure overload and I/R injury 
[281, 283, 372, 375, 377–379], other studies suggest that inhibiting p38 alone pro-
motes hypertrophy but aggravates the deterioration of cardiac function in both pres-
sure overload and I/R injury models and even abolishing the protective effects of 
ischemia preconditioning [380–383]. There are current clinical trials testing the 
safety and efficacy of p38 inhibition in myocardial infarction [384, 385]. The p38 
inhibitor SB-681323 decreased the circulating inflammatory marker high- sensitivity 
C-reactive protein (hs-CRP) in statin-receiving patients undergoing elective percu-
taneous coronary intervention [386]. A phase 2 clinical trial suggests treating 
patients with non-ST-segment elevation myocardial infarction with the p38 inhibitor 
losmapimod (GW856553X) decreased circulating levels of inflammatory markers 
including IL-6 and hs-CRP short term (72 hour); however, no differences in inflam-
matory markers or risk of cardiovascular events were shown in a longer term trial 
(12 weeks) [384, 387, 388]. Similarly, JNK inhibition without the influence in ERK 
and p38 led to increased myocyte size; upregulated activation of pro-apoptotic 
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proteins including p53, Bad, and Bax; and exacerbated deterioration of cardiac 
function in different disease models [389–391]. Thus, therapeutic potentials of 
selective inhibition of either JNK or p38 for cardiac function protection under cer-
tain pathological conditions need to be further evaluated. Recently, JNK2, an under-
studied JNK isoform, showed therapeutical potentials in anti-arrhythmogenesis [20, 
24–26, 392]. While accumulating evidence suggests that pro-arrhythmic molecule 
CaMKII may represent a target for therapy and provoked the development of 
CAMKII inhibitors [113, 393, 394], CAMKII inhibitors have off-target effects that 
hinder their clinical application [395]. With the discovery of a novel form of patho-
genic kinase-on-kinase cross talk, JNK2 directly regulates CAMKII activity, and the 
development of compounds directed at JNK2 may represent an alternative drug tar-
get. More research is warranted to explore JNK2 as an anti-arrhythmic drug target 
in patients.

Considering the protective role of ERK and detrimental role of JNK and p38 in 
cardiac injury and pathological remodeling, developing specific strategies for use of 
selective MAPK inhibitors has a high clinical potential in preventing and treating 
cardiac injury and pathological remodeling and ultimately preserving or improving 
cardiac function. In fact, activation of the ERK1/2 pathway has been identified as a 
central component of the so-called Reperfusion Injury Salvage Kinase (RISK) path-
way [396]. ERK1/2-specific in  vitro kinase activity in adult hearts subjected to 
20 minutes of ischemia followed by 15 minutes of reperfusion was doubled [362]. 
In addition to this study, others support a protective role for the MEK1-ERK2- 
signaling pathway against I/R injury [268, 397, 398]. A thorough experimental dis-
section of the RISK pathway revealed a combination of two parallel cascades, 
PI3K-Akt and MEK1-ERK1/2, that produced a protective effect when blocked with 
the co-administration of both PI3K and ERK inhibitors at different time points 
[399]. Thus, broadly the RISK pathway refers to a group of pro-survival protein 
kinases, which confer cardioprotection when activated specifically at the time of 
reperfusion [399, 400]. The RISK pathway has recently been seen as a universal 
signaling cascade for cardioprotection and is likely recruited not only by ischemic 
conditioning but also by other pharmacological agents such insulin, bradykinin 
adenosine, or statins [401] shared by most cardioprotective therapies [402]. 
Therefore, the cardiac protective effect of activated ERK shed new light on drug 
development studies. Intriguingly, pharmacological reagents that are suppressive to 
JNK and p38 activities while augmenting the activation of ERK lead to attenuated 
scar formation and improved cardiac outcome, underscoring the functional cross 
talk between the MAPKs [282, 362–364]. As it has been discussed in this chapter, 
differential changes of the three MAPKs occur during the development of adaptive 
and maladaptive cardiac remodeling and cardiac disease progression in cellular 
context and time-dependent manners. Further investigation is urgently needed to 
enhance our understanding of the dynamic relationships between the three MAPK 
members under different stress conditions, which is essential for the development of 
effective therapeutic strategies and the discovery of novel therapeutic targets for 
early intervention and treatment of cardiac diseases.
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Intracellular Cardiac Signaling Pathways 
Altered by Cancer Therapies
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Abstract Recent advancements in targeted and immune-specific cancer therapies 
have improved patient survivorship. Specifically, tyrosine kinase inhibitors (TKIs), 
immune checkpoint inhibitors (ICIs), and chimeric antigen receptor (CAR) T-cell 
therapies have emerged as efficacious treatments for several cancers, including met-
astatic renal cell carcinoma (mRCC), hematologic malignancies, and solid cancers, 
respectively. These therapies are associated with complete and durable responses, 
but as the population of cancer survivors increases, a myriad of unwanted cardiac 
adverse effects (AEs) have been recognized. Cardiac AEs may be further com-
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pounded by the approval of dual combination therapy including TKIs and ICIs used 
in kidney and liver cancers which may precipitate additive insults to the myocar-
dium. The most common AEs include hypertension, de novo arrhythmias, myocar-
ditis, and heart failure (HF), which confer significant risk of morbidity and mortality. 
Therefore, it is important to understand the mechanism by which these drugs lead to 
cardiac dysfunction. In this chapter, we provide a comprehensive review of the most 
relevant studies demonstrating the impact of TKIs, ICIs, and CAR T-cell therapies 
on cardiomyocyte signaling and function. Strategies used to prevent, reduce, and 
treat cardiac dysfunction associated with these cancer therapies will also be 
explored.

Keywords Tyrosine kinase inhibitors (TKIs) ·  Immune checkpoint inhibitors 
(ICIs) ·  CAR T therapy ·  Cardiotoxicity ·  Arrhythmias ·  Cardiac dysfunction ·  
Cardio-oncology ·  VEGFR ·  PDGFR ·  cKIT

 Part I: Introduction

In the United States, the cancer death rate has decreased in large part due to improved 
treatments of several cancers [1]. Three treatments essential to this rate reduction 
are tyrosine kinase inhibitors (TKIs), immune checkpoint inhibitors (ICIs), and chi-
meric antigen receptor T-cell (CAR T) therapies [1–3]. TKIs have emerged as first- 
line therapies for several malignancies including metastatic renal cell carcinoma 
(RCC), thyroid cancer, sarcomas, colorectal cancer (CC), and chronic myeloid leu-
kemia (CML) [1, 4–6]. Over the last decade, ICIs have become the primary treat-
ment method for many solid tumors by activating the patient’s own immune system 
to target cancer [1, 7]. CAR T-cell therapy has revolutionized the treatment of hema-
tological malignancies, notably, acute lymphoblastic leukemia (ALL), myeloma, 
and lymphoma [2, 8]. While these drugs have remained popular options, frequent 
cardiac adverse effects (AEs) have been recognized for all three (Fig.  1). 
Cardiovascular complications and the potential cardiotoxic effects of TKIs, ICIs, 
and CAR T-cell therapies are especially relevant among cancer patients who are 
older, have received previous cycles of cardiotoxic chemotherapy, or have preexist-
ing cardiovascular risk factors [2, 9, 10]. Refining these therapies requires practitio-
ners to have familiarity with the cardiotoxicity profiles and mechanisms that mediate 
the cardiotoxic effects of these anti-cancer agents.

 Tyrosine Kinase Inhibitor Therapy

Small-molecule TKIs target the kinase domains of receptors, which are evolutionarily 
conserved leading to “off”-target kinase inhibition and/or lack of specificity. While 
the inhibition of these receptors on cancer cells is responsible for the observed 
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Fig. 1 Direct and indirect cardiovascular complications of emerging cancer therapies. 
Abbreviations: AF atrial fibrillation; AV atrioventricular; CAR T chimeric antigen receptor T-cell 
therapy; DNA deoxyribonucleic acid; ER endoplasmic reticulum; ICIs immune checkpoint inhibi-
tors; IHD ischemic heart disease; LV/RV left/right ventricle; LVEF left ventricular ejection frac-
tion; LVSD left ventricular systolic dysfunction; ROS reactive oxygen species; SVT supraventricular 
tachycardia; SCD sudden cardiac death. (Created with Biorender.com)

decrease in cancer growth and progression, these receptors are also present on other 
cell types, including vascular endothelial cells (ECs), cardiomyocytes, and fibroblasts. 
TKI-induced cardiotoxicity is mediated by TKIs that preferentially target the vascular 
endothelial growth factor receptor (VEGFR), platelet-derived growth factor receptor 
(PDGFR), fibroblast growth factor receptor (FGFR), and stem cell factor (SCF) recep-
tor (c-KIT) [5, 11]. Hypertension (HTN), arrhythmias, QT prolongation, atrial fibril-
lation (AF), left ventricular systolic dysfunction (LVSD), and heart failure (HF) are 
among the most common TKI-mediated cardiac effects reported [5, 9, 11]. It has been 
hypothesized that VEGFR inhibition and subsequent changes in the balance of endo-
thelin-1 (ET-1) and nitric oxide (NO) are responsible for HTN, the most common side 
effect associated with TKI use [5, 11, 12]. There is evidence to suggest that the “off”-
target inhibition of cardiac VEGF and PDGF receptors is responsible for cardiac dys-
function, through reduced phosphatidylinositol 3-kinase (PI3K)-protein kinase B 
(Akt), Ras/MEK/ERK, and phospholipase C (PLC-γ)-inositol phosphate (IP3)/cal-
cium (Ca2+) signaling pathways and is responsible for cardiac dysfunction. Further, 
the “off”-target inhibition of cardiac enzymes, in addition to activated CaMKII, may 
lead to dysregulation in ion channels and ion homeostasis, which can contribute to 
increased incidence of arrhythmias in this population [5, 9, 13, 14]. Decreases in 
energy metabolism following inhibition of adenosine 5’-monophosphate–activated 
protein kinase–mammalian target of rapamycin (AMPK-mTOR)-signaling promote 
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mitochondrial dysfunction, reduce cardiac cell survival, and increase apoptosis, lead-
ing to HTN, LVSD, and HF [15, 16]. Additionally, concurrent or sequential use of 
TKIs in patients with previous exposure to other cardiotoxic drugs may exacerbate 
cardiac injury and morbidity accelerating development of HF and mortality. As such, 
it may be important for researchers to investigate the mechanisms by which TKIs aug-
ment cardiotoxicity of these drugs.

 Immune Checkpoint Therapy

ICIs modulate and augment T-cell recognition, function, and immune activity 
against tumors [17–19]. Cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) 
and programmed death 1 (PD1) are the two main lymphocytic immune checkpoints, 
and their inhibition by ICIs enable the host immune system to recognize cancer cells 
as foreign antigens and target them for T-cell destruction [20]. However, ICI treat-
ment is associated with HTN, myocarditis, arrhythmias, and pericardial and vascu-
lar disease [2, 21, 22]. It is hypothesized that the mechanism of ICI-related 
cardiotoxicity results from increased T-cell infiltration into vascular endothelial cell 
walls and T-cell activity against cardiomyocytes leading to CTLA-4-induced HTN 
and myocarditis [17, 23]. Alternatively, inhibition of cardiac PD-1 receptors along 
with myocardial and vascular T-cell infiltration is thought to contribute to PD-1 
inhibitor-induced cardiac dysfunction [24, 25]. Interestingly, in comparison to 
CTLA-4 inhibitors, epidemiological evidence shows an increased prevalence of 
fatal cardiac toxicity with PD1 inhibitors [17].

 CAR T-Cell Therapy

The most target for CAR T-cell therapy is the CD19 protein, which is widely 
expressed on B-cell malignancies. The cardiac AEs associated with CAR T-cell 
therapies are both age- and time-dependent (20). Patients taking CAR T-cell thera-
pies experience cardiac inflammation, hypotension, de novo AF, and LVSD [2]. 
While the pathophysiology of CAR T-mediated cardiac AEs is not well understood, 
two mechanisms have been proposed [2, 3, 27, 28]. One mechanism is thought to be 
analogous to proinflammatory cytokine interleukin-6 (IL-6)-mediated cardiomy-
opathy due to cytokine release syndrome (CRS) and sepsis [3, 28]. CRS occurs 
when supraphysiologic levels of inflammatory cytokines are released by activated 
CAR T-cells and other immune cells and has been reported in 70–90% of patients in 
CAR T-cell therapy with increasing severity based on CRS grade [29]. IL-6 is a 
primary contributor to the pathogenesis of CRS, inducing capillary leak, hypoten-
sion, complement activation, and myocardial dysfunction. Specifically, during 
infectious and inflammatory disease states, IL-6 is thought to mediate myocardial 
depression [30–32]. Another mechanism of CAR T-cell therapy-induced cardiac 
AEs involves potential cross-reactivity affinity-enhanced T-cells with unrelated 
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peptides expressed by normal myocardial tissue and cells [3, 27]. Notably, Linette 
et al. showed that after treatment with T-cells targeting melanoma-associated anti-
gen 3 (MAGE-A3), patients developed fever, progressive cardiogenic shock, and 
death, due to “off”-target cross-reactivity of T-cell receptors against the striated 
muscle-specific protein titin [3, 27].

Taken together, the emerging chemotherapy-related cardiac dysfunction asso-
ciated with newer mechanisms of action such as TKIs, ICIs, and CAR T-cell 
therapies warrants increased patient risk factor surveillance and further research 
toward understanding the mechanisms of their oncologic cardiovascular insults. 
With immune-based therapies, durable complete responses are observed further 
highlighting the need for long-term monitoring of cardiovascular events in can-
cer survivorship clinics. Clinically available cardioprotective drugs such as 
β-blockers, angiotensin-converting enzyme inhibitors (ACEIs), angiotensin 
receptor blockers (ARBs), statins, and sodium–glucose cotransporter-2 (SGLT2) 
inhibitors have been shown to reduce cardiovascular-related morbidity [16, 33, 
34]. Support for their concurrent use with cancer chemotherapy drugs is evi-
dence by their ability to reduce cardiovascular toxicity in  vitro along cardiac 
dysfunction and HF in vivo [16, 35, 36]. In a large cohort of CML patients with 
known HTN, Mulas et al. found that patients receiving second- and third-gener-
ation TKIs with ACEIs and ARBs experienced a reduction in arterial occlusive 
events compared to other cardioprotective drug classes [36]. Further, drugs such 
as statins, which possess pleiotropic effects including their ability to reduce sys-
temic inflammation, may reduce the inflammation and cardiac morbidity observed 
with ICIs, and CAR T-cell therapies and should be investigated further. More 
importantly, the reversibility of the side effect and difference in half lives of 
small molecules (days) versus immunotherapies (weeks) is a key differentiator. 
Cessation of small-molecule therapy resolves most side effects, whereas immu-
notherapy/CAR T side effects require additional steroid and/or IL-6 therapy to 
reverse the side effects. In this review, we will discuss the most recent under-
standing of the clinical cardiovascular sequelae associated with TKIs, ICIs, and 
CAR T-cell therapies and the underlying mechanisms by which these drugs alter 
intracellular cardiac signaling and cardiovascular function, with an emphasis on 
disrupted tyrosine kinase signaling with TKIs. We will also review current chal-
lenges in diagnosis of cardiac events and the available cardioprotective strategies 
being used to combat and alleviate chemotherapy-related cardiac dysfunction 
associated with these cancer therapies.

 Part II: Tyrosine Kinases Inhibitor Therapy

 Tyrosine Kinase Signaling

The amplification of signals into larger biological responses allows cells to respond 
to extracellular and intracellular stimuli by a mechanism called signal transduction 
[37]. Tyrosine kinases and their receptors play central roles in transducing 
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extracellular signals in response to growth factors and cytokines to amplify intracel-
lular adaptation [16, 38]. Ligand binding of tyrosine kinase receptors leads to the 
activation of their intracellular kinase domain, which catalyzes the transfer of phos-
phate residues from adenosine triphosphate (ATP) to tyrosine residues on their tar-
get substrates [39]. These activated substrates translocate to different subcellular 
domains to regulate cell growth, differentiation, metabolism, migration, motility, 
and cell death. Tyrosine kinases are grouped into receptor (RTKs) and nonreceptor 
tyrosine kinases (NRTKs). RTKs are embedded in the cell membrane with an extra-
cellular ligand-binding domain and an intracellular kinase domain that signals to the 
interior of the cell [40]. Conversely, NRTKs are located at various subcellular 
domains within the cell. Together, RTKs and NRTKs mediate transduction of both 
extracellular and intracellular signals, respectively.

 Abnormal Tyrosine Kinase Activity and Signaling in Cancer

Tyrosine kinases are normally quiescent until activated by extracellular ligands 
such as growth factors (e.g., VEGF, PDGF, and SCF) or intracellular stimuli such 
as oxidant stress, which can lead to the activation of NRTKs. Tight regulation of 
tyrosine kinase activity, specifically a balance between phosphorylation and 
dephosphorylation of tyrosine residues by tyrosine kinases and phosphatases, is 
critical for controlling signal timing and duration [37, 38]. The dysregulation of 
tyrosine kinase signaling due to constitutive activation of several tyrosine kinases 
is responsible for tumorigenesis, tumor angiogenesis, and metastasis in cancers 
including breakpoint cluster region-Abelson 1 (Bcr-Abl1) in CML and c-KIT 
and PDGFR-α in gastrointestinal stromal tumor (GIST) [37, 38]. It has been 
estimated that tyrosine kinases are aberrantly activated in a variety of human 
cancers that overexpress VEGF resulting in tumor progression and metastasis 
[37]. With increased tumor burden, existing vasculature becomes insufficient and 
hypoxic conditions stimulate the tumor cells to produce proangiogenic cytokines 
such as VEGF. Some cancers also express the VEGF homolog placental growth 
factor (PLGF), which acts as a ligand for VEGFR-1, while others express FGF 
and PDGF—all of which act, in part, to upregulate the expression of VEGF. The 
importance of the VEGF signaling pathway in cancer pathobiology makes it an 
ideal therapeutic target for reducing cancer growth and metastases. Furthermore, 
almost all the proangiogenic growth factors that were identified in tumor angio-
genesis are ligands of RTKs targeted by TKIs [37].

 Tyrosine Kinase Inhibitors

Tyrosine kinases can be inhibited by monoclonal antibodies or small molecules. 
Small-molecule inhibitors used in cancer therapy are predominantly directed at 
tyrosine kinases, with the serine/threonine kinase superfamily being another 
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target. These small-molecule inhibitors target and block the ATP-binding site of 
both subclasses of tyrosine kinases [11, 37, 38]. Monoclonal antibodies competi-
tively bind to RTKs and prevent activation of kinases [39]. TKIs can directly 
inhibit the trans- autophosphorylation of the intracellular kinase domains as well 
as the phosphorylation and recruitment of downstream signaling proteins, termi-
nating the signaling cascade [37, 38]. Similarly, following cellular entry, TKIs 
block NRTK signal transduction by targeting intracellular kinases. The evolu-
tionarily conserved receptor kinase domains of these small molecules allow them 
to be promiscuous in binding multiple receptors, allowing for a broader range of 
use but also a greater potential for “off”-target effects. Examples of these multi-
targeted TKIs include axitinib, cabozantinib, pazopanib, sunitinib, and sorafenib 
(Table 1) [5, 6]. These drugs have been shown to inhibit many receptors includ-
ing VEGFR-1, VEGFR-2, and VEGFR-3; PDGFR-α and PDGFR-β; FGFR-1, 
FGFR-2, and FGFR-3; c-KIT; interleukin- 2 receptor-inducible T-cell kinase; and 
transmembrane glycoprotein receptor tyrosine kinase [11, 41]. Malignant cells 
can co-opt signaling cascades responsible for increased proliferation and angio-
genesis, along with inhibition of apoptosis through mutations, overexpression, or 
constitutive activation of tyrosine kinase proteins integral to these pathways [42]. 
Broad targeted inhibition of RTKs confers efficacy of TKI’s as cancer drugs, 
however, this lack of specificity is culpable for cardiovascular toxicity and injury 
observed in patients. Below we discuss some of the popular receptor targets for 
TKIs, their roles in normal cardiovascular physiology, and how their inhibition 
can promote cardiotoxicity.

 Tyrosine Kinase Receptors and Cardiomyopathy

 VEGF/VEGFR Signaling

Regardless of the mechanism, there are strong data suggesting that VEGF/VEGFR 
signaling is important for maintaining normal function of ECs, vasculature, and 
cardiomyocytes [37]. VEGFR-1, -2, and -3 are all expressed on ECs, where their 
activation mediate angiogenesis in tissues [37]. In the vasculature endothelium, 
VEGFR-1 and VEGFR-2 activation by VEGF-A and VEGF-B binding increases 
Ras/Raf-1/MEK/ERK, PI3K/Akt, and PLC-γ /IP3/Ca2+ signaling [5]. Increased 
endothelial intracellular signaling triggers a series of phosphorylation cascades, 
which culminates into increased vascular permeability, as well as cell migration, 
proliferation, and survival [5]. Cardiomyocytes express VEGFR-1 and VEGFR-2, 
and their activation plays an important role in the development, maintenance, and 
survival of myocardial endothelial cells and cardiomyocytes [5]. In cardiovascular 
diseases, increased VEGF secretion and cardiomyocyte VEGF/VEGFR signaling 
are essential for responding to myocardial stress and injury [5, 37]. Supporting this, 
cardiomyocytes upregulate the expression of VEGFR-1 and VEGFR-2 in response 
to hypoxia in vitro and in vivo [43]. In a transgenic murine model with VEGFR-1 
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deleted from ECs, increased angiogenesis and cardiomyocyte hypertrophy were 
observed suggesting a role for paracrine signaling or cross between ECs and cardio-
myocytes. Further, VEGF signaling in myocardial remodeling requires a balance of 
VEGFR-1 and VEGFR-2 activation, which respectively block and promote cardio-
myocyte hypertrophy [43, 44].

 PDGF/ PDGFR Signaling

To date, 11 TKIs have been approved by the US Food and Drug Administration 
(FDA) to treat cancers such as chronic myelomonocytic leukemia (CML), GIST, 
and glioblastoma—all of which overexpress PDGFR-α/β [18]. However, PDGFRs 
are ubiquitously expressed on human and mouse cardiomyocytes as well as ECs, 
which suggests that TKI inhibition of cardiomyocyte PDGFR signaling may be one 
of the key pathways responsible for the increased incidence of cardiovascular dys-
function in patients treated with these drugs. While the role of cardiovascular 
PDGFR signaling is still largely unknown, PDGFR has been implicated in regula-
tion of angiogenesis, tissue fibrosis [45–47], and cardiac response to mechanically 
induced pressure overload. In cardiomyocytes, downstream signal transduction cas-
cades affected by PDGFR-β include PLC-γ /IP3/Ca2+ and PI3K/p-Akt pathways 
[45, 48]. Yue et al. found that PDGFR-β signaling is depressed in aging myocar-
dium, while myocyte-specific activation of PDGFR-β-mediated PI3K/p-Akt signal-
ing promotes cardiomyocyte proliferation, cardiac regeneration, and systolic 
function[45]. Mouse hearts with increased left ventricular (LV) pressure overload 
due to transverse aortic constriction (TAC) show upregulated PDGFR-β [5]. In car-
diac-specific PDGFR-β murine knockout models, reduced LV function and reduced 
angiogenesis were observed post TAC in comparison with wild-type mice after TAC 
[49]. Further, the administration of PDGF in rat models improved cardiac function, 
protected cardiomyocytes, and reduced post-myocardial infarction (MI) size [5, 50, 
51]. Inactivation of PDGFR-β signaling, however, leads to cardiac abnormalities, 
including ventricular septal defects, stage-dependent embryonic ventricular dila-
tion, absence of coronary vascular smooth muscle cells, and hypertrabeculation of 
the myocardium[45, 52–56].

 c-KIT Signaling

Dysregulation of c-KIT receptor signaling has been observed in a wide variety of 
cancers including, acute myeloid leukemia, GIST, and small-cell lung cancer [37, 
57]. Small-molecule TKIs that potently inhibit c-KIT in vitro [58] and in vivo [59–
62] include dasatinib, pazopanib, and quizartinib. These drugs markedly disrupt 
hematopoietic progenitor cells, while imatinib, crenolanib, sunitinib, and sorafenib 
have shown moderate and negligible activity against c-KIT in vivo and in vitro [42, 
58]. Insights about how c-KIT inhibition could lead to cardiotoxicity were provided 
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by mouse treatment with a variant of imatinib that does not target ABL kinase but 
retains activity against c-KIT. In the study, the imatinib variant was not associated 
with cardiac dysfunction, suggesting that imatinib-induced cardiotoxicity is medi-
ated by inhibition of the ABL kinase [37, 63], casting some doubt on the role of 
c-KIT inhibition in the development of TKI-induced cardiotoxicity. Notwithstanding, 
it is still possible for drugs like dasatinib and nilotinib, which also target c-KIT and 
are far more potent than imatinib in vitro [42], to mediate cardiac disease via c-KIT 
inhibition.

In cardiovascular biology, c-KIT was initially used as a marker to identify and 
enrich adult cardiac stem/progenitor cells that can differentiate into cardiomyo-
cytes, ECs, and smooth muscle cells in vitro as well as in vivo after myocardial 
injury [18]. However, the expression of c-KIT in cardiac cells declines rapidly from 
embryonic stages and is almost absent in the adult myocardium [64]. A role for 
c-KIT in maintaining the normal cardiac function was demonstrated in a murine 
model with constitutive activation of c-KIT receptor [65]. Here, prolonged c-KIT 
activation was associated with increased cardiac myogenic and vasculogenic repar-
ative potential after injury and significant improvement in survival [65]. In a hetero-
zygous c-KIT mouse model, with one c-KIT allele deleted and the other encoding 
c-KIT with reduced kinase activity, it was demonstrated that reduced c-KIT expres-
sion impaired the homing of bone marrow–derived proangiogenic stem/progenitor 
cells to regions of infarction, which lead to impaired cardiac recovery following MI 
and declined cardiac function with aging [5, 66–69]. Remodeling of the LV archi-
tecture (e.g., LV chamber dilatation and hypertrophy) and LV function (e.g., reduced 
left ventricular ejection fraction (LVEF)) was demonstrated in aging c-KIT mutant 
mice [69]. Notably, in the phase I study, Cardiosphere-Derived Autologous Stem 
Cells to Reverse Ventricular Dysfunction (CADEUCES) [70], the transplantation of 
ex  vivo expanded human c-KIT+ cardiac cells into MI patients resulted in mild 
cardiac functional improvement [64]. Nonetheless, a larger patient population is 
required to further validate the benefit of transplanting cardiosphere-derived cells 
that contain c-KIT+ cells (CADEUCES) [64]. Although the cardiomyogenic poten-
tial of adult c-KIT+ cells is controversial, it is conceivable that in response to car-
diac injury and aging, inhibition of c-KIT activity is linked to cardiac remodeling. 
Moreover, reduced cardiac c-KIT activity may impair normal cardiac response to 
stress in TKI-treated patients. Furthermore, a substantial proportion of patients who 
receive these therapies are at an advanced age with underlying cardiovascular 
comorbidities and may be especially susceptible to an abnormal stress response due 
to c-KIT inhibition.
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 TKI-Induced Cardiovascular Dysfunction

 Hypertension

HTN has emerged as is the most common cardiovascular abnormality observed in 
patients receiving TKIs that target the VEGF/VEGFR signaling pathway with inci-
dence ranging from 1.7 to 80.8% in clinical trials [71–73] (Table 1). Among the 
TKIs that promote de novo HTN in patients are axitinib, ponatinib, pazopanib, car-
bozantinib, and sunitinib, many of which require dose reductions or treatment dis-
continuation because of this [11, 74–80]. Interestingly, HTN has been shown to 
serve as a predictive measure for better outcomes in RCC patients treated with pazo-
panib, axitinib, and sunitinib [11, 74, 75]. The cell signaling pathways mediating 
HTN include reduction in PI3K/Akt [5, 11] and AMPK signaling pathways [16].

Basal VEGFR-2 signaling in ECs increases PI3K/Akt kinase activity and down-
stream vasodilatory nitric oxide (NO), while decreasing the vasoconstrictor, endo-
thelin- 1 (ET-1). As such, TKI inhibition of the VEGFR-2 receptor leads to increased 
production and concentration of plasma ET-1 [81], which can cause sustained vaso-
constriction leading to hypertension [5]. HTN induced by the TKI sunitinib is asso-
ciated with increased circulating ET-1 levels [12]. In addition, the PI3K/Akt pathway 
plays an important role in cell survival and vasodilation resulting from downstream 
NO. Inhibition of VEGFR-2 on ECs by TKIs further diminishes production of NO 
leading to impairment in cardiomyocyte function [82]. Reduced PI3K/Akt signaling 
or PLC-γ /IP3/Ca2+ signaling due to cardiomyocyte VEGFR-2 inhibition may result 
in impaired calcium cycling which alters cardiomyocyte contractility.

Hassinoff et al. first demonstrated the role of AMPK signaling in TKI-induced 
cardiotoxicity (57,58). In the study, sunitinib potently inhibited the enzyme activity 
of AMPK at therapeutically relevant concentrations. However, metformin, an 
AMPK-activating antidiabetic drug did not protect cardiomyocytes from sunitinib 
treatment [83]. Preclinical studies by Kerkela and colleagues also showed that bio-
logically relevant concentrations of sunitinib alters cardiomyocyte metabolism and 
ATP depletion via sunitinib inhibition of activated AMPK in neonatal rat ventricular 
cardiomyocytes and in the heart [15]. Although this group did not report on whether 
sunitinib inhibition resulted in HTN, a recent study by Ren et  al. showed that 
sunitinib- induced HTN is also mediated via regulation of AMPK-mTOR signaling 
and warrants further investigation [16]. Mice treated with sunitinib exhibited dra-
matically elevated blood pressures in comparison with controls [16]. In the same 
study, treatment with the SGLT2 inhibitor empagliflozin ameliorated sunitinib- 
induced HTN possibly through blocking of sunitinib-mediated inhibition of AMPK- 
mTOR signaling [16]. While the findings support that SGLT2 inhibitor therapy 
could possibly be used as cardioprotective approach for cardiovascular complica-
tions among patients receiving sunitinib, these favorable effects require validation 
in clinical trials.

Another hypothesized mechanism for TKI-induced HTN is functional capillary 
rarefaction (i.e., a decrease in perfused microvessels) or anatomic rarefaction (i.e., 
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a reduction in vascular density). Moreover, tissue hypoxia resulting from capillary 
rarefaction contributes to increased total peripheral resistance and afterload, pre-
cipitating the development of HTN [85]. Reduction in global and organ-specific 
capillary density [86] is coupled with impaired angiogenesis, which are directly 
involved in the development of HTN. As previously discussed, VEGF/VEGFR-2 
activation on ECs increases PI3K/Akt signaling that is responsible for EC prolifera-
tion, survival, and angiogenesis. Therefore, prolonged VEGF/VEGFR-2 inhibition 
by TKIs may lead to endothelial dysfunction and regression of capillary networks 
[11]. To date, capillary rarefaction due to VEGF signaling inhibition has been dem-
onstrated in telatinib-treated patients [85]. In a phase I trial using telatinib, a potent 
inhibitor of VEGFR-2, VEGFR-3, PDGFR, and c-KIT, measurements of skin blood 
flux with laser Doppler flow, and buccal mucosa capillary density with side-stream 
dark field imaging were significantly decreased [85]. These findings support that 
TKI-induced HTN occurs via ECs dysfunction due to inhibition of PI3K/Akt sig-
naling promoting regression of capillary networks. Further, it is conceivable that 
HTN observed in patients treated with TKIs is mediated by renal impairment after 
capillary rarefaction in renal glomeruli leading to the activation of the renin- 
angiotensin- aldosterone system (RAAS) and increased secretion of renin from the 
juxtaglomerular apparatus [11]. Increased renin promotes synthesis and release of 
angiotensin II (Ang-II), a potent vasoconstrictor from the adrenal glands leading to 
sustained systemic vasoconstriction. The activation of Ang-II-type-I receptor sig-
naling induces NO synthesis, and subsequent generation of reactive oxygen species 
(ROS) which can precipitate EC damage. To date, however, plasma levels of renin 
are significantly decreased or unchanged in rats and patients treated with sunitinib, 
and coronary microvasculature in these same rodents became less responsive to 
exogenous Ang-II [12]. In human studies, sorafenib did not lead to significant 
changes in serum levels of aldosterone, plasma renin, ET-1, or urotensin II [87]. 
Despite lack of evidence supporting significant increases in RAAS mediators, 
RAAS inhibitors (ACEIs and ARBs) are used to successfully treat hypertensive 
patients with CML undergoing therapy with second- or third-generation TKIs [36] 
and improved survival in patents with mRCC [88, 89]. This confounding evidence 
suggests that the mechanism of TKI-induced HTN may occur through increased 
expression of Ang-II receptors or increased ACE productions and is therefore 
responsible for the cardiovascular protection conferred by RAAS inhibitors. 
Nonetheless, preclinical and clinical studies are required to support this conjecture.

 Arrhythmias

De novo arrhythmias are common among the receptor TKIs that target VEGF/VEGFR 
signaling and include atrial fibrillation (AF), supraventricular tachycardia (SVT), 
bradycardia, and QT prolongation that can lead to life-threatening torsade de 
pointes (Table 1) [5, 11, 86, 90–92]. The pathophysiology of AF is complex, making 
it difficult to confidently ascribe causation which can be multi-factorial in patients 
with cancer. At baseline, arrhythmias can be present in 16–36% of cancer patients 
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supporting a “multiple hit” hypotheses mechanism [93, 94]. Notwithstanding, ibru-
tinib (3.3–13%) [95, 96], nilotinib (0.68–10%), and sorafenib (5.1%) are the most 
common TKIs associated with AF, and sorafenib-induced AF is exacerbated when 
used concurrently with other chemotherapies (Table 1). In a clinical trial, the inci-
dence of AF in patients treated with sorafenib was 5.1% when used in conjunction 
with 5-fluorouracil (5-FU) [5, 63].

Reduction in PI3K/Akt signaling is also a potential mechanism for AF in patients 
taking TKIs or other VEGF inhibitors [97, 98]. In mouse models, altered PI3K/Akt/
Ca2+ signaling pathway underlies the pathogenesis of AF [5, 99]. The PI3K protein 
kinases are critical for cardiac response to stress [100, 101]. Class 1A (PI3Kα) and 
class 1B (PI3Kγ) notably elicit opposing effects on cardiomyocyte health [102, 
103]. Both prolonged engagement and depletion of the PI3Kγ signaling pathway 
result in multiple AEs [104, 105], which are partially attributed to increased Ca2+ 
influx via LTCCs and Akt activity. Differential densities of calcium currents ICa,L 
were observed in mouse ventricular myocytes lacking PTEN (PTEN−/−), PI3Kγ−/−, 
and PI3Kγ compared to controls in response to stress/stimuli [103, 105]. 
Pharmacological stimulation of β2-adernergic receptor in the PI3Kγ−/− model led to 
increased ICa,L densities as well as Ca2+ spark resulting in fatal arrhythmias [105]. In 
contrast, upregulation of PI3Kγ was observed in wild-type models of TAC-induced 
HF [103, 106]. Recently, Garnier et al. published atrial genetic mapping of patients 
with AF showing upregulation and increased expression of PI3Kγ. Thus, in excit-
able cells, dysregulation of PI3Kγ and PI3Kγ-mediated Ca2+ channels trafficking is 
associated with arrhythmia and HF [107]. Furthermore, developmental or adult loss 
of PI3Kα/β results in severe Ca2+ handling abnormalities, HF, and death [108], 
which is due to the role of PI3K α/β signaling in maintaining T-tubule architecture. 
Appropriate LTCC localization and organization at the T-tubules are essential for 
the rapid and synchronous Ca2+ release in response to APs, promoting coordinated 
contraction [108]. Of note, PI3Kα/β signaling mediates proper localization of JPH-2 
(junctophilin-2). Supporting this, double PI3K knockout myocytes had less JPH-2 in 
T-tubule networks [108]. Genetic studies also demonstrated that constitutive activa-
tion of PI3Kα in the heart resulted in increased number of myofilaments and thicker 
myofibrils, compared to dominant-negative PI3Kα hearts, which display fewer 
myofilaments and thinner myofibrils [109]. In another study, mice expressing a 
dominant-negative PI3K mutant with reduced activity developed AF, while increased 
PI3K activity reduced atrial fibrosis and improved conduction [5, 99].

Studies in human atrial tissue supports a link between reduced PI3K activation 
and AF susceptibility [99]. For example, Pretorius et  al. observed reduced PI3K 
activity in human atrial appendages isolated from AF patients compared to append-
ages from patients in sinus rhythm [99]. In addition to cardiac signaling, TKI- 
induced AF may be potentiated by other myocardial toxic effects and dysfunction. 
For example, LV contractile dysfunction or hypertension may create a substrate for 
arrhythmia.

QT interval prolongation occurs more often with vandetanib (7–18%), lapatinib 
(6.1–16%), nilotinib (~1–10%), and vemurafenib (1.5–34.3%) TKIs [13, 91, 92, 
110–112]. Less incidence of QT prolongation has been observed in patients treated 
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with pazopanib and axitinib [110]. Cancer patients are at an increased risk of devel-
oping QT interval prolongation due to older age, underlying disease, and concomi-
tant medications. Incidence of QT interval prolongation in patients taking vandetanib 
alone was between 8% and 11% versus 1.2% in controls, and increased to 22% in 
patients treated with vandetanib plus other chemotherapy [6]. Analogous to other 
kinds of drug-induced arrhythmias, TKI-induced arrhythmia is predominantly asso-
ciated with ion channel inhibition, electrolyte imbalances/derangements, underly-
ing comorbidities and concomitant medications (e.g., antiemetics, cardiac 
medications, antibiotics) [93].

 TKIs and Ion Homeostasis

A growing volume of published literature supports that TKIs induce changes in the 
electrical activity of the heart. TKIs can lead to arrhythmias due to dysregulation in 
ion channels and ion homeostasis [5, 11, 14]. In this section, we will systematically 
discuss recent reports describing the effects of TKIs on cardiomyocyte metabolic 
and signaling pathways involved in ion homeostasis and ion channels’ regulation.

TKI-Mediated Potassium Ion Channel Dysfunction

TKI-mediated changes in cardiomyocyte K+ centers on multiple reports that 
point to TKI inhibition of the KCNH2 (Kv11.1) or the human ether-a-go-go 
(hERG) channel, which regulates K+ efflux out of the cardiomyocyte during 
repolarization and comprises the “rapid” delayed rectifier current (IKr) in intact 
heart myofibers [11, 113]. The integrity of IKr is necessary for repolarization of 
heart tissue in preparation for the next beat, and alterations in IKr reduce K+ efflux 
from the cell leading to QT prolongation. Potent hERG channel inhibitors such 
as vandetanib and lapatinib are commonly associated with QT prolongation [90], 
while dasatinib, sunitinib, and nilotinib [113–116] have been demonstrated to be 
potent inhibitors of hERG channels in vitro. To date, TKI-mediated inhibition of 
hERG channels occurs through inhibition of cardioprotective enzymes B-RAF-1 
and C-RAF-1 leading to the posttranslational modification of hERG channels. 
B-RAF inhibition with increased cyclic adenosine monophosphate (cAMP) sig-
naling promotes protein kinase A (PKA)-induced phosphorylation and inhibition 
hERG channels [11, 117–119]. Hyperphosphorylation of hERG channels reduces 
their ability to open during action potentials (AP) and decreases IKr, which pro-
motes the development of QT prolongation and arrhythmias. These inhibitors are 
also PDGFR inhibitors, which results in reduced PI3K/Akt and Ras/Raf-1/MEK/
ERK pathway signaling [113, 120]. Lu et al. demonstrated that TKI-drug-induced 
long QT interval prolongation can occur through reduction in PI3K/Akt signal-
ing and alterations in multiple ion currents [120]. Suppression of PI3K signaling 
in canine cardiac myocytes by TKIs (e.g., nilotinib) and mouse hearts lacking the 
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PI3K p110α catalytic subunit resulted in prolonged action potentials and QT 
intervals [120].

TKI Dysregulation of Calcium-Mediated Signaling

Calcium (Ca2+) channels are integral to cardiomyocyte depolarization, APs, and 
excitation-contraction coupling. Dysregulation in Ca2+ homeostasis can lead to pro-
longed QT intervals, which predisposes the development of early afterdepolariza-
tions (EADs). Delayed afterdepolarizations are also caused by intracellular Ca2+ 
overload and occurs after repolarization. Demonstrated mediators of TKI-induced 
Ca2+ dysregulation involve increased ROS and Ca2+/calmodulin (CaM)-dependent 
protein kinase II (CaMKII). ROS regulate physiological functions and are by- 
products of metabolism, but at supraphysiologic concentrations, ROS have deleteri-
ous effects including endoplasmic reticulum (ER) and mitochondrial oxidative 
damage leading to impaired Ca2+ handling and cardiovascular injury. CaMKII is a 
multi-functional protein that also plays a role in Ca2+ cycling via the phosphoryla-
tion of multiple proteins such as L-type Ca2+ channels (LTCC), phospholamban, and 
ryanodine receptor 2 (RyR2) [121, 122]. CaMKII can be posttranslationally modi-
fied and activated via ROS-independent phosphorylation at threonine position 287 
by Ca2+/CaM or ROS-dependent oxidation at the methionine 207/208 site [123, 124].

Evidence supporting the link between ROS, CaMKII, and calcium dysregula-
tion has been observed in cardiomyocytes treated with sorafenib. In rat ventricu-
lar cardiomyocytes, Ma and colleagues showed that sorafenib treatment increased 
incidence of preventricular contractions and LVSD secondary to significant 
increases in phosphorylated and oxidized CaMKII, as well as cytosolic and mito-
chondrial ROS [14]. Additionally, they showed that sorafenib dysregulated Ca2+ 
homeostasis that was ablated by the CaMKII inhibitor KN-93 and ROS scaven-
ger, MPG [14]. In another study, McMullen and colleagues demonstrated the role 
of ROS and CaMKII in sunitinib- and imatinib-mediated toxicity in cardiac 
fibroblasts [125]. Oxidized CaMKII as well as cardiac fibroblast mitochondrial 
superoxide production was significantly increased in response to sunitinib and 
imatinib [125], while sunitinib also increased phosphorylated CaMKII [125]. 
Though channel function was assessed in the preceding studies, it is conceivable 
that increased activation of CaMKII and subsequent phosphorylation of cardiac 
LTCC or RyR2 facilitates influx of Ca2+ into cardiomyocytes. The consequence 
of this increased cytosolic Ca2+ may contribute to de novo arrhythmias observed 
in patients undergoing TKI therapy.

TKIs and Sodium Channels: An Unexplored Territory

Literature reports on TKI-mediated ion channel dysfunction are predominantly cen-
tered on potassium and calcium channels. However, TKI-induced arrhythmias via 
changes in voltage-gated sodium channels, especially Nav1.5 encoded by SCN5A 
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gene, are also conceivable. Nav1.5 is essential for cardiac membrane excitability, 
where it is responsible for the initiation of APs and is regulated through phosphory-
lation [126, 127]. Improper inactivation of Nav1.5, however, can lead to an increase 
in late sodium current (INa,L). While late sodium currents are observed under normal 
conditions, pathological increases predispose the development of arrhythmias and 
HF [128]. Notably, perturbations in INa,L during the initial phase of cardiac APs can 
impact other ion channels involved in generating APs.

As previously mentioned, TKIs can lead to significant increases PKA and 
CaMKII kinases. PKA and CaMKII activity are known regulators of Nav1.5, and 
their hyperphosphorylation of Nav1.5 increases INa, L. For example, Hegyi and 
colleagues demonstrated that both activated PKA and CaMKII in response to 
β-adrenergic stimulation can alter INa,L in rabbit ventricular cardiomyocytes 
[129]. Koval et al. first identified increased CaMKII-mediated phosphorylation 
of Nav1.5 at serine position 571 (S571) in vitro and from failing mouse, canine, 
and human hearts [126]. Later, Glynn et al. provided the first in vivo evidence 
that phosphorylation at S571 increases in INa,L, which promoted abnormal repo-
larization, impaired intracellular Ca2+ handling, and increased susceptibility to 
arrhythmia [127]. In the same study, a change in this serine to a glutamic acid E, 
S571E, mimicked hyperphosphorylation of Nav1.5, and an increase in INa,L [127]. 
Electrophysiology and echocardiographic studies revealed that S571E mutation 
led to prolonged action potentials, preventricular contractions, and a significant 
decrease in ejection fraction (EF) and fractional shortening [127]. However, 
these electrical and functional abnormalities were ablated in the presence of INa,L 
blockers such as flecainide and ranolazine [127]. Notably, S571 is required for 
maladaptive remodeling and arrhythmias in response to TAC [127]. PKA and 
CaMKII can also posttranslationally modify other positions in the Nav1.5 chan-
nel protein. Iqbal et al. extensively reviewed these PKA- and CaMKII-sensitive 
positions in Nav1.5 and the reported consequences, as well as other kinases that 
can target Nav1.5 [130]. Overall, these data suggest that Nav1.5 may be a poten-
tial mediator of TKI-induced arrhythmias and that INa, L blockers could serve as a 
possible treatment.

 TKIs and Heart Failure

Functional changes in the heart after TKI treatment range from asymptomatic LVSD 
to cardiogenic shock, HF, MI, and sudden cardiac death (SCD) [91, 93, 131]. In 
clinical trials, a greater than 10% drop in LVEF or an LVEF below 50% in the pres-
ence of heart failure (HF) is among the most important heart-related functional 
changes that occur in response to TKI therapy, leading to treatment discontinuation 
[93]. Sunitinib, axitinib, sorafenib, and vandetanib are most associated with reduced 
LVEF and symptomatic HF [93, 131–133], while dasatinib and bosutinib demon-
strated the highest incidence of HF [91]. In a meta-analysis composed of more than 
10,000 patients from 5 phase II and 16 randomized phase III trials, HF risks with all 
FDA-approved TKIs were evaluated [134]. Ghatalia et al. reported a significant risk 
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(relative risk (RR) = 2.69, p < 0.001) for all grades of HF was observed with TKIs 
that target VEGFR compared to no TKI use [134]. Notwithstanding, this number 
may underestimate the true prevalence of HF with TKI use because patients with 
severe cardiac comorbidities are often excluded from therapeutic trials [11]. When 
comparing more selective TKIs (e.g., axitinib) to nonspecific multi-targeted TKIs 
(e.g., sunitinib, sorafenib, and pazopanib), a similar RR for HF was observed [93, 
134]. In a different study, it was shown that the right ventricle, perhaps due to its 
thinner wall, is more vulnerable to TKI therapy in the absence of pulmonary HTN 
than the left ventricle [135]. These data are inconclusive however, because right- 
sided HF usually goes underreported in clinical trials [136].

TKI-induced HF is hypothesized to occur through dysregulation of several path-
ways involved in pathological survival and abnormal proliferation of cancer cells 
that also regulate the survival of normal cells, including cardiomyocytes. Direct 
inhibition of the Raf/MEK/ERK pathway was shown to mediate sorafenib-induced 
cardiomyocyte apoptosis in rat and zebrafish cardiomyocytes (Fig. 2) [137]. Direct 
inhibition of VEGFR-2/PDGFR-β signaling blockade and downstream inhibition of 
the PI3K/Akt pathway are also implicated in cardiomyocyte apoptosis [5, 11, 138, 
139]. In a preclinical rodent model, constitutive action of Akt in the setting of car-
diac ischemia-reperfusion injury prevented cardiomyocyte apoptosis and improved 
cardiac function [140]. Similarly, in another study, exogenous administration of 
VEGF prevented cardiomyocyte apoptosis and preserved cardiac function [139] 
and contractility [43] possibly through improved VEGF/VEGF-2/PI3K/Akt- 
mediated inhibition of proapoptotic proteins [94]. In addition, animals treated with 
VEGF exhibited diminished fibrosis and increased contractile myocardium after 
infarction [43]. At baseline, Akt activation prevents cardiomyocyte cell death due to 
inhibition of BCL-2-antagonist of cell death (BAD), a proapoptotic protein (Fig. 2) 
[11, 138, 141]. Inhibition of BAD due to reduced PI3K/Akt signaling leads to accu-
mulation of BAD at the surface of the mitochondria, leading to mitochondrial dys-
function and increased cytoplasmic cytochrome C (Cyt C) and caspases 3 and 9 that 
may lead to cardiomyocyte apoptosis (Table 1) [5]. Supporting this, sunitinib was 
shown to also inhibit the ribosomal S6 kinase (RSK1), an integral regulator of cell 
survival via BAD phosphorylation [83]. H9c2 ventricular myoblast cells treated 
with regorafenib resulted in disrupted mitochondrial function, altered mitochondrial 
membrane potential and structure, along with reduced mitochondrial DNA content 
[142]. It is unknown whether inhibition of the PI3K/Akt pathway by TKI-induced 
VEGFR-2 blockade contributes to cardiomyocyte apoptosis and HF in patients 
treated with TKIs and is a potential pathway for investigation [11, 37]. PI3K/Akt 
signaling in the heart is also modulated by several other receptor pathways not 
affected by TKIs; as such, further research should be conducted to determine the 
exact mechanism by which TKI-induced cardiomyocyte apoptosis is required. 
Additionally, the diversified functions of VEGF/VEGFR signaling indicate the 
complex regulation of their downstream signaling cascades.

Another signaling pathway postulated to mediate cardiomyocyte death is the 
AMPK-mTOR pathway [15, 83, 84, 143]. Hasinoff et  al. first demonstrated that 
sunitinib potently inhibits AMPK, leading to cardiotoxic effects [83]. Under normal 
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circumstances, AMPK signaling maintains ATP concentrations for cardiomyocyte 
function. Due to limited energy reservoirs in the cardiomyocyte, ATP depletion can 
rapidly lead to impaired cardiac contractility and cardiac injury. Recently, it was 
demonstrated that sunitinib inhibited the phosphorylation and activation of AMPK, 
which led to cardiomyocyte cytotoxicity in vivo and in vitro along with impaired 
LVEF and LVSD in  vivo [16]. Interestingly, empagliflozin, a selective SGLT2 
inhibitor, ameliorated sunitinib-induced cardiac dysfunction and cardiomyocyte 
death in mice and cell viability in H9c2 cells as evidenced by TUNEL assays [16]. 
Sunitinib also inhibits autophagy through the inhibition of AMPK-mTOR signaling, 
an evolutionarily conserved cellular degradation process with vital roles in both cell 
survival and cell death [16]. Activation of the ER stress response [114] and oxida-
tive stress pathways (i.e., increased caspase-3, p53) [144] due to direct TKI toxicity 
may contribute to cell death and HF. ER stress can occur due to TKI-reduced PLC-γ/
IP3/Ca2+ signaling. Subsequent impaired Ca2+ cycling can lead to mitochondrial 
swelling and dysfunction, increased ROS, and an increased ratio of pro-apoptotic 
BCL-XS to BCL-XL proteins (Fig. 2) [11, 83, 145]. Similarly, mitochondrial dam-
age may lead to ATP depletion, reduced cardiac contractility, and cardiac cell death 
(Fig. 2) [15, 71, 84].

Cardiomyocyte hypertrophy and remodeling is another possible mechanism of 
TKI-mediated HF. As stated above, a balance of VEGFR-1 and VEGFR-2 activation 
on cardiomyocytes is essential for maintaining cardiomyocyte homeostasis [43]. 
Kivela and colleagues demonstrated that bidirectional ECs and cardiomyocyte 
crosstalk is essential for this balance [146]. In the study, deletion of EC VEGFR-1 in 
adult mice increased the coronary vasculature and induced cardiomyocyte hypertro-
phy [146]. Notably, both angiogenesis and cardiomyocyte growth were reversed by 
blocking VEGFR-2 or deleting endothelial VEGFR-2 [146]. These data suggest that 
TKI inhibition of endothelial VEGFR-1 may promote increased signaling through 
VEGFR-2 in the setting of prolonged VEGF exposure, which results in cardiomyo-
cyte hypertrophy and contributes to cardiomyopathy and HF. On the other hand, 
VEGFR-1 activation on cardiomyocytes markedly improves rat cardiac function 
after MI by directly protecting cardiomyocytes from apoptosis and upregulation of 
genes driving compensatory hypertrophic response [43]. As such, TKI-induced 
inhibition of VEGFR-1 may prevent cardiac response to injury and promote the 
development of HF.

Given the lack of kinase selectivity that TKIs exhibit, it is likely that inhibition 
of a wide array of kinases are responsible for the cardiotoxic effects of these drugs. 
Inhibition of FGFR-1 and FGFR-2 signaling in addition to VEGF-signaling inhibi-
tion by TKIs may reduce systolic function. At baseline, FGFR signaling mediates 
cell proliferation, differentiation, survival, and angiogenesis [11, 147–153]. FGF1 
stimulation protects the heart from ischemic disease by inhibiting cardiomyocyte 
apoptosis [150, 154]. Four weeks post injury, this treatment reduces heart scarring 
and wall thinning and markedly rescues cardiac function [151]. Further, transient 
overexpression of FGFR-1 increased cardiac contractility, while chronic expression 
promoted hypertrophy and preserved systolic function [155]. FGF2 regulates 
autophagy and ubiquitinated protein accumulation induced by myocardial 
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Fig. 2 Intracellular signaling pathways mediating tyrosine kinase inhibitor cardiotoxicity. TKI- 
mediated inhibition of VEGFR-2 results in the downregulation of PLC-γ which alters IP3 and Ras/
Raf/Mek/Erk signal transduction cascades. Reduced IP3 contributes LVSD and reduced myocar-
dial contractility, which results from impaired calcium cycling and increased ER stress and 
ROS. Increased Ca2+ and ROS is proposed to activate and increase CaMKII phosphorylation and 
oxidation, respectively, which further promotes dysregulation in Ca2+ homeostasis. Increased 
CAMKII activity was also proposed mediated hyperphosphorylation and activation of Nav 1.5 
sodium channel and increasing late Na+ current (INa

+), which is a harbinger of arrhythmias. 
Increased ER ROS and Mito-ROS may also lead to DNA damage. Reduced Ras/Raf/Mek/Erk 
signaling is also directly affected by PDGFR-β inhibition resulting in decreased cardiomyocyte 
survival, increased apoptosis, and LVSD. Inhibition of PDGFR-β reduces PI3K/Akt signaling and 
upregulates the proapoptotic proteins, BAD and BAX leading to mitochondrial dysfunction, 
release of Cyt C, activation of caspases 3 and 9, ATP depletion, and cell death. AMPK inhibition 
by sunitinib also depletes ATP due to increased energy sink from mTOR and ACC-mediated pro-
tein and fatty acid synthesis, respectively. Loss of ATP contributes to cardiomyocyte injury and 
death. TKIs also directly inhibit myocyte Kv11.1/hERG channels disrupting K+ currents. Inhibition 
of cytoplasmic C-RAF/B-RAF enzymes increases cAMP promoting PKA phosphorylation and 
inhibition of hERG channels, leading to QT prolongation and the development of arrhythmias. 
Other receptors inhibited by TKIs include EGFR. (Created with Biorender.com). Abbreviations: 
ACC acetyl-coenzyme A carboxylase; Akt protein kinase B; AMPK adenosine 5’-monophosphate- 
activated protein kinase; ATP adenosine triphosphate; BAD BCL2-antagonist of cell death; BAX 
BCL2-associated X protein; CaMKII Ca2+/calmodulin-dependent protein kinase II; cAMP cyclic 
adenosine monophosphate; Cyt C cytochrome c; DADs delayed after depolarizations; EGFR epi-
dermal growth factor receptor; elF4E eukaryotic translation initiation factor 4E; Erk extracellular 
signal–regulated kinase 1/2; hERG human ether-à-go-go; IP3 inositol-trisphosphate-3-kinase; 
LVSD left ventricular systolic dysfunction; Mek mitogen–activated protein kinase; mTOR mam-
malian target of rapamycin; Nav 1.5 voltage gated sodium channel isoform 1.5; PDK1 phos-
phoinositide-dependent kinase 1; PI3K phosphatidyl inositol-3-kinase; PLC-γ phospholipase C 
gamma; PKA/C protein kinase A/C; PDGFR-β platelet-derived growth factor receptor; Raf-1 rap-
idly accelerated fibrosarcoma-1; Ras rat sarcoma virus protein; RSK1 ribosomal s6 kinase 1; ROS 
reactive oxygen species; TKI tyrosine kinase inhibitor
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ischemia/reperfusion via the activation of the PI3K/Akt/mTOR pathway [153]. In 
the absence of FGFR-2, researchers observed increased thrombocytosis, poor vas-
cular function, and impaired cardiac response to ischemia [147]. In another study, 
FGFR-2 loss ablated physiological hypertrophic response to pressure overload 
[156]. Finally, it is also possible that direct or current inhibition of PDGFR-β and 
c-KIT may disrupt coronary microvasculature by blocking stress-induced coronary 
angiogenesis contributing to TKI-induced HF phenotype [49].

 TKIs and Thromboembolism

Arterial thrombosis (AT) is a less frequent, yet life-threatening TKI-induced com-
plication that results in MI, stroke, and critical limb ischemia. Vascular events, pre-
sumably from prothrombotic complications are most observed with TKIs targeted 
to the VEGFR and Bcr-Abl1 translocation [157]. Of the drugs that target Bcr-Abl1, 
ponatinib and nilotinib have higher rates of acute arterial thrombotic events com-
pared to bosutinib, imatinib, and dasatinib [157]. The wide spectrum of kinases 
inhibited by ponatinib along with its strong activity against all members of the 
VEGF family have raised questions regarding whether these properties contribute to 
the high rate for arterial thrombotic AEs. Although overall rates of AT are lower, a 
meta-analysis of trials with VEGF-targeted agents suggests that VEGF inhibitors 
confers a threefold risk of AT events compared with control subjects [157, 158]. 
Among anti-VEGFRs, sunitinib and sorafenib, which also possess cross-reactivity 
to Bcr-Abl1, PDGF, and FGFR, have highest rates of AT [157]. As such, these drugs 
should be used with caution when treating patients with a history of coronary artery 
disease, previous embolic stroke, or at a high risk of thrombotic events.

While endothelial injury and dysfunction is unlikely the sole cause of TKI- 
related AT events, it is the focus of most research. Potential mechanisms responsible 
for arterial thrombotic complications are suggested to be multi-factorial, involving 
the status of the endothelium, coagulation pathway, fibrinolysis enzymes, and plate-
let adhesion [157]. Loss of EC integrity, injury-coupled hemostasis, and hyperco-
agulability (i.e., Virchow’s triad) contribute to the development of thrombotic 
events. VEGF signaling is important in EC survival and function. Hypoxia induced 
by VEGFR inhibition could also exacerbate the risk for thrombosis via overproduc-
tion of erythropoietin leading to increased blood viscosity and hematocrit [90, 159]. 
VEGF/VEGFR-2/PI3K/Akt/Ca2+ and VEGF/VEGFR-2/PLC-γ/PKC signaling 
pathways are also involved in maintaining balance of prothrombotic or proinflam-
matory effects. Reduced VEGF receptor-mediated signaling leads to reduced acti-
vation of endothelial nitric oxide synthase (eNOS), NO production, and prostacyclin 
(PGI2 a potent platelet inhibitor) via loss of PI3K/Akt and PLC-γ/PKC activity, 
respectively. Together, loss of NO and PGI2 may promote thrombosis in the setting 
of endothelial injury with subsequent coagulation activation [90, 157, 160].

In support, ponatinib was shown to increase platelet adhesion in the presence or 
absence of platelet activation [157] and hyperactive platelets [161]. In situ immuno-
fluorescent imaging of large and small vessels from hyperlipidemic mice with 
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atherosclerosis following 24h exposure to ponatinib revealed markedly increased 
endothelial-associated von Willebrand factor (VWF) multimers, resulting in platelet 
adhesion [162]. TKIs are also implicated in atherosclerotic progression, which con-
tributes to thrombosis. Indeed, nilotinib has been shown to exacerbate dyslipidemia 
and hypertriglyceridemia [163]. Together, this evidence suggests that VWF, hyper-
active platelets, and dyslipidemia may play a role in TKI-mediated atherosclerotic 
progression [164] and could explain mechanisms for worsening atherosclerosis 
reported in patients [157].

 Monitoring and Treatment of TKI-Induced Cardiotoxicity

Management paradigms for TKI-related cardiotoxicity have centered on using anti-
hypertensives to reduce HTN, dose reduction, and/or drug discontinuation [182]. 
ACEIs, ARBs, and non-dihydropyridine calcium channel blockers are usually used 
to treat HTN, while the β-blockers nebivolol and carvedilol have been used to pre-
vent progression of TKI-cardiomyopathy to LV dysfunction [11, 93, 131]. 
Co-treatment of pazopanib plus metoprolol or diltiazem prevented pazopanib- 
related QT interval prolongation [11, 183]. Since there is evidence for reduced 
VEGFR-mediated NO production and disrupted ET-1 and NO balance in TKI- 
induced HTN, NO-producing drugs including isosorbide dinitrate or mononitrate 
and ET-1 receptor blockers may have potential uses [182, 184]. Drug interactions 
between antihypertensives and TKIs should also be taken into consideration. It has 
been shown that cabozantinib and pazopanib are metabolized by the CYP3A4 
enzyme. Consequently, to maintain the therapeutic doses and plasma clearance of 
these drugs, antihypertensive drugs that inhibit CYP3A4 should be avoided 
[11, 182].

Statins and SGLT2 inhibitors also exert cardioprotective effects by thwarting the 
development and/or progression of several cardiovascular diseases [16, 185, 186] 
and can protect the heart from cancer therapy-induced cardiac injury [131]. In ator-
vastatin- and dasatinib-treated H9c2 cardiomyocytes, reduced cardiomyocyte cell 
death and restoration in homeostasis were observed [35]. Hung et al. also showed 
that statins improved overall patient survival [187]. However, a specific role for 
statins in reducing TKI-induced cardiovascular AEs remains to be further investi-
gated [187]. Recently, the SGLT2 inhibitor empagliflozin was shown to ablate 
sunitinib- induced cardiac changes in vivo and in vitro [16]. Further, empagliflozin 
prevented sunitinib-induced HTN and reduced LVEF in vivo and cardiomyocyte 
death and cell viability in vitro [16]. These findings indicate that SGLT2 inhibitor 
therapy serves as a potential cardioprotective approach for combating sunitinib- 
dependent cardiac AEs but requires validation in clinical trials [16].

Arrhythmias in patients on TKIs may be mediated by hERG channel inhibition, 
impaired Ca2+ and sodium homeostasis, and diarrhea. As such, reducing the risk of 
TKI-related arrhythmias requires optimization and monitoring of patient electro-
lytes in conjunction with monthly ECGs prior to and during treatment [11]. Further, 
diuretics and other electrolyte-depleting drugs should be avoided [93, 182, 188]. 
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Echocardiographic monitoring has demonstrated a role in detecting early signs of 
HF in patients taking TKIs [11]. In a retrospective study following TKI-treated 
patients, early changes in left ventricular strain were observed in echocardiograms, 
which may serve as a precursory marker of TKI-induced systolic dysfunction [189, 
190]. Using velocity vector imaging, Moustafa and colleagues also identified early 
subclinical cardiac chamber dysfunction secondary to TKI treatment in patients 
with mRCC [135]. Therefore, close echocardiographic surveillance should be used 
in all patients at interval durations before and during TKI therapy. Furthermore, a 
standardized LVEF cut off for TKI dose adjustment or discontinuation should be 
considered.

Conclusion and Future Directions
The prevalence of TKI-mediated cardiovascular complications remains high and 
can lead to increased comorbidity with HTN as well as life-threatening cardiac 
effects including arrhythmias and HF. An understanding of the intracellular signal-
ing cascades associated with TKI-related cardiotoxicity is critical to understanding 
the clinical cardiovascular sequelae observed with this drug class. Therefore, evalu-
ating the VEGF/VEGFR, PDGF/PGDR, and SCF/c-KIT signaling axes will provide 
important clues toward uncovering the cause of TKI-induced HTN, arrhythmias, 
and HF observed with TKI therapy. Unfortunately, the nature of TKIs and their 
inhibition of numerous signaling pathways make the investigation of the patho-
physiological mechanisms underlying their cardiotoxicity challenging. Further, 
there are no proven strategies or biomarkers that predict TKI-induced cardiac dys-
function. A single approach is unlikely to address this issue. Through interdisciplin-
ary partnerships between cardiologists and oncologists, a standardized algorithm 
for cardiac surveillance should be established for patients on TKI therapy. Clinical 
trials should be designed to explore the utility of concurrent cardioprotective drug 
use with TKIs. Inclusion of patients with cardiovascular comorbidities that better 
reflect the real-world population may also provide insight into the true prevalence of 
TKI-associated cardiac AEs. In addition, further investigation of TKI- mediated 
arrhythmias via disruption of cardiac ion channels (especially Nav 1.5) may provide 
insight into how TKIs promote cardiac arrhythmogenesis. The findings summarized 
in this review demonstrates that further research into the general role of tyrosine 
kinases in cardiac biology is critical for combating chemotherapy-related cardiotox-
icity observed with TKI, toward improving patient safety.

 Part III: Immune Checkpoint Inhibitors

T-cell activation in response to antigen presentation is a critical step in the adaptive 
immune response [191, 192]. Recently, it was discovered that T cells could recog-
nize and mount an immune response against tumor cells [193]. However, tumors 
cells can adapt ways to evade T-cell recognition and destruction by increasing 
expression of programmed cell death receptor 1 (PD-1), programmed cell death 
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ligand 1 (PD-L1), and cytotoxic T-lymphocyte-associated protein 4 (CTLA-4), pre-
venting T-cell activation [193]. To elicit a robust immune response against these 
cancer cells, immune checkpoint inhibitors (ICIs) were developed to sequester 
PD-1, PD-L1, and CTLA-4, thereby preventing tumor-mediated T-cell suppression 
[191, 192]. Though initially designed and approved for the treatment of melanoma 
in 2014, today, ICIs are one of the most efficacious therapeutic agents for an expand-
ing number of advanced cancers including melanoma, RCC, colorectal cancer, non- 
small- cell lung cancer, and urothelial carcinoma (Table  2) [19]. Despite their 
efficacy with durable complete responses, prolonged activation of T cells can result 
in a wide range of systemic adverse events including short- and long-term cardio-
toxicities [194, 195]. While the cardiotoxic profile of ICIs is low (<1%), ICI-related 
cardiotoxicities are often described as fulminant and progress to cardiac death with 
a high mortality rate (>20%) [192, 195–197].

According to the American Society of Clinical Oncology, the incidence of ICI- 
driven myocarditis, pericardial disorders, de novo arrhythmias, and HF was less 
than 0.1%, yet the mortality due to these immune-related AEs (IRAEs) was 27–46% 
[192, 193]. Of note, the observed clinical incidences of the IRAEs are nine to 100 
times higher (0.9–10%) [196, 198]. ICI pharmacovigilance data analysis on cardio-
toxicities reported myocarditis (0.31–1.2%), pericardial disease (between (0.12% 
and 0.46%), arrhythmia (0.14–0.15%), and HF (0.72%). However, D’Souza et al. 
reported an ICI-associated increased relative risk of myocarditis and pericarditis at 
1.8% as well as arrhythmia at 2.9% within 6 months of first dose, while the relative 
risk for HF peaked at 2.5% 1 year post first dose [198, 199]. Additionally, due to a 
highly variable and mutagenic tumor microenvironment, clinicians are turning to 
multi-model and multi-targeted therapies, enabling them to inhibit CTLA-4 and 
PD-1/PD-L1 simultaneously. ICI combination therapy is especially efficacious in 
advanced cancers with low PD-L1 expression, as it induces increased tumor cell 
expression of PD-L1 and T-cell infiltration (Table 2) [200]. This treatment approach 
carries a higher risk of IRAEs and mortality (76%) [189, 191]. While AE rates seem 
low, the growing popularity of these drugs suggests that thousands of patients could 
be impacted. Furthermore, considering the early onset and high mortality rate of 
cardiotoxicities, it is vital to understand the mechanisms via which ICI mediate 
reversible and irreversible cardiac AEs.

 T-Cell Activation and Regulation

In addition to T-cell receptor (TCR) binding of antigens on an antigen-presenting 
cell (APC), T-cell activation requires binding of B7 molecule (CD80/CD86) on 
APC to CD28 receptors on T cells [201, 202]. CD28 binding initiates recruitment 
and activation of T-cell PI3K/Akt intracellular signaling [202], which promotes cell 
cycle progression and proliferation [203]. To regulate immune response under nor-
mal circumstances, CTLA-4 translocates to T-cell surface and competes with CD28 
to bind B7 proteins on the APC in order to block co-stimulation [201]. CTLA-4 is 
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Table 2 FDA-approved ICI therapies, their receptor targets, indications, and incidence of 
cardiotoxicity

ICI Name Target (s) Indications
Cardiotoxicity type 
(rate, %) Reference

Ipilimumab 
(YERVOY)

CTLA- 4 Advanced 
melanoma
Metastatic 
melanoma
Advanced RCC
Metastatic CRC
HCC
NSCLC
Pleural 
mesothelioma

Myocarditisa 
(<0.1–14.60%)
Fatal myocarditisa 
(<0.1%)
Pericardial diseasea 
(<1–8.92%)
Arrhythmia (8.28%)
TS (0.85%)
HF (N/A)
ACS (N/A)
Vasculitisa

[17, 227, 
254, 257]

Pembrolizumab
(KEYTRUDA)

PD-1 Advanced RCC
Cervical Cancer
cHL
Esophageal cancer
Gastric cancer
HCC
Melanoma
Metastatic SCLC
MCC
NSCLC
Refractory PMBCL
SCCHN
TNBC
UC

Myocarditisa 
(0.5–16.10%)
Pericardial diseasea 
(2–8.0%)
Arrhythmiaa (4–6.84%)
TS (0.85 %)
HLM (0.5%)
HF (0.4%)
ACS (N/A)
MIa (2%)
Cardiac tamponadea 
(2%)
Vasculitisa

Cardiac arresta

[17, 227, 
254, 257]

Nivolumab
(OPDIVO)

PD-1 Advanced RCC
cHL
CRC
Esophageal cancer
HCC
HNSCC
Melanoma
Metastatic NSCLC/
SCLC
SCCHN
UC

Myocarditisa 
(<1–13.40%)
Pericardial diseasea 
(14.10%)
Arrhythmia (6.44%)
Ventricular arrhythmiaa 
(1-10%)
TS (0.54%)
HFa (N/A)
ACS (N/A)
AFa (N/A)

[17, 227, 
254, 257]

Avelumab
(BAVENCIO)

PD-L1 Advanced UC
Metastatic UC
Advanced RCC
Metastatic MCC

Myocarditisa (25 %)
Pericardial disease 
(12.5%)
Arrhythmia (12.50%)
TS (N/A)
HF (N/A)
ACS (N/A)
MIa (N/A)
SCDb (1.2%)
CHFb (1.8%)

[17, 227]

(continued)
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Table 2 (continued)

ICI Name Target (s) Indications
Cardiotoxicity type 
(rate, %) Reference

Atezolizumab
(TECENTRIQ)

PD-L1 Advanced SCLC
HCC
Melanoma
Metastatic NSCLC
TNBC
UC

Myocarditisa 
(≤1.0–10.6%)
Pericardial diseasea 
(17%)
Arrhythmiaa (6.38%)
TS (1.06%)
HFa (N/A)
ACS (N/A)
MIa (0.6%)
Cardiac arresta (0.4%)
Prolonged QTa (N/A)
Decreased LVEFa 
(N/A)
VTa (N/A)

[17, 227, 
254, 257]

Cemiplimab PD-1 Advanced SCC Myocarditis (N/A) [254]
Durvalumab
(IMFINZI)

PD-L1 UC
Stage III NSCLC
SCLC

Myocarditisa 
(<1–11.8%)
Pericardial disease 
(11.8%)
Arrhythmia (N/A)
TS (N/A)
HF (N/A)
ACS (N/A)

[17, 227, 
254, 257]

Ipilimumab + 
nivolumab

CTLA- 4
PD-1

Metastatic 
melanoma
RCC

Myocarditis 
(0.27–2.4%)
TS (N/A)

[17, 237, 
257]

Durvalumab + 
tremelimumab

PD-L1
CTLA- 4

Endometrial cancer TS (N/A)
Arrhythmia (N/A)

[17, 237]

Abbreviations: ACS acute coronary syndrome; AF atrial fibrillation; cHL classical Hodgkin lym-
phoma; CHF congestive heart failure; CRC colorectal cancer; HF heart failure; CTLA-4 cytotoxic 
T-lymphocyte-associated protein 4; HCC hepatocellular carcinoma; HLM Hodgkin lymphoma 
myocarditis; LVEF left ventricular ejection fraction; MCC Merkel cell carcinoma; MI myocardial 
infarction; NSCLC non-small-cell lung cancer; PMBCL primary mediastinal large B-cell lym-
phoma; PD-1 programmed cell death receptor 1; PDL-1 programmed cell death-ligand 1; RCC 
renal cell carcinoma; SCC squamous cell carcinoma; SCCHN squamous cell carcinoma of the head 
and neck; SCD sudden cardiac death; SCLC small-cell lung cancer; TNBC triple-negative breast 
cancer; TS Takotsubo syndrome; UC urothelial carcinoma; VT ventricular tachycardia
aIncluded in the Food and Drug Administration label (up to date as of March 2022)
bAdverse effects in combination with the tyrosine kinase inhibitor, axitinib

expressed on all regulatory T cells (Treg) as well as differentiated helper (CD4+) and 
cytotoxic (CD8+) T cells, with differential expression rates stimulated by the host 
environment [22, 204]. CTLA-4 effectiveness in cancer management [200] is cred-
ited to CTLA-4’s ability to compete with T-cell co-stimulators at immune check-
points [200]. CTLA-4 competition results in reduced T-cell proliferation, 
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angiogenesis, and cytokine secretion via inhibition of PI3K/Akt signaling and 
nuclear transcription factor (NF-κB) pathways [202, 205, 206]. Ipilimumab is the 
first and only FDA-approved anti-CTLA-4 ICI therapy on the market, with indica-
tions for advanced melanoma, renal cell carcinoma, and metastatic colorectal cancer.

PD-1 is expressed on activated T cells as well as B cells, and thus has a broader 
inhibitory capacity compared to CTLA-4 [202]. After T-/B-cell activation, PD-1 
expression is upregulated. Conversely, PD-L1 is expressed on multiple cell types 
including T/B cell, Treg, APC, tumor cells, and many more [207]. PD-1 activation 
reduces PI3K/Akt signaling and inhibits cellular proliferation, angiogenesis, and 
cytokine secretion [200, 202, 208]. There are three FDA-approved anti-PD-1 phar-
maceuticals (pembrolizumab, nivolumab, and cemiplimab) and three approved anti- 
PD- L1 pharmaceuticals (atezolizumab, avelumab, and durvalumab), which are 
prescribed as agents for advanced cancer management [200]. In one study, anti-PD-
 L1 drugs demonstrated better efficacy compared to anti-PD1, due to increased 
ligand blocking versus receptor blocking [199]. Life-threatening consequences of 
releasing the brakes off the immune regulators (i.e., CTLA-4, PD-1, and PD-L1) 
include unregulated systemic AEs and organ-specific toxicities, especially short- 
and long-term cardiotoxicities [194, 195, 209].

 Mechanisms of ICI-Mediated Cardiac Disorders

ICIs enhance activation and maintenance of T cells by launching a robust immune 
response against advanced cancers. However, increased T-cell PI3k/Akt signaling, 
maturation, proliferation, and angiogenesis are not limited to the cancer microenvi-
ronment. Specifically, activation of myocardial T-cell populations or increased infil-
tration of activated T cells in the myocardium can promote cardiac inflammation, 
dysfunction, and injury (Fig. 3). Moreover, both mouse and human cardiomyocytes 
express CTLA-4 and PD-1 receptors and PD-L1 ligands, which can be directly 
inhibited by ICI exposure [22, 207]. However, despite increases in ICI-induced 
myocardial diseases, there is limited knowledge of pathological mechanisms and 
consequences of blocking cardiac CTLA-4, PD-1, and PD-L1. Furthermore, pre-
clinical studies designed to recapitulate clinical manifestations of ICI-induced AEs 
have produced mixed results. Despite observations of overt cardiomyopathy in 
PD-1 knockout mice [210–212], researchers have had difficulty instigating cardiac 
inflammation with only PD-1/PD-L1 antibodies. Direct ICI-mediated inhibition of 
cardiomyocyte CTLA-4 and PD-1 receptors can result in increased localized activa-
tion of PI3K/Akt signaling pathways. A consequence of increased PI3K/Akt signal-
ing is impaired calcium handling and cardiac remodeling, which contribute to the 
development of arrhythmias and HF (Fig. 3) [103, 216]. Lymphocytic infiltration in 
the myocardium and pericardium is associated with myocarditis and pericarditis 
[217], while increased exposure to systemic and localized cytokines is associated 
with multiple cardiovascular disorders resulting in HF [218, 219].
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Fig. 3 Proposed mechanisms of ICI-mediated cardiotoxicity. Immune checkpoint inhibitors (ICIs) 
act to prevent T-cell exhaustion by blocking the binding of co-inhibitor receptors (B7 or PD-L1 
ligand) on antigen-presenting cells (APCs), dendritic cells, and tumor cells to activated T cells (via 
CTLA-4 and PD-1 receptors, respectively). ICIs are monoclonal antibodies that bind to CTLA-4, 
PD-1, and/or PD-L1. While blocking these interactions between tumor cell and T cell promotes 
T-cell-mediated cytotoxic killing of tumor cells, several hypotheses have been proposed to explain 
ICI-associated cardiotoxicity including inhibition of myocardial PD-1 and CTLA-4 receptors. First 
(1), direct binding of ICIs to CTLA-4, and PD-1 receptors expressed on normal cardiomyocytes 
lead to dysregulated PI3k/Akt/Ca2+ signaling, reduced SHIP-2 phosphorylation, and subsequent 
increases in Akt. Increased cardiac Akt activity has been linked to increased remodeling of T-tubules 
including increased LTCC channel mislocalization, JPH-2 and T-tubule disorganization and devel-
opment of arrhythmias. Increased Akt activity can also promote apoptosis. Second, increased T-cell 
infiltration of cardiac tissue due to reduced activation threshold for self-reactive T cells (2). 
Inhibition of immunologic checkpoints may dampen normal regulation of autoimmune process 
leading to nonspecific T-cell recognition and cytolysis of normal body cells, where damage of endo-
thelial cells results in vasculitis or atherosclerosis and myocardial and/or pericardial attack leads to 
myocarditis and pericarditis. In final, there is evidence to suggest that increases in systemic proin-
flammatory cytokines promote increased T-cell infiltration and increase likelihood of T-cell interac-
tion with cardiac antigens precipitating pericardial and myocardial disease. Finally, antigen 
cross-reactivity is also another proposed mechanism. Ordinary cardiomyocytes and tumor cells may 
also share or possess homologous antigens, which can be recognized and activate T cells. (Created 
with Biorender.com). Abbreviations: APC antigen-presenting cell; AKT protein kinase B; B7 inte-
gral membrane protein B7; CD28 cluster of differentiation 28; CTLA-4 cytotoxic T-lymphocyte-
associated protein 4; INFy interferon gamma; IL-6 interleukin 6; IL-17 interleukin 17; JPH-2 
junctophilin 2; LTCC L-type calcium channels; mTORC1 mechanistic target of rapamycin complex 
2; p phosphate; PD-1 programmed cell death protein 1; PDK1 phosphoinositide- dependent kinase1; 
PD-L1 programmed cell death protein ligand 1; PP2A protein phosphatase 2A; PTEN phosphatase 
and tensin homolog; MHCII major histocompatibility complex class II; p85 phosphoinositide 
3-kinase subunit 85; p110 phosphoinositide 3-kinase subunit 110; RTK receptor tyrosine kinase; 
SHP-2 Src homology region 2; TCR T-cell receptor; Teffector effector T cells; Treg regulatory T cell; 
ZAP70 zeta chain of T-cell receptor associated protein kinase 70
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 Arrhythmias

Arrhythmias are rarely reported in patients with ICI therapy (Table 2). Despite low 
incidence in clinical trials, real-world data suggest the incidence of these AE is 
much higher than expected and are likely to increase as use of these drugs continues 
to dominate the landscape. Pharmacovigilance analysis reported that 0.97% of the 
ICI-mediated AEs are arrhythmogenic in nature including supraventricular arrhyth-
mias (0.71%), conductive disorders (0.12%), QT prolongation (0.07%), and ven-
tricular arrhythmias (0.07%) [196]. In a multi-center study investigating the 
cardiotoxicities associated with ICI mono/combination therapy, AF was reported in 
three of the eight case studies [220]. ICI-associated arrhythmias in a 30-patient 
study reported incidences of AF, ventricular arrhythmia, conduction disorders, and 
Takotsubo syndrome at 30%, 27%, 17%, and 14% of patients, respectively [221]. In 
this cohort, 80% of the cardiovascular mortalities associated with conduction abnor-
malities were in patients with exposure to combination therapy [221]. Indeed, sev-
eral case studies assessing incidences of major adverse cardiac events or myocarditis 
provide support for increased risk of arrhythmias in patients with combination ther-
apy [198, 213, 214, 222].

While it is unknown whether arrhythmias are a primary IRAE of ICI exposure or 
secondary to myocarditis, the mechanisms for ICI-mediated arrhythmias includes 
altered PI3K/Akt/Ca2+ signaling, as previously discussed in TKI section, and direct 
inhibition of CTLA-4 receptors expressed on cardiomyocytes [223]. It is hypothe-
sized that arrhythmias are triggered due to inhibition of cardiac CTLA-4, which 
interacts with the tyrosine phosphatase SHP-2 and serine/threonine phosphatase 
(PP2A) proteins responsible for the dephosphorylation and inactivation of Akt [203, 
224, 225]. Therefore, direct inhibition of cardiomyocyte CTLA-4 by ICIs may also 
increase activation of Akt without changes to PI3K activation, contributing to car-
diomyocyte dysfunction. In line with this, CTLA-4+/- plus PD-1-/- mouse model 
electrophysiological studies revealed arrhythmias [226].

 Myocarditis and Pericarditis

Myocarditis and pericardial disease are the two most common cardiotoxicities asso-
ciated with ICI therapy [193, 196, 227, 228], and patients with previous history of 
diabetes, cardiac disease, and autoimmune disease also have increased risk of auto-
immune myocarditis [214, 229]. In clinical trials, the prevalence of myocarditis is 
highest with combination therapy (1.33%) followed by anti-PD-1/PDL1 monother-
apy (0.32–41%) and lowest in anti-CTLA-4 (0.07–0.27%) [193, 196]. However, 
these numbers are underestimated due to lack of routine diagnostic imaging and 
cardiac monitoring, as well as exclusion of patients with underlying diseases [212]. 
ICI-associated myocarditis also has the highest reported mortality rate ranging from 
39.7% [17] to 42.1% [230] within a median time of ~30 days from symptom onset 
to death (Table 2) [196]. Pericardial disease prevalence is lower than myocarditis 
(0.36% in combination therapy to 0.16% with anti-CTLA-4 alone) [196]. Despite 
differences in incidence rates, there are strong mechanistic overlaps centered on 
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reduced self-tolerance, infiltration of activated T cells, and subsequent cytokine 
release [217, 227, 231, 232].

In ICI-mediated autoimmune myocarditis, several mechanisms have been dem-
onstrated in preclinical and clinical studies. In preclinical studies, knockout of 
PD-1 in the autoimmune susceptible MRL mouse strain resulted in fatal myocardi-
tis associated with increased auto antibodies against cardiac myosin, cardiac dila-
tion, T-cell infiltration, and increased PD-L1 expression on cardiomyocytes [210, 
212]. This finding is supported by poor tolerance of ICI therapy in patients with 
preexisting autoimmune diseases [212, 213]. While these patients were absent from 
immunotherapy clinical trials, ongoing trials (NCT03816345) will aid in further 
elucidating the safety of ICIs such as nivolumab in patients with a variety of autoim-
mune diseases [212]. In a model of CD8+ T-cell-mediated myocarditis, Grabie and 
colleagues showed that myocardial PD-L1 is predominantly localized on the myo-
cardial endothelium and is responsible for immune-mediated cardiac injury and leu-
kocyte inflammation [233]. Furthermore, inhibition of PD-L1  in this model 
converted transient myocarditis to lethal disease.

Another study revealed that pressure overload disrupts cardiac immune cell tol-
erance allowing for cardiac self-antigens on MHCI receptors to induce T-cell cyto-
toxic immune responses [220, 227] and provides support for a mechanism in which 
massive cytokine production by activated T cells negatively impacts LV function 
[234]. Histopathology of myocardial biopsies and autopsies in ICI-exposed patients 
have confirmed increased cytotoxic CD8+ T-cell infiltration [222] and macrophages 
[215]. Similarly, anti-mouse PD-1 inhibitor promoted M1 macrophage polarization 
and cardiac injury by modulating the microRNA-34a/Kruppel-like factor 4- signaling 
pathway and inducing myocardial inflammation [235]. The increased myocardial 
and pericardial infiltration of cytotoxic T cells was observed in multiple CTLA-4 
and PD-L1 knockout mice models, which developed severe or fatal myocarditis [17, 
217, 232], and is reinforced by similar findings in cynomolgus monkeys undergoing 
combination therapy with ipilimumab and nivolumab [236]. Furthermore, a shared 
antigen homolog between tumor cells and skeletal muscle tissue was found to be 
present in T-cell-infiltrated cardiomyocytes of patients with myocarditis diagnosis 
[213]. Laubli and colleagues supported this finding, demonstrating that the lineage 
of the cardiac infiltrating T cells are the same as tumor infiltrating cells [215]. Thus, 
there is a breakdown in cardiac and tumor immune tolerance due to CTLA-4 and 
PD-1 inhibition as well expansion of T cells targeting a mutually expressed anti-
gen [227].

Additionally, immature but antigen-specific T cells play a role in the pathogen-
esis of myocarditis [237]. For instance, cardiac α-myosin heavy chain peptides can 
induce and activate T-cell clones that escape selection to destroy cardiac tissue 
(Fig.  3) [238]. Studies in retinoic acid receptor-related orphan nuclear receptor 
(RORγT)-deficient mice (Rorc−/−) demonstrated resistance to myocarditis, implying 
that T helper 17 (Th17) cells are pathogenic in this model [239]. Notably, Th17 cell- 
induced myocarditis was mediated by IL-6 [240, 241]. A significant association 
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between circulating IL-6 levels and development of HF was described in a study 
with 961 patients [241]. A study examining the tissue and serum of patients with 
myocarditis reported a critical role for IL-17, a cytokine produced by Th17 cells 
[240]. Here, Th17 cells production of IL-17A induced cardiac fibrosis, which was 
required for myocarditis to progress to dilated cardiomyopathy [240]. Furthermore, 
increased serum concentrations of IL-17 and Th17 have been reported with ICI 
therapy [242].

Systemic inflammation along with tissue damage was found at autopsy in a small 
sample of melanoma patients who were exposed to ICIs [243, 244]. Significantly 
elevated inflammatory markers like NF-kB (11.1% vs. 5%, p < 0.005) have been 
reported in cardiac tissue biopsies from patients with myocarditis [245]. NF-kB 
activation is an important regulator of proinflammatory cytokines IL-1 and IL-6 
[246], and prolonged exposure of cardiomyocytes to NF-kB results in chronic 
inflammation and cardiac tissue damage.

 Heart Failure

The incidence of HF with ICI therapy ranges from 0.72% [196] to 83% [221]. 
Mechanistically, ICI-related HF is likely multi-factorial, including increased circu-
lation cardiac troponin (cTnI), along with increased myocardial levels of activated 
PI3K/Akt, NF-kB, IL-6 and T-cell infiltration, all of which are associated with car-
diac remodeling and HF development [211, 216, 247]. Recent approval of TKI and 
ICI combination therapies (cabozantinib plus nivolumab, axitinib plus pembroli-
zumab, axitinib plus avelumab, lenvatinib plus pembrolizumab) also raises concern 
for synergistic cardiotoxic side effects. HF and sudden cardiac death were observed 
in PD-1-/- mice, suggesting that the immune inhibitors play a critical role in main-
taining normal cardiac function [248]. In preclinical studies, BALB/c mice lacking 
PD-1 developed overt dilated cardiomyopathy, reduced cardiac function, and anti-
body deposition on cardiomyocytes [248]. Later, it was demonstrated that autoanti-
bodies against cTnI are responsible for dilated cardiomyopathy in PD-1-deficient 
mice [211]. Furthermore, Okazaki et al. showed that administration of monoclonal 
cTnI antibodies promoted cardiac dilatation and dysfunction in wild-type mice and 
augmented the voltage-dependent L-type Ca2+ current. PI3Kγ deficiency has dem-
onstrated cardio protection against isoproterenol-induced HF [249], while overacti-
vation of PI3Kγ activates PI3Kα and induces cardiac hypertrophy and MI [125]. In 
addition, overexpression of Akt and mTOR in transgenic mice results in increased 
cardiomyocyte size, reduced cardiac output, hypertrophy, and ischemia [250]. In 
another study, moderate Akt and mTOR activity was cardioprotective, via reduction 
in apoptosis.

T-cell infiltration can also mediate ICI-related HF. In LV tissue isolated from 
nonischemic end-stage HF patients, a significant number of T cells can be found 
adhered to vascular ECs [218]. T-cell infiltration in the LV is also associated with 
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LV myocyte hypertrophy and fibrosis [218]. In T-cell depletion models (TCRα−/− 
and pharmacologically depleted T-cell mice), induction of LV pressure overload 
resulted in significantly reduced LV fibrosis, improved LV function, and reduced 
HF [218]. The authors concluded that LV recruitment of activated T cells in the set-
ting of pressure overload contributes to myocardial dysfunction, remodeling, and 
ultimately HF [251]. Furthermore, higher numbers of circulating T cells and effec-
tor T-cell subsets have been observed in human and mice models with LV pressure 
overload [251]. There is evidence to suggest regulatory/effector T-cell imbalance as 
a marker of myocardial dysfunction and remodeling in HF. CD3+ T cells isolated 
from patients with severe HF demonstrated increased adhesion to cardiac ECs, sug-
gesting the mechanism of increased T-cell recruitment to the myocardium in HF 
[218]. Additionally, direct inhibition of CTLA-4 may also cause HF. In a case- 
control study with ~2000 patients, a CTLA-4 polymorphism resulted in reduced 
CTLA-4 function and significantly increased risk of HF [23]. Finally, one prevailing 
hypothesis for the incidence of HF with ICI exposure is exacerbations of preexisting 
cardiovascular dysfunction, genetic predisposition, chemotherapy, or radiation 
[252]. The above evidence suggests that ICI-associated HF is a result of multi- 
factorial dysregulation of cardiac tissue environment.

 Monitoring and Treatment of ICI-Associated Cardiotoxicity

Currently, elevated cardiac troponin has shown to be the most reliable marker for 
ICI-related myocarditis with a sensitivity of 94–97% and a high specificity. However, 
management challenges can occur in cases of subclinical myocarditis, where 
patients can have asymptomatic increases in cardiac troponin. As such, Bonaca 
et al. developed a new approach for diagnosing ICI-associated myocarditis, which 
incorporates cardiac MRIs and biopsies [253]. Recently, Stein-Merlob and col-
leagues also documented a proposed algorithm for treating ICI-myocarditis [254]. 
While echocardiograms are routinely employed to assess LV function in suspected 
cases of cardiotoxicity, decreased LVEF was reported in only 40–49% of the patients 
with myocarditis diagnosis [246]. Thus, a cardiac MRI along with close monitoring 
of cardiac troponin would better detect myocarditis [191]. Corticosteroids, includ-
ing glucocorticoids and prednisone, are the conventional pharmacological agents 
prescribed to manage myocarditis in patients with elevated troponin and/or 
decreased LVEF [227, 234, 254–256]. While the use of immunosuppressive agents 
has shown limited success in managing either ICI-mediated myocarditis or pericar-
dial disease [227, 256, 257], recently, the use of infliximab, anti-thymocyte globulin 
ATG, or intravenous immunoglobulin has shown some success with ICI-mediated 
HF management [227, 256, 257].
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Conclusion and Future Directions
Immune checkpoint inhibitors have only been in clinical use for about a decade, and 
all long-term complications and organ toxicities remain unknown. However, life- 
threatening cardiac AEs must be addressed. ICI use promotes increased circulation 
and infiltration of effector T cells that are not limited to the tumors they treat. The 
evolving and resistant tumor microenvironment further increases the use of combi-
nation ICI therapy, which can be more cardiotoxic than ICI alone. As such, further 
examination of the mechanisms involved in provoking an ICI-associated and height-
ened autoimmune response toward the myocardium is necessary to combat these 
effects. Furthermore, clinical management strategies, such as preventive prophy-
laxis as well as cardiovascular monitoring in patients with ICI therapy, must be 
developed.

 Part IV: CAR T-Cell Immunotherapy

Chimeric antigen receptor (CAR) T-cell therapy has revolutionized cancer treat-
ment for highly clonal neoplasms such as lymphoma, leukemia, and myeloma 
(Table 3). Currently, there are four FDA-approved CAR T-cell therapies (tisagenle-
cleucel, idecabtagenevicleucel, axicabtagene ciloleucel, and brexucabtagene auto-
leucel) with over than a hundred more being developed in clinical trials [258, 259]. 
Tisagenlecleucel, axicabtagene ciloleucel, and brexucabtagene autoleucel target the 
CD19 antigen (Table 3), which is frequently overexpressed in a variety of B-cell 
malignancies. These three drugs have improved clinical outcomes for pediatric and 
adult patients with relapsed or refractory (r/r) B-cell acute lymphoblastic leukemias 
(B-ALL), subtypes of non-Hodgkin lymphoma, and mantle cell lymphoma [260]. 
Antigen recognition and activation by CAR T-cells promote the release of proin-
flammatory cytokines (Fig. 4) (interferon gamma (IFNγ); interleukin-1, interleukin-
 2, interleukin-6 (IL-1, IL-2, IL-6); and tumor necrosis factor alpha (TNFα)) to 
induce a cytotoxic response against cancer cells. These cytokines promote an 
immune response via T-cell proliferation and differentiation, along with the recruit-
ment and activation of macrophages and monocytes [29, 261]. The robust immune 
response is responsible for targeted destruction of cancer cells by CAR T cell with 
unparalleled response rates ranging from 50% to 93% in the r/r setting [29, 262–
264]. Despite their ability to reduce mortality, adverse cardiovascular events and 
cytokine release syndrome (CRS), the most prevalent side effect reported in 70% to 
90% of patients with increasing severity [29, 260–264], are common. Continued 
and sustained release of these cytokines due to lack of regulation by costimulatory 
receptors leads to supraphysiologic levels of inflammatory cytokines and the devel-
opment of CRS (Fig. 4) [261]. CRS may present in patients as mild to moderate 
(grades 1–2) or develop life-threatening symptoms (grades 3–4), and severe symp-
toms have been reported between 14% and 27% of patients [265–267].

While there is limited information on cardiotoxicity associated with CAR T-cell 
therapy, it is hypothesized that CAR T-cell-mediated cardiac AEs are associated 
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Table 3 Currently FDA-approved CAR T-cell therapies, their receptor target, and incidence of 
cardiotoxicity

Agent(s) Target
CRS 
(%)d

Drug-specific 
cardiovascular toxicity

Reported 
incidence (%) Reference(s)

Tisagenlecleucel
(KYMRIAH)

CD19 45–79% Hypotensiona (RIS)c

Hypertensiona

Tachycardiaa

Arrhythmiaa,b

LVSD
Cardiac arresta

HFa

26–33% 
(9–17%)
2–19%
4–26%
6–30%
4.0%
4.0%
2.7–7%

[30, 262, 
263]

Axicabtagene 
ciloleucel
(YESCARTA)

CD19 84–96% Hypotension (RIS)c

Hypertensiona

Tachycardiaa

Arrhythmiaa,

Cardiomyopathy
Cardiac arresta

HFa

38–59% (14%)
15%
39–57%
21–23%
2%
1–4%
2–6%

[29, 30, 267]

Brexucabtagene 
autoleucel
(TECARTUS)

CD19 91% Hypotension (RIS)c

Hypertensiona

Tachycardiaa

Bradycardiaa

Arrhythmiaa

Cardiac arresta

HFa

Palpitationsa

Prolonged QTa

51–57% (22%)
18%
31–63%
10%
10–15%
N/A
4%
3%
N/A

[30, 264, 
267]

Idecabtagene 
vicleucel
(ABECMA)

BCMA 76– 85% Hypotensiona

Hypertensiona

Tachycardiaa

Atrial fibrillationa

Cardiomyopathya

17%
11%
19%
4.7%
1.6%

[267]

Lisocabtagene 
maraleucel
(BREYANZI)

CD19 46% Hypotensiona

Hypertensiona

Tachycardiaa

Arrhythmiaa

Cardiomyopathya

HFa

Cardiac arresta

22–26%
14%
16–25%
<1–6%
<1–1.5%
N/A
N/A

[267]

Abbreviations: BCMA B-cell maturation antigen; CD19 B-lymphocyte antigen CD19; CRS cyto-
kine release syndrome; HF heart failure; LVSD left ventricular systolic dysfunction; N/A not appli-
cable; RIS required inotropic support
aIncluded in the Food and Drug Administration label (up to date as of March 2022)
bArrhythmia includes atrial fibrillation, supraventricular tachycardia, ventricular extrasystoles
cValues in parenthesis represents the percentage of total patients in requiring inotropic support 
(RIS) due to diagnosis of hypotension or shock in clinical trials
dThere is heterogeneity in the CRS grading system used in clinical trials. Tisagenlecleucel trials 
follow Penn Criteria of CRS grading, while the Lee Criteria for CRS grading was used for axi-
cabtagene ciloleucel, brexucabtagene autoleucel, idecabtagene vicleucel, and lisocabtagene 
maraleucel
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Fig. 4 Mechanisms and signaling pathways mediating the development of systemic CRS and 
CAR T-cell cardiotoxicity. At lymph node tumor sites, autologous CART cells encounter and rec-
ognize tumor antigens on CD19 positive cancer cells, leading activated T-cell release of cytolytic 
granules (i.e., granzymes and perforins) that promote tumor cell lysis and death. At the tumor site, 
macrophages can also interact with activated T cells via CD40L to CD40 binding. This binding 
promotes the release of INFy, TNFɑ, GM-CSF, and activation of macrophages. Activated  
macrophages release proinflammatory cytokines (IL-1, IL-6, TNFɑ, INFy, iNOS), which  
mediate increases monocyte recruitment from blood and into myocardial tissue. Unchecked  

(continued)
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Fig. 4. (continued) overstimulation of immune cells also precipitates supra-physiologic increases 
of cytokines and development of CRS. Elevated blood cytokines levels increase membrane perme-
ability and vascular leak causing fever, hypotension, hypoxia, multi-organ toxicity and cardiac 
dysfunction including tachycardia, myocarditis, de novo arrythmias, HF, and sudden cardiac death. 
There is evidence to suggest that direct activation of IL-1, IL-6, and TNFɑ signaling in cardiomyo-
cytes may also promote perturb Ca2+ homeostasis leading to impaired cardiac contractility and 
cardiac remodeling. Activation of TNFR1 and TNFR2 may precipitate caspase-mediated apopto-
sis, increased NO, increased mitoROS, and reduced SR Ca2+ uptake. IL-1 activation of cardiomyo-
cyte IL-1R1signaling reduces ß-adrenergic signaling, LTCC ICa

2+, and SR Ca2+ cycling. Both 
cardiomyocyte IL-1R1 and TNFR2 activation can also promote NFkB-mediated increases tran-
scription of inflammation genes. Finally, increased cytokines can also elicit a decrease in connexin 
protein (CX43/CX40) expression, which contributes to the development of arrhythmias. T-cell 
infiltration of the myocardium can also promote direct antigen cross-reactivity with cardiac self-
antigens. (Created with Biorender.com). Abbreviations: AF atrial fibrillation; AKT protein kinase 
B; AP-1 activator protein 1; ASK1 apoptosis signal–regulating kinase 1; CAR chimeric antigen 
receptor; CD19 cluster of differentiation 19 receptor; CD40 cluster of differentiation 40; CD40L 
cluster of differentiation 40 ligand; c–Jun Jun proto–oncogene; CRS cytokine release syndrome; 
CX43 connexin 43; CX40 connexin 40; DAMPS damage–associated molecular patterns; ERK 
extracellular signal–regulated kinase 1/2; ECM extracellular matrix; INFy interferon gamma; 
gp130 glycoprotein 130; IL–1 interleukin–1; IL–1R1 interleukin 1 receptor type 1; IL–6 interleu-
kin 6; iNOS inducible nitric oxide synthase; JAK janus tyrosine kinase; JNK c–jun N–terminal 
kinase; LTCC L–type calcium channel; MAPK mitogen–activated protein kinase; MEK mitogen–
activated protein kinase; Mito-ROS mitochondrial reactive oxygen species; MHCI/II major histo-
compatibility complex 1/2; NO nitric oxide; NF–kB nuclear factor kappa B; PRR pattern 
recognition receptors; PI3K phosphoinositide 3–kinase; p38 p38 mitogen–activated protein kinase; 
Raf rapidly accelerated fibrosarcoma protein; RAS rat sarcoma virus protein; ROS radical oxygen 
species; sIL–6R soluble IL–6 receptor; SR sarcoplasmic reticulum; STAT3 signal transducer and 
activator of transcription 3; TNFɑ tumor necrosis factor alpha; TNFR1/2 tumor necrosis factor 
receptor 1/2; TRADD tumor necrosis factor receptor type 1–associated death domain; TRAF2 
tumor necrosis factor receptor associated factor 2

with the development of CRS [21, 26, 261]. CRS symptoms in the setting of CAR 
T-cell therapy have a delayed phenotype occurring days and weeks post treatment, 
suggesting that the symptoms are the result of “on”-target antigen-driven T-cell acti-
vation and proliferation [268]. In a study that reported major cardiac events (MACE), 
21.4% of patients developed cardiac events, with a cumulative incidence of 17%, 
19%, and 21% at 30 days, 6 months, and 12 months, respectively, following CD19- 
CAR T-cell infusion [2]. A close relationship between cardiac events, cardiac injury, 
and CRS was also recognized. In the study, all patients developed CRS, and 55% of 
the patients exhibiting positive troponin developed cardiac AEs. These data support 
that risk of cardiovascular events increases with time after infusion and that delayed 
CRS phenotypes are due to a culmination of immune system response and activa-
tion. In clinical trials, CRS-mediated tachycardia and fever with associated fever, 
hypotension, hypoxia, and cardiac events have been reported in both pediatric and 
adult patients [29, 262–264]. Troponin elevation, hypotension, arrhythmia, ST seg-
ment alteration, reduced LVEF, decompensated heart failure, cardiogenic shock 
requiring vasopressor inotropic support, and sudden cardiac death (SCD) have also 
been recognized in patients from CAR T-cell infusion [29, 262–265].
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Along with time-dependent symptoms, reactions to CAR T-cell therapy vary 
with age. In adult patients, hypotension is present at higher rates in comparison to 
pediatric and young patients. In a meta-analysis of three clinical trials, hypotension 
ranged from 26% to 59%, and hypotension or shock requiring vasopressor support 
occurred in 9–29% of patients [29, 262–264]. Interestingly, cardiotoxic complica-
tions associated with CAR T-cell therapy in pediatric and young adult patients 
appear to be self-limited [269, 270], as most patients return to pretreatment base-
line, even after cardiac arrest. In contrast, in adult patients that developed cardiotox-
icity while receiving CAR T-cell therapy, resolution did not always follow cardiac 
events, and in some cases cardiotoxicities proved fatal. In one study, where 83% of 
patients developed CRS (grade ≥2), serial echocardiograms revealed that 10.3% of 
patients developed de novo or progressive cardiomyopathy within 30 days follow-
ing CAR T-cell infusion [271]. In this cohort, LVEF improved in 75%, while 25% 
succumbed [271]. Other less frequent cardiovascular events reported in younger 
patients include left ventricular dysfunction (4%), cardiac failure (2.7%), and car-
diac arrest (4%) [263]. In a retrospective study assessing cardiovascular outcomes 
in patients treated with axicabtagene ciloleucel, tisagenlecleucel, and an investiga-
tional CD19 CAR T-cell therapy, 12% of the patients developed cardiovascular 
events [21]. Six SCDs, six accounts of acute HF, and five occurrences of new- onset 
arrhythmias were also reported [21].

Overall, the major risk factor for cardiovascular dysfunction in CAR T-cell ther-
apy appears to be hemodynamic stress due to CRS. As such, most clinical manage-
ment strategies aimed at ameliorating the cardiac toxicities induced by CAR T-cell 
therapy are focused on reducing CRS [26, 30, 271]. However, CRS alone cannot 
explain all the cardiac AEs observed in patients taking CAR T-cell therapy. Further, 
there is a knowledge gap in defining the direct effects of CAR T-cell therapy on 
individual components of the cardiovascular system (CVS). Previous treatment 
with anthracycline-containing treatment regimens, allogeneic stem cell transplanta-
tion, and irradiation therapy also increase the risk of cardiac disease, despite exclu-
sion criteria for preexisting or recent cardiovascular events, in clinical trials. 
Therefore, it is vital to understand the mechanisms by which CAR T-cell therapy 
mediates reversible and irreversible immune-related cardiac AEs.

 CAR T-Cell Mechanism of Action

Under normal physiologic conditions, the presentation of antigens to the T cells via 
cell major histocompatibility complex (MHC)/human leukocyte antigen (HLA) 
proteins promotes the recognition of foreign or cancer cells. However, presentation 
and recognition of the tumor antigen is not enough to activate T cells. Full activation 
of T cells requires co-stimulation with B7 molecules on the antigen-presenting cell 
to CD28 receptors on T cells. Cancer cells evade this essential checkpoint by acti-
vating immune checkpoint receptors such as PD-1 and CTLA-4, which prevents the 
co-stimulation and full activation of T cells. As such, CAR T-cell therapy focuses on 
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increased recognition of malignant cells by T cells. CAR T-cell therapy overcomes 
cancer-mediated T-cell inhibition by generating non-MHC/HLA-dependent recep-
tors bypassing the requirement of co-stimulation for activation, thereby avoiding 
immune checkpoint receptors highly expressed by cancer cells.

The chimeric antigen receptor utilized in CAR T-cell therapy consists of extra-
cellular, transmembrane, and intracellular domains. The extracellular domain con-
tains a single-chain variable fragment created from variable heavy and light chains 
of an antibody that targets a non-HLA-dependent specific tumor antigen. The intra-
cellular domain fuses with T-cell activation signaling domains, leading to T-cell 
activation. Uptake of the CAR by extracted patient T cells occurs through lentiviral 
or retroviral vectors. After expansion, the CAR T cells are infused back into the 
patient. In the bloodstream, engagement of CAR with its cognate antigen (e.g., 
CD19) initiates the activation of CAR T cells via the intracellular domain, followed 
by cytolytic/apoptotic destruction of malignant tumors cells expressing the antigen. 
Below we will describe the current understanding of both direct and indirect “off”-
target effects of CAR T-cell therapy in the CVS.

 Proposed Mechanisms of Cardiotoxicity in CAR T-Cell Therapy

While leveraging the immune system to target previously unrecognized cancer cells 
is an exciting new paradigm, widespread inflammation can promote multi-organ 
insults such as neurotoxicity and CVS complications. The clinical constellation of 
CAR T-cell therapy-associated cardiotoxicity can mirror sepsis, with hypotension, 
tachycardia, and decreased LVEF due to CRS. Most patients who respond to CAR 
T-cell therapy develop some degree of CRS. Therefore, it is important to address the 
signaling pathways of CRS-associated cytokines to elucidate potential mechanisms 
of cardiotoxicity, even though CRS-mediated cardiac AEs are unlikely mediated by 
an individual cytokine.

 JAK/STAT Signaling Pathway

IFNγ and IL-6 propagate signaling via the Janus kinase (JAK)/signal transducers 
and activators of transcription (STAT) pathway. In this pathway, cytokine receptor 
binding and activation of JAK lead to receptor phosphorylation and recruitment of 
STAT transcription factors. STAT translocation to the nucleus upregulates the tran-
scription of cytokine-responsive genes. STAT5α, STAT3, and STAT6 have a cardio-
protective role in animal models. STAT 6 and STAT5a were selectively activated in 
rat hearts in response to ischemia/reperfusion [272], while cardiomyocyte-specific 
STAT3 knockout mice spontaneously developed heart dysfunction with advancing 
age. In addition, JAK/STATs mediate angiotensin II signaling, which promotes 
pathological cardiovascular conditions (Fig. 4). Based on the role of these studies, 
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it is believed that uncontrolled JAK/STAT signaling due to activation by cytokine 
signaling may mediate CAR T-cell-CRS-induced cardiotoxicity.

 IL-6

Levels of interleukin-6, a pleiotropic proinflammatory cytokine, rapidly increase 
following initiation of CAR T-cell therapy and are involved in the development of 
CRS via T-cell recruitment, chemokine release, and inflammation [26, 273]. These 
chemokines, coupled with inflammation, can trigger widespread increases in vascu-
lar permeability and capillary leaks, which contribute to tissue hypoxia, hypoten-
sion, and shock (Fig. 4). IL-6 signals through the interleukin-6 receptor (IL-6R) and 
the IL-6 family common receptor gp130 [274]. Though evidence supports that 
membrane-bound IL-6R is not expressed on cardiomyocytes, IL-6 signaling path-
ways are activated in cardiomyocytes when IL-6 to soluble IL-6R (sIL-6R) complex 
binds and/or interacts with gp130 (Fig. 4) [275]. Glycoprotein 130 (gP130) signal-
ing regulates cell survival, apoptosis, growth, proliferation, and differentiation. 
Downstream IL-6/IL-6R interacts with gp130 and signals through either JAK/STAT 
(specifically STAT3), Ras/Raf/MEK/ERK, or PI3K/Akt pathways.

IL-6 pleiotropy underlies its function as a cardioprotector and a cardiotoxic cyto-
kine. Acute elevation of IL-6 has cardioprotective effects, however, when chroni-
cally elevated, IL-6 induces maladaptive hypertrophy, fibrosis, and decreased 
contractile function, leading to MI and HF [28, 271, 274]. Cardiomyocytes generate 
IL-6  in response to ischemia-reperfusion injury and myocardial infarction. Here, 
IL-6 acts to depress cardiac function by decreasing basal contractility by decreasing 
β-adrenergic responsiveness [274, 276]. This IL-6-induced reduction in cardiac 
contractility is driven by IL-6/JAK/STAT3 signaling [274, 277]. Furthermore, an 
IL-6-mediated decrease in β-adrenergic responsiveness dampens the physiological 
response to combat hypotension, further promoting progression to shock (Fig. 4). 
Yu et al. demonstrated that activation of IL-6/JAK/STAT3 signaling promotes de 
novo synthesis and activation of Ca2+-independent inducible nitric oxide synthase 
(iNOS) proteins (Fig. 4) [277]. β-adrenergic signaling is essential for cardiac con-
tractility, and Ca2+ handling and IL-6/JAK/STAT3-induced reduction in cardiac con-
tractility, which along with the production of vasodilatory NO may lead to the 
systemic hypotension observed in CAR T-cell therapy [274, 277]. In pediatric and 
young adult patients, hypotension is the primary cardiovascular event reported. In 
the pivotal phase 2 trial with tisagenlecleucel, 29% of pediatric patients developed 
hypotension [266]. Other studies with pediatric and young adult patients found that 
18–38% of patients will develop grade 3–4 hypotension, of which 13–27% of 
required vasopressor support and ~33% of patients required admission to the inten-
sive care unit [263, 266, 267, 269, 270, 278]. In a retrospective study, Fitzgerald 
et al. revealed that patients who developed cardiovascular toxicity developed fluid- 
refractory shock that necessitated the use of alpha agonists [279].

In CAR T-cell-driven CRS, chronically elevated and long-term exposure of myo-
cardium to IL-6 signaling could contribute to pathology, remodeling, and loss of 
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cardiac function. Supporting this, continuous IL-6 signaling and increased expres-
sion of IL-6 have been observed in the left ventricles of patients with dilated cardio-
myopathy (DCM) [280–282], cardiogenic shock [283], and end-stage HF [284]. In 
rodent models, increased and continuous expression of STAT3, the downstream 
target of IL-6, resulted in cardiac hypertrophy independent of other cardiac insults 
[274, 285]. In addition, chronic IL-6 expression can cause myocardial stunning and 
mechanical dysfunction leading to myocarditis [26, 274]. To date, myocarditis pro-
vides the most striking pathologic example of IL-6 in the heart. In myocarditis, IL-6 
mediates autoimmune myocarditis which may lead to DCM and HF [286]. When 
presented concomitantly with other well-known cardiac risk factors, IL-6 may also 
be a contributing risk factor for QT prolongation and the development of torsade de 
pointes [287]. Together these data suggest that continuous or long-term myocardial 
exposure to IL-6 signaling contributes to pathology, loss of cardiac function, and 
remodeling in the setting of CAR T-driven CRS.

 TNFα

TNFα is a proinflammatory cytokine with a broad range of homeostatic and patho-
physiological processes. Once thought to be mostly produced by immune cells, 
TNFα is also expressed on endothelial, epithelial, smooth muscle cells, and cardio-
myocytes. TNFα pathology may contribute to vascular dysfunction, atherosclerosis 
development and progression, and adverse cardiovascular remodeling following 
myocardial infarction and HF [288]. Secreted TNFα protein activates one of two 
receptors, tumor necrosis factor receptor 1 (TNFR1), which is ubiquitously 
expressed, and tumor necrosis factor receptor 2 (TNFR2), found mainly on immune 
and cardiac cells [255, 289]. TNFR1 activation leads to NF-kB signaling, MAPK/C- -
Jun- signaling, and the caspase apoptotic pathway. TNFR2 activation results in acti-
vation of the PI3k/Akt pathway and proangiogenic pathways in addition to slower 
NF-kB signaling in comparison to TNFR1 [255]. TNFα impairs NO formation and 
bioavailability through TNFR1 signaling and stimulates ROS production via super-
oxide generation (Fig. 4) [288].

In healthy patients, cardiac TNFα levels are very low, with the presence of pro-
tein and transcripts restricted to the microvessels of the heart [290]. In vivo admin-
istration of exogenous TNFα in rat and dog hearts leads to cardio-depressant effects. 
TNFα also led to a dose-dependent reduction of Ca2+ uptake by the sarcoplasmic 
reticulum (SR) mediated by p38 MAPK signaling (Fig. 4) [291–294]. Suppression 
of intracellular Ca2+ handling and Ca2+ leak from the SR increases caspase 8 activity, 
which increases myocardial NO and mitochondrial ROS production culminating in 
cardiac injury [295]. Cardiac myocytes have also been shown to undergo apoptosis 
after TNFα stimulation in vitro [296]. As such, cardiac exposure to TNFα signaling 
may contribute to pathology and loss of cardiac function observed in patients taking 
CAR T-cell therapy.
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 Interleukin 1

Interleukin-1 (IL-1) is a multi-functional proinflammatory cytokine with a well- 
defined role in inflammatory and reparative responses, as well as cardiovascular 
diseases such as atherosclerosis, acute myocardial infarction, and HF [297]. IL-1 
signal transduction leads to activation of the NF-kB system, initiating a wide variety 
of inflammatory cytokines, chemokines, adhesion molecules, colony-stimulating 
factors, and mesenchymal growth factor genes [298]. In addition, type II cyclooxy-
genase, iNOS, and phospholipase A2 are highly sensitive to IL-1 and mediate some 
of IL-1’s signaling through prostaglandins and nitric oxide. Cumulatively, these 
inflammatory mediators increase vascular smooth muscle relaxation and can lead to 
a widespread increase in vascular permeability and decreased vascular resistance, 
thereby causing tissue hypoxia and shock [298, 299]. There is mitigation of IL-1 
signaling in normal physiology via interleukin-1 receptor agonist type II, which acts 
as a decoy receptor binding excess IL-1 and preventing further signal transduction 
[300, 301]. However, in a situation where supraphysiologic levels of IL-1 are pres-
ent and sustained, regulatory control cannot compensate leading to pathology.

Experimental investigations have also demonstrated that IL-1 may enhance car-
diomyocyte apoptosis in the ischemic myocardium, enhance the post-infarction 
inflammatory response, and mediate adverse cardiovascular remodeling through 
altering matrix metalloproteinase expression post-MI [298]. IL-1 impairs down-
stream β-adrenergic receptor signaling and reduces both L-type calcium channels 
(LTCC) and SR cytoplasmic Ca2+ handling (Fig.  4) [297]. This dysregulation of 
Ca2+ homeostasis has been proposed in the development of AF in response to CAR 
T-cell treatments [265]. Downregulation of connexins 43 and 40 by IL-6, in con-
junction with inflammatory signaling from ILs and TNFα, has been associated with 
the initiation and maintenance of AF (Fig. 4). Changes in function and expression 
of Ca2+ and K+ channels due to cytokines can lead to prolonged action potential 
duration, predisposing patients to arrhythmias [265, 302, 303].

 Off-Target Affects

Though CAR T-cells are modified with enhanced affinity against a tumor-specific 
antigen, safety concerns arise due to potential cross-reactivity with unrelated pep-
tides expressed by normal tissue. To date, the only documentation of direct interac-
tion of CAR T-cells in cardiac pathophysiology was demonstrated by Linette et al. 
who showed CAR T-cell cross-reactivity with titin, a striated muscle protein in the 
heart [27]. In the study, two patients developed fever and progressive cardiogenic 
shock with death after receiving CAR T-cells targeting MAGE-A3 [27]. The cardio-
genic shock was attributed to autoimmunity due to “off”-target cross-reactivity with 
titin presented on HLA-A*01 protein [27]. This tragic event calls for more accurate 
antigen targeting of CAR T-cell therapies to minimize future occurrences. During 
stages of drug development, strategies to assess and mitigate the risk of “off”-target 
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CAR T-cell-mediated cardiotoxicity should be identified a priori using peptide 
scanning and complex cardiomyocyte cell culture.

 Monitoring of CAR T-Cell Associated Cardiotoxicity

With the recognition of CRS-associated cardiotoxicity in CAR T-cell therapy, a 
standardized pretreatment screening protocol and cardiotoxicity treatment guide-
line are required. Currently, there are no formally accepted guidelines for the man-
agement of cardiotoxicity induced by CAR T-cell therapy, and cardiac disease is not 
an absolute contraindication to proceed with treatment. For now, only one site- 
specific institutional guideline has been established/proposed [304]. As such, cur-
rent treatments center on supportive care for hemodynamic instability and CRS [26, 
30, 271]. Pretreatment cardiovascular considerations in patients receiving CAR 
T-cell therapy should include assessment of CV risk factors before treatment initia-
tion [30], with special considerations for patients who have had prior exposure to 
cardiotoxic regimens with recognized cardiotoxic profile comorbidities (i.e., anthra-
cyclines, allogeneic stem cell transplantation, irradiation) [26]. Patient inclusion 
criteria for multiple CAR T-cell clinical trials have required normal LVEF as well as 
the absence of cardiac arrhythmias and myocardial infarction [305]. However, the 
incidence of underlying CVS disease is prevalent in real-world populations, and 
baseline cardiac evaluation for approved CAR T-cell therapies varies between 
institutions.

Clinical surveillance during and after CAR T-cell Infusion should center on mon-
itoring for CRS.  Due to the strong relationship between CRS and CAR T-cell 
therapy- related cardiotoxicity, clinical recognition and mitigation of CRS are essen-
tial to minimizing adverse cardiovascular outcomes. In the absence of a standard-
ized CRS grading schema, however, this can differ from center to center. High- level 
CRS clinical surveillance during and after CAR T-cell infusion is necessary to eval-
uate hypotension. Cardiac monitoring recommendations should include routine 
blood pressures, 12-lead ECGs, and cardiac biomarker assessments (e.g., troponin 
and brain natriuretic peptide) in patients with clinical evidence of CRS. Though 
there are limited data detailing cardiac biomarker assessments for CAR T-cell ther-
apy, elevated troponin levels have been associated with an increased risk of develop-
ing cardiovascular AEs [279]. As such, cardiac troponin elevation should be 
considered and assessed particularly in those that have known preexisting cardio-
vascular disease. Finally, when hypotension or tachycardia is present, volume resus-
citation and monitoring for vascular leak and pulmonary edema should be started. 
For hemodynamically unstable patients, transfer to the intensive care unit is 
recommended.

S. S. Scott et al.



157

 Current and Proposed Treatments for CAR 
T-Cell-Induced Cardiotoxicity

In response to elevated IL-6 levels resulting from severe CRS, tocilizumab, a first- 
line treatment of CRS-associated toxicity has been used to prevent IL-6 signal trans-
duction and inflammation. Tocilizumab is a monoclonal antibody that competitively 
inhibits the binding of IL-6 to its receptor IL-6R, blocking both classical and trans- 
IL- 6 signaling via direct binding to both membrane bound and soluble forms of 
IL-6R. However, tocilizumab may reduce the efficacy of CAR T-cell therapy by 
blocking cell signaling transduction [31]. While current research suggests that 
tocilizumab is an effective means of preventing CRS progression, more investiga-
tion is needed to determine the precise severity of CRS that warrants the use of 
tocilizumab [266, 278, 306]. Siltuximab is a monoclonal antibody that directly 
binds to IL-6, preventing the activation of immune effector cells without disabling 
the overall function of IL-6R [31, 307] and may serve as a potential alternative to 
tocilizumab. Though not FDA-approved for use in CRS induced by CAR T-cell 
therapy, siltuximab should be considered due to its higher affinity to IL-6 and as an 
alternative to patients not responding to tocilizumab. For patients with severe CRS 
and refractory to other interventions, corticosteroid therapy is recommended as a 
second-line agent [308, 309]. Corticosteroid therapy reduces systemic inflammation 
and can be administered in conjunction with tocilizumab for severe CRS [31, 307, 
310]. While administration of systemic corticosteroids does not impart a detrimen-
tal impact on the efficacy of the CAR T-cell therapy, its use to treat or prevent 
adverse cardiac events is poorly understood. Further, the administration of steroids 
in a study of pediatric patients did not reduce the risk of developing cardiac dys-
function [269]. As such, more investigation is required to justify the use of cortico-
steroids in CAR T-cell-CRS-mediated cardiotoxicity.

Anti-IL-1 therapy represents another avenue for treating CRS-mediated CAR 
T-cell cardiac AEs. In phase II and III clinical trials, IL-1 blockade prevented recur-
rent atherothrombotic cardiovascular events, improved exercise capacity in HF 
patients, and prevention of HF following MI [297]. Anakinra, an FDA-approved 
anti-IL-1 treatment for rheumatoid arthritis, has indicated potential therapeutic use 
in preclinical models of CRS [311]. In two animal model studies, IL-1 blockade 
prevented CRS, thereby reducing mortality [312, 313]. An ongoing phase II clinical 
trial (NCT04359784) continues to explore the role of anakinra in patients. In a case 
report, it was demonstrated that tocilizumab and anakinra use in a patient treated 
with anti-B-cell maturation antigen CAR T-cell therapy improved patient symptoms 
[311]. In the report, one dose of tocilizumab was given followed by a 10-day taper 
of anakinra [311]. Significant improvement of the patient’s symptoms shortly 
occurred after initiation of anakinra. These data support the possibility that IL-1 
blockage can decrease the duration and severity of the CRS and potentially prevent 
cardiac dysfunction [311].

Another possible therapy of CAR T-cell-induced CRS is anti-TNFα monoclonal 
antibodies (e.g., infliximab) or etanercept, a soluble TNFα receptor sequester. While 
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there are limited reports of the TNFα inhibitor therapy for CAR T-cell-induced 
CRS, a few case studies provide hints for its use [267, 314–316]. A case of grade 3 
CRS in a patient treated with CAR T-cell therapy for Epstein-Barr virus-associated 
lymphoma was mitigated within hours after receiving treatment with etanercept in 
conjunction with methylprednisolone, dopamine, and norepinephrine [267]. In 
addition, three patients treated with etanercept showed excellent clinical response 
after being treated for multiple myeloma [314]. In patients being treated for pre-B- 
cell ALL treatment consisting of etanercept, tocilizumab, and corticosteroids 
ablated CRS [315]. Therefore, as clinical trials for CAR T-cell therapy in multiple 
myeloma and pre-B-cell ALL increase, the role of TNFα should be further explored.

Conclusion and Future Directions
As therapeutic applications grow for CD19 CAR T-cell therapy, our understanding 
of the cardiotoxic events associated with treatment needs to be expanded. Toxicity 
is a major barrier to new CAR T-cell therapy use, and as FDA-approved therapies 
include more patients, risk stratification, recognition of CRS, and management of 
cardiotoxic outcomes are needed to reduce patient morbidity and mortality associ-
ated with their use. There are minimal data available on the molecular mechanisms, 
identification, and management of cardiotoxicity with CAR T-cell therapy. 
Therefore, cardio-oncology researchers must seek to address these gaps. For now, 
selective assessment of cardiovascular clinical symptoms, cardiac biomarkers, and 
imaging-based indices of cardiac function can enhance our understanding of cardio-
toxicity during and after CAR T-cell therapy. Though, Stein-Merlob and colleagues 
recently documented a proposed algorithm for treating CAR T-cell therapy- 
associated cardiotoxicity [254], multi-institutional collaboration is needed for data 
collection in this patient group toward implementing evidence-based practice guide-
lines that optimize patient outcomes and reduce CAR T-cell therapy-associated 
cardiotoxicity.
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Abstract A delicate balance of protein phosphorylation, performed by protein 
kinases, and dephosphorylation, performed by protein phosphatases, is required for 
the proper regulation of various cardiac functions such as Ca2+ signaling and 
excitation- contraction coupling. Abnormalities in this regulatory mechanism may 
contribute to the initiation and progression of a host of cardiovascular phenotypes, 
a major cause of mortality in the United States. Serine-threonine phosphatases, 
including protein phosphatase 1 (PP1), protein phosphatase 2A (PP2A), and protein 
phosphatase 2B (PP2B), perform the vast majority of dephosphorylation events in 
the heart. Their role in cardiovascular disease, specifically heart failure and atrial 
fibrillation, along with their distinctive structure, genetics, localization, and binding 
partners is reviewed. Specific emphasis is given to PP2A and mouse models that 
have explored its activity in the heart.
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 Introduction

Cardiovascular disease (CVD) is associated with one death every 36 seconds and is 
the leading cause of mortality in the United States [1]. CVD comprises a variety of 
conditions including heart failure (HF), stroke, congenital heart disease, coronary 
artery disease, and arrhythmias. On average, CVD causes 1 out of every 4 deaths, 
accumulating to about 655,000 deaths per year [2]. CVD results in enormous eco-
nomic costs for the United States. Direct costs of these cardiovascular conditions 
totaled $213.8 billion in 2014–2015, which included health care services, medica-
tions, and lost productivity due to death [2]. Research on the pathogenic mecha-
nisms underlying CVD is crucial and urgent due to its increasing prevalence, 
severity, and economic burden.

Management of patients with CVD is mainly symptomatic, aiming at relieving 
the symptoms rather than eliminating the cause of the illness. Unfortunately, current 
medications may cause side effects or fail to completely combat the underlying 
mechanism of the illness. The pathogenesis of CVD is often mediated by dysfunc-
tion in various signaling pathways; therefore, treatments attempt to control these 
pathways [3, 4]. Many processes, such as excitation-contraction coupling, myofila-
ment regulation, and intercellular signaling, are widely regulated by the phosphory-
lation and dephosphorylation of proteins [5]. Kinases are enzymes that mediate 
protein phosphorylation and have been heavily studied in connection to CVD. Beta- 
blockers suppress kinase activity and have become a standard for the treatment of 
CVD [6]. Kinase inhibitors, traditionally used to treat cancers, have also been stud-
ied as a therapy for CVD. However, due to the highly conserved amino acid sequence 
among different kinases, kinase inhibitors suffer from poor specificity and toxicity 
[7]. Therefore, novel targets for the treatment of CVD are being explored.

Emerging evidence highlights the important role of protein phosphatases, which 
work antagonistically with kinases to remove phosphate groups. In the heart, pro-
tein phosphatase 2A (PP2A), alongside other protein phosphatases, is involved in 
regulating the healthy cardiac state as well as cardiac pathophysiology. Further 
understanding of the role of protein phosphatases in cardiovascular health and dis-
ease can lead to the development of novel targets for treatments. This chapter 
focuses on the role of serine-threonine phosphatases in the heart: protein phospha-
tase 1 (PP1), PP2A, and protein phosphatase 2B (PP2B), with a specific focus on 
PP2A. Their distinctive structure, genetics, functions, regulation, and role in CVD, 
specifically HF and atrial fibrillation (AF), will be reviewed.

 The Kinase-Phosphatase Axis

Cellular activity, in general, depends on the regulation of protein function. This can 
occur in a variety of ways, with control at the level of protein transcription, transla-
tion, and/or degradation. Notably, one of the most versatile regulatory mechanisms 
is the reversible process of protein phosphorylation. For normal cardiac function, it 
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is critical to have a balance of phosphorylation, performed by kinase enzymes, and 
dephosphorylation, performed by protein phosphatases. The importance of this 
level of control has been previously reviewed [8–10].

Kinases act on a specific set of target proteins, which can be defined by the local 
environment, chemical interactions between the kinase and target, and/or regulation 
by scaffolding or adaptor proteins [11]. Removal of phosphate groups by phospha-
tase enzymes is regulated differently, mostly through interaction with phosphatase- 
associated proteins [12]. Kinases are generally more abundant and substrate 
targeting is more specific than that of protein phosphatases; therefore, kinases have 
historically been heavily studied. The human genome contains more than 500 
kinases but only about 40 serine-threonine phosphatases [13, 14]. However, enor-
mous diversity results from the protein phosphatases due to their holoenzyme com-
position. By forming complexes with a wide range of regulatory subunits, 
serine-threonine phosphatases can act to control many different cellular processes.

Proper control of reversible protein phosphorylation is key for healthy cardiac 
function. Beta-blockers, a staple for the treatment of CVD, suffer from poor speci-
ficity and may result in undesired side effects. There are more than 30 protein kinase 
inhibitors approved for the treatment of cancer and other diseases, but none to date 
is indicated as therapy for CVD [7, 15]. The pathogenic kinase activity is inherently 
different in cancer and CVD, making the overlap of treatments complicated. In 
cancer, abnormal kinase activity is due to genetic variants, whereas in CVD, aber-
rant kinase activity results from enhanced stimulation by the activated neuro- 
hormonal system [7]. Nonetheless, many kinase enzymes, such as 
Ca2+-/calmodulin-dependent protein kinase II delta (CaMKII δ) and protein kinase C 
(PKC), have been investigated for the treatment of HF and arrhythmia. These 
kinases are known to control various cardiac processes, such as vasoconstriction 
and hypertrophy, and therefore inhibitors are currently being explored to treat 
heart disease [7].

With the increasing prevalence of CVD, the search for novel targets is warranted. 
Protein phosphatases control many of the same processes that kinases do, and there-
fore provide a fascinating option for further research. Traditionally, PP2A has been 
studied as a target in cancer therapy, as it is well established as a cell cycle regulator. 
Evidence has shown that PP2A inhibitors promote tumor growth, highlighting the 
role of PP2A as a tumor suppressor [16]. In many cancers, PP2A is genetically 
altered or inactivated, providing rationale for therapeutic studies that have explored 
the reactivation of PP2A in cancer [16]. The role of protein phosphatases in cardiac 
pathophysiology is still not clear and requires more research.

 Protein Phosphatase Families and Genetics

There are three main protein phosphatase (PP) families, categorized by the known 
amino acid sites for protein phosphorylation: tyrosine, serine-threonine, and dual- 
specificity phosphatases [17]. Although not the focus of this chapter, other groups 
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have reviewed the role of tyrosine and dual-specificity phosphatases in cardiovascu-
lar health and disease [18–21]. In the heart, the serine-threonine phosphatases are 
responsible for 90% of the dephosphorylation events [17]. This family includes 
PP1, PP2A, and PP2B, all of which have been linked to the pathology of heart fail-
ure and arrhythmias [22–24]. Each of these enzymes follows a holoenzyme compo-
sition, making for combinatorial complexity [5]. Table 1 summarizes the genetics 
discussed in this section.

The PP1 holoenzyme is ubiquitously expressed in most cell types, including atrial 
myocytes [24]. It consists of a catalytic subunit that is encoded by three separate 
genes. PPP1CA, PPP1CB, and PPP1CC encode PP1α, PP1β, and PP1γ, respectively 
[25]. Further diversification is achieved by alternative splicing of PPP1CC into PP1γ1 
and PP1γ2 [25]. At the amino acid level, each isoform is ~90% identical, with differ-
ences present mostly at their terminal domains [26]. While most isoforms are widely 
expressed in the human body, PP1γ is expressed in a tissue-specific manner in the 
brain and testis [22]. The activity of PP1 is also controlled through the interaction 
with one or more regulatory subunits or interactors. There are currently around 200 
known genes that encode regulatory subunits/interactors that combine with the cata-
lytic subunit of PP1, with estimated hundreds more to be discovered [25].

Table 1 A summary of the genes encoding protein subunits that compose the three major serine- 
threonine phosphatases in the heart. For PP2A regulatory subunits, only those expressed in the 
heart are listed

Serine-threonine protein phosphatases
PP1 PP2A PP2B
Gene/protein Refs. Gene/protein Refs. Gene/protein Refs.

Catalytic subunit PPP1CA/ PP1α
PPP1CB/ PP1β
PPP1CC/ PP1γ

[25] PPP2CA/ PP2ACα
PPP2CB/ PP2ACβ

[28, 
29]

PPP3CA/ 
CNAα
PPP3CB/ 
CNAβ
PPP3CC/ 
CNAγ

[23]

Scaffolding 
subunit

– – PPP2R1A/ 
PP2AAα
PPP2R1B/ PP2AAβ

[28, 
29]

– –

Regulatory 
subunits

>200 genes/
subunits

[25] Class B:
PPP2R2A/B55α
PPP2R2B/ B55β
Class B′:
PPP2R5A/ B56α
PPP2R5B/ B56β
PPP2R5C/ B56γ
PPP2R5D/ B56δ
PPP2R5E/ B56ε
Class B″:
PPP2R3A/ PR72/
PR130
Class B‴:
PPP2R4/ PTPA

[28, 
29]

PPP3R1/ 
CNBα
PPP3R2/ 
CNBβ

[33]
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PP1 does not exist freely in cardiac cells. Instead, the regulatory subunits com-
pete to form a holoenzyme complex with the PP1 catalytic subunits and determine 
the subcellular localization and substrate specificity [22]. Most regulatory subunits 
are known to associate with all isoforms of PP1, making for a diverse protein inter-
actome [27]. This is due to PP1 containing multiple surface grooves that bind regu-
latory interactors at short linear motifs of four to eight residues [26]. Additionally, 
most regulatory subunits have multiple points of binding with PP1, and different 
subunits can share PP1 interaction sites [27]. However, each regulatory subunit 
binds to the docking motifs in a specific combination, resulting in diversity of pos-
sible PP1 dimers [27]. Most PP1-interacting proteins are structurally unrelated, but 
contain similar functional domains that can influence PP1-anchoring, substrate tar-
geting, and/or PP1 inhibition [26]. Interestingly, PP1 is known to share common 
substrates with another key protein phosphatase in the heart, PP2A [22].

The holoenzyme composition of PP2A is even more complex. Although most 
phosphatases consist of two interacting subunits, PP2A can function not only as a 
dimer but as a trimer as well [17]. The dimer contains a catalytic (C) and scaffolding 
(A) subunit, each with two isoforms encoded by distinct genes [28, 29]. The two 
scaffolding isoforms, PP2AAα and PP2AAβ are encoded by PPP2R1A and 
PPP2R1B, respectively [28, 29]. Both isoforms are composed of 15 HEAT repeats, 
which help them to bind the C and B-type regulatory subunits [4]. Similarly, 
PP2ACα is encoded by PPP2CA and PP2ACβ is encoded by PPP2CB, both of 
which share 97% sequence identity [30, 31]. The Aα and Cα subunits are more 
highly expressed and critical for proper PP2A activity, proven by the lethality of 
PPP2CA and PPP2R1A knockout mouse models [31]. The C subunit is originally 
synthesized as an inactive, unstable protein, and interacts with biogenesis regulators 
that transition it to a catalytically active state [31]. For example, PPP2R4 encodes 
PTPA, which promotes folding of the C subunit into an active conformation [31]. 
Additionally, post-translational modifications of the catalytic subunit may interfere 
with PP2A function [28].

Approximately one-third of PP2A activity occurs as a dimer complex, but the 
great majority of PP2A holoenzymes exist as hetero-trimers, interacting with an 
interchangeable regulatory subunit [14]. There are numerous regulatory subunits, 
grouped into four families: PP2AB, PP2AB’, PP2AB”, and PP2AB”’. Each family 
is encoded by separate genes, which produce multiple isoforms and splice variants, 
resulting in proteins with different roles in controlling PP2A function [28]. For 
example, the B56α class of regulators, encoded by PPP2R5A, has been proven nec-
essary for the regulation of Nav1.5 activity in the heart [17]. Of the 13 known regula-
tory subunits, all but four are present in cardiac tissue [28]. The resulting product of 
all three subunits determines substrate specificity, cell- and tissue-specific expres-
sion, and subcellular targeting [16].

PP2B, also referred to as calcineurin (CN), is a Ca2+-dependent phosphatase with 
significant roles in gene transcription. Interestingly, PP2B is the only protein phos-
phatase to be regulated by a second messenger and links Ca2+ and phosphorylation- 
dependent signaling pathways [22, 32]. PP2B exists as a holoenzyme composed of 
a catalytic subunit (CNA) and a Ca2+-binding regulatory subunit (CNB), with other 
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interacting subunits sometimes present [24]. There are three mammalian genes for 
the CNA subunit: PPP3CA, PPP3CB, and PPP3CC, giving rise to three isoforms, 
with CNAα and CNAβ being widely expressed, most highly in the brain, and CNAγ 
being testis-specific [23]. Alternative splicing of the CNAα gene results in two tran-
scripts, CNAα1 and CNAα2, and that of CNAβ results in three transcripts, CNAβ1, 
CNAβ2, and CNAβ3 [32]. The regulatory CNB subunit is expressed by two genes, 
CNBα/PPP3R1 and CNBβ/PPP3R2 [33]. CNBα brings about two isoforms: CNBα1, 
which is ubiquitously expressed, and CNBα2 which shows testis-specific expres-
sion [32].

 Localization and Binding Partners of Protein Phosphatases

PP1, PP2A, and PP2B make up the great majority of protein phosphatase activity in 
the heart. Each protein has distinct subcellular localization and binding partners 
within cardiomyocytes. Most studies on PP1 focus on localization of the catalytic 
subunit, however much of the localization is dependent on the interaction with the 
various regulatory subunits [25]. The PP1-interacting subunits can determine local-
ization at the nucleus, plasma membrane, or near actin in the cardiomyocyte. Studies 
utilizing immunohistochemistry have shown that PP2B/calcineurin is mostly local-
ized to the T-tubules in adult cardiomyocytes, where it plays a role in depolarization 
of the plasma membrane [33]. Its localization and activity can also change through-
out development. In neonatal mice, calcineurin activity seemed to distribute homog-
enously throughout cardiomyocytes and respond to individual Ca2+ pulses [33]. 
Overall, calcineurin has been found to be tethered near sites of Ca2+ release and 
interacting with binding partners involved in a wide variety of cellular processes 
[33]. The remainder of this section will focus on the localization and binding part-
ners of PP2A.

The PP2A holoenzyme shows distinct expression and localization in different 
chambers of the human heart. The catalytic and scaffolding subunits appear to have 
higher expression in the right atria and ventricle when compared to the left atria and 
ventricle [28]. At the cellular level, the catalytic and scaffolding subunits show 
broad distribution throughout ventricular myocytes, both in the cytosol and nucleus 
[24]. Nine PP2A regulatory subunits and their splice variants have been observed to 
be expressed in the heart, including B55α, B55β, B56α, B56β, B56γ, B56δ, B56ε, 
PR72/PR130, and PR53/PPP2R4 [28]. The regulatory subunits show no difference 
in protein expression in different heart chambers, but do have specific subcellular 
localization [28]. For example, some regulatory subunits can exist near the Z-line/T- -
tubule region or within the myocyte nucleus [28]. Additionally, several regulatory 
subunits appear to show different expression levels in the heart across various spe-
cies. Rat and mouse samples, compared to human and dog samples, display signifi-
cantly higher expression levels of PPP2R5A and PPP2R5E and significantly lower 
expression levels of PPP2R2A and PPP2R5C [28].
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PP2A is involved in the regulation and localization of cardiac ion channels, 
transporters, and regulatory molecules for cardiac contractility and relaxation. 
Binding partners of PP2A can interact with the catalytic, scaffolding, or regulatory 
subunits. For example, B56α, a PP2A regulatory subunit expressed in the heart, 
relies on an interaction with ankyrin-B, an adapter protein, for proper functioning 
[34]. Ankryin-B and B56α have been found to co-localize, specifically at the M-lines 
in neonatal cardiomyocytes, and co-immunoprecipitate [34]. In a mouse model of 
cardiac ankyrin-B deficiency, B56α expression was increased compared to wild- 
type mice; moreover, the PP2A holoenzyme did not function properly in ankyrin-B 
deficient myocytes, due to less efficient localization. This resulted in increased 
phosphorylation of ryanodine receptor 2 (RyR2) and arrhythmia burden [34, 35]. 
The PP2A-B56α complex has also been shown to co-localize with the Nav1.5 chan-
nel in the heart at the intercalated disc [17]. This complex plays a role in the regula-
tion of Nav1.5 phosphorylation and the arrhythmogenic “late” component of the 
Nav channel current, INa, L [17]. B56α also targets PP2A to dephosphorylate contrac-
tile machinery, including cardiac myosin binding protein-C (cMyBP-C) and the 
inhibitory subunit of troponin (TnI) [36].

Through dephosphorylation, PP2A plays a critical role in the regulation of other 
membrane targets including the L-type calcium-channel (Cav1.2), RyR2, Na+/Ca+ 
exchanger (NCX), and Na+/K+ ATPase [34, 35, 37, 38]. PP2A also forms a macro-
molecular complex with p21-activated kinase 1 (PAK1), a serine-threonine protein 
kinase, and connexin-43 (Cx-43), one of the connexins that compromises mem-
brane gap junctions in myocytes [39]. In a rabbit model of HF, increased activity of 
PAK1, which has been shown to activate PP2A, contributes to significantly increased 
dephosphorylation of Cx-43 and impaired intercellular coupling [39]. Lastly, stim-
uli such as cAMP, Ca2+ ions, and ceramides can act as second messengers that 
directly or indirectly regulate PP2A activity [4]. Of relevance for future work, par-
ticularly for defining new therapeutic avenues, is to better understand how local 
subunits are modulated both through transcriptional and post-translational mecha-
nisms in vivo. For example, the literature suggests that cell and animal phenotypes 
associated with loss of PP2A scaffolding are inconsistent with phenotypes associ-
ated with reduction or even loss of PP2A regulatory subunits. In fact, loss of PP2A 
subunits may paradoxically increase PP2A activity. As each holoenzyme may be 
comprised of a multitude of splice forms and subunit composition, we expect that 
there will be significant complexity in unraveling these signaling pathways, particu-
larly in animal models where subunit composition is likely to be remodeled 
immediately.

 Mouse Models

Mouse models have long been an important tool for in vivo studies in biomedical 
research. Numerous mouse models have been developed to better understand the 
role of serine-threonine phosphatases in the diseased and healthy heart. This section 
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will focus on different types of mouse models, including total body or cardiac- 
specific knockout models, knock-in models of mutated protein phosphatase sub-
units, and more. Figure 1 summarizes the mouse models discussed in this section.

Most mouse models looking at PP1 activity in the heart show that increased PP1 
activity contributes to the progression of cardiac pathophysiology. One study cre-
ated mouse models with a cardiac-specific overexpression of the catalytic PP1α 
subunit by inserting the cDNA fragment of the coding sequence for PPP1CA down-
stream of the αMHC promoter [40]. These transgenic (TG) mice developed func-
tional abnormalities at 3 months of age, such as a significant reduction in fractional 
shortening [40]. At 6  months of age, echocardiographic and molecular studies 
showed cardiac enlargement, extensive interstitial fibrosis, and a re-expression of 
fetal gene isoforms in TG mice, characterized as dilated cardiac hypertrophy and 
heart failure [40]. Notably, PP1 activity is regulated by two proteins that become 
active upon phosphorylation by protein kinase A (PKA): inhibitor 1 (I-1) and I-2. 

Fig. 1 Overview of mouse models modulating PP1, PP2A, and PP2B, as well as their regulatory 
subunits

D. Abdallah et al.



183

Therefore, this same study generated I-1-deficient mouse models that also showed 
impaired cardiac function compared to wide type mice after a resulting increase in 
PP1 activity [40]. When examining samples of non-failing and failing human hearts 
with dilated cardiomyopathy, they found that although protein levels of I-1 were 
similar in each, I-1 was predominantly in its inactive form in failing hearts [40]. 
Another study confirmed the idea that decreased I-1 activity along with increased 
PP1 activity contributes to the progression of HF [41]. The contribution of PP1 to 
AF pathogenesis has recently been studied in knockout mice lacking a novel PP1 
regulatory subunit within the RyR2 channel complex, PPP1R3A [42]. It was found 
that PPP1R3A-deficient mice had impaired PP1 targeting associated with increased 
phosphorylation of RyR2 and phospholamban (PLB), abnormal sarcoplasmic retic-
ulum- Ca2+ release, and increased AF susceptibility [42].

PP2A has been shown to play a role in cancer, neurodegenerative disorders, dia-
betes, and renal failure [23]. Importantly, through mouse models, the function and 
regulation of PP2A and its role in CVD have been explored. Genetically modified 
mouse models have been produced to alter the catalytic, scaffolding, and/or regula-
tory subunits of PP2A. The PP2ACα and PP2AAα subunits, as previously noted, are 
critical for proper PP2A function. Total body knockout models of PP2ACα were 
proven to be embryonically lethal [43, 44], therefore conditional knockout models 
have been developed. One study created a cardiac-specific deletion of exons 3–5 of 
PP2ACα at the neonatal stage (using the Cre-loxP strategy) and found cardiac 
hypertrophy during early development, confirmed by increases in the expression of 
hypertrophic markers atrial and brain natriuretic peptide (ANP and BNP) [45]. This 
study also explored metabolic remodeling, finding that PP2ACα-knockout hearts 
exhibited a decrease in glucose utilization and a compensatory increase in the 
expression of genes that control fatty acid utilization [45]. Another study generated 
a cardiac-specific deletion of exon 2 of PP2ACα using a tamoxifen-inducible Cre 
recombinase activated at 3  months of age [46]. Echocardiography was used to 
assess cardiac function before and after tamoxifen injection and showed markers 
indicating dilated cardiac hypertrophy [46]. Additionally, Masson trichrome stain-
ing revealed a significant increase in cardiac fibrosis in PP2ACα-knockout mice 
[46]. Thus, heart dysfunction in these knockout models was found to be caused by 
reduced PP2A activity due to the lack of expression of the PP2ACα subunit. Similar 
conclusions were made in a study of changes in post-translational regulation of the 
PP2A catalytic subunit in samples of human HF compared to non-failing heart sam-
ples. The results revealed a favoring inactivation of the PP2A holoenzyme in human 
HF, mediated by an increase in phosphorylation at Tyr-307 and a decrease in meth-
ylation at Leu-309 [28].

Interestingly, excess PP2A activity has also been shown to contribute to heart 
failure. Expression levels of the catalytic subunit of PP2A were seen to have a two- 
fold increase in both ischemic and non-ischemic failing human heart samples when 
compared to non-diseased hearts [28]. One study created a transgenic mouse model 
overexpressing the PP2ACα subunit [47]. The adult mice underwent chronic left 
anterior descending coronary artery (LAD) ligation to induce myocardial infarction 
and were analyzed before and 28 days after surgery. Although the overall survival 
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rate of the TG mice was not impacted, the PP2A overexpression led to the develop-
ment of dilated cardiomyopathy and seemed to increase the extent of adverse 
remodeling. This remodeling was characterized by a significant increase in myocyte 
hypertrophy and interstitial fibrosis [47]. Overall, this study reinforced the negative 
effects of increased phosphatase activity in HF, but also revealed an unexpectedly 
good survival rate of the TG mice, highlighting restoration mechanisms that are so 
far unknown.

Numerous studies have generated models modifying the PPP2R1A gene (encod-
ing the Aα subunit), highlighting its role in female fertility, liver fibrosis, spleen 
atrophy, and mitotic progression [48–50]. Mouse models altering the PP2A scaf-
folding subunit have also been developed, although cardiac-specific studies exist to 
a much lesser extent than for the catalytic and regulatory subunits. The Aα subunit 
is more highly expressed and critical for PP2A function when compared to the Aβ 
subunit, therefore models surrounding the Aα subunits will be the focus of this sec-
tion. Similar to models of PP2ACα, total body knockout models of the Aα subunit 
have been found to be embryonically lethal [51, 52]. Therefore, one study created 
TG mice expressing high levels of a dominant negative mutant of the A subunit, 
AΔ5, that reduced the PP2A holoenzyme to core enzyme ratio [53]. Starting at day 
one after birth, the AΔ5-TG mice displayed a dilated cardiomyopathy phenotype. 
Additionally, at 7–12 months of age, 25% of the AΔ5-TG mice showed enlarged 
hearts and symptoms of weakness, slow movement, and an increased respiratory 
rate that lead to death a few weeks later [53].

Due to the plethora of regulatory B-subunits, PP2A strains have been developed 
to better understand the role of each. Although relatively few cardiac-specific mouse 
models have been created when compared to the number of regulatory subunits that 
exist, these models are important to explore the physiologic functions of PP2A 
hetero- trimers. Multiple studies have manipulated B56α. One generated mice with 
cardiomyocyte-directed overexpression of this subunit, which resulted in enhanced 
PP2A activity [54]. The increased PP2A-B56α activity was localized to the cyto-
plasm and myofilament fraction, leading to decreased basal phosphorylation of sev-
eral contractile proteins. This resulted in increased myofilament Ca2+ sensitivity, 
along with increased basal contractility but an impaired contractile response to 
β-adrenergic stimulation [54]. Prior in vitro work has also suggested that B56α can 
promote arrhythmia susceptibility by dissociating PP2A activity from the RyR2, 
leading to hyper-phosphorylation of RyR2 and abnormal Ca2+ cycling [55, 56]. 
Another study classified B56α as an auto-inhibitor of cardiac PP2A-dependent 
activity in vivo [35]. Mice deficient in B56α did not display compensatory changes 
in the amount of other PP2A subunits, but did show increased PP2A activity that 
resulted in decreased heart rates, heart rate variability, conduction defects, and 
increased sensitivity to parasympathetic agonist [35]. The B56α+/− mice also dis-
played significant reductions in RyR2 phosphorylation, yet no change in the phos-
phorylation status of myofilament contractile proteins [35]. Lastly, the B56α+/− and 
B56α−/− myocytes displayed increased perinuclear and nuclear localization of 
PP2A/A compared to wild-type myocytes, revealing the influence of regulatory sub-
units on subcellular targeting of the core enzyme subunits [35]. B56α has been 
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further identified as a novel target for the treatment of arrhythmia due to the role of 
PP2A-B56α in regulating the primary cardiac NaV channel, NaV1.5 [17]. B56α KO 
myocytes were found to display decreased sensitivity to isoproterenol-induced 
induction of the arrhythmogenic INa,L and reduced phosphorylation of Nav1.5 [17]. 
These studies highlight the significant role that B56α has in regulating PP2A 
activity.

Additional PP2A models manipulating B-type subunits have been developed. 
One study concluded that B56γ is required for proper heart development after creat-
ing B56γ knockout mice from an embryonic cell line. The lack of PP2A-B56γ activ-
ity resulted in insufficient cardiomyocyte maturation, including the formation of an 
incomplete ventricular septum and a reduction in the number of ventricular myo-
cytes [57]. Additionally, knockout mice had deficits in neuromuscular control and 
developed obesity at 3–6 months of age, suggesting additional problems caused by 
a lack of B56γ [57]. Embryonic lethality in total-body KO models of other PP2A 
regulators, including PPP2R5D (encodes B56δ) [58], PPP2R6A (encodes STRN) 
[59], and PPP2R4 (encodes PTPA) [60], suggests the importance of select PP2A 
trimers for survival. To increase understanding of the role of these regulators in the 
heart, cardiac-specific knockout models should be explored.

PP2B has also been well characterized in relation to hypertrophic heart disease. 
In 1998, a study by Molkentin et al. created a mouse model using α-MHC to over-
express PP2B. It showed that the sustained activity of PP2B/calcineurin led to car-
diac hypertrophy that progresses to decompensated HF and fatal cardiac arrhythmias 
[61]. Subsequent research has confirmed this finding and studied ways to negatively 
regulate PP2B for cardiac protection, with a large focus on the role of endogenous 
inhibitors of PP2B [62, 63]. For example, one study highlighted the cardioprotective 
role of Carabin/TBC1D10C (TBC1 domain family, member 10C), a GTPase- 
activating protein and known inhibitor of PP2B.  In animal models of HF and in 
patients with cardiomyopathy, levels of TBC1D10C were found to be reduced. 
Mouse models were also created utilizing cardiac-specific knockouts of TBC1D10C, 
and they exhibited enhanced pressure overload-induced cardiomyopathy [64]. This 
study is one of many that has validated the causal role of PP2B in cardiac pathology.

 Protein Phosphatases in Cardiovascular Disease

In a normal heart, cyclic systolic and diastolic events rest on accurate regulation of 
a variety of cardiac processes such as ion channel functioning, Ca2+ handling, and 
the transmission of Ca2+ sensitivity to downstream contractile machinery and neigh-
boring myocytes. This control is widely achieved by the dephosphorylation of key 
proteins by PP1, PP2A, and PP2B [65]. These serine-threonine protein phospha-
tases present an attractive drug target in CVD; however, this requires a better under-
standing of their substrate specificity, target localization, and role in cardiac 
pathology. This section will focus on the known role of serine-threonine phospha-
tases in two types of CVD, HF and AF (Fig. 2).

Protein Phosphatase Signaling in Cardiac Myocytes



Fig. 2 Schematic overview of protein phosphatases interacting with regulatory subunits, ion chan-
nels, and other key binding partners in cardiomyocytes. Known molecular events that occur in 
heart failure (HF) and atrial fibrillation (AF) are depicted. Figures are specific for (a) PP1, (b) 
PP2A and (c) PP2B. Abbreviations: sodium/potassium pump (Na+/K+ pump), potassium channel 
(K+ channel), phospholemman (PLM), β-adrenergic receptor (β-AR), ryanodine receptor 2 
(RyR2), inhibitor 1 (I-1), inhibitor 2 (I-2), phosphorylation (P), A kinase anchoring protein 
(AKAP), sarcoplasmic reticulum Ca2+-adenosine triphosphatase (SERCA2a), Na+/Ca+ exchanger 
(NCX1), inhibitory troponin subunit (cTnI), L-type calcium-channel (LTCC/Cav1.2), Ca2+-

/calmodulin-dependent protein kinase II delta (CaMKII δ), protein kinase C (PKC), glycogen syn-
thase kinase 3 (GSK3), casein kinase 1 (CK1), phospholamban (PLB), muscle-specific A kinase 
anchoring protein (mAKAP), adenomatous polyposis coli gene product (APC), Na+/H+ exchanger 
(NHE1), Calcineurin regulatory subunit (CnB1), nuclear factor of activated T-cells (NFAT), and 
protein kinase A (PKA)
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 PP1 in Cardiovascular Disease

AF is the most prevalent and progressive arrhythmic disorder and is characterized 
by an impaired electrophysiological function that can cause reduced atrial excit-
ability, disrupted calcium flux/homeostasis, and structural changes in the heart [66]. 
The abnormal Ca2+ flux in AF is partially caused by a kinase-phosphatase imbal-
ance, which impairs the regulation of key elements of the sarcoplasmic reticulum 
(SR) and contractile myofilaments [67]. This imbalance has been studied and vali-
dated using protein  tyrosine kinase K (PTK) and PP-specific inhibitors [68, 69]. 
One study found that another AF attribute is reduced targeting of the PP1-RGL holo-
enzyme to the sarcoplasmic reticulum Ca2+-adenosine triphosphatase (SERCA2A)/
PLB macromolecular complex, making SERCA2A more active and increasing Ca2+ 
loading of the SR. The increased load may cause larger spontaneous Ca2+ release 
and late after-depolarizations that promote AF [67].

HF is characterized by desensitization of the β-adrenoceptor (β-AR) and its 
downstream signaling partners, including I1. This broadly increases PP1 activity 
during HF, yet phosphorylation varies across different subcellular locations of the 
failing heart [70]. For example, the PP1-I1 complex dephosphorylates phospholem-
man (PLM) at an increased rate in HF. This causes diminished Na+/K+ ATPase activ-
ity, resulting in increased intracellular Na+ levels and thus an increase in intracellular 
Ca2+ load [71, 72]. Notably, the events outlining the regulation of I-1 provide a point 
of crosstalk among phosphatases and also between PKA and PP1 [73, 74]. 
Additionally, heightened activity of the PP1-RGL holoenzyme activates PLB (a 
SERCA2A inhibitory subunit) thereby inactivating SERCA2A, resulting in reduced 
Ca2+ uptake and SR load (impaired diastolic Ca2+ sequestration) in HF [42, 75].

The overall intracellular Ca2+ level and phosphorylation state of contractile 
machinery contribute to a normal or abnormal heartbeat. In diastolic HF, there is 
reduced Ca2+ decay together with myofilament impairment, causing increased myo-
filament Ca2+ sensitivity. The reduced phosphorylation of the inhibitory troponin 
subunit (cTnI) of the thin filament and the cardiac myosin binding protein C 
(cMyBP-C) of the thick filament, both of which are targeted by PP1, contributes to 
this phenotype [68, 76, 77].

Compared to the known 200+ PP1 interactors, a small number has been identi-
fied and validated to date. This includes the most studied: PPP1R1A (I-1), PPP1R2 
(I-2), PPP1R9B (spinophilin), PPP1R3A (RGL), PPP1R7 (SDS22), PPP1R8, and 
PPP1R18/phostensin. Recent advances in bioinformatics have led to the identifica-
tion of some putative regulatory subunits such as cold-shock domain protein A 
(CSDA), found in the sarcolemma of cardiomyocytes, and phosphodiesterase type 
5A (PDE5A), a cyclic guanosine monophosphate (cGMP)-dependent-specific 
phosphodiesterase that plays a crucial role in oxidative stress and cardiac hypertro-
phy [78].

Protein Phosphatase Signaling in Cardiac Myocytes
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 PP2A in Cardiovascular Disease

PP2A undertakes a major load of phospho-regulation in cardiac cells as evident by 
its heterogeneous expression across different cardiac chambers and disease pheno-
types, which has previously been reviewed [28]. AF is marked by increased global 
PP2A activity from increased PP2A-C expression, whereas both increased and 
decreased PP2A-C expressions have been reported in HF [28, 29, 79].

Under normal cardiac conditions, Na+ channels open transiently and are quickly 
inactivated. However, some channels remain active or close and reopen, resulting in 
the generation of a persistent or late sodium current (INa,L) which is pro-arrhythmic 
[17]. In a pressure-overload mouse model, hyperphosphorylation of Nav1.5 by 
CAMKII at Ser571 was shown to increase INa,L and generate arrhythmogenic trig-
gers [80]. Interestingly, the PP2A-B56α signaling complex is localized at the inter-
calated disc of the myocyte with Nav1.5, ankyrin-G, βIV spectrin, and CaMKII δ. 
PP2A-B56 α, within this complex, is critical for action potential (AP) duration by 
modulating the phosphorylation of Nav1.5 and the pathogenic INa,L. [17, 81]. 
Alterations in the Cav1.2 channel current (denoted ICa,L) have also been reported in 
heart arrhythmias. In particular, the dephosphorylation of Cav1.2 by PP2A results in 
a reduction of ICa,L and subsequent AP shortening, which is a hallmark of AF [69, 
79]. This dephosphorylation event can occur either by the PP2A-C dimer or a tri-
meric holoenzyme [37, 82].

PP2A, like PP1, also plays a major role in one of the core mechanisms for Ca2+ 
release, which is phospho-regulation of RyR2. Hyperphosphorylation of RyR2 and 
subsequent Ca2+ sparks and after-depolarization events have been noted in both HF 
and AF, resulting from a decrease in PP2A activity [55, 67]. PP2A targeting of 
RyR2 is achieved through interaction within a large macromolecular complex 
including key proteins such as PKA, CaMKII, and PP1. Anchoring of PP2A to 
RyR2 in this complex can be achieved through direct attachment via PR130, a PP2A 
regulatory subunit, or through indirect coupling with other proteins in the complex 
[83]. These include muscle-specific A kinase anchoring protein (mAKAP) and 
ankyrin-B via B56δ and B56α, respectively [56, 84]. These interactions are critical 
for proper control of RyR2 phosphorylation events and thus play a role in calcium 
release. For example, local PP2A activity is regulated through the PP2A-B56α 
holoenzyme either by targeting PP2A to the cardiac dyad to modulate CaMKII- 
dependent RyR2 phosphorylation or by sequestering free, more active PP2A-C 
dimers [35].

PP1 and PP2A play a key role in the regulation of cardiac contractility. Both PPs 
play a role in the dephosphorylation of cMyBP-C and TnI. cMyBP-C phosphoryla-
tion modulates contractility by altering the cross-bridge kinetics, while TnI phos-
phorylation modulates Ca2+ sensitivity to regulate contractility. Notably, both PPs 
dephosphorylate TnI but at different target residues. Interestingly, the targeting of 
PP2A to the contractile machinery is dependent on the B56α regulatory subunit [54, 
76]. B56α was also identified as a binding partner to ankyrin-B, which regulates 
Na+/K+ ATPase and NCX1. NCX1 plays a significant role in Ca2+ homeostasis in the 
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normal and failing heart [85]. Notably, PKA, PKC, and other regulatory enzymes 
such as PP1, PP2A, and mAKAP all form a macromolecular complex with NCX1. 
The presence of two kinases and two phosphatases within the complex suggests 
their role in precise and specific regulation of NCX1 function [86].

Cardiac hypertrophy and myocardial fibrosis have been reported in CVD and 
were linked to reduced PP2A activity [46]. This pathologic feature underlies a cru-
cial epithelial-mesenchymal transition, which results from the reactivation of key 
developmental genes in the adult heart [87]. Interestingly, cardiomyocyte-specific 
deletion of PP2A resulted in alteration of the Akt/GSK3β/β-catenin pathway [46]. 
Notably, the levels of β-catenin play a significant role in this gene reactivation and 
is regulated by an intricate β-catenin destruction complex composed of PP2A along 
with a scaffolding protein: Axin, adenomatous polyposis coli gene product (APC), 
casein kinase 1 (CK1), and glycogen synthase kinase 3 (GSK3) [88]. Importantly, a 
reduction in the expression of the PP2A modulator casein kinase-2 interacting pro-
tein- 1 (CKIP-1) and the pro-hypertrophic genes have all been reported in HF [89].

Finally, gap junctions, composed of connexins, are essential for myocyte- 
myocyte communication. PP1 and PP2A were suggested to regulate Cx-43 based on 
the localization of the PPs, phosphorylation sites on Cx-43, and reduced gap junc-
tion linked with increased phosphatase activity. In HF and AF models, conduction 
abnormalities resulting from modulations of gap junctions (i.e. dephosphorylation, 
downregulation, and lateralization of Cx-43) were closely linked to increased 
PP1/PP2A co-localization with Cx-43 and increased phosphatase activity 
[39, 90–92].

 PP2B in Cardiovascular Disease

The PP2B/calcineurin holoenzyme has only one regulatory subunit in the heart, 
CnB1, as opposed to the plethora that exist for PP1 and PP2A [93]. Additionally, in 
contrast to PP1 and PP2A, whose regulatory subunits aid in localization and sub-
strate targeting, the catalytic subunits of PP2B play this role [94, 95]. In AF and HF, 
Ca2+ sparks promote abnormal PP2B activation and affect overall excitability by 
increasing the nuclear factor of activated T-cells (NFAT), which reduces L-type Ca2+ 
channel (LTCC) expression [96]. This increased activation of PP2B, along with its 
localization at the T-tubules and its proximity to AKAP5 and LTCC, indirectly 
increases ICa,L by modulating the PP2A-LTCC interaction, although the exact mech-
anism is unclear [97–99]. The complex consisting of PP2B, LTCC, AKAP5, and 
caveolin 3 (CAV3) may provide a link to β-AR trafficking, which is abnormal in 
heart failure [33, 100].

Abnormal activation of NCX1 and Na+/K+ exchanger (NHE1) provides a platform 
to stimulate the PP2B/NFAT cascade, leading to cardiac hypertrophy [101, 102]. 
Notably, the role of PP2B in cardiac hypertrophy is its main contribution to the 
development of HF and AF.

Protein Phosphatase Signaling in Cardiac Myocytes
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 Conclusions and Future Directions

In summary, serine-threonine phosphatases are key regulatory proteins that control 
a wide array of processes in cardiac myocytes. Their holoenzyme composition 
allows for complex regulation of cellular processes, as well as specificity in cellular 
localization. This chapter has explored previous research revealing that serine-thre-
onine phosphatases contribute to the pathogenesis of cardiovascular diseases, spe-
cifically HF and AF. In order to consider these protein phosphatases as potential 
therapeutic targets, more knowledge is needed on their specific function, localiza-
tion, and regulation in the heart. This gap in knowledge can be addressed with more 
cardiac-specific mouse models of PP1, PP2A, PP2B, and their abundant regulatory 
subunits.

Although specific protein phosphatase targeting may be essential for future HF 
and AF therapy, the role of cross-talk between protein phosphatases and kinases 
must also be considered when designing novel interventions. Through the examples 
we have highlighted in this chapter, several feedback loops together regulate the 
protein phosphatase activity in various subcellular microdomains (Fig. 3). In par-
ticular, I-1 plays a predominant role in facilitating crosstalk between different types 
of phosphatases and kinases. Notably, β-AR signals negatively regulate PP1 activity 
by PKA-dependent I-1 activation, whereas PP2A and PP2B positively regulate PP1 
activity via I-1 repression. Moreover, I-2 is either autoregulated by its PP1 

Fig. 3 Schematic of crosstalk between phosphatases, kinases, and other crucial proteins. 
Abbreviations: muscle-specific A kinase anchoring protein (mAKAP), phosphorylation (P), inhib-
itor 1 (I-1), inhibitor 2 (I-2), glycogen synthase kinase 3 (GSK3), casein kinase 1 (CK1), adeno-
matous polyposis coli gene product (APC), protein kinase A (PKA), Ca2+-/calmodulin-dependent 
protein kinase II delta (CaMKII δ), and cAMP-specific phosphodiesterase (PDE4D3)
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holoenzyme or by kinases like GSK3 and CK1. Also, GSK3 and CK1 are part of the 
β-catenin destruction complex, which is involved in PP2A-mediated structural 
remodeling. In addition, PKA facilitates crosstalk between the PP2A-B56𝛿 holoen-
zyme and cAMP-specific phosphodiesterase (PDE4D3). These elaborate crosstalk 
events highlight the difficulty in identifying isolated targets for cardiovascular ther-
apy. Deeper investigation into these complex phosphatase-phosphatase and 
phosphatase- kinase feedback loops would contribute significantly to the advance-
ment of treatments for cardiovascular diseases. Given the speed of remodeling 
observed in the heart, it is critical that care be taken when interpreting and compar-
ing in vitro and in vivo models.
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Metabolic Regulation of Mitochondrial 
Dynamics and Cardiac Function

Michael W. Rudokas, Marine Cacheux, and Fadi G. Akar

Abstract Increasing lines of evidence highlight cardiac mitochondria as key regu-
lators of myocardial function and arrhythmias in response to acute injury and 
chronic diseases. In recent years, mitochondria have been shown to form highly 
dynamic organelles that continuously fuse and divide. These morphological changes, 
caused by complex fusion and fission events, are essential for normal embryonic 
development as well as other fundamental processes. Disruption of the balance 
between mitochondrial fusion and fission results in either highly interconnected 
mitochondrial networks (favoring fusion) or abnormally fragmented mitochondria 
(favoring fission). Our understanding of these opposing processes has been mark-
edly advanced by the identification of key proteins that regulate mitochondrial 
dynamics. Until recently, however, the functional importance of these proteins to 
the pathogenesis of cardiovascular disorders has received little attention. In this 
chapter, we discuss recent advances in our understanding of how altered regulation 
and expression of pro-fusion and pro-fission mitochondrial dynamics proteins 
impact cardiac function in common cardiovascular diseases.
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Cardiac mitochondria fulfill an integral role in cellular energy production via the 
synthesis of ATP through oxidative phosphorylation [1, 2]. As a metabolic by- 
product of this process, reactive oxygen species (ROS) are also generated eliciting 
diverse cell signaling functions, and under certain conditions, promoting cell death 
[3–6]. Although mitochondria were traditionally viewed as static arbiters of cell 
death and survival pathways, they have more recently become recognized for their 
highly dynamic nature, which allows them to form adaptive and interactive net-
works across cardiomyocytes [7, 8]. Indeed, these networks of mitochondria regu-
late cardiac function through finely tuned inter-organelle communication. Naturally, 
this recognition has reinvigorated our interest in understanding, at a fundamental 
level, the exact role that cardiac mitochondria in general and mitochondrial network 
dynamics in particular play in both health and disease [9]. In this chapter, we dis-
cuss recent advances in our understanding of how changes in the architecture of the 
intricate mitochondrial network, dictated by fusion and fission events, impact car-
diac function in the context of metabolic disease.

 Mitochondrial Dynamics: Fusion and Fission Events

Mitochondrial ultrastructure and function are regulated by a multitude of mecha-
nisms that impact the mitochondrial dynamics processes of fusion and fission. 
Mitochondrial fusion involves the merging of the outer (OMM) and inner (IMM) 
membranes of neighboring mitochondria to form elaborate interactive mitochon-
drial networks with synchronized mitochondrial membrane potential and therefore 
function. Additionally, fusion serves to mix and unify contents of the mitochondrial 
compartment, including mitochondrial DNA [10]. Mitochondrial fusion is a highly 
choreographed process that requires key membrane-bound GTPases, namely, mito-
fusin 1 (Mfn1), mitofusin 2 (Mfn2), and optic atrophy protein 1 (Opa1) [11–14]. 
The elaborate process of fusion commences with the tethering of mitofusins on the 
OMM of two neighboring mitochondria. Propelled by a GTP hydrolysis-driven 
conformational change, the tethered mitofusins merge the two OMMs. Next, a simi-
lar process occurs by the tethering of Opa1 and cardiolipin to cause fusion of the 
IMM [15].

On the opposite end of the spectrum, mitochondrial fission serves to divide rather 
than unify mitochondria. This conserved process evolved to achieve mitochondrial 
inheritance, recycle damaged organelles, and release pro-apoptotic factors [10]. The 
major regulator of mitochondrial fission is the GTPase dynamin-related protein 1 
(Drp1). Drp1 is recruited from the cytoplasm to OMM sites, preconstricted by the 
endoplasmic reticulum [16, 17], via interaction with Drp1 adapter proteins: mito-
chondrial dynamics proteins of 49 and 51 kDa (Mid49 and Mid51), mitochondrial 
fission factor (Mff), and possibly mitochondrial fission 1 (Fis1) in mammals [18–
20]. Drp1 binding forms multimeric spirals which trigger GTP hydrolysis causing a 
Drp1 conformational change that prompts the tightening of the spiral [21]. The 
GTPase dynamin 2 (Dnm2) has been suggested to form a collar-like assembly 
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around this constriction point ultimately resulting in the mitochondrial division by 
severing the inner and outer mitochondrial membranes [22]. However, more recent 
research has demonstrated that Dnm2 is dispensable in mitochondrial fission, while 
Drp1 is not, indicating that Drp1 is sufficient for constricting and severing the mito-
chondrial membranes [23].

Mitochondrial fusion and fission events arise continuously in the native myocar-
dium to maintain a healthy metabolic state. Disruption of these highly regulated 
processes represents an early adaptation to stress. This can be seen in various car-
diac maladies in which dysregulated mitochondrial dynamics lead to either the 
onset or progression of disease [24]. The following sections will examine the role of 
cardiac mitochondrial dynamics in common metabolic diseases that lead to cardiac 
dysfunction and sudden cardiac death, including acute ischemia/reperfusion injury, 
cardiac hypertrophy, and heart failure (HF).

 Diabetes-Related Cardiac Ischemia and Reperfusion Injury

Type-2 diabetes mellitus (T2DM) is a global public health epidemic that continues 
to expand in both its incidence and prevalence. Recent analyses by the CDC esti-
mate that over 30 million adults in the USA alone are affected [25]. The leading 
cause of morbidity and mortality in T2DM patients is cardiovascular disease [26]. 
Indeed, diabetic patients are prone to multiple cardiovascular disorders, including a 
very high burden of coronary artery disease that culminates in acute ischemia/reper-
fusion (I/R) events and chronic myocardial infarction (MI).

Central to the cardiovascular pathophysiology of T2DM is oxidative stress driven 
by increased production and impaired scavenging of reactive oxygen species (ROS). 
While the sources of ROS in T2DM are multi-factorial, many of the pathophysio-
logical complications of T2DM have now been linked to hyperglycemia-mediated 
mitochondrial ROS overproduction [27, 28]. Increased generation of ROS in hyper-
glycemic conditions has been recently shown to require dynamic changes in mito-
chondrial morphology. Specifically, Yu et  al. [29] elegantly demonstrated that 
mitochondrial fragmentation mediated by the fission process is a necessary compo-
nent of high glucose-induced ROS overproduction and associated changes in mito-
chondrial respiration in H9c2 cells. This strongly suggests that mitochondrial fission 
may be a previously unrecognized hub in the control of ROS production in 
hyperglycemia- associated disorders [30].

As noted above, cardiovascular complications in diabetes are causally associated 
with hyperglycemia-induced ROS overproduction. Hyperglycemic conditions 
increase the input of metabolic substrates into mitochondria, resulting in T2DM- 
related lipotoxicity and impaired mitochondrial respiratory capacity. Previous stud-
ies identified defective mitochondrial respiration with substrates of complexes I, II, 
and IV and impaired state 4 ➔ 3 energetic transition in isolated mitochondria from 
leptin receptor-deficient (db/db) mice with T2DM [31]. This, in turn, caused a major 
overflow of mitochondrial ROS that was triggered by high glucose conditions.
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Hyperglycemia promotes mitochondrial fragmentation, which in turn, contributes 
to ROS overproduction [29, 32]. Mitochondrial dynamics, specifically fission, have 
been implicated in excess ROS generation in cardiac cell lines [30]. In addition, 
lipotoxicity generated-ROS has been shown to modify the posttranslational state of 
Drp1 and Opa1 leading to mitochondrial dysfunction, likely due to altered mito-
chondrial ultrastructure [33]. Supporting evidence for these in vitro observations 
has come from animal models of diabetes. A streptozotocin mouse model of type 1 
diabetes was found to exhibit smaller cardiac interfibrillar mitochondria (IFM) with 
an enhanced apoptotic propensity compared to nondiabetic mice [34]. Notably, the 
subsarcolemmal mitochondrial (SSM) population in these experiments did not 
undergo similar ultrastructural remodeling indicating inherent differences in the 
response of various mitochondrial subpopulations [34]. Interestingly, the same 
group reported opposite changes in the mitochondrial subpopulations in db/db mice, 
in which morphological and functional dysfunctions were detected in the SSM with 
minimal effects on the IFM [35]. The notion that various mitochondrial subpopula-
tions may be subject to differential remodeling in various metabolic diseases was 
also reaffirmed in a model of combined high-fat diet with streptozotocin challenge, 
in which the size of IFM but not SSM mitochondria was decreased. Paradoxically, 
however, SSM but not IFM mitochondria appeared to generate more ROS high-
lighting an apparent discrepancy between gross abnormalities in mitochondrial 
ultrastructure and function, at least in this model [36]. Finally, in human atrial 
myocardium, T2DM was associated with IFM network fragmentation without a 
change in mitochondrial density [37].

Because ischemic events are typically more frequent and severe in diabetic 
patients compared to their nondiabetic counterparts, a detailed understanding of the 
direct effects of I/R per se on mitochondrial dynamics is important. Simulated 
ischemia in an atrial lineage myogenic cell line (HL-1) revealed extensive mito-
chondrial fragmentation involving p38 MAPK signaling [38]. Further studies in 
another cardiac cell line (H9c2) corroborated this observation of ischemia-induced 
mitochondrial fragmentation [39, 40]. Strikingly, Liu et al. found that hypoxia and 
reoxygenation of H9c2 cells led to the emergence of toroidal donut-shaped 
mitochondria [40]. These uniquely shaped organelles were believed to represent a 
beneficial adaptation for functional mitochondrial recovery possibly due to the 
opening of potassium channels or altered activity of the mitochondrial permeability 
transition pore. Whether similar mitochondrial adaptations and morphologies arise 
in native cardiac myocytes is yet to be determined.

Mitochondria in adult cardiac myocytes undergo Drp1-mediated fission in 
response to I/R. Indeed, ischemic injury in adult mouse hearts was found to cause 
mitochondrial fragmentation akin to what was observed in heterologous expression 
systems [41]. Similar studies supported this observation of mitochondrial fragmen-
tation in adult rodent hearts exposed to I/R [42–44]. I/R-related oxidative phos-
phorylation inhibition, ROS production, mitochondrial membrane potential 
depolarization, Ca2+ overloading, and other mitochondrial signaling pathways can 
mediate mitochondrial fragmentation in response to acute injury [45, 46]. 
Nonetheless, this idea of mitochondrial fragmentation arising as a response to I/R is 
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not universally held. For one, adult rat cardiomyocytes, following I/R, have also 
been shown to exhibit mitochondrial swelling in the absence of an increase in total 
mitochondrial number [47]. Therefore, additional studies are needed to further clar-
ify the exact effects of I/R on mitochondrial ultrastructure, function, and dynamics.

While the exact changes in mitochondrial morphology due to I/R may not be 
fully agreed upon, many studies have clearly demonstrated that the inhibition of 
Drp1 in the setting of I/R is cardioprotective. In HL-1 cells, pharmacologic Drp1 
inhibition with the mitochondrial division inhibitor-1 (MDIVI-1) or expression of a 
dominant negative Drp1 mutant both led to an increase in elongated mitochondria, 
a decrease in mitochondrial permeability transition pore sensitivity, and a reduction 
in the rate of cell death in response to simulated I/R [41]. Although MDIVI-1 may 
exert nonspecific effects independent of its Drp1 inhibitory action [48], a more spe-
cific pharmacologic Drp1 inhibitor, Drpitor1a, was also found to inhibit mitochon-
drial fission and preserve cardiac function in I/R, reaffirming this strategy as a 
potentially viable therapeutic option [49]. Similar to direct Drp1 inhibition, its indi-
rect suppression with the antiapoptotic and pro-proliferative kinase Pim-1 also pre-
served mitochondrial phenotype in neonatal rat cardiomyocytes exposed to 
simulated ischemia [50]. Another study which expressed the dominant negative 
mutant of Drp1 in rat hearts in vivo demonstrated a decrease in infarct size and cell 
death in response to I/R with improved cardiac function [44]. A heterozygous Drp1 
knockout mouse, which exhibited a 60% decrease in myocardial Drp1 protein 
expression, also developed a smaller infarct size compared to control mice after I/R 
[51]. Taken together, these studies indicate that the prevention of mitochondrial fis-
sion through Drp1 downregulation is indeed cardioprotective against I/R injury. Yet, 
seemingly contradictory evidence has also been presented in the literature high-
lighting a more nuanced role for Drp1-mediated fission in the regulation of I/R 
injury. Cardiac-specific Drp1 knockout mice exhibited more elongated and dam-
aged mitochondria and a decrease in autophagic flux, which led to mitochondrial 
dysfunction and consequently left ventricular dysfunction followed by premature 
death at 13 weeks [42]. Heterozygous versions of these mice exhibited normal left 
ventricular function at 12 weeks of age but were more susceptible to I/R events, as 
seen by an increase in infarct size compared to control mice [42]. This suggests that 
a basal level of Drp1 expression is required to maintain normal mitochondrial and 
cardiac homeostasis, but that acute Drp1 inhibition pharmacologically or through 
gene silencing may be a viable therapeutic strategy for I/R. Importantly, Drp1 inhi-
bition should be a temporary measure, because chronic inhibition of this critical 
mitochondrial division protein most likely interferes with adaptative mechanisms 
needed to maintain mitochondrial homeostasis in the long term.

At the opposite end of the mitochondrial dynamics spectrum, several studies have 
found that promotion of mitochondrial fusion, as opposed to inhibition of fission, is 
equally advantageous for preventing the deleterious effects of I/R. Overexpression 
of the pro-fusion regulatory protein Opa1 elicited clear cardioprotective effects 
against I/R injury in a genetic mouse model [52]. Pharmacological stimulation of 
fusion improved mitochondrial function, reduced infarct size, and attenuated cardiac 
apoptosis in a rat model of I/R [53]. Simulated ischemia in H9c2 cells reduced Opa1 
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protein levels. The functional significance of this remodeling was borne out of stud-
ies in which short hairpin RNA mediated reduction of Opa1 expression caused an 
increase in apoptosis and mitochondrial fragmentation [39]. In a mouse model with 
decreased cardiac Opa1 expression, infarct size was significantly greater following 
I/R [54]. Overexpression of Mfn2 in neonatal rat ventricular myocytes prevented cell 
death following simulated I/R [55]. Mice with cardiac-specific Mfn2 depletion 
exhibited an increase in cardiac cell death following I/R [56]. Lastly, activation of 
Akt signaling, whose mitochondrial elongating effects are associated with increased 
Mfn1 activity, also reduced myocardial infarct size likely by decreasing the extent of 
mitochondrial fragmentation following I/R [57].

Despite the aforementioned body of evidence, the role of mitochondrial fusion in 
I/R injury is also nuanced with some seemingly contradictory findings. For exam-
ple, adult cardiac myocytes with Mfn2 deletion were found to be protected from 
(not prone to) cell death due to hypoxia/reoxygenation [58]. Furthermore, Mfn2 
deletion mitigated infarct size likely by suppressing apoptosis after I/R [58]. Other 
studies, although not directly employing I/R methodologies, showed that Mfn2 
silencing in H9c2 cells or Mfn1 in cardiomyocytes led to protection against ROS- 
mediated apoptosis [59, 60]. Finally, overexpression of Opa1 decreased mitochon-
drial fragmentation but did not confer additional protection against simulated 
ischemia-induced apoptosis in H9c2 cells [39].

Clearly, I/R injury elicits direct effects on cardiac mitochondrial morphology, but 
which mitochondrial dynamics processes and proteins are responsible for these 
morphological changes still requires further clarification. It appears that inhibition 
of the fission regulatory protein Drp1 on a short time scale is cardioprotective 
against I/R injury while its chronic and complete inhibition may be detrimental, 
likely by disrupting the delicate balance between fusion and fission processes in the 
long term. Similarly, the impact of altered expression of fusion regulatory proteins 
in I/R requires further investigation to address fundamental discrepancies. Indeed, it 
is likely that cardioprotection against I/R requires a finely tuned activation of a host 
of mitochondrial dynamics proteins rather than a sledgehammer approach aimed at 
artificially increasing or decreasing the expression of only one of those interacting 
players. Overall, while significant progress has been made, more studies are still 
needed to address the conflicting evidence and to create a more comprehensive 
understanding of mitochondrial dynamics in all cell types of the heart before modu-
lation of these processes can be leveraged for the treatment of I/R-related cardiac 
dysfunction, especially in the context of metabolic disease in which classically car-
dioprotective pathways that converge on mitochondria are generally impaired [61].

 Diabetes-Related Cardiac Chronic Remodeling, Hypertrophy, 
and Failure

In addition to acute ischemic injury, T2DM is also associated with adverse chronic 
cardiac remodeling that can culminate in left ventricular hypertrophy (LVH) and 
heart failure (HF) typically with a preserved ejection fraction [62, 63]. LVH in 
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response to increased systemic pressure, a common manifestation of metabolic dis-
ease, is an adaptive mechanism that helps maintain cardiac output in the face of 
external stress. However, because LVH is associated with adverse remodeling, it 
ultimately becomes a leading risk factor for HF and ventricular arrhythmias [64]. 
Changes in mitochondrial energetics are a hallmark of hypertrophied myocytes. 
Numerous studies have shown that cardiac mitochondria are indeed central to the 
pathophysiology of LVH. For example, a marked shift in substrate utilization (free 
fatty acid to glucose) for energy production has been documented in various animal 
models and humans with hypertrophy [65, 66].

A clear association between hypertrophy and altered mitochondrial dynamics/
ultrastructure has also been observed. Exposure of neonatal rat cardiomyocytes to 
norepinephrine, a hypertrophy-inducing catecholamine, caused substantial mito-
chondrial fragmentation and decreased metabolic function [67]. In this study by 
Pennanen et al. [67], mitochondrial fragmentation was likely due to an increase in 
cytoplasmic Ca2+, which prompted the recruitment of Drp1 to mitochondria. Finally, 
treatment with a dominant negative form of Drp1 not only inhibited mitochondrial 
fission but also prevented norepinephrine-mediated hypertrophic growth [67]. 
Additional studies in multiple experimental models further confirmed the role of 
Drp1 in the pathogenesis of adverse remodeling and highlighted its inhibition as a 
viable anti-hypertrophic target [68, 69]. However, Drp1 is also known to regulate 
essential processes, such as mitophagy, which may counterbalance some of the ben-
efits that stem from its inhibition. In that regard, the challenge of a cardiac-specific 
heterozygous Drp1 knockout mouse model with pressure overload was associated 
with worse cardiac remodeling likely reflecting the impact of Drp1 on mitoph-
agy [70].

In addition to Drp1, other regulatory proteins that promote fusion rather than fis-
sion also appear to play a major role in hypertrophic disorders. Mfn2 was found to 
be downregulated in a variety of in vitro and in vivo models of hypertrophy with a 
few exceptions [71]. In neonatal rat cardiomyocytes, sole inhibition of Mfn2 led to 
mitochondrial fragmentation and cellular hypertrophy [67]. Conversely, Mfn2 over-
expression prevented cellular and organ level hypertrophy and mitochondrial dys-
function in angiotensin II-induced models of LVH [72, 73]. It is believed that Mfn2 
provides these protective effects through the promotion of mitochondrial fusion 
and/or autophagy [72]. Opa1 may also have a role in hypertrophy, as Opa1 haploin-
sufficient mice subjected to transversal aortic constriction were reported to develop 
almost double the cardiac hypertrophy phenotype compared to control mice [74]. 
More studies are required to fully understand the function of fusion regulatory pro-
teins in LVH, both with and without the added influence of metabolic disease.

Complicating matters further, hypertrophy is a general term that can be divided 
into sub-classifications with differential effects on mitochondrial dynamics pro-
cesses. Typically, an early phase of concentric (“compensated”) hypertrophy is fol-
lowed by eccentric volume overload-induced hypertrophy (“decompensated”), 
which then devolves into heart failure [75, 76]. An initial study demonstrated that 
“compensated” hypertrophy was accompanied by decreased Drp1, increased Opa1, 
and no changes to Mfn1/2 expression [77]. This appears to contradict the aforemen-
tioned studies which clearly documented decreases in Mfn2 as well as the 
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importance of Drp1 in the development of hypertrophy. Therefore, studies investi-
gating the specific hypertrophic phases that lead to eventual HF need to be contin-
ued to capture the range of pathophysiological changes in mitochondrial dynamics 
during disease progression. Such studies will help inform which changes may be 
deleterious and which may be adaptive during the course of remodeling.

Once a heart has progressed from hypertrophy to failure, mitochondrial fragmen-
tation is clearly evident, indicating major dysregulation of mitochondrial dynamics 
processes [39, 78, 79]. Furthermore, the level of mitochondrial fragmentation 
appears to correlate with the severity of HF [78]. Again, specific mitochondrial 
dynamics processes and regulatory proteins may vary depending on the stage and 
etiology of HF. For example, Opa1 was reported to be decreased in a rat model of 
ischemic HF, but another study using a similar model showed that Opa1 expression 
was preserved until much later in the course of HF [39, 80]. Similarly, Opa1 was 
shown to be decreased in human ischemic HF but not in nonischemic HF [39].

Beyond changes in overall expression, altered posttranslational modifications of 
mitochondrial dynamics proteins may be a major cause of mitochondrial dysfunc-
tion in HF. As an example, the expression of forkhead box O3a (FOXO3a) tran-
scription factor and its effectors were found to be increased in rodent and human HF 
and to correlate with disease severity [81, 82]. FOXO3a upregulates BCL2 interact-
ing protein 3 (BNIP3), which leads to mitochondrial membrane depolarization, 
mitochondrial fragmentation, and apoptosis [83]. This is believed to be mediated 
either via activation of the Ca2+-dependent phosphatase calcineurin, which dephos-
phorylates the serine-637 site on Drp1 increasing its translocation to mitochondria 
and promoting fission or via BNIP3-induced inhibition of the fission-suppressing 
Drp1 phosphorylation by protein kinase A (PKA) [84, 85].

Many studies have focused on the rescue of mitochondrial dysfunction in meta-
bolic disease by targeting mitochondrial dynamics. A previously mentioned study 
used overexpression of a dominant negative form of Drp1 in cell lines to prevent 
high glucose-induced mitochondrial fragmentation and ROS overproduction [29]. 
Overexpression of Mfn2, which stimulated mitochondrial elongation and prevented 
an increase in ROS due to high glucose exposure, was also used [29, 30]. Promotion 
of fusion by overexpression of Opa1 rescued mitochondrial fragmentation and 
mitochondrial function in neonatal cardiac myocytes under high glucose conditions 
[86]. Furthermore, suppression of Drp1 by small interfering RNAs in H9c2 cells 
exposed to oxidative stress reduced the extent of mitochondrial fragmentation and 
restored insulin signal transduction [87]. The implication that insulin signaling is 
tied to mitochondrial dynamics in cardiac cells was further investigated in another 
study, which demonstrated that Opa1 levels and consequently mitochondrial dynam-
ics are regulated by insulin-mediated Akt-mTOR-NFκB signaling [88].

Pharmacological studies using the mitochondrial division inhibitors (MDIVI-1 
& P110), which have distinct mechanisms of action on Drp1 [89], have also been 
used to reduce myocyte apoptosis, in vitro and infarct size, in vivo [90]. The role of 
Drp1 in the pathogenesis of diabetes-related cardiovascular disorders has received 
limited attention [29, 87, 91, 92]. A notable recent study provided compelling evi-
dence of increased Drp1 translocation to mitochondria and decreased mitochondrial 
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size consistent with increased fission in response to I/R injury in a mouse model of 
T2DM [93]. In vivo delivery of MDIVI-1 to these mice inhibited Drp1 translocation 
to mitochondria and decreased mitochondrial fission. Furthermore, pharmacologi-
cal inhibition of Drp1 reduced MI size and decreased serum cardiac troponin and 
lactate dehydrogenase levels [93].

In summary, cardiac mitochondrial dynamics appear to play a significant and 
underappreciated role in common metabolic diseases that lead to cardiac dysfunc-
tion and sudden cardiac death. Hence, a better understanding of upstream mecha-
nisms that regulate mitochondrial dynamics proteins may offer new therapeutic 
avenues. In what follows, we focus on one axis of this regulation that is mediated by 
signaling via the master metabolic sensor AMP-activated protein kinase (AMPK).

 Metabolic Control of Mitochondrial Dynamics: 
The Role of AMPK

Recent studies have shown robust regulation of mitochondrial fission in the heart by 
a signaling cascade involving AMPK [91, 94, 95], a serine/threonine kinase that is 
ubiquitously expressed in various cell types and tissues in the body, including the 
heart. As a master metabolic sensor, AMPK plays a fundamental role in the regula-
tion of the cardiac response to acute and chronic stressors. In a pivotal study, AMPK 
was shown to regulate the fission portion of mitochondrial dynamics [96]. 
Specifically, Toyama et al. demonstrated that direct pharmacological activation of 
AMPK promoted mitochondrial fission likely via direct phosphorylation at serine-
 155 and serine-173 on Mff, the mitochondrial outer-membrane protein [97]. Mff is 
an essential adapter protein involved in the recruitment of Drp1 to the mitochondrial 
membrane [98]. This AMPK-driven mechanism for fission was experimentally sup-
ported by studies documenting an increase in Drp1 mitochondrial localization only 
when the Mff phosphorylation sites were intact. The necessity for AMPK-mediated 
phosphorylation of Mff to control mitochondrial fission was further confirmed in 
skeletal muscle cells [99]. The serine-45 site of Armadillo repeat-containing protein 
10 (ARMC10) was also found to be yet another direct AMPK phosphorylation sub-
strate involved in the control of mitochondrial dynamics [100]. ARMC10 is local-
ized at the OMM where it associates with Mff and Drp1 likely participating in the 
regulation of mitochondrial fission. The role of AMPK in the control of mitochon-
drial fission was also determined from studies in which CRISPR gene editing was 
used to disrupt AMPKα1 and/or AMPKα2 in vitro. In these studies, AMPK deple-
tion was found to abrogate the mitochondrial fission response induced by rote-
none [11].

In the context of diabetes, however, mitochondrial fission can be inhibited by 
activation of AMPK pathways that appear to alter Drp1 phosphorylation [91]. 
Accumulating (but largely circumstantial) evidence is pointing toward a critical role 
of this so-called AMPK-Drp1 axis in the cardioprotective effects of various 
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interventions in T2DM. For example, Zhou et  al. demonstrated that the sodium/
glucose cotransporter 2 (SGLT2) inhibitor empagliflozin improved myocardial 
function, preserved the integrity of the microvascular barrier, sustained eNOS phos-
phorylation, and improved endothelium-dependent relaxation [91]. Importantly, 
these beneficial effects were mediated by AMPK-dependent inhibition of mitochon-
drial fission [91]. The importance of this axis in modulating long-term cardiac 
remodeling is further exemplified by a recent study in which overexpression of 
Sirtuin-3 reduced cardiac fibrosis, improved myocardial function, inhibited the 
inflammatory response, and reduced cardiomyocyte death by attenuating mitochon-
drial fission [94]. Once again, AMPK inhibition was sufficient to reactivate Drp1 
and abrogate the protective effects of Sirtuin-3 on mitochondrial fission, reaffirming 
the role of the AMPK-Drp1 axis in this process [94].

 Concluding Remarks

Mitochondria are highly dynamic organelles that undergo fusion and fission events. 
These morphological changes allow them to form interactive functional networks 
that span the entire cardiomyocyte. Disruption to the balance between mitochon-
drial fusion and fission is tied to the development of cardiac myocyte dysfunction in 
metabolic diseases. Furthermore, mitochondrial dynamics have been implicated in 
the initiation and progression of associated cardiac disorders that culminate in heart 
failure and likely sudden cardiac death. Investigations into the control of mitochon-
drial dynamics through upstream metabolic signaling cascades, including regula-
tion by the master metabolic sensor AMPK, are ongoing in our laboratory and many 
others. These studies, we hope, will provide new avenues for the treatment of car-
diac dysfunction in metabolic diseases.
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NADPH Oxidase System Mediates 
Cholesterol Secoaldehyde-Induced 
Oxidative Stress and Cytotoxicity in H9c2 
Cardiomyocytes

Laura Laynes, Achuthan C. Raghavamenon, Deidra S. Atkins-Ball, 
and Rao M. Uppu

Abstract An oxidized cholesterol species, 3β-hydroxy-5-oxo-5,6- 
secocholestan- 6-al (cholesterol secoaldehyde, ChSeco, or atheronal-A), likely to be 
formed in vivo at inflammatory sites through singlet oxygen-mediated oxidations, 
has recently been identified as an important player in degenerative diseases such as 
atherosclerosis and Alzheimer’s disease. Previous studies from our laboratory and 
elsewhere have demonstrated the cytotoxic and inflammatory potential of this oxy-
sterol using a wide variety of cell types including primary cells of mammalian ori-
gin. In nonimmune cells, such as rat embryonic H9c2 cardiomyocytes, depletion of 
cellular glutathione and an associated increase in the formation of reactive oxygen 
species (ROS), particularly H2O2, have been suggested to be among the initial events 
that lead to apoptotic signaling by ChSeco. Herein, we investigated the role of 
plasma membrane NADPH oxidase system (NOS) as a source of H2O2 and related 
ROS in ChSeco-exposed H9c2 cardiomyocytes. Pretreatment of H9c2 cardiomyo-
cytes with inhibitors of NOS, namely, apocynin (Apo) and diphenyleneiodonium 
chloride (DPI), lowered the ChSeco-mediated formation of intracellular peroxides 
or peroxide-like substances (measured based on dichlorofluorescein fluorescence) 
and H2O2, the latter being measured based on intracellular hydrolysis of Amplex 
red to 3,7-dihydroxyphenoxazine and the subsequent oxidation of 
3,7- dihydroxyphenoxazine to resorufin. The superoxide dismutase activity, which 
was shown to increase in a time-dependent manner in response to ChSeco expo-
sure, increased further when the cardiomyocytes were pretreated with Apo, but not 
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DPI. The ChSeco-mediated cytotoxicity and lowering of glutathione (GSH) levels 
were mitigated to some extent when cardiomyocytes were pretreated Apo, while 
pretreatment with DPI nearly reversed the effects of ChSeco. The NOS inhibitors 
(Apo and DPI) were effective in lowering lipid peroxidation (formation of thiobar-
bituric acid-reactive substances) as well as the overexpression of pp38 and SAPK/
JNK proteins in the ChSeco-exposed cardiomyocytes. Furthermore, the loss of 
mitochondrial transmembrane potential (ΔΨm) resulting from exposure to ChSeco 
was also mitigated by pretreatments with both Apo and DPI, while the loss of ΔΨm 
induced by rotenone (inhibitor of mitochondrial complex I) was only marginally 
restored by these two NOS inhibitors. Taken together, we suggest that the plasma 
membrane NADPH oxidase system contributes to the formation of H2O2 and related 
ROS which may have a secondary effect(s) on mitochondrial function leading to the 
observed ChSeco cytotoxicity in H9c2 cardiomyocytes.

Keywords Apocynin · Atheronals A and B · Diphenyleneiodonium chloride · 
Mitochondrial electron transport system · NADPH oxidase system · Oxysterols · 
Reactive oxygen species

Abbreviations

5-NitroApo 5-Nitroapocynin
Amplex red 10-Acetyl-3,7-dihydroxyphenoxazine
Apo Apocynin or 4-hydroxy-3-methoxyacetophenone
Apo● Apocynin phenoxyl radical
Atheronal-B 3β-Hydroxy-5β-hydroxy-B-norcholestan-6β-carboxaldehyde
BCA Bicinchoninic acid
BSA Bovine serum albumin
ChSeco 3β-Hydroxy-5-oxo-5,6-secocholestan-6-al (cholesterol secoalde-

hyde or Atheronal-A)
CMDCF 5-(and-6)-Chloromethyl-2,7-dichloroflurescein
CMDCFDA 5-(and-6)-Chloromethyl-2,7-dichlorodihydrofluorescein
CMH2DCFDA 5-(and-6)-Chloromethyl-2,7-dichlorodihydro-fluorescein 

diacetate
DiApo Diapocynin
DMEM Dulbecco’s modified Eagle’s medium
DMSO Dimethyl sulfoxide
DPI Diphenyleneiodonium chloride
DTPA Diethylenetriaminepentaacetic acid
ETS Electron transport system
FBS Fetal bovine serum
GST Glutathione S-transferase
HEPES 4-(2-Hydroxyethy)-1-piperazineethanesulfonic acid
HRP Horseradish peroxidase
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JC-1 5,5′,6,6′-Tetrachloro-1,1′,3,3′-tetraethylbenzimidazolylcarbo- 
cyanine iodide

KRH Krebs-Ringer-HEPES
MCB Monochlorobimane
MDA Malondialdehyde
MTS 3-(4,5-Dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4- 

sulfophenyl)-2H-tetrazolium, inner salt
NOS NADPH oxidase system
PBS Phosphate-buffered saline
PES Phenazine ethosulfate
PVDF Polyvinylidene fluoride
ROS Reactive oxygen species
SDS Sodium dodecyl sulfate
SOD Superoxide dismutase
TBA Thiobarbituric acid
TBARs Thiobarbituric acid-reactive substances
TBST Tris-buffered saline with Tween 20
WST-1 2-(4-Iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-

tetrazolium, monosodium salt
WST-1 4-[3-(4-Iodophenyl)-2-(4-nitrophenyl)-2H-5-tetrazolio]-1,3- 

benzenesulfonate disodium salt
ΔΨm Mitochondrial transmembrane potential

 Introduction

Oxidized cholesterol species (oxysterols) formed during auto-oxidation or enzy-
matic reactions have been extensively studied and are shown to produce cytotoxic 
effects in several cell culture systems [1–3]. In most cases, an increase in intracel-
lular Ca2+ levels and excessive formation of reactive oxygen species (ROS) such as 
H2O2 are indicated in oxysterol-mediated cytotoxicity. Once thought to be an 
‘ozone-specific’ oxysterol, 3β-hydroxy-5,6-secocholestan-6-al (cholesterol secoal-
dehyde, ChSeco, or Atheronal-A; Fig. 1) is now widely recognized to be formed 
in vivo mainly from Hock cleavage of cholesterol-5α-hydroperoxide [4], the latter 
being formed in reactions of singlet oxygen with cholesterol and possibly choles-
terol 3-acyl esters [5–7]. The natural occurrence of ChSeco and its aldolized prod-
uct, 3β-hydroxy-5β-hydroxy-B-norcholestane-6β-carboxaldehyde (Atheronal-B; 
Fig. 1) in atherosclerotic plaques [8], and the demonstration in vitro that ChSeco 
induces the monocyte maturation to macrophage and causes overexpression of 
adhesion molecules in endothelial cells [9], have been suggested to indicate a role 
for this oxysterol in atherosclerosis [10]. In addition to its presence in the athero-
sclerotic plaque, ChSeco has shown to be present in the brain samples of patients 
with Alzheimer’s disease [11] and Lewy body dementia [12], and promotes the 
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formation of amyloid-beta (Aβ) fibrils in rat GT1–7 hypothalamic neurons [13] and 
in rat primary cortical neurons in vitro [14]. Kelly and his colleagues have shown 
that aldehydic metabolites of cholesterol (ChSeco) and phospholipids accelerate 
Alzheimer’s amyloidogenesis by a two-step mechanism, Schiff base formation with 
Aβ peptides followed by downhill polymerization of the Aβ-metabolite aggregates, 
eliminating the requirement for nucleation [15]. Thus, there is a broad recognition 
for Atheronals A and B in degenerative diseases [10, 16].

Studies from our laboratory have shown that ChSeco induces apoptosis in rat 
embryonic H9c2 cardiomyocytes [17, 18] and murine GT1–7 hypothalamic neu-
rons [13, 19] through depletion of cellular glutathione, generation of excessive 
ROS, and activation of mitochondrial and death receptor pathways. The role of ROS 
in ChSeco exposures was confirmed by the observations that N-acetyl-L-cysteine 
(NAC), Trolox (a water-soluble analog of vitamin E), catalase, and deferoxamine 
(an iron chelator) were all effective in inhibiting most events related to oxidative 
stress and apoptosis and that H2O2 was identified as the major ROS mediating cell 
death in ChSeco-exposed cardiomyocytes [13, 17–20]. However, the source of H2O2 
has not yet been identified. Since the mitochondrial electron transport system (ETS) 
and the plasma membrane NADPH oxidase system (NOS) are two important 
sources of ROS in the cellular milieu, herein, we investigated the significance of 
these pathways with known inhibitors of NOS (Apo and DPI) and ETS (rotenone). 
Additionally, we examined the activities of antioxidant enzymes (catalase and 
superoxide dismutase), the formation of lipid peroxidation products (thiobarbituric 
acid-reactive products or TBARs), and activation of MAP Kinases (p38 and SAPK) 
that could play a role in apoptosis, in general, in ChSeco-exposed H9c2 
cardiomyocytes.
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 Materials and Methods

 Chemicals, H9c2 Cardiomyocytes, and Cell Culture Supplies

Apocynin (Apo), bovine serum albumin (BSA), dimethyl sulfoxide (DMSO), 
diphenyleneiodonium chloride (DPI), Dulbecco’s modified Eagle’s medium 
(DMEM), fetal bovine serum (FBS), 4-(2-hydroxyethyl)-1- piperazineethanesulfonic 
acid (HEPES), menadione, 2-mercaptoethanol, penicillin-streptomycin 
(10,000  units/mL penicillin and 10  mg/mL streptomycin), phosphate-buffered 
saline (PBS), protease inhibitor cocktail [4-(2-aminoethyl)-benzenesulfonyl fluo-
ride hydrochloride, pepstatin A, E-64, bestatin, leupeptin, and aprotinin], sodium 
dodecyl sulfate (SDS), 1,13,3-tetrqaethoxypropane (malondialdehyde precursor), 
thiobarbituric acid (TBA), Tris base (Trizma), Triton X-100, and trypsin-EDTA 
(2.5 g EDTA-Na4 per liter of HBSS) were purchased from Sigma-Aldrich (St. Louis, 
MO). Other chemicals and reagents were obtained from the following sources: 
acrylamide/bis-acrylamide (30% w/v in water) and polyvinylidene fluoride (PVDF) 
membranes from Bio-Rad (Hercules, CA); diethylenetriaminepentaacetic acid 
(DTPA) was from Acros Organics (Morris Plains, NJ); 5-(and 6)-chloromethyl-2′,7′-
dichloro-dihydrofluorescein diacetate (CMH2DCFDA) from Invitrogen (Carlsbad, 
CA); bicinchoninic acid (BCA) protein assay kit and SuperSignal™ West Femto 
chemiluminescent substrate from Pierce (Rockford, IL); CellTiter 96® AQueous 
one solution from Promega (Madison, WI); kits for the measurement of superoxide 
dismutase (SOD) activity and reduced glutathione (GSH) and for the fractionation 
of mitochondria and cytosol from BioVision (Mountain View, CA); MitoCapture kit 
for the measurement of mitochondrial transmembrane potential (ΔΨm) from 
CalBiochem (La Jolla, CA); the Amplex red assay kit for the determination of H2O2 
from Invitrogen (Grand Island, NY); and primary antibodies to pp38, pSAPK, and 
β-actin from Cell Signaling Technology (Danvers, MA). Rat embryonic H9c2 car-
diomyocytes were procured from the American Type Culture Collection (ATCC; 
Rockville, MD). Stock solutions of Apo, ChSeco, DPI, rotenone, and Trolox were 
prepared in DMSO, ethanol, or PBS, as needed.

 Synthesis of Cholesterol Secoaldehyde

ChSeco was synthesized in the laboratory as described previously [17, 21]. Briefly, 
following ozonation of cholesterol in mixed solvents of dichloromethane and meth-
anol to complete oxidation (monitored by reversed-phase HPLC), the residue of the 
oxidized cholesterol was dissolved in a minimal volume acetic acid/water (19/1, 
v/v) and reduced with excess Zn dust (ten-fold molar excess to the amount of cho-
lesterol originally used in the ozonation reaction). The product, ChSeco, was iso-
lated by solvent extraction and the purity tested by reversed-phase HPLC [17]. 
Small aliquots of the final product were prepared in DMSO at a concentration of 
20 mM and stored at −80 °C until use.
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 Cell Culture and Treatments

H9c2 cardiomyocytes were maintained in DMEM containing 4  mM glutamine, 
1.5 g/L sodium bicarbonate, 4.5 g/L glucose, 1.0 mM sodium pyruvate, 10% FBS, 
100 units/mL penicillin, and 10 μg/mL streptomycin and incubated at 37 °C in a 
humidified atmosphere containing 95% air/5% CO2. The medium was replaced 
once every 2–3  days, and the cells were split following trypsinization and sub- 
cultured to preconfluence (ca. 70%), as needed. For experimental purposes, cardio-
myocytes were seeded at a cell density of 4 × 104/well in 24-well plates or 1.5 × 106/
well in 6-well plates. At preconfluence, cardiomyocytes were exposed to 10 μM 
Apo (or DPI or rotenone) for 1 h in DMEM containing 2% FBS (v/v) and antibiot-
ics. Followed by this, cardiomyocytes were exposed to 0–15 μM ChSeco for differ-
ent time periods and then analyzed for various biochemical parameters including 
cell proliferation and metabolism, cell viability, antioxidant enzymes, ΔΨm, lipid 
peroxidation, H2O2 and other peroxide or peroxide-like substances, and expression 
of MAP kinases.

 Cell Proliferation and Metabolism

The cytotoxicity assay initially performed was based on the metabolic activity of 
H9c2 cardiomyocytes which relied on phenazine ethosulfate (PES; or 1-methoxy- 
PES)-mediated reduction of 3-(4,5-dimethylthiazol-2-yl)-5-(3- 
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) to MTS 
formazan. These assays were performed using a CellTiter 96 AQueous one solution 
as described in our previous publications [16, 18]. Briefly, H9c2 cardiomyocytes 
were seeded in 24-well plates at a cell density of ca. 4 × 104/well and exposed to 
10 μM Apo (or DPI) for 1 h in DMEM containing 2% FBS. Thereafter, the medium 
was replaced with DMEM containing 0–15 μM ChSeco and 2% FBS and the incu-
bation continued for 24 h. At the end of the incubation period, aliquots (10 μL each) 
of the AQueous one solution were added directly to cell cultures (the volume of cell 
culture in each case was 500 μL). The cells were incubated for 1–4 h, and the MTS 
formazan produced was measured at 490 nm using a BioTek ELx800 microplate 
reader (Winooski, VT).

 Trypan Blue Exclusion Assay

The second assay, which provides a more direct determination of cytotoxicity, was 
based on Trypan blue exclusion [22]. This assay is based on the principle that live 
cells with intact cell membranes exclude Trypan blue and, therefore, maintain a 
clear cytoplasm. However, dead cells have compromised cell membranes that allow 
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entry of Trypan blue into the cell causing their cytoplasm to become blue in color. 
H9c2 cardiomyocyte suspensions (20 μL each) were mixed with equal volumes of 
0.25% Trypan blue in DMEM containing 2% FBS. A 10-μL aliquot of the Trypan 
blue mixed cardiomyocyte suspension was introduced into a hemocytometer, and 
the live and dead cells were visually examined and counted using a Nikon inverted 
microscope.

 Measurement of Intracellular Peroxides

The intracellular formation of peroxide or peroxide-like molecules was determined 
using a membrane-permeable probe, 5-(and 6)-chloromethyl-2,7- 
dichlorodihydrofluorescein diacetate (CMH2DCFDA) as described previously [10, 
23]. H9c2 cardiomyocytes grown in 24-well plates, at ~70% confluence, were 
exposed to 10 μM CMH2DCFDA in DMEM containing 2% FBS for 30  min at 
37  °C.  After the incubation, the cells were washed twice with KRH buffer and 
treated first with 10 μM Apo (or DPI) for 1 h and then exposed to 0, 10, or 15 μM 
ChSeco for up to 9  h. The appearance of 5-(and-6)-chloromethyl-2,7- 
dichloroflurescein (CMDCF; also referred to as DCF fluorescence) was monitored 
using a SpectraMax Gemini EM microplate reader (Molecular Devices; Sunnyvale, 
CA) at excitation and emission wavelengths of 485 and 530 nm, respectively, over 
the course of ChSeco exposure.

 Measurement of Hydrogen Peroxide

10-Acetyl-3-7-dihydroxyphenoxazine (Amplex red), a highly sensitive probe spe-
cifically designed for the measurement of H2O2, was employed [23]. The assay was 
based on the intracellular hydrolysis of Amplex red to 3,7-dihydroxyphenoxazine 
and its subsequent oxidation by H2O2 in a peroxidase-catalyzed reaction to resoru-
fin, a highly fluorescent compound (excitation: 571 nm; emission: 585 nm). Briefly, 
H9c2 cardiomyocytes (ca. 1.5 × 106) were seeded in 6-well plates. At ~70% conflu-
ence, cardiomyocytes were initially treated with 10  μM Apo (or DPI) for 1  h. 
Following this treatment, the medium was removed, the cells were washed with 
PBS, and then exposed to 0 or 15 μM ChSeco for 0–10 h in DMEM containing 2% 
FBS. At different incubation periods, cardiomyocytes were harvested by scraping 
into ice-cold PBS and centrifuging at 3000 rpm for 20 min. The cell pellets were 
resuspended in 250 μL each of the reaction buffer. Aliquots (50 μL each) of the 
cardiomyocyte suspensions were placed in individual wells in a 96-well plate and 
mixed with 50 μL each of the Amplex red/horseradish peroxidase (HRP) working 
solution (final concentration of Amplex red: 50 μM; final concentration of HRP: 0.1 
unit/mL). The reaction was allowed to take place for 30 min at ambient temperature 
in the absence of light. The formation of resorufin was measured in each case using 
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a SpectraMax Gemini EM microplate reader (excitation: 530–560 nm; emission: 
590 nm). All components were provided with the kit. The Amplex red reagent was 
prepared fresh before use for optimal results.

 Thiobarbituric Acid-Reactive Substances (TBARs)

H9c2 cardiomyocytes, at ~70% confluence, were pretreated with Apo or DPI, as 
described earlier, and then exposed to 15 μM ChSeco for 6 h. At the end of the 
exposure period, approximately 5 × 106 cells were lysed in 150 μL of cold 0.1 M 
Tris-HCl buffer, pH 6.80, containing 1% (w/v) SDS and 1% (v/v) protease inhibitor 
cocktail. The lysate was centrifuged at 15,000 × g for 15 min at 4 °C. Aliquots of 
the supernatant (125 μL each) were mixed with 50 μL of 10% SDS, 250 μL of 20% 
(v/v) acetic acid, and 750  μL of thiobarbituric acid reagent (TBA; 0.67% w/v, 
freshly prepared in deionized water) in different test tubes [24]. The reaction mix-
tures were incubated for 1 h in boiling water bath. At the end of the incubation 
period, the mixtures were cooled to room temperature, and 500 μL of deionized 
water was added to each test tube. Where necessary, the product of MDA (or other 
aldehydes)-TBA reaction was extracted into pyridine. The organic layer was read 
against the pyridine blank at 532 nm using a Thermo Spectronic Genesys 10 UV-Vis 
spectrophotometer (Madison, WI).

 Measurement of Reduced Glutathione Levels

This assay was based on glutathione-S-transferase catalyzed conjugation of GSH to 
monochlorobimane (MCB, nonfluorescent) which results in the formation of fluo-
rescent GS-bimane conjugate with excitation at 380 nm and emission at 460 nm 
[25–27]. The assay was performed as follows: H9c2 cardiomyocytes were seeded in 
a 6-well plate at a density of 1 × 106/well. At ~70% confluence, cardiomyocytes 
were pretreated with 10 μM Apo (or DPI) for 1 h. Thereafter, cardiomyocytes were 
exposed to 0 or 10 μM ChSeco for 6 h. At the end of the incubation period, cardio-
myocytes were harvested and lysed in the lysis buffer (provided as part of the kit). 
Aliquots (100 μL each) of the cardiomyocyte lysates were mixed with 2 μL of MCB 
(25 mM) and 2 μL of GST (50 units/mL) reagents, incubated at 37 °C for 30 min. 
The formation of GS-bimane conjugate was measured using a SpectraMax Gemini 
EM microplate reader. The protein in the supernatant was measured using the bicin-
choninic acid (BCA) kit. The values of fluorescence resulting from the formation of 
GS-bimane conjugate were calculated per mg protein and compared with those 
obtained for the corresponding unexposed controls.

L. Laynes et al.



221

 Assay of Superoxide Dismutase Activity

H9c2 cardiomyocytes were cultured in 6-well plates (ca. 1 × 106) and treated as 
mentioned above, first with 10 μM Apo (or DPI) for 1 h and then with 0 or 15 μM 
ChSeco for 0–12 h. At various periods, cardiomyocytes were harvested by scraping 
into 1× PBS followed by centrifugation at 600 × g for 5 min at 4 °C. The cell pellets 
were resuspended in 1.0 mL each of 1× cytosol extraction buffer containing DTT 
and protease inhibitors (provided as part of Mitochondria/Cytosol fractionation kit). 
The cells were then homogenized in the cold using a tissue grinder. The homoge-
nates, obtained typically after 30–50 passes, were transferred to a microcentrifuge 
tube (capacity: 1.5 mL) and centrifuged at 700 × g for 30 min at 4 °C. The superna-
tant was collected and transferred to a fresh microcentrifuge tube, and the pellet 
discarded. In a 96-well plate, aliquots (20 μL each) of the supernatant were mixed 
with 200 μL of a working WST-1 solution (provided by the manufacturer), 20 μL of 
dilution buffer (for blank only), and 20 μL of the xanthine oxidase enzyme solution. 
The 96-well microplate was incubated for 20 min at 37 °C and the yield of WST-1 
formazan was measured at 450 nm using a BioTek ELx800 microplate reader. The 
SOD activity was calculated based on inhibition of the formation of WST-1 forma-
zan (see below):

 
% /Inhibition blank blank sample blank blank blank� � � � � �1 3 2 1 3� � � � ���� ���100  

 Measurement of Mitochondrial Transmembrane Potential

The mitochondrial transmembrane potential (ΔΨm) was measured using the 
MitoCapture kit from CalBiochem as described in our previous publications [18, 
26]. The assay is based on the accumulation of a cationic dye, 
5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethylbenzimidazolylcarbo-cyanine iodide (JC-1), 
in the mitochondria, when the ΔΨm lowers. Briefly, H9c2 cardiomyocytes were 
initially seeded in 24-well plates at a cell density of ca. 5 × 106/well. At preconflu-
ence, the cells were treated with 10 μM Apo (or DPI or rotenone) for 1 h and later 
with 0 or 15 μM ChSeco for 8 h. Cardiomyocytes that were incubated with Apo (or 
DPI or rotenone) for 1 h and not exposed to ChSeco were used as controls. At the 
end of the exposure period, the JC-1 solution was added at a final concentration of 
10 μM and incubated at 37 °C for 30 min. Cardiomyocytes were washed with PBS 
to remove the unbound JC-1. They were then overlaid with 500 μL of assay buffer 
(provided as part of the kit), and the fluorescence was measured at excitation and 
emission wavelengths of 488 and 590 nm, respectively, using a SpectraMax Gemini 
EM microplate reader.
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 Western Blot Analysis

H9c2 cardiomyocytes in T-25 cm2 Corning flasks were pretreated with 10 μM Apo 
(or DPI) for 1 h and, thereafter, exposed to 0 or 15 μM ChSeco for periods up to 
24 h. Following these treatments, cardiomyocytes were rinsed twice with PBS and 
lysed using 100 μL of 62.5 mM Tris-HCl buffer, pH 6.80, that also contained 1% 
SDS and 1% protease inhibitor cocktail. A probe sonicator set at 2 Hz for 2 × 10 s 
each was used to facilitate the lysis of cardiomyocytes. The lysate was centrifugated 
at 10,000 × g for 10 min at 4 °C, and the protein concentration in the supernatant 
was determined using the BCA protein assay kit. A known amount of the superna-
tant protein (50 μg) was resolved by 10% SDS-PAGE and then electrotransferred 
onto a PVDF membrane. The membrane was then blocked for 1  h using TBST 
(Tris-HCl buffer, pH 7.50, containing saline and 0.1% (w/v) Tween 20) that also 
contained 5% (w/v) skim milk powder. Following overnight incubation with pri-
mary monoclonal antibodies (against p38, pp38, SAPK/JNK, pSAPK/JNK, and 
β-actin; 1:1000 dilution) at 4 °C, the PVDF membrane was washed and incubated 
with HRP-conjugated, species-specific secondary antibody in a blocking solution 
for 1  h. Thereafter, the membranes were washed with TBST and exposed to 
SuperSignal West Femto substrate for 5 min, and the chemiluminescence signal was 
captured using the Alpha imager software system (Alpha Innotech Corporation; San 
Leandro, CA).

 Statistical Analysis

Data analysis was performed using GraphPad Prism software and a comparison was 
made between treated and their respective controls by means of unpaired Student’s 
t-test and their significance was established by ANOVA. A difference of p < 0.05 
was considered statistically significant. Values presented represent mean ± SD of 
three experiments performed in duplicate.

 Results

 Apocynin Exacerbates While DPI Reduces the ChSeco-Induced 
Cytotoxic Response in H9c2 Cardiomyocytes

The changes in cell viability manifested in response to the exposure of ChSeco, 
Apo, and DPI, either singly or in combination, were determined based on the mea-
surement of metabolic activity of live cells (MTS reduction; Fig. 2a) as well as by 
direct enumeration of live and dead cells (Fig.  2b). When H9c2 cardiomyocytes 
were exposed to 15 μM ChSeco for 24 h in 2% FBS-containing DMEM, there was 
a substantial decrease in the formation of MTS formazan (55 ± 7%) compared to the 
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untreated controls. The formation of MTS formazan was reduced further (45 ± 6%) 
when the cardiomyocytes were pretreated with Apo (10 μM, I h) and then exposed 
to ChSeco (Fig. 2a). Pretreatment with DPI, on the other hand, resulted in a signifi-
cantly higher formation of MTS formazan (82 ± 1%) in the ChSeco-exposed cardio-
myocytes compared to those treated with ChSeco alone (55 ± 7%; Fig. 2a).

As shown in Fig. 2b, when assessed using the technique of Trypan blue exclu-
sion, the percentage cell viability in ChSeco-exposed (15 μM, 24 h) cardiomyocytes 
was 60 ± 2%. Pretreatment with Apo (10 μM, 1 h) resulted in a marginal decrease 
in the viability of ChSeco-exposed cardiomyocytes (56 ± 5%). Cardiomyocytes pre-
treated with DPI (10 μM, 1 h), and then exposed to ChSeco, exhibited a substan-
tially higher cell viability (75 ± 2%) compared to those exposed to ChSeco alone 
(60 ± 2%).
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Fig. 2 Cytotoxicity of ChSeco in H9c2 cardiomyocytes pretreated with Apo and 
DPI. Cardiomyocytes at ca. 70% confluence were pretreated with 10 μM Apo (or DPI) for 1 h. 
Following pretreatment, the cells were washed twice with PBS and exposed to 15 μM ChSeco for 
24 h. The cell viability was then determined based on (a) PES-assisted MTS reduction to MTS 
formazan using the CellTiter 96 AQueous one solution kit, and based on (b) actual measurement 
of live and dead cells (% cell viability) as observed under a Nikon inverted microscope following 
Trypan blue staining. Data presented are mean ± SD of three different experiments. * Indicates 
significance at p < 0.05 against the untreated (respective) controls
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 NOS Inhibitors Attenuate the Formation of Peroxide or 
Peroxide-Like Substances in ChSeco-Exposed 
H9c2 Cardiomyocytes

There was little or no formation of peroxide or peroxide-like substances in cardio-
myocytes that were not exposed to ChSeco. Pretreatments with Apo and DPI, per se, 
without subsequent exposure to ChSeco also did not result in any increase in the 
formation of peroxide(s) in cardiomyocytes.

As shown in Fig. 3a, in cardiomyocytes exposed to 10 μM ChSeco for 0–8 h, 
there was a gradual increase in the formation of peroxide(s) (see, curve marked with 
closed circles). When pretreated with 10 μM Apo for 1 h and then exposed to 10 μM 
ChSeco, the formation of peroxide(s) in cardiomyocytes was substantially lower 
compared to cardiomyocytes that were not pretreated with Apo (see, curved marked 
with closed triangles). Treatment with 25 μM menadione (positive control) induced 
a profound increase in the formation of peroxide(s) over a period of 0–8 h (see, 
curve marked with closed squares).

Figure 3b, curve marked with closed circles, shows the formation of peroxide(s) 
in H9c2 cardiomyocytes that were treated 15 μM ChSeco (see, curve marked with 
closed circles). As can be seen, there was a substantial decrease in formation of 
peroxide when cardiomyocytes were pretreated for 1 h with 10 μM DPI and then 
exposed to 15  μM ChSeco for 9  h (see, curve marked with closed triangles). 
Although the magnitude of inhibition of peroxide formation by DPI was found to be 
smaller in comparison to that observed with Apo, the response to pretreatments with 
DPI and Apo in ChSeco-exposed cardiomyocytes was found to be similar.

Experiments performed using Amplex red, a sensitive probe specific for mea-
surement of H2O2, are shown in Fig. 4. As expected, it was found that H9c2 cardio-
myocytes exposed to ChSeco (15 μM) had much higher yields of intracellular H2O2 
compared to untreated controls (see, curves marked in purple and back colors). 
Pretreatment with 10 μM Apo (see, curve marked in green) or 10 μM DPI (see, the 
curve marked in yellow) resulted in a substantial decrease in the formation of H2O2. 
Unlike the case with DCF fluorescence, treatment with DPI was found to be more 
effective in lowering the ChSeco-induced formation of H2O2.

 Apocynin Lowers the GSH Levels 
in ChSeco-Exposed Cardiomyocytes

The levels of GSH in H9c2 cardiomyocytes exposed to 10  μM ChSeco were 
somewhat lower compared to the unexposed controls (Fig.  5). The depletion of 
GSH was found to be more pronounced when cardiomyocytes were pretreated 
with Apo and then exposed to ChSeco. Pretreatment with DPI, on the other hand, 
mitigated partially the ChSeco-induced decrease in GSH levels.

L. Laynes et al.
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Fig. 3 Effect of NOS inhibitors (Apo and DPI) on ChSeco-induced peroxide generation in H9c2 
cardiomyocytes. The formation of intracellular peroxide(s) was measurted in cardiomyocytes pre-
treated with (a) 10 μM Apo or (b) 10 μM DPI for 1 h and then exposed to 10 or 15 μM ChSeco, 
respectively, for 9 h. In these assays, cardiomyocytes (ca. 5 × 104) grown in 24-well plates were 
incubated with 10 μM CMH2DCFDA for 30 min at 37 °C. Following removal of the extracellular 
CMH2DCFDA, the cells were exposed to ChSeco (10 μM for cells pretreated with Apo and 15 μM 
for cells pretreated with DPI). The time course for the appearance of CMDCF (DCF fluorescence) 
was measured as described in the Materials and Methods section. * and ** Indicate significance at 
p < 0.05 and p < 0.01 against the untreated (respective) controls: (□--□) none (control); (●--●) 
cells exposed to 10 or 15 ChSeco; (▲--▲) cells pretreated with Apo (or DPI) and then exposed 
ChSeco; and (◙--◙) cell exposed to 25 μM menadione (positive control)
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Fig. 4 Effects of pretreatments of Apo and DPI on the formation of H2O2 in H9c2 cardiomyocytes 
exposed to ChSeco. Cardiomyocytes were pretreated with 10 μM of Apo (or DPI) for 1 h, washed 
with PBS, and then exposed to 15 μM ChSeco for 0–10 h. Each well in the 96-well plate was 
loaded with 50 μL of cell suspension and 50 μL Amplex red/HRP working solution and incubated 
for 30 min. The formation of resorufin, the fluorescent product that indicates H2O2 formation, was 
measured using a SpectraMax Gemini EM microplate reader. Other details are as given in the text 
and Materials and Methods section. Data points indicate mean ± SD of three different experiments 
performed in duplicates. * Indicates significance at p  <  0.05 against the untreated (respective) 
controls
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Fig. 5 Pretreatment with DPI, but not Apo, mitigates the ChSeco-induced decrease in the levels 
of cellular GSH in H9c2 cardiomyocytes. Cardiomyocytes at ca. 70% confluence were pretreated 
with 10 μM Apo (or DPI) and then exposed to 10 μM ChSeco for 6 h. At the end of the incubation 
period, cardiomyocytes were lysed in 100 μL of lysis buffer and the lysates mixed with 2 μL each 
of MCB and GST reagents as described in the Materials and Methods section. Following incuba-
tion for 30 min at 37 °C, the product of GSH conjugation to MCB (GS-bimane), which is fluores-
cent, was measured using a SpectraMax Gemini EM microplate reader

 Apocynin But Not DPI Enhances the ChSeco-Induced 
Activation of SOD Activity in H9c2 Cardiomyocytes

We observed an increase in SOD activity from 18 ± 0.5% at 0 h to 35 ± 2.0% at 2 h, 
54 ± 1.5% at 6 h and 60 ± 2.0% at 12 h in H9c2 cardiomyocytes exposed to 15 μM 
ChSeco (Fig. 6a). When cardiomyocytes were pretreated with 10 μM DPI for 1 h 
and then exposed to 15 μM ChSeco (Fig. 6b), the SOD activity was found to be 
higher at 2 h (67 ± 2.0%) but decreased to 53 ± 0.5% at 6 h and finally restored to 
the original levels at 12 h. Interestingly, when cardiomyocytes were pretreated with 
Apo (10 μM, 1 h) and then exposed to 15 μM ChSeco (Fig. 6c), the SOD activity 
increased to 81 ± 1.5% at 2 h and 85 ± 1.0% at 6 h and thereafter showed a decline 
to 76 ± 1.5% at 12 h.

 Apocynin and DPI Pretreatment in H9c2 Cardiomyocytes 
Reduces TBARs Formed in Response to the Exposure of ChSeco

Following exposure to 15 μM ChSeco for a period of 8 h, there was a 7.0 ± 0.03- 
fold increase in the levels of TBARs as compared to the unexposed controls (Fig. 7). 
The excessive production of TBARs in ChSeco exposures was completely mitigated 
when cardiomyocytes were pretreated with either Apo or DPI. For example, when 
cardiomyocytes were pretreated with 10 μM Apo for 1 h and then exposed to 15 μM 
ChSeco, the extent of increase in TBARs was 1.6 ± 0.09 -fold compared to controls 
that were not exposed to Apo and ChSeco. Similarly, in cardiomyocytes pretreated 

L. Laynes et al.



227

Con
tro

l

DPI (1
0 �

M)

Con
tro

l

Apo
 (1

0 �
M)0

20

40

60

80

0 2 h

** ** **
*

*

*

*

*
*

Treatments Treatments

6 h 12 h

2 hControl

Time (h)

6 h 12 h

2 h 6 h 12 h

20

40

60

80 100

%
 S

O
D

 A
ct

iv
ity

0

20

40

60

80
a

b c

%
 S

O
D

 A
ct

iv
ity

%
 S

O
D

 A
ct

iv
ity

ChSeco (15 �M) +DPI (10 �M)

ChSeco (15 �M)

ChSeco (15 �M) +Apo (10 �M)

Fig. 6 Effect of pretreatment with Apo and DPI on the activity of SOD in H9c2 cardiomyocytes 
exposed to ChSeco: (a) cardiomyocytes exposed to 15 μM ChSeco for 0–12 h; (b) cardiomyocytes 
pretreated with 10 μM Apo for 1 h and then exposed to 15 μM ChSeco for 0–12 h; and (c) cardio-
myocytes pretreated with 10 μM DPI for 1 h and then exposed to 15 μM ChSeco for 0–12 h. The 
SOD activity was measured as described in the Materials and Methods section. Data presented are 
mean ± SD of three different experiments. * and ** Indicate significance at p < 0.05 and p < 0.01 
(respectively) against untreated controls

with 10 μM DPI and then exposed to 15 μM ChSeco, the extent of increase in 
TBARs was about 1.0 ± 0.07 -fold compared to the corresponding untreated con-
trols that were exposed to nether DPI nor ChSeco.

 ChSeco-Induced Loss in Mitochondrial Transmembrane 
Potential Is Reversed by Pretreatments with Apocynin and DPI

There was a substantial reduction of ΔΨm (49%) in H9c2 cardiomyocytes exposed 
to 10 μM ChSeco for 8 h (Fig. 8). Cardiomyocytes pretreated with 10 μM Apo (or 
DPI or rotenone) and then exposed to 10 μM ChSceco had much higher ΔΨm of 
80% or 82% (respectively). The rotenone-induced loss in ΔΨm (79%) was about 
the same as that observed for Apo (or DPI) treated controls. These values were 
much smaller when compared to those observed for cardiomyocytes exposed to 
ChSeco alone. However, the rotenone-induced loss in ΔΨm was about the same 
when compared to cardiomyocytes exposed to Apo and DPI.
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Fig. 7 Levels of TBARs in H9c2 cardiomyocytes pretreated with Apo or DPI and then exposed to 
ChSeco. Following exposure to 10 μM Apo (or DPI) for 1 h (pretreatment) and 15 μM ChSeco for 
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curve. Data points represent mean ± SD of three experiments performed in duplicate (** Indicates 
p < 0.01 against untreated controls)
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Fig. 8 Changes in the mitochondrial transmembrane potential in H9c2 cardiomyocytes pretreated 
with Apo, DPI, or rotenone and then exposed to ChSeco. Cardiomyocytes were treated with 10 μM 
Apo (or DPI or rotenone) for 1 h prior to the exposure to 10 μM ChSeco (6 h). The mitochondrial 
membrane potential was determined using JC-1 as described in the Materials and Methods section. 
Data points represent mean ± SD of three experiments performed in duplicates. * and ** Indicate 
significance at p < 0.05 and p < 0.01 (respectively) against untreated controls
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 ChSeco-Induced Overexpression of pp38 and pSAPK in H9c2 
Cardiomyocytes Is Mitigated by Pretreatments 
with Apo and DPI

H9c2 cardiomyocytes exposed to 10 μM ChSeco had higher levels of pSAPK com-
pared to unexposed controls (Fig. 9). Pretreatment with either 10 μM Apo (or DPI) 
mitigated this rise in pSAPK levels in the ChSeco-exposed cardiomyocytes. A simi-
lar phenomenon was observed with regard to the upregulation of pp38 in cardio-
myocytes exposed to ChSeco with or without Apo and DPI pretreatments (Fig. 9).

 Discussion

This study reports that Apo and DPI reversed the intracellular oxidative stress and 
the associated decrease in cell viability (assessed based on Trypan blue exclusion) 
in H9c2 cardiomyocytes exposed to ChSeco and suggests that the primary source of 
ROS in ChSeco exposures might involve the plasma membrane NADPH oxidase 
system (NOS). This proposition is supported by the findings that the ChSeco- 
induced loss in ΔΨm and the lowering of cellular GSH levels in H9c2 cardiomyo-
cytes were mitigated by both Apo and DPI and that the rotenone-induced loss in 
ΔΨm was not altered. Also, as expected, the ChSeco-induced stress-activated kinase 
and the levels of phosphorylated p38  in H9c2 cardiomyocytes were found to be 
reduced by Apo and DPI.

The increase in the ChSeco-induced loss of H9c2 cardiomyocyte viability 
(assessed based on metabolic activity) by Apo, although seem unexpected, can be 
explained based on the pro-oxidant potential of Apo phenoxyl radicals (Apo●; 28) 
and the possible need for Apo preactivation to diapocynin (DiApo) through H2O2- 
dependent, (myelo)peroxidase-mediated oxidations [28–31]. It has been shown that 
Apo● and similar phenoxyl radicals formed in H2O2-dependent, 
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Fig. 9 The involvement of pp38 and pSAPK/JNK in H9c2 cardiomyocyte apoptosis induced by 
ChSeco. Cardiomyocytes were pretreated with 10 μM Apo (or DPI) and then exposed to 15 μM 
ChSeco for 2 h. The cells were processed as described in the Materials and Methods section. Along 
with β-actin, the expression of MAPK was analyzed by immunoblotting
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peroxidase-mediated oxidations can facilitate the oxidation of NAD(P)H, GSH, and 
protein thiols [28–32]. Thus, it appears likely that Apo● could interfere with the PES 
(or 1-methoxy-PES)-mediated reduction of tetrazolium salts by cellular NAD(P)H 
and other reducing agents or systems (like the NADPH-ubiquinone oxidoreductase) 
that form the metabolism-based measurement of cell viability [33, 34]. Another 
possible explanation for some of the observed discrepancies is that DiApo but not 
Apo is the most effective inhibitor of NOS [30, 31, 35]. In a study of the flexible 
docking of Apo, DiApo, and 5-nitroapocynin (5-NitroApo) with 1K4U subsection 
of human NOS, we found that DiApo had the lowest binding energy (−39.99 eV) as 
against Apo (−31.70 eV) and 5-NitroApo (−32.36 eV), meaning that DiApo forms 
a more stable complex with 1K4U subsection [36]. Similarly, in primary cultures of 
SOD1G93A-expressing motor neurons, Beckman and his colleagues have demon-
strated that DiApo at a concentration as low as 10 μM provided a significantly 
greater protection compared to Apo at a concentration of 200 μM against nitric 
oxide-mediated cell death [30]. Riganti et al. [37] observed that exposure to Apo 
increases H2O2 levels in nonphagocytic cells like the N11 glial cell line and, under 
conditions of extended exposure, there could be oxidative damage and cytotoxicity. 
In another nonphagocytic cells like the vascular fibroblast cells, Vejrazka et al. [38] 
reported exposure to Apo results in increased ROS production.

In our study, similar to the observations made with regard to metabolism-based 
measurements of cytotoxicity, pretreatment with Apo but not DPI resulted in a fur-
ther loss of GSH in the ChSeco-exposed H9c2 cardiomyocytes. The effect of Apo is 
somewhat similar to the observation made by Ximenes et al. [39] who showed that, 
in alveolar macrophages, GSH levels decreased in response to the treatment with 
Apo. In another study, Stefanska and Pawliczak [31] demonstrated that Apo expo-
sure causes an increase in intracellular H2O2 while the ratio GSH/GSSG shows a 
decrease.

In this study, it was shown that Apo, but not DPI, increased the ChSeco-induced 
SOD activity. As discussed above, this is possibly a result of redox cycling of Apo● 
[28, 32]. For instance, Apo● can oxidize NAD(P)H to NAD(P) pyridinyl radical, 
NAD(P)● which, in turn, react with O2 resulting in the formation of superoxide 
anion radical (O2

●¯) and NAD(P)+. This explanation is consistent with the observa-
tions made by Vejrazka et  al. [38] in vascular fibroblast cells exposed to Apo. 
Vejrazka et  al. [38] showed that Apo stimulates the production of ROS in early 
stages of exposure and this mechanism stops after a certain period possibly due to 
complete conversion of Apo into other products. This could also explain the decrease 
in SOD activity at longer hours of exposure to ChSeco. A similar pattern, under 
identical experimental conditions, was observed for catalase activity in H9c2 car-
diomyocytes exposed to ChSeco. Apo pretreated H9c2 cells caused an increase in 
catalase activity at 2 h but declined significantly at 6 h (unpublished observations).

The ChSeco-induced generation of H2O2 or peroxide-like molecules was found 
to be lowered when the cardiomyocytes were preincubated with either Apo or 
DPI. This led us to believe that ChSeco may have a direct effect on NOS to generate 
O2

●¯. Although not well studied in cardiomyocytes compared to phagocytic cells, 
the NOS has been suggested to play a major role in cardiomyocytes in conditions of 
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reperfusion injury [40, 41]. Further, we observed that pretreatment with rotenone 
which inhibits the mitochondrial complex 1 contributed minimally to the lowering 
of ΔΨm in ChSeco-exposed H9c2 cardiomyocytes (other than plasma membrane, 
the mitochondrial complex 1 supposedly is the main source of O2

●¯ in the mitochon-
drial matrix). It thus appears possible that, in Chseco-exposed cardiomyocytes, 
H2O2 generated from the plasma-membrane NOS may have a direct action on the 
mitochondrial membrane giving an additive effect. Our observations are in agree-
ment with the findings reported by previous studies [42, 43] which demonstrated 
that oxysterols, in general, activate the NOS in nonimmune cells but in immune 
cells (e.g., macrophages).

It was shown by Laynes et al. [20] that there was a loss in cellular antioxidant 
enzyme defense and subsequent increase in lipid peroxidation in H9c2 cardiomyo-
cytes exposed to ChSeco. In agreement with this, this study not only demonstrated 
elevated levels of TBARs in ChSeco-exposed cardiomyocytes but also showed that 
pretreatment with Apo and DPI were effective in bringing down the levels of TBARs.

Phosphorylated p38 and pSAPK play an active role in the induction of apoptosis 
of H9c2 cells caused by the exposure of ChSeco [20]. Similar results were observed 
in this study and both Apo and DPI pretreatments suppressed this mitogen kinase 
phosphorylation. Earlier on, Heumuller et al. [44] demonstrated that the activation 
of mitogen-activated protein kinases like p38 and extracellular signaling regulated 
kinases are suppressed by the addition of Apo in response to H2O2. It is thus possible 
that, in ChSeco-exposed cardiomyocytes, oxidative stress may have a direct role in 
phosphorylation of p38 and SAPK and the subsequent events leading to apoptosis. 
Apo and DPI which reduce peroxide levels could mitigate the effects of ChSeco and 
thereby contributes to improved cell survival.

 Conclusion

In summary, this study demonstrates that ChSeco-induced oxidative stress in H9c2 
cardiomyocytes is mediated primarily through increased generation of H2O2 from 
the NADPH oxidase system. The oxidative stress and further cellular signaling 
through pp38 and pSAPK in ChSeco-exposed cardiomyocytes are all mitigated to a 
large extent by NOS inhibitors. Hydrogen peroxide, along with the secondary oxi-
dants (ROS) from it, may have secondary effects on the mitochondria leading to loss 
of transmembrane potential and subsequent energy crisis. Given the fact that there 
has been growing evidence that ChSeco is formed naturally through singlet oxygen- 
mediated oxidations at inflammatory sites [4–8, 12, 16], a detailed understanding of 
the mechanisms of action of this oxysterol may have important implications to car-
diovascular and cerebrovascular diseases.
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Lipid Mediators in Cardiovascular 
Physiology and Disease

Diego Hernandez-Saavedra and Kristin I. Stanford

Abstract Bioactive lipids have taken the center stage in the last decade as dynamic 
mediators of cellular signaling and regulation. Lipids can directly and indirectly 
modify cellular processes that are independent from their utilization as fuel or struc-
tural properties. Among those processes, bioactive lipids are strong mediators of 
both cardiac and vascular function through diverse mechanisms. One family of lip-
ids includes oxylipins, lipids derived from 𝜔-3 and 𝜔-6 fatty acids such as arachi-
donic and linoleic acids. Oxylipins play an essential role in whole-body physiology 
and function including maintenance of cardiac health and vascular homeostasis 
through direct and indirect mechanisms such as oxylipin receptors or regulation of 
inflammation. Overactivation or chronic stimulation of oxylipin synthesis has been 
linked to atherosclerosis, endothelial dysfunction, fibroblast overactivation, myo-
cardial dysfunction, and immune cell activation. Thus, oxylipins are important lipid 
mediators of cardiovascular physiology and disease.
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Abbreviations

11,12-EET 11,12-Epoxyeicosatrienoic acid
12,13-diHOME (9Z,12S,13S)-12,13-Dihydroxy-9-octadecenoic acid
13-HODE 13-Hydroxyoctadecadienoic acid
14,15-EET 14,15-Epoxyeicosatrienoic acid
16 (R)-HETE 16(R)-Hydroxyeicosatetraenoic acid
16 (S)-HETE 16(S)-Hydroxyeicosatetraenoic acid
16-HETE 16-Hydroxyeicosatetraenoic acid
17 (R)-HETE 17(R)-Hydroxyeicosatetraenoic acid
17 (S)-HETE 17(S)-Hydroxyeicosatetraenoic acid
17-HETE 17-Hydroxyeicosatetraenoic acid
18 (R)-HETE 18(R)-Hydroxyeicosatetraenoic acid
18-HETE 18-Hydroxyeicosatetraenoic acid
19-HETE 19-Hydroxyeicosatetraenoic acid
20-HETE 19-Hydroxyeicosatetraenoic acid
5,6-EET 5,6-Epoxyeicosatrienoic acid
8,9-EET 8,9-Epoxyeicosatrienoic acid
9-HODE 9-Hydroxyoctadecadienoic acid
9,10-diHOME (9R,10R,12Z)-9,10-Dihydroxyoctadec-12-enoic acid
AA Arachidonic acid (20:4)
ACS Acyl-CoA synthase
ALOX12 Arachidonate 12-lipoxygenase, 12S Type
ALOX12B Arachidonate 12-lipoxygenase, 12R Type
ALOX15/LOX-1 Arachidonate 15-lipoxygenase
ALOX15B Arachidonate 15-Lipoxygenase Type B
ALOX5 Arachidonate 5-lipoxygenase
ALOXE3 Arachidonate lipoxygenase 3
ATGL Adipose tissue triglyceride lipase
BAT Brown adipose tissue
BKCa Large-conductance voltage- and Ca2+-activated K+ channel
BW755c Dual lipoxygenase/cyclooxygenase inhibitor
CE Cholesteryl esters
CEH Cholesteryl-ester hydrolase
CES1 Carboxylesterase
CHD Coronary heart disease
COX1 Cyclooxygenase 1
COX2 Cyclooxygenase 2
cPLA2𝛼 Calcium-activated cPLA2
CVD Cardiovascular disease
CYP Cytochrome P450
CYP1A Cytochrome P450 Family 1 Subfamily A
CYP1B1 Cytochrome P450 Family 1 Subfamily B Member 1
CYP2C Cytochrome P450 Family 2 Subfamily C
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CYP2C8 Cytochrome P450 Family 2 Subfamily C Member 8
CYP2C9 Cytochrome P450 Family 2 Subfamily C Member 9
CYP2E Cytochrome P450 Family 2 Subfamily E
CYP2J Cytochrome P450 Family 2 Subfamily J
CYP2J2 Cytochrome P450 Family 2 Subfamily J Member 2
CYP4A Cytochrome P450 Family 4 Subfamily A
CYP4F Cytochrome P450 Family 4 Subfamily F
CytC Cytochrome C
DAG Diacylglycerol
DGLA Dihomo-γ-linolenic acid
DHA Docosahexaenoic acid (22:6)
DHETs Dihydroxyeicosatrienoic acids
diHOME Dihydroxyoctadecenoic acid
dihomo-PGE2 Dihomo-prostaglandin E2
DP1 Prostanoid receptor D
EDHF Endothelium-derived hyperpolarizing factors
EET Epoxyeicosatrienoic acid
EP3 Prostanoid receptor E3
EP4 Prostanoid receptor E4
EPA Eicosapentaenoic acid (20:5)
EpOME Epoxyoctadecaenoic acid
ER Endoplasmic reticulum
ERK Extracellular-regulated kinases
FA Fatty acid
FAsn-1-lysoPL sn-1 Fatty acid lysophospholipid
FOXO Forkhead box O
FP Prostanoid receptor F
GPCRs G-protein-coupled receptors
GLA γ-Linolenic acid
HETE Hydroxyeicosatetraenoic acid
HODE Hydroxyoctadecadienoic acid
HSL Hormone-sensitive lipase
IL-13 Interleukin-13
IL-1β Interleukin-1beta
IL-4 Interleukin-4
IP Prostanoid receptor I
JNK c-Jun NH2-terminal kinases
LA Linoleic acid (18:2)
LDAH Lipid droplet–associated hydrolase
LOX Lipoxygenase
LTA4 Leukotriene A4
LTB4 Leukotriene B4
LTC4 Leukotriene C4
lysoPL Lysophospholipids
MAPK Mitogen-activated protein kinase
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MGL Monoacylglycerol lipase
Na+/K+-ATPase Sodium/potassium-transporting ATPase
NAFLD Non-alcoholic fatty liver disease
NCEH1 Neutral cholesterol ester hydrolase 1
NO Nitric oxide
NOS1 Nitric oxide synthase 1
NSAID Non-steroidal anti-inflammatory drug
p38 P38 MAP Kinase
PG Prostaglandins
PGD2 Prostaglandin D2
PGE1 Prostaglandin E1
PGE2 Prostaglandin E2
PGE3 Prostaglandin E3
PGF2a Prostaglandin F2a
PGG2/PGH2 Prostaglandin G2/H2
PGI2 Prostacyclin
PKC Protein kinase C
PL Phospholipids
PLA1 Phospholipase A1
PLA2 Phospholipase A2
PLIN1 Perilipin 1
PMN Polymorphonuclear cells
PUFAs Polyunsaturated fatty acids
PUFAsn-2-lysoPL sn-2 PUFA-lysophospholipid
R- Rectus
RyR Ryanodine receptor
S- Sinister
sEH/EPHX Soluble epoxide hydrolases/epoxide hydrolase
SERCA2a Sarcoplasmic reticulum calcium ATPase
sn-1/2 Nucleophilic substitution-1/2
SPMs Specialized pro-resolvin mediators
TAG Triacylglycerols
TP Thromboxane receptor
TXA2 Thromboxane A2
TXB2 Thromboxane B2
𝜔-3 Omega-3 fatty acid
𝜔-6 Omega-6 fatty acid

 Introduction

Cardiovascular diseases (CVD) are the leading causes of mortality worldwide and 
in the United States. They comprise a group of diseases that affect the heart and 
vascular endothelium function including stroke, congenital diseases, 
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atherosclerosis, coronary heart disease (CHD), heart failure (HF), and others [1]. 
The combined death burden from CVD has been estimated to be around 32% of 
global deaths, with both heart attacks and stroke accounting for the majority of 
deaths [2]. Moreover, the economic burden of CVD has skyrocketed in the last 
decades, and estimates calculate that this will increase to over $1000 billion by the 
year 2030. Both the deaths by CVD and economic burden are superior to all com-
municable and non-communicable diseases, thus justifying the need for strategies 
that can help combat CVD and associated comorbidities.

The etiology of CVD is complex and multifactorial. While CVD has a strong 
genetic component, lifestyle factors and behaviors appear to have an additive effect 
that contributes to increased CVD risk [3]. Contributing lifestyle factors include a 
poor diet, physical inactivity, tobacco and alcohol consumption, among others. 
These factors can impair cardiovascular health and increase the risk to develop 
CVD. Thus, given the growing incidence of CVD worldwide, the identification of 
novel and precise biomarkers that are able to detect and predict the risk of CVD are 
of the utmost importance. Among such biomarkers are oxylipins, oxygenated by- 
products of polyunsaturated fatty acids. Oxylipins are modulated by both genetic 
and lifestyle factors and have been found to play an important role in cardiovascular 
health and CVD [4–10] and constitute an expanding family of lipids that mediate 
both intracellular and endocrine signaling. By binding to membrane-bound recep-
tors or enzymes, oxylipins can regulate inflammation and second messenger pro-
duction to modulate vascular endothelium and cardiac muscle function [10].

 Lipid Mediators

Oxylipins are a diverse family of lipids that comprise a wide-ranging group of 
chemical compounds that possess structural and signaling properties [6, 11]. Recent 
work has demonstrated the importance of structural lipids such as membrane- 
residing phospholipids (PL) as fatty acid reservoirs that give rise to lipid mediators 
such as oxylipins and endocannabinoids. These lipid mediators have emerged as 
important modulators of multiple physiological systems, affecting both cellular sig-
naling and physiological function.

 Oxylipins

Among the wide variety of lipids, oxidized lipids or oxylipins originate from poly-
unsaturated fatty acids (PUFAs) and have redundant properties, thus activating 
similar biological processes, or opposing mechanisms, which balance biological 
responses. Within this growing family of oxylipins, recent advances in detection 
and quantification have expanded their numbers to >100 oxylipins [10, 12]. 
Oxylipins have been involved in multiple harmful processes related to thrombosis, 

Lipid Mediators in Cardiovascular Physiology and Disease



240

hypertension, diabetes, and hemostasis, and on the other hand recent evidence has 
linked them to improved cardiac function. Altogether, the context of oxylipin pro-
duction determines their contribution to either disease generation or therapeutic 
potential.

 PUFA Reservoirs

Lipid membranes outline cellular and intracellular compartments and allow the 
separation of cellular functions and communication among cell organelles. These 
lipid compartments can be found in the form of lipid bilayers such as the plasma 
membrane, endoplasmic reticulum (ER), lysosome, mitochondrial membranes, and 
in lipid monolayers such as lipid droplets. Both lipid mono- and bilayers are con-
formed by multiple phospholipid species and cholesterol that, given their chemical 
polarities, help to demarcate the boundaries of intracellular organelles. In the case 
of lipid droplets, lipid layers allow for the storage of energy in the form of lipids. 
Thus, phospholipid mono- and bilayers not only facilitate cellular compartmental-
ization but also provide fatty acid substrates that can be readily utilized as secondary 
signaling molecules.

Phospholipids as Oxylipin Reservoirs Membrane-bound phospholipids are impor-
tant regulators of the cytoplasmic membrane biophysical properties and, given the 
great variation in their acyl moieties, they function as dynamic reservoirs of fatty 
acids. Following cellular activation, membrane-bound phospholipids are acted on 
by cytosolic phospholipases that release fatty acids and PUFAs into the cytosol 
where they can be further metabolized into oxylipins by different enzymes (cyto-
chrome P450 [CYP], lipoxygenases [LOX], cyclooxygenases [COX], Soluble 
epoxide hydrolases [sEH], etc.) [8, 9]. This cleavage can occur through multiple 
pathways: cleavage by phospholipase A2 (PLA2), cholesteryl ester cleavage, phos-
pholipase A1 (PLA1), and plasmalogen conversion [11]. The first phospholipid 
cleavage pathway is controlled by calcium-activated cPLA2 (cPLA2𝛼) and involves 
the lysis of the PUFA from the sn-2 position within membrane-bound phospholipids 
to produce PUFAs and sn-1 fatty acid lysophospholipid (FAsn-1-lysoPL) (Red and 
yellow pathways, Fig. 1a) [13, 14]. Released PUFAs can then be transformed into 
oxylipins and subsequently captured by acyl-CoA synthase (ACS) into oxylipin- 
CoA (Fig. 1a). A second source of oxylipins can be obtained from direct oxygen-
ation of PUFA-cholesteryl esters (CE) into oxylipin-CE, and further cleaved by 
cholesteryl-ester hydrolase (CEH) (Orange pathway, Fig. 1a). A third pathway of 
oxylipin synthesis involves the lysis of the fatty acids from the sn-1 position within 
membrane-bound phospholipids to produce a fatty acid and sn-2 PUFA- 
lysophospholipid (PUFAsn-2-lysoPL) (Green and cyan pathways, Fig.  1a) [15]. 
Finally, oxylipins can also originate from plasmalogens, sn-1 vinyl-ether bond- 
containing phospholipids, that are synthesized within the peroxisomes and are 
cleaved by cytochrome C (CytC) to generate PUFAsn-2-lysoPL (Purple pathway, 
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Fig. 1 Oxylipin reservoirs in mammalian cells. (a) Membrane-bound phospholipids (PL) are 
major cellular polyunsaturated fatty acid (PUFA) reservoirs that are cleaved through diverse phos-
pholipase (PLA) enzymes to produce PUFA or fatty acids (FA) and the corresponding lyso 
PL. PUFAs are subsequently metabolized by various oxygenases (COX, LOX, CYP, sEH) to pro-
duce a wide variety of oxylipins. Additionally, oxylipins can be obtained from peroxisome-derived 
plasmalogens and cholesteryl ester (CE) reservoirs. (b) Lipid droplets are important for lipid stor-
age in the form of triglycerides (TAG) and CEs. Diverse lipases (ATGL, HSL, LDAH, CES1, 
MGL) hydrolyze TAG and CE from lipid droplets to release PUFA that can be utilized to produce 
oxylipins. PLA, phospholipase A; PUFA, polyunsaturated fatty acid; ACS, acyl-CoA synthase; 
CE, cholesterylester; CEH, neutral cholesterol ester hydrolase; FA, fatty acid; lysoPL, lysophos-
pholipid; COX, cyclooxygenase; LOX, lipoxygenase; CYP, cytochrome P450; EPHX1/2, soluble 
epoxyde hydrolase; CytC, cytochrome C; CES1, carboxylesterase 1; LDAH, lipid droplet–associ-
ated hydrolase; TAG, triglyceride; DAG, diacylglycerol

Fig. 1a) [16]. All phospholipid-cleaving pathways can be dynamically regulated to 
provide PUFAs or reciprocally store PUFAs within the cell membrane. While other 
compartments exist, the phospholipid PUFA reservoir is thought to be the major 
source of substrate for oxylipin synthesis.

Lipid Droplets as Oxylipin Reservoirs While phospholipids are a major source of 
oxylipins, several intracellular lipid compartments function as PUFA and oxylipin 
reservoirs. Lipid droplets are ubiquitous cellular compartments that are composed 
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of phospholipids and proteins that surround a neutral lipid core [17]. Often thought 
of as inert organelles, lipid droplets actively participate in the regulation of lipid 
synthesis, metabolism, storage, and trafficking [17]. The neutral lipid cargo stores 
energy and lipid mediators in the form of triacylglycerols (TAG) and CE. Within 
acyl moieties, there are saturated fatty acids (FA) and PUFAs. Similar to membrane 
phospholipids, the PUFA moieties of TAG can be cleaved by lipolytic enzymes such 
as adipose triglyceride lipase (ATGL), perilipin 1 (PLIN1), hormone-sensitive 
lipase (HSL), that hydrolyze TAG into fatty acids or PUFAs and diacylglycerol 
(DAG), which can be further cleaved by HSL and monoacylglycerol lipase (MGL) 
(pink and green pathways, Fig. 1b) [17]. Additionally, fatty acid and PUFA moieties 
of CE can be cleaved by HSL, carboxylesterase (CES1), neutral cholesterol ester 
hydrolase 1 (NCEH1), and lipid droplet–associated hydrolase (LDAH) (Gray and 
blue pathways, Fig. 1b) [11, 17]. Hydrolysis of PUFAs from TAG and CE through 
lipolysis provides the necessary substrate for oxylipin synthesis.

Importantly, oxylipins are short-lived lipid mediators that rapidly regulate cel-
lular functions and are rapidly degraded through oxidation and peroxidation. Thus, 
increased PUFAs within phospholipids, TAG, and CE pools can give rise to greater 
oxylipin synthesis by providing acyl substrate to the cytosolic oxygenases. Hence, 
within the cell, there exists a dynamic pool of both PUFAs and oxylipins, which 
regulate the availability of substrates to produce these short-lived oxidized lipids.

 Oxylipin Synthesis

Synthesis of oxylipins occurs in multiple cells of the body and involves the transfor-
mation of PUFAs such as arachidonic acid (AA; 20:4), eicosapentaenoic acid (EPA; 
20:5), docosahexaenoic acid (DHA; 22:6), and linoleic acid (LA; 18:2). Conversion 
of AA and EPA by oxylipin synthesis enzymes produces eicosanoids (20-carbon 
compounds) such as epoxyeicosatrienoic acids (EET), hydroxyeicosatetraenoic 
acid (HETE), and prostaglandins (PG), whereas conversion of LA by oxylipin syn-
thesis enzymes produces octadecanoids derivatives (18-carbon compounds) that 
include Epoxyoctadecaenoic acid (EpOME), Dihydroxyoctadecenoic acid 
(diHOME), and hydroxyoctadecadienoic acid (HODE) [6]. As described above, the 
oxylipin synthesis process is mediated by oxygenases such as cytochrome P450 
(CYP)-epoxygenases, lipoxygenases (LOX), ω-hydroxylases, and cyclooxygenases 
(COX). Given the nature of oxylipins, their synthesis occurs rapidly to respond to 
stimuli and their half-life is short, which indicates a tightly monitored process of 
biotransformation of the available PUFAs.
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 Cyclooxygenase-Derived Oxylipins

Eicosanoid biosynthesis begins with the conversion of AA (20:4), EPA (20:5), and 
DHA (docosanoids, 22:6) by CYP, COX, LOX, and other enzymes. COXs are a 
family of heme-containing enzymes that catalyze oxygenase and peroxidase activi-
ties, and these reactions are carried out by either COX-1 or COX-2. COX enzymes 
reside within multiple membranes of the cell; COX1 and 2 reside within the nuclear 
membrane as well as the ER and mitochondrial membranes, and COX2 has been 
found within the Golgi apparatus (Fig. 2) [18]. COX-1 is the constitutively active 
isoform COX-1 and is ubiquitously expressed across body tissues (vascular endo-
thelium, platelets, immune cells, smooth muscle cells, etc.), while COX-2 is the 
inducible isoform and responds to inflammation. Recently, a constitutive function 
has been described for COX-2 in multiple tissues including blood vessels, intestine, 
and brain, among others [19–21]. COX-1 and COX-2 are localized within the ER 
and nuclear membranes [22], and COX-2 has also been found within the Golgi 
membrane [23]. Both COX enzymes—through their dioxygenase activity—cata-
lyze the conversion of AA and EPA to produce diverse prostanoids (i.e., PGE1, 

Fig. 2 Effect of prostanoids and thromboxanes on cardiovascular function. Arachidonic acid (AA) 
can be metabolized by cyclooxygenases (COX1/2) that reside within the nuclear membrane, endo-
plasmic reticulum, mitochondria, and the Golgi apparatus. AA is converted to the prostaglandin 
precursor PGG2/H2 that gives rise to a wide variety of prostanoids. Each prostanoid acts in an 
autocrine or paracrine manner through different receptors within the vascular endothelium, myo-
cardium, and immune cells to regulate cardiovascular function. AA, arachidonic acid; COX, cyclo-
oxygenase; DP, receptor for prostanoid D; EP, receptor for prostanoid E; FP, receptor for prostanoid 
F; IP, receptor for prostanoid I; PGG2/H2, prostaglandin G2/H2; PGI2, prostacyclin; PGD2, prosta-
glandin D2; PGE2, prostaglandin E2; PGF2, prostaglandin F2; TP, receptor for prostanoid TxA2; 
TxA2, thromboxane A2
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PGE3, and dihomo-PGE2.), thromboxanes (i.e., TXA2, TXB2), and leukotrienes (i.e., 
LTA4, LTB4, LTC4). While the studies on LA-derived oxylipins are fewer than AA 
oxylipins, LA-derived oxylipins are found in greater amounts than other PUFA- 
derived oxylipins (octadecanoids) [6, 24–26]. Although the substrate preference for 
LA is markedly lower than AA, COX enzymes are reported to convert LA into 
9-HODE and 13-HODE [27, 28]. Importantly, COX-derived eicosanoids produced 
from AA, but not LA, have been long associated with cardiovascular effects such as 
atherosclerosis, clotting, vasoconstriction, and cardiac dysfunction, and drug thera-
pies such as non-steroidal anti-inflammatory drug (NSAID) aspirin target COX-
derived oxylipin production. Thus, eicosanoids such as prostanoids and 
thromboxanes are greatly relevant to both cellular function and disease.

Prostanoids and Cardiovascular Function Prostanoid derivatives are a subclass 
of eicosanoids that result from the conversion of AA and other PUFAs by COX 
enzymes—both COX1 and COX2. Following the release of AA and other PUFAs 
from cellular compartments (Fig. 1), AA is dioxygenated into prostaglandin G2/H2 
(PGG2/PGH2) and is the major common precursor of prostaglandins and prostacy-
clins (Fig. 2) [4, 11, 18]. Further metabolism of PGG2/PGH2 by thromboxane syn-
thase generates diverse thromboxane derivatives such as thromboxane A2 and B2 
(TXA2/TXB2), which can act through the thromboxane receptor (TP)-coupled to G 
protein, thus triggering intracellular signaling [4, 29]. TXA2 signaling is known to 
be associated with increases in vascular tone, atherosclerosis, vascular remodeling, 
pro-thrombosis, and inflammatory tachycardia, whereas TXB2 is associated with 
increased blood pressure and endothelial dysfunction (Fig. 2) [8]. In a similar way, 
metabolism by prostaglandin F (PGF) synthase generates PGF2a which is involved 
in multiple pathological mechanisms through prostanoid receptor F (FP) [29]. 
PGF2a effects on the cardiovascular system are related to vasoconstriction, cardiac 
dysfunction and hypertrophy, as well as inflammatory tachycardia (Fig.  2). 
Moreover, microsomal prostaglandin E synthase catalyzes prostaglandin E2 (PGE2) 
synthesis and exerts its effect through diverse receptors including prostanoid recep-
tor E (EP3) [29]. Thus, multiple prostaglandins are associated with both cardiac and 
vascular dysfunction through direct or indirect effects on the cardiac or vascu-
lar tissue.

Conversely, several prostaglandins have been associated with improvements or 
protection of cardiovascular function. PGE2 signaling through EP4, in contrast to 
activation through EP3, has beneficial effects on cardiovascular function including 
protection of the heart after ischemia/reperfusion injury, reduced hypertension, and 
improved endothelial function (Fig. 2). Other examples of beneficial prostaglandins 
include prostacyclin (PGI2) and prostaglandin D2 (PGD2) [8, 29]. PGI2 is synthe-
sized by PGI synthase and acts through prostanoid receptor I (IP) to reduce athero-
sclerosis risk, prevent thrombosis, reduce hypertension, and protection against 
cardiac hypertrophy. In addition, PGD2 is synthesized by either lipocalin-type PGD 
synthase or hematopoietic-type PGD synthase and acts through different receptors 
including prostanoid receptor D (DP1) [8]. In turn, PGD2-related mechanisms 
include reduced thrombosis, lower hypertension, and atherosclerosis, and it is 
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known to aid in the activation of the innate immune response. Altogether, prosta-
glandins can induce both protective or pathophysiological effects on cardiac and 
vascular function and are intricately related to the cleavage of AA and other PUFAs.

 Lipoxygenase-Derived Oxylipins

Oxylipins can also be produced by the non-heme iron-containing LOX family of 
enzymes that comprise six members (ALOX12, ALOX12B, ALOX15, ALOX15B, 
ALOX5, and ALOXE3) that display dioxygenase activities to produce lipid hydro-
peroxides. Importantly, most LOX enzymes are constitutively active, whereas 
LOX-1 (ALOX15) is inducible by inflammation (IL-4 and IL-13) [30]. Interestingly, 
some LOX enzymes are activated by their hydroperoxide products and intracellular 
calcium, whereas some are irreversibly inactivated by their products [31]. Substrate 
preference varies among LOX enzymes, while most LOXs have increased prefer-
ence for AA, other enzymes accept other fatty acids such as EPA, DHA, LA, 
γ-linolenic acid (GLA), and dihomo-γ-linolenic acid (DGLA). Important oxylipin 
by-products of LA include HODEs, such as 9- and 13-HODE, and a variety of mid- 
chain hydroxyeicosatetraenoic acids (HETE; 7, 10, 13, 18, 19-HETE) that form 
AA, which are involved in stress and inflammation responses. In some instances, 
they can directly oxidize fatty acid-containing amides [32], lysophospholipids 
(lysoPL), phospholipids (PL) [14, 33, 34], CE [35], and lipoproteins [36] (Fig. 1). 
From a wide variety of PUFAs, LOX enzymes can catalyze their conversion to gen-
erate a myriad of oxylipins such as leukotrienes and diverse specialized pro-resolvin 
mediators (SPMs) such as lipoxins, resolvins, protectins, maresins, and others [6]. 
Given this wide range of lipid mediators, the physiological effect of LOX-derived 
products is dependent on the context and concentration of the oxylipin. Additionally, 
LOX enzymes accept a wide variety of PUFAs and lipid products, thus participating 
in diverse physiological processes.

Mid-chain HETEs and Cardiovascular Function Important by-products of LOX 
(and CYP1B1) [37] include the hydroxylation of AA to form hydroxyeicosatetrae-
noic acids (HETEs) in mid-chain positions. These mid-chain HETEs, namely, 7-, 
10-, 12-, 13-, 15-, 18-, and 19-HETE, are important in the development of cardio-
vascular disease. Early research on mid-chain HETEs demonstrated their strong 
effect on cardiovascular dysfunction due to their effects on smooth muscle cells, 
endothelial cells, cardiomyocytes, fibroblasts, and immune cells [38–40]. The 
mechanism by which mid-chain HETEs increase the risk of vascular and cardiac 
disease involves the activation of multiple receptors that leads to intracellular acti-
vation of protein kinase C (PKC) and downstream factors mitogen-activated protein 
kinase (MAPK), extracellular-regulated kinases (ERK), c-Jun NH2-terminal kinases 
(JNK), and p38.

Mid-chain HETE, 12-HETE, increases angiotensin II-hypertension by fostering 
aldosterone secretion; Mechanistically, angiotensin II directly induces 12-HETE 
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production in adrenal cortex (glomerulosa cells) through Ca2+-dependent signaling, 
and in turn 12-HETE increases vasoconstriction through multiple G-protein-coupled 
receptors (GPCRs) including GPR31 [41]. This is supported by studies showing 
that non-specific inhibitors of LOX (BW755c) prevent aldosterone secretion [42–
44], and anti-hypertensive therapies that suppress 12-HETE secretion [41, 45]. 
Similar effects on hypertension have been reported for other mid-chain HETEs 5- 
and 15-HETE.

15-HETE has been strongly linked to HF, inflammation, fibrosis, and cardiac 
hypertrophy. Studies have shown that 15-HETE increases isoproterenol sensitivity 
[41, 46–50], and 15- and 12-HETE are involved in norepinephrine-induced hyper-
trophy. The mechanism by which mid-chain HETEs such as 15-HETE stimulate 
chronic cardiac dysfunction involves its incorporation into phospholipids (Fig. 1) 
and further substitution into DAG species, which can in turn activate PKC. Inhibition 
of LOX prevents myocardial fibrosis in hypertension models [51] and reduces 
angiotensin II-mediated collagen deposition. On the other hand, 15-HETE can be 
converted into lipoxins, which are strong modulators of inflammation resolution 
[52]. Thus, mid-chain HETEs are associated with both vascular and myocardial 
dysfunction [41] which involves the stimulation of LOX enzymes or cleavage from 
their intracellular reservoirs.

HODEs and Cardiovascular Function Oxylipins derived from LA include 
9-HODE and 13-HODE which are synthesized by both LOX and CYP epoxygen-
ases. Generally, HODEs are associated with inflammation and oxidative stress; 
9-HODE is thought to be pro-oxidative and pro-inflammatory, while 13-HODE is 
believed to be anti-oxidative and anti-inflammatory.

9-HODE regulates stress and inflammation by activating ER stress and secretion 
of inflammatory cytokine IL-1β in macrophages [53–55], and stimulates a pro- 
inflammatory environment in experimental models of wound-healing [56, 57]. 
Additionally, combined lipidomic and transcriptomic analysis identified 9-HODE 
as a strong regulator of Forkhead box O (FOXO) transcription factor through JNK- 
mediated activation, thus increasing inflammation [58]. Altogether, 9-HODE is 
regarded as a strong activator of inflammation and cellular stress.

Conversely, reports have described multiple beneficial effects of 
13-HODE. 13-HODE inhibits platelet adhesion to the vascular endothelium [59, 
60], reduces platelet aggregation [61], inhibits tumor cell adhesion to endothelial 
cells [54], regulates intracellular Ca2+ signaling [62], stimulates PGI2 synthesis [63] 
(Fig. 2), while reducing neutrophil-mediated LTB4 release [64] and inhibiting TAG 
synthesis and release [65]. Similar to other oxylipins, 13-HODE can be incorpo-
rated into phospholipids (specifically phosphatidylcholine) from endothelial cells 
and the heart [66] can be gradually removed through enzymatic cleavage [67] 
(Fig. 1).

Further metabolism of 9-HODE and 13-HODE produces oxylipins with diverg-
ing mechanisms. Degradation products of 9-HODE and 13-HODE are metabolized 
by hydroxy fatty acid dehydrogenases that generate the keto fatty acid derivatives 
9-oxo-ODE and 13-oxo-ODE respectively, with both anti-inflammatory and 
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anti- proliferative properties [54, 68–70]. Thus, despite their similarities in terms of 
origin and structure, 9-HODE and 13-HODE (and their degradation products) 
appear to have opposing effects on inflammation and cellular aggregation that alters 
cardiovascular function.

 Cytochrome P450-Derived Oxylipins

Oxylipin synthesis—eicosanoids, docosanoids, and octadecanoids—can also be 
catalyzed by the superfamily of CYP enzymes. These heme-containing monooxy-
genase CYPs catalyze an incredible variety of reactions including terminal or mid- 
chain hydroxylation and epoxidation of PUFAs and degradation of oxylipins. 
Hydroxylation of PUFAs such as AA produces a great variety of hydroxyeicosatet-
raenoic acids (HETE) through terminal 𝜔-hydroxylation (16-, 17-, 18-, 19-, 
20-HETE) [71–75]. Moreover, CYPs catalyze the formation of epoxyeicosatrienoic 
acids (EET) from AA, as well as the epoxidation of EPA, DHA, and LA. Importantly, 
PUFA epoxy-derivatives are oxylipins that have strong effects on vasodilation, 
vasoconstriction, and inflammation [76], all of which are important for cardiovascu-
lar function and disease. Epoxides from PUFAs are further metabolized by epoxide 
hydrolases (soluble [sEH] and microsomal [mEH]) to produce dihydroxyl products 
with different physiological effects than EETs. Additionally, CYP epoxygenases 
metabolize LA into EpOMEs and further metabolism of EpOMEs by cytosolic sEH 
increases the production of important diHOMEs. Both 9,10-diHOME and 
12,13-diHOME are important regulators of metabolic and cardiac function. Thus, 
CYP and sEH derivatives (EETs and EpOME/diHOMEs) are important oxylipins 
that modulate oxidative stress and inflammation, as well as vascular and cardiac 
function.

Terminal HETEs and Cardiovascular Function Terminal hydroxylation of AA 
by CYP450 (CYP1A, CYP4A, and CYP4F) produces the hydroxyeicosatetraenoic 
acids (HETE) 16-, 17-, 18-, 19-, and 20-HETE [37]. Hydroxylation within these 
terminal sites introduces chiral centers or “stereogenic carbons” (carbons with four 
different substituents) that produce two spatial enantiomers R (rectus) and S (sinis-
ter), that is, 16 (R)-HETE and 16 (S)-HETE. These enantiomers are mirror images 
of each other and have widely different physiological effects. While 16 (S)-HETE is 
the less active form, 16 (R)-HETE is produced from polymorphonuclear (PMN) 
cells following angiotensin II activation and functions as a lipid inhibitor of neutro-
phil activity [77, 78] and PMN cell aggregation. Additionally, 16 (R)-HETE (and to 
a lesser extent 16 (S)-HETE) has vasodilation properties, as demonstrated by its 
effects on renal vasodilation and protection against central hypertension. Evidence 
exists for 16-HETE incorporation into phospholipids of platelets [79], which could 
be required for the anti-aggregative properties. 16 (R)-HETE is regarded as a posi-
tive biomarker in CVD and other inflammatory diseases such as non-alcoholic fatty 
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liver disease (NAFLD) [80], additional studies will identify the link between 
16-HETE and CVD risk.

The effects of 17-HETE and 18-HETE have not been thoroughly investigated 
[37]. Some studies show that 17-HETE is involved in electrolyte and fluid transport 
within the kidney, primarily regulating sodium transport [81] and proximal tubule 
ATPase activity [82]. While the effects have been attributed to 17 (S)-HETE, the 17 
(R)-HETE isomer is thought to be inactive. 18 (R)-HETE is associated with vascu-
lar insulin resistance, muscle vascularization [83], and stimulating renal vasocon-
striction [84]. Both 17- and 18-HETE can be incorporated within phospholipids of 
the renal cortex and medulla [81], but the long-term effect of the incorporation of 
17- and 18-HETE within phospholipids has not been described. Thus, while it is 
clear that 17- and 18-HETE are involved in cardiac function and CVD, future stud-
ies will provide direct evidence for the function of these AA metabolites on vascular 
and cardiac function.

The role of 19-HETE on cardiovascular physiology has been previously described 
[37]. While pathologic cardiac hypertrophy is associated with reduced 19-HETE 
[85], treatment with a racemic mixture of 19-HETE leads to a reduction in 20-HETE 
and confers protection against angiotensin II-induced cardiac hypertrophy. The 
effects of 19-HETE on the heart might be mediated through local production 
through stimulation of the CYP enzymes CYP1A, CYP2E, and CYP4A [86–88]. 
Moreover, cardiovascular improvements in response to 19 (S)-HETE might be indi-
rectly regulated through stimulation of Na+/K+-ATPase within renal proximal 
tubules [89]. While 19-HETE is regarded as a beneficial AA oxylipin, terminal 
20-HETE has been associated with increased CVD risk [10]. Importantly, 19 
(R)-HETE is a strong antagonist of pathological 20-HETE [90], and inhibits the 
effects of 20-HETE on vasoconstriction and endothelial dysfunction [89, 90]. 
20-HETE is a potent arterial vasoconstrictor and activator of intracellular Ca2+ sig-
naling [91–95]. Importantly, inhibition of 20-HETE production leads to nitric oxide 
(NO)-mediated vasodilation [96], and addition of 19-HETE prevents the inhibition 
of NO vasodilation [89], thus providing a direct link between 20-HETE and its 
vasoactive properties. Given its widespread involvement in arterial vasoconstric-
tion, 20-HETE is intricately linked to ischemic cerebrovascular disease, cardiac 
ischemia/reperfusion, renal disease, hypertension, diabetes, among others [96].

EETs and Cardiovascular Function EETs are well-described lipid mediators of 
vascular and cardiac function [7, 10]. Synthesis of EETs from AA is catalyzed by 
the CYP epoxygenases CYP2C and CYP2J to generate four active regioisomers: 
5,6-EET, 8,9-EET, 11,12-EET, and 14,15-EET. Although EETs have structural dif-
ferences, the biological effects seem to be conserved for all EETs to a similar extent 
[97]. Classical catabolism of EETs is facilitated by sEHs [97–99] that add a water 
molecule to the epoxide bond to form dihydroxyeicosatrienoic acids (DHETs), 
which reduces their bioactivity [7]. Alternative metabolism of EETs involves the 
shortening by β-oxidation into 16-carbon EETs or elongation into 22-carbon EET 
derivatives [97]. All EETs can also be incorporated into phospholipids primarily 
within endothelial cells [100], which can prolong their half-life and bioactivity. 
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Bioactive properties of EET lipid mediators include vasodilation, anti-inflammation 
[101, 102], anti-thrombosis, increased fibrinolysis [102, 103], cardioprotection 
from ischemia/reperfusion [104], amelioration of hypertension, regulation of angio-
genesis, among others.

Vasodilation effects of EETs are thought to be mediated through the large- 
conductance voltage- and Ca2+-activated K+ channel (BKCa) within smooth muscle 
cells. This vasodilatory effect can be potentiated by the action of PGI2 and NO 
synthesis [103]. EETs also play a role in the regulation of intracellular Ca2+ levels 
by stimulating the expression of the sarcoplasmic reticulum calcium ATPase 
(SERCA2a) [105]—a major regulator of Ca2+ stores. Thus, altogether EETs are well 
regarded as endothelium-derived hyperpolarizing factors (EDHF) and play a major 
role in CVD prevention [7, 106, 107]. While therapeutic strategies that increase 
EETs have shown promising results in patients with CVD, further characterization 
of the mechanisms of EET-enhancing compounds is needed.

diHOMEs and Cardiovascular Function The LA-derived oxylipins, 9,10-diHOME 
((9R,10R,12Z)-9,10-dihydroxyoctadec-12-enoic acid) and 12,13-diHOME 
((9Z,12S,13S)-12,13-Dihydroxy-9-octadecenoic acid) have been associated with 
leukotoxicity [5, 108], but recent studies indicate that 12,13-diHOME has robust 
therapeutic potential to improve metabolic and cardiac function [109–112]. The 
synthesis of 12,13-diHOME begins with the metabolism of LA by the CYP450 
family of enzymes (CYP2J2, CYP2C8, CYP2C9, CYP1A) [5] that give rise to the 
linoleic epoxide 12,13-EpOME (and 9,10-EpOME), which in turn is subsequently 
hydrolyzed by sEH (EPHX1–4) to produce 12,13-diHOME and 9,10-diHOME [5, 
113] (Fig. 3). Although high levels of 9,10- and 12,13-diHOME have been associ-
ated with pathological conditions such as inflammation and oxidative stress [108, 
114–116], endocrine disruption [117, 118], mitogenesis [118, 119], pain [120–122], 
and cardiotoxicity [123], new studies have dissected novel mechanisms of these 
diols on metabolism and cardiac function.

Obesity and dyslipidemia are common comorbidities of CVD [124–126]. In 
obese subjects, the expression levels of CYP and sEH (EPHX) are reduced together 
with their oxylipin products. In mice, obesity (consumption of a high-fat diet) is 
associated with disruptions in the oxylipin profile in adipose tissue and decreases 
important CYP-derived oxylipins such as EpOMEs and EETs, as well as the sEH 
(EPHX)-products diHOMEs [127]. Additionally, in humans with dyslipidemia, the 
levels of circulating 12,13-diHOME were reduced, compared to healthy subjects 
[25]. In human patients with heart disease, circulating levels of 12,13-diHOME are 
directly associated with increased functional cardiac parameters such as ejection 
fraction and fractional shortening [109]. Thus, 12,13-diHOME is associated with a 
reduction of important risk factors for CVD such as obesity and dyslipidemia.

Exercise is an important therapeutic strategy to combat obesity and reduce the 
risk of CVD [128, 129]. Studies in humans have demonstrated that exercise mark-
edly increases linoleic diol 12,13-diHOME [5, 112, 130, 131] (Fig. 3). We and oth-
ers have previously shown that 12,13-diHOME functions as a lipokine—a lipid 
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Fig. 3 Effects of 12,13-diHOME on metabolism and cardiovascular function. 12,13-diHOME is 
an important lipid mediator that has been described as a brown adipose tissue (BAT) lipokine. 
Dietary linoleic acid (LA) is epoxidized to 12,13-EpOME by CYP450 enzymes, and subsequently 
converted to 12,13-diHOME by soluble epoxide hydrolases EPHX1–4. Environmental stimuli, 
such as exercise and cold exposure, increase BAT-released 12,13-diHOME. This lipokine improves 
metabolism by increasing fatty acid uptake and oxidation in BAT and skeletal muscle. In the heart, 
12,13-diHOME improves cardiac function and structure. This effect might be mediated through 
cell-autonomous improvements in cardiomyocyte contraction kinetics and mitochondrial respira-
tion, which might involve calcium cycling through nitric oxide synthase 1 (NOS1) and the ryano-
dine receptor (RyR)
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mediator released from adipose tissue—that is released in response to exercise and 
brown adipose tissue (BAT) activation by cold exposure [110, 111, 113, 132, 133] 
(Fig.  3). Previous studies in mice and humans showed that exercise-stimulated 
12,13-diHOME release through the activation of BAT sEH, Ephx1/2, and improves 
metabolic function. The mechanism by which exercise-stimulated 12,13-diHOME 
improves metabolism involves skeletal muscle fatty acid uptake and oxidation [111, 
113, 132]. Moreover, BAT activation through cold exposure and sympathetic activa-
tion in rodents and humans increases 12,13-diHOME through the induction of BAT 
sEH, Ephx1/2, and improves metabolic health. The mechanism by which cold- 
stimulated 12,13-diHOME improves metabolism involves increased uptake of FA 
into BAT to facilitate mitochondrial heat generation [110, 113, 132]. Thus, 
12,13-diHOME is an important lipid mediator that improves metabolic health.

We have recently described the role of the lipokine 12,13-diHOME and BAT in 
cardiac physiology and CVD risk [109, 134]. Increasing BAT mass by transplanta-
tion results in greater circulating levels of the lipokine 12,13-diHOME [109, 134]. 
We showed that this increase in 12,13-diHOME is associated with improved sys-
tolic and diastolic function, as well as cardiac remodeling in mice. We demonstrated 
that acute injection of 12,13-diHOME recapitulates the improvements in systolic 
and diastolic function. Utilizing nanotransfection technology, we overexpressed 
sEH Ephx1 and Ephx2, which resulted in sustained circulating 12,13-diHOME lev-
els and improved systolic and diastolic function in an obese mouse. These improve-
ments in cardiac function were mediated through improvements to cardiomyocyte 
contraction kinetics and mitochondrial function. Mechanistically, 12,13-diHOME 
increases cardiomyocyte contraction and mitochondrial respiration via a nitric 
oxide synthase 1 (NOS1)-dependent mechanism that likely involves the ryanodine 
receptor (RyR) [109], which dictates calcium cycling. Altogether, 12,13-diHOME 
is a lipid mediator that is associated with improved metabolic and cardiac health and 
may hold promise as a therapeutic strategy for the treatment of obesity, type 2 dia-
betes, and CVD.

 Conclusion and Future Perspectives

In summary, lipid mediators play a pivotal role in the regulation of cardiac and vas-
cular physiology. Cardiovascular physiology and CVD are intricately related to the 
availability of potent bioactive lipids such as oxylipins. Given that oxylipins can be 
stored and accessed through diverse lipid compartments—such as phospholipids, 
cholesteryl esters, triglycerides, among others—lipid mediators can be rapidly and 
dynamically increased in response to physiological and pathological stimuli. 
Relevant oxylipin species such as prostanoids, eicosanoids, and octadecanoids dem-
onstrate vasoactive and cardioregulatory properties. Additional research is neces-
sary to understand the influence of dietary and environmental factors on oxylipin 
synthesis and cardiac metabolism. Future studies will investigate the protective and 
therapeutic effects of oxylipins and their reservoirs on the function of the vascular 
endothelium and myocardium.
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Cardiac Inflammasome and Arrhythmia

Na Li and Dobromir Dobrev

Abstract Cardiac arrhythmias affect the quality of life and are often life threaten-
ing. The conventional anti-arrhythmic drugs targeting cardiac ion channels are asso-
ciated with severe adverse effects including drug-induced cardiac toxicity and are 
often arrhythmogenic. Elucidating the molecular mechanisms contributing to the 
fundamental events that promote arrhythmias is a prerequisite for the development 
of novel and effective therapeutics, as well as better patient care in the different 
patient populations. Enhanced inflammatory response has been associated with the 
development of several major forms of cardiovascular diseases including cardiac 
arrhythmia. Recent studies point to a critical role of the cardiac inflammasome sig-
naling in the pathogenesis of cardiac arrhythmias, especially in the context of atrial 
fibrillation. In this chapter, we discuss the current understanding of the inflamma-
some biology, the causative involvement of inflammasome in the development of 
atrial fibrillation, and the therapeutic potential of targeting the inflammasome path-
way in patients at risk for or in atrial fibrillation.
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 Introduction

Inflammation is a double-edged sword. As an essential biological process, inflam-
mation promotes healing upon tissue injury or insult. However, inflammation can 
adversely affect the physiological function of various organs when it becomes per-
sistent. In 2002, Dr. Tschopp and colleagues described for the first time a multi- 
protein complex called the inflammasome, which plays a crucial role in modulating 
innate immunity by facilitating the maturation of caspase-1 and the processing of 
interleukin-1β (IL-1β) [1–3]. Since that time, inflammasomes have been recognized 
for their roles not only in the host defense against invading pathogens but also in the 
development of auto-inflammatory disease, cancer, metabolic, and neurodegenera-
tive diseases [4, 5]. Over the last decade, several animal models have demonstrated 
a causative role of “NLR family pyrin domain containing 3” (NLRP3) in the patho-
genesis of major cardiovascular diseases including atherosclerosis, aortic aneurysm, 
heart failure, and atrial fibrillation (AF) [2, 6–10]. The levels of IL-1 family cyto-
kines generated upon inflammasome activation are often associated with common 
cardiovascular diseases. In the Canakinumab Anti-Inflammatory Thrombosis 
Outcomes Study (CANTOS) clinical trial, the use of the monoclonal IL-1β target-
ing antibody canakinumab in patients at risk of heart attack showed a clear reduc-
tion of overall cardiac events, validating the causative role of NLRP3 and its 
products in the development of life-threatening cardiovascular events [11]. 
Collectively, these studies position the targeting of the NLRP3 inflammasome path-
way as an effective therapeutic strategy for cardiovascular diseases and open an 
avenue for further elucidation of the inflammasome biology in cardiovascular dis-
eases with a goal to discover new targets and therapeutics. In this chapter, we will 
discuss the contribution of inflammasome signaling pathway in the pathophysiol-
ogy of AF, the most encountered arrhythmia in adulthood.

 Cardiac Electrophysiology

Cardiac excitability is one of the basic characteristics of the heart and controls the 
contractility of the myocardium. Cardiomyocytes generates action potentials (APs) 
that drive cardiac excitability. AP is developed as a result of the sequential activation 
and inactivation of a number of voltage-gated ion channels located on the plasma 
membrane of the cardiomyocyte. The components of these channels leading to an 
AP vary depending on the location of cells within the cardiac conduction system 
and the cardiac chamber (atria vs ventricle), especially during the repolarization 
phase [12]. Due to ionic gradients crossing the plasma membrane, the resting mem-
brane potential (RMP) of cardiomyocytes is around – 80mV. When the cardiomyo-
cyte receives an electrical impulse, AP initiates due to the activation of voltage-gated 
Na+ (Nav) channels. The rapid opening of Nav channels produces an inward INa 
current which depolarizes the cell and forms the upstroke of the AP (phase 0). 
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Following this, the activation of transient outward K+ (Ito) channel initiates the repo-
larization of AP (phase 1). During phase 2, multiple voltage-gated K+ (Kv) channels 
are activated. The relative Kv channel expression levels differ in atrial and ventricu-
lar cardiomyocytes. While the slow- and rapid-rectifier K+ (IKs and IKr) channels are 
abundantly expressed in ventricular cardiomyocytes, the K+ channels forming the 
ultra-rapid rapid-rectifier K+ (IKur) current are selectively expressed in atrial cardio-
myocytes, which partially explains the shorter repolarization phase of atrial cardio-
myocytes compared to ventricular cardiomyocytes. During phase 2, depolarizing 
L-type Ca2+ currents (LTCCs) are also activated. The counterbalance between out-
ward IK (IKs, IKr, and IKur) and inward ICa,L currents with some predominance of ICa,L 
causes the characteristic plateau phase of cardiac AP. Once the LTCCs are closed, 
the repolarization continues as the outward K+ currents persist until the membrane 
potential reaches the range of RMP (Phase 3). The inward rectifier K+ current (IK1) 
through Kir channels contributes to the AP repolarization (phase 4) and supports the 
maintenance of the membrane potential at the RMP.

The activation of the ICa,L current is key for the initiation of excitation-contraction 
coupling (ECC) in cardiomyocytes [13]. The Ca2+ influx mediated by ICa,L activates 
the ryanodine receptor type-2 (RyR2) channels, a homotetrameric macromolecular 
complex located on the sarcoplasmic reticulum (SR). Activated RyR2 channels 
release Ca2+ from SR where the Ca2+ is stored in high concentration (high micromo-
lar to low millimolar range). Ca2+ release from SR abruptly raises the cytosolic Ca2+ 
level. Cytosolic free Ca2+ then binds to troponin C and other Ca2+-sensitive myofi-
brillar proteins, allowing the actin-myosin cross-bridging, shortening of the sarco-
meres and the generation of muscle contraction. When Ca2+ release is terminated 
and Ca2+ is removed from the cytoplasm, it results in muscle relaxation. Ca2+ 
removal during relaxation is achieved through several routes: (1) a large part of 
cytosolic Ca2+ are pumped back into SR by the sarco-endoplasmic reticulum Ca2+ 
ATPase type-2a (SERCA2a), (2) Ca2+ can also be extruded by the Na+/Ca2+ 
exchanger (NCX1) located on the plasma membrane and the plasmalemmal Ca2+-
ATPase (PMCA), and (3) recent studies suggest that Ca2+ can be taken into mito-
chondria by the mitochondrial Ca2+ uniporter [13, 14]. The proper function of these 
ion channels, transporters and Ca2+-handling proteins are tightly regulated at the 
transcriptional, posttranscriptional, and posttranslational level. For instance, the 
activity of RyR2 and SERCA2a are influenced by their binding partners and the 
steady-state phosphorylation [15, 16]. FK506-binding protein 12.6 (FKBP12.6) and 
junctophilin 2 (JPH2) are the most known factors that can directly interact with 
RyR2 and cause inhibitory effect on the RyR2 channel activity. Loss of FKBP12.6 
or JPH2 can cause arrhythmogenic spontaneous Ca2+ release events (SCaEs) due to 
the enhanced RyR2 activity. Similarly, the increased phosphorylation of RyR2 due 
to the enhanced activity of protein kinase A (PKA) and Ca2+/Calmodulin kinase II 
(CaMKII) or the impaired function of protein phosphates PP1 and PP2A can also 
promote RyR2-mediated SCaEs and triggered activity [16]. On the other hand, the 
function of SERCA2a is negatively regulated by its binding partners phospholam-
ban (PLN), sarcolipin (SLN), and myoregulin (MLN) [17]. Loss of PLN or SLN can 
enhance the SERCA2a activity and increase SR Ca2+ content, which may 
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subsequently lead to more Ca2+ release from SR. Enhanced phosphorylation of PLN 
by PKA or CaMKII also can release the inhibitory effect of PLN on SERCA2a, 
increasing Ca2+ uptake into SR [16]. Dysfunctions of any of these ion channels/
transporters and Ca2+-handling proteins can lead to electrophysiological distur-
bance, manifested as different forms of cardiac arrhythmias including AF [18].

 Pathophysiology of AF

AF is the most common cardiac arrhythmia with an increasing prevalence world-
wide, and it has become a significant public health burden [19, 20]. Although a 
substantial progress has been made to identify the molecular basis of AF [21–23], 
the clinical profile of AF is complex [24] and there are substantial challenges in the 
translation of novel discoveries to clinical application [25, 26].

In a healthy heart, sinoatrial node (SAN) is responsible for the generation of 
electrical impulses, which then travel through the specialized cardiac conduction 
system resulting in the sequential depolarization of the atria and the ventricles [27]. 
When the automaticity in the pulmonary veins is enhanced or focal triggered activ-
ity (TA) appears due to the occurrence of early afterdepolarizations (EADs) or 
delayed afterdepolarizations (DADs), the SAN is no longer the sole source of car-
diac impulse, which is termed ectopic firing. When ectopic firing encounters an 
arrhythmogenic substrate in the atrial, it can promote reentrant conduction or a spi-
ral wave-generating rotor [28], thereby causing AF-maintaining reentry. Although 
ectopic firing could serve as a trigger of AF-maintaining reentry, it can also sustain 
AF by producing fibrillatory conduction even in the absence of a proarrhythmic 
substrate in atria [23, 29]

In 1998, Haissaguerre et al. first discovered that the enhanced automaticity due 
to the spontaneous firing from a discrete region known as the pulmonary veins can 
initiate AF [30]. These focal triggers from pulmonary veins are a major source of 
ectopic firing in AF [31], and have become the main target for the modern AF abla-
tion technology. The rationale for the ablation procedures by applying either high 
energy (radiofrequency ablation) or cold temperature (cryoablation) is to destroy 
the tissues surrounding the pulmonary veins, thereby preventing spontaneous pul-
monary vein firing-induced fibrillatory conduction to the atria that governs AF [32]. 
Apart from the pulmonary veins, other regions within atria can also generate ectopic 
firing due to the Ca2+-handling abnormalities within atrial cardiomyocytes [29, 33–
35]. Altered functions of Ca2+-handling proteins in cardiomyocytes can promote 
both EADs or DADs, which can cause membrane depolarization and initiate the 
triggered activity during or after a regular AP, respectively. The molecular basis for 
EADs and DADs is different. The generation of EADs is a consequence of altera-
tions in AP duration (APD). When APD is prolonged, the ICa,L can be reactivated 
during phase 2 of the AP and generate EAD [18, 23]. There is little evidence for a 
role of this type of EADs in AF. However, when APD is shortened, NCX1 can be 
activated by large amplitude Ca2+ transients thereby producing a depolarizing NCX 
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current (INCX) that can cause late phase-3 EADs [18, 36]. DADs occur after the 
completion of AP repolarization, primarily because that SR Ca2+ overload or RyR2 
dysfunction can promote SCaEs that may activate the NCX and produce depolar-
izing transient inward currents (Iti) [23, 37]. Overall, the enhanced frequency of 
SCaEs has been largely attributed to the dysfunction of RyR2 channels, as a result 
of altered posttranslational modifications (e.g., phosphorylation, oxidation), protein- 
protein interactions, and posttranscriptional regulations [16].

Reentry is recognized as the major proarrhythmic event that maintains AF. The 
development of reentrant circuits is a result of various anatomical and functional 
alternations in atrial tissue. An anatomical substrate could develop when the non- 
excitable necrotic tissue or fibrosis is surrounded by a conductive pathway. A func-
tional substrate could develop when the heterogeneities in excitability or conduction 
are enhanced, which are often associated with abbreviated refractoriness and slowed 
conduction [38]. Conceptually, the wavelength of a circuit equals the product of 
effective refractory period (ERP) and conduction velocity (CV): WL = ERP × CV. The 
WL of a circuit decreases when ERP is shortened or CV is reduced [39], which are 
the best-known mechanisms of atrial remodeling. Because the ERP is determined 
by the cardiomyocyte APD, the shortening of ERP is a direct consequence of APD 
abbreviation, due to either the increase in repolarizing Ik currents or the reduction in 
depolarizing ICa,L [40]. Several repolarizing Ik currents are associated with the APD 
shortening including IKur, IKs, IK1, the constitutively active G-protein coupled inward 
rectifying K+ current IK,ACh, and the two-pore-domain K+ currents IK2P [41–46]. On 
the other hand, CV is determined by a combination of factors including the cellular 
excitability controlled by the Nav1.5 channel, the cell-to-cell communication via 
gap junctions, and the heterogeneity of tissue composition. Thus, one or more of the 
following events – the impaired cardiac Nav channel function [47], the altered 
expression or distribution of gap junction proteins, and the increased extracellular 
volume due to interstitial fibrosis and local inflammation [48], can lead to the slowed 
CV.  In general, when atrial tachycardia remodeling due to AF occurs, the APD 
shortens and thus the reentry circuits become smaller. The smaller the circuit is, the 
more circuits the atria can accommodate. Meanwhile, if the atria undergo structural 
enlargement or hypertrophy, it allows the existence of the increased number of 
wavelets. In summary, abbreviation of ERP, reduction in CV, and enlargement of 
atria are the best-established arrhythmogenic events supporting the evolution of 
proarrhythmic substrates for AF [49].

 Inflammasome Signaling

The inflammasome is a multimeric protein complex that senses pathogen- associated 
molecular patterns (PAMPs) or danger-associated molecular patterns (DAMPs) 
and drives inflammation [3]. The assembly of the inflammasome complex can cause 
the autocleavage of precursor caspases into mature and active form of pro- 
inflammatory caspases [50]. More than ten various forms of inflammasomes have 
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Fig. 1 Mechanisms associated with the activation of NLRP3 inflammasome involving various 
“priming” and “triggering” signals. The NLRP3 inflammasome is composed of the sensing subunit 
NLRP3, the adaptor protein known as apoptosis-associated speck-like protein containing a CARD 
(ASC), and the effector protein precursor caspase-1 (pro-caspase-1). NLRP3 protein has three 
main structures including (1) the N-terminus pyrin domain responsible for the recruitment of ASC, 
(2) the central nucleotide-binding oligomerization domain that can activate the inflammasome 
signaling platform, and (3) the C-terminus leucine-rich repeat (LRR) that can sense ligand and 
autoregulate. Basal level of NLRP3 is relatively low and insufficient for active inflammasome 
formation, and NLRP3 is kept in an inactive ubiquitinated state until a priming signal evokes de- 
ubiquitination. (Adapted from the Figure 2 of “The crosstalk between cardiomyocyte calcium and 
inflammasome signaling pathways in atrial fibrillation” by Wang et  al. [49]. Copyright by 
Springer Nature)

been reported based on the identity of the sensing unit, which mainly include two 
types of proteins – “nucleotide-binding domain and leucine-rich repeat receptors” 
(NLRs) or “absent in melanoma 2 (AIM2)-like receptors” (ALRs) [3, 50]. Among 
them, the NLRP3 inflammasome is the best characterized and most extensively 
studied inflammasome complex and is unique in a way that it responds to a large 
diversity of stimuli [2, 3, 50, 51]. Activation of NLRP3 inflammasome is dependent 
on two types of signals: “priming” and “triggering” (Fig. 1). “Priming” refers to the 
activation of toll-like receptors (TLRs) by PAMPs/DAMPs or NLRs and cytokine 
receptors by its respective ligands, which lead to transcription factor “nuclear factor 
kappa-light-chain-enhancer of activated B cells” (NFκB)-mediated transcription of 
the genes encoding each inflammasome components Nlrp3, Asc, pro-caspase-1, as 
well as the effector genes pro-Il-1b and pro-Il-18 [52, 53]. Activation of NF-κB also 
leads to de-ubiquitination of NLRP3 through the deubiquitinating enzyme BRCC3 
[54, 55], which allows the system to be ready for quick “triggering”-mediated 
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activation. “Triggering” is the process that promotes the assembly of NLRP3, ASC, 
and pro-caspase-1 proteins [2, 56–60]. The oligomerization of the multiprotein plat-
form facilitates the autocleavage of pro-aspase-1 into the mature caspase-1. Active 
caspase-1 is an aspartate-specific cysteine protease that can proteolytically cleave 
the pro-inflammatory cytokines pro-IL-1β and pro-IL-18 into their mature and 
active forms IL-1β and IL-18. On the other hand, active caspase-1 also cleaves gas-
dermin D (GSDMD). The N-terminus fragment of GSDMD (Nt-GSDMD) can 
form pores on the sarcolemma, which facilitates the release of mature IL-1β and 
IL-18. In some cell types, pore-forming by Nt-GSDMD may also trigger a lytic, 
pro-inflammatory cell death, known as pyroptosis [61–64]. There is no consensus 
on a unified mechanism for the activation of the NLRP3 inflammasome. A number 
of triggering stimuli have been proposed, including an increase in intracellular Ca2+ 
level, a decrease in cellular AMP level, an increase in K+-efflux and the resultant 
decrease in the intracellular K+ level, uric acid, mitochondrial-associated dysfunc-
tion, the production of reactive oxygen species (ROS), and cathepsin B released 
from the damaged lysosome, among others [50, 65–68]. More recently, studies have 
shown that the NIMA-related kinase 7 (NEK7)-mediated interaction with NLRP3 is 
essential for the inflammasome assembly and activation downstream of the K+-
efflux [59, 69], and the spatial arrangement controlled by the microtubule network 
is also required for the proper activation of NLRP3 [67, 70] (Fig. 1).

Although inflammasomes were initially described in immune cells, emerging 
evidence point to a wide distribution of the NLRP3 inflammasome in many types of 
nonimmune cells including endothelial cells, cardiomyocytes, and cardiac fibro-
blasts [71, 72]. The enhanced function of NLRP3 inflammasome has been associ-
ated with the pathogenesis of multiple metabolic and cardiovascular diseases such 
as diabetes [73], atherosclerosis [10, 74], ischemic cardiomyopathy [71, 75–78], 
diabetic cardiomyopathy [79], and AF [34, 80, 81]. The innate immune system 
functions as the primary cardiac defense against pathogens and tissue damage [82]. 
Myocardial infarction, the most common cause of cardiac injury [83], is associated 
with acute death of cardiomyocytes. Necrotic cardiac cells can stimulate innate 
immune response to get rid of dead cell debris in the infarcted area [84, 85]. 
Endogenous ligands released from the dead cells can serve as DAMPs and activate 
TLRs, thereby initiating inflammatory responses by activating the NF-κB system 
and related signals [86]. Inflammatory macrophages and neutrophils can then be 
recruited to the infarcted area. The immune cells secrete growth factors and cyto-
kines such as transforming growth factor-β (TGF-β) and IL-10 to promote cardiac 
repair [87, 88]. However, when the inflammatory response becomes overly 
enhanced, it can cause adverse tissue remodeling. Compared to the well-established 
canonical function of the NLRP3 inflammasome in the innate immune cells, the 
putative function of the NLRP3 inflammasome in nonimmune cells including car-
diomyocytes and cardiac fibroblasts are less clear despite the recent evidence for a 
causative role of the NLRP3 inflammasome in the pathophysiology of AF.
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 Cardiac Inflammasome Signaling and Arrhythmogenesis

Recent evidence points to a potential involvement of the NLRP3 inflammasome in 
AF pathogenesis and suggests a causal role of upregulated inflammasomes in car-
diac arrhythmogenesis. In this section, we will (i) elucidate the putative cell- 
type specific molecular mechanisms underlying the NLRP3 inflammasome-mediated 
promotion of AF, (ii) discuss the inflammasome as the potential link between AF 
risk factors and AF development, and (iii) elaborate the common nodal signaling 
contributing to the NLRP3 inflammasome activation in the evolution of AF.

 Inflammasome-Mediated Pathogenesis of AF

Increases in atrial NLRP3 inflammasome activity have been linked to the develop-
ment of AF in patients. In patients with a history of paroxysmal AF (pAF; self- 
terminates within 7 days), enhanced “triggering” signals drive the hyperactivation 
of NLRP3 inflammasome in atrial tissue. In contrast, in patients with a history of 
long-lasting persistent AF (perAF), both abnormal “priming” and “triggering” sig-
nals contribute to the higher activity of the NLRP3 inflammasome [80]. In patients 
who are susceptible to the development of postoperative AF (poAF), upregulated 
“priming” and “triggering” signals contribute to the activation of NLRP3 inflamma-
some [34] and the formation of a preexisting substrate which promotes the predis-
position to poAF. Subsequent studies dissecting the contribution of cardiomyocyte 
and cardiac fibroblast inflammasome to AF pathogenesis showed that the NLRP3 
inflammasome was similarly upregulated in atrial cardiomyocytes of pAF and 
perAF patients. These data confirm that the cardiomyocyte NLRP3 inflammasome 
is the primary driver of the hyperactive NLRP3 inflammasome in the atria of AF 
patients, which may partially be attributed to the fact the cardiomyocytes make up 
approximately 75% of normal adult myocardial tissue volume [89].

To study the causal role of cardiomyocyte NLRP3 inflammasome in AF develop-
ment, a cardiomyocyte-specific knockin (CM-KI) mouse model with the 
cardiomyocyte- specific expression of constitutively active NLRP3 has been estab-
lished (Myh6:Nlrp3A350V/+). With this model, we have shown that the restricted acti-
vation of the NLRP3 inflammasome in  cardiomyocytes is sufficient to promote 
ectopic activity and atrial ERP shortening, along with secondary fibrosis, thereby 
enhancing the susceptibility to AF development [34, 80, 81]. The development of 
ectopic activity in CM-KI mice is associated with an increased incidence of SCaEs 
through RyR2 channels, as evidenced by the increased frequency of Ca2+ sparks 
which reflect spontaneous Ca2+ release via a cluster of RyR2 channels [90]. The 
shortening of atrial ERP in CM-KI mice is attributed to the increased expression of 
Kcna5 (encoding Kv1.5 protein) and the function of Kv1.5 channel (IKur). Although 
the CV is unchanged, the secondary development of fibrosis, due to ectopic activity 
and ERP shortening-induced atrial remodeling, may also enhance the vulnerability 

N. Li and D. Dobrev



267

Fig. 2 Mechanisms underlying atrial fibrillation driven by the enhanced activity of NLRP3 
inflammasome in different cell types. (Adapted from the Figure 2 of “Inflammasomes and proteo-
stasis novel molecular mechanisms associated with atrial fibrillation” by Li and Brundel [92]. 
Copyright by Wolters Kluwer)

to AF in CM-KI mice, pointing to a potential contribution of cardiac fibroblast 
NLRP3 inflammasomes signaling to atrial arrhythmogenesis. Based on evidence in 
ischemic cardiomyopathy [71, 75–78], the activation of cardiac fibroblast NLRP3 
inflammasome could be sufficient to promote atrial fibrosis and may cause atrial 
myopathy, which are known to enhance atrial arrhythmogenesis. Additionally, it is 
known that macrophage infiltration is increased in patients with AF, and the 
enhanced activation of NLRP3 inflammasome and IL-1β signaling could be found 
in macrophages [91]. Regardless of the source of secretion, the secreted IL-1β, upon 
binding with its receptor – IL-1R, could subsequently activate the NF-kB-mediated 
“priming” process in many cell types, ultimately amplifying the NLRP3 activation 
in cardiomyocytes, cardiac fibroblast, and macrophages [2]. Thus, the autocrine and 
paracrine crosstalk among different cell types via activated NLRP3 inflammasome 
signaling may exist in atria, with IL-1β and GSDMD being key effectors (Fig. 2).

For a long time, inflammatory cytokines have been associated with the onset and 
maintenance of AF, as well as the outcome of AF ablation [92]. There is ample evi-
dence that the proinflammatory cytokine IL-1β is arrhythmogenic. Direct applica-
tion of IL-1β (40 ng/mL) for 5 min onto human atrial cardiomyocytes can evoke 
potentially proarrhythmic SCaEs [34]. Similarly, direct application of IL-1β onto rat 
ventricular cardiomyocytes with low concentration of IL-1β (2 ng/mL) for 3 h is 
sufficient to increase SR Ca2+ and decrease the amplitude of the Ca2+ transients 
along with cell contractility [93]. Incubation of mouse atrial cardiomyocyte cell line 
HL-1 cells with the IL-1β (40 ng/mL) for 5 min not only induces aberrant SCaEs but 
also increases the CaMKII-mediated phosphorylation of RyR2, a known culprit 
mechanism of dysfunctional RyR2 channels [16, 34]. The potential arrhythmogenic 
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role of IL-1β is emerging; whether the full-length and the cleaved GSDMD play a 
causative role in atrial arrhythmogenesis remains to be determined.

 Nlrp3 Inflammasome Links AF Risk Factors 
to Atrial Arrhythmogenesis

Risk factors play a prominent role in the development of AF. To date, the best- 
known risk factors of AF include heart failure (HF), myocardial infarction (MI), 
obesity, hypertension, diabetes mellitus, chronic kidney disease, obstructive sleep 
apnea, and several modifiable lifestyle-related factors (e.g., smoking, alcohol drink-
ing) [19]. The prevalence of many of these risk factors coexist with chronic cardio-
vascular conditions including HF and MI, and is increasing globally [19]. 
Interventions targeting AF risk factors, such as losing weight, increasing physical 
activity, and modifying lifestyle-related factors, have shown benefits for sinus 
rhythm maintenance [94, 95]. In addition to rate and rhythm control, and anticoagu-
lation treatments, risk factor management has been suggested as a new pillar in AF 
care [94]. Although a great deal of knowledge has been obtained for some risk fac-
tors, the precise mechanisms of arrhythmogenesis remain poorly understood. 
Interestingly, several of these risk factors provide established signals for NLRP3 
inflammasome activation, such as enhanced endoplasmic reticulum (ER) stress, 
elevated intracellular Ca2+ level, and increased ROS production. The enhancement 
in these inflammasome activation signals positions the NLRP3 inflammasome as a 
critical link between the risk factors and AF pathogenesis. The connection between 
heart failure and AF development has been thoroughly reviewed previously [96–
98]. In light of very recent findings, in this section, we will discuss the role of spe-
cific signals associated with NLRP3 inflammasome activation in the context of 
obesity, gut dysbiosis, and chronic kidney disease.

Obesity Overweight and obesity are established risk factors of AF and are associ-
ated with lower efficacy of rhythm control strategies [94, 99–102]. Animal models 
of obesity exhibit reduced cardiac conduction and atrial enlargement, two estab-
lished proarrhythmic substrates. The overfeeding-induced obesity in sheep pro-
motes heterogeneous activation, reduced conduction velocity, spontaneous AF 
development, and increased AF burden [103]. In the pig model of high-fat diet- 
induced obesity, reduced ERP in the pulmonary veins contributes to the develop-
ment of sustained AF [104]. The weight gain in obese sheep correlates with 
inflammatory infiltration, fibrosis, and enhanced activation of the TGF-β1 and the 
platelet-derived growth factor pathways [105]. Additionally, in the large animal 
models of obesity, the increased pericardial fat volume along with the fat infiltration 
into the atrial myocardium can form a unique substrate for AF, which is generally 
absent in the small animal models of obesity. Although obesity and inflammation 
are two independent risk factors of AF, obesity is frequently associated with 
enhanced inflammatory signaling [48, 106–111]. The activity of NLRP3 
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 inflammasome is enhanced in atrial tissue of overweight and obese patients, obese 
sheep, and obese mice subjected to high-fat diet [81]. The increased AF susceptibil-
ity in obese mice is primarily driven by the NLRP3 inflammasome because whole-
body genetic inhibition of NLRP3 prevents the development of abnormal 
SCaEs-mediated triggered activity and the reentrant substrate including ERP short-
ening and fibrosis, thereby preventing obesity-induced atrial arrhythmogenesis in 
obese mice [81]. The specific contribution of NLRP3 inhibition in different cell 
types in preventing the obesity-induced AF remains to be determined.

The high-calorie western diet is a major cause of obesity in modern societies and 
often rich in saturated fatty acids content. The saturated fatty acids can trigger the 
NLRP3-inflammasome activation via the ER stress pathway in macrophages [112]. 
Transcriptional upregulation of the NLRP3 inflammasome effector cytokines IL-1β 
and IL-18 is mediated through inositol-requiring enzyme 1 (IRE1α) upon dissocia-
tion of heat shock protein 5A (HSP5A, also known as the glucose-regulated protein 
of 78 kDa, GRP78) [113]. HSP5A normally resides near the ER, acting as a master 
controller of the unfolded protein response (UPR) [114]. In the atria of obese mice 
due to high-fat diet and obese patients, the expression of HSP5A is elevated, which 
may enhance the transcription of UPR target genes within atrial cardiomyocytes and 
drive the NLRP3-inflammasome activity. Conversely, inhibition of NLRP3 also 
blunts the diet-induced increase in HSPA5 level, suggesting a putative feedforward 
loop between NLRP3-inflammasome upregulation and ER-stress activation, which 
should be further dissected and validated in future studies [81]. Overall, the molecu-
lar mechanisms of obesity-mediated atrial arrhythmogenesis remain incompletely 
understood. Future research should also address the role of paracrine communica-
tion via adipocytokines between peripheral adipose tissue and atria and determine 
the direct local effects of epicardial adipose tissue on AF-promoting atrial 
remodeling.

Gut dysbiosis Emerging evidence suggest that the disruption in the gut microbiota 
composition, also known as “gut dysbiosis,” is a potential new contributor of AF 
pathogenesis [115, 116]. Several gut microbiota-derived metabolites and endotox-
ins have been associated with the  increased AF risk including trimethylamine 
N-oxide (TMAO, the product of trimethylamine, derived from the dietary choline 
and carnitine) [117, 118], indoxyl sulfate (the most common uremic toxin, derived 
from the dietary tryptophan or protein-based food) [119–121], and lipopolysaccha-
ride (LPS, an endotoxin found in the out-layer of Gram-negative bacteria) [122, 
123]. Gut dysbiosis is also associated with many AF risk factors, such as aging, 
obesity, hypertension, diabetes, obstructive sleep apnea, heart failure, and athero-
sclerosis [116, 124–131]. Gut dysbiosis could enhance the AF arrhythmogenesis by 
promoting the abovementioned risk factors of AF, or by increasing gut metabolites 
and endotoxins that can act on the atria thereby promoting the evolution of an 
arrhythmic substrate. In the doxorubicin-induced cardiac fibrosis model, TMAO 
can exacerbate fibrosis by activating the NLRP3 inflammasome in cardiac fibro-
blasts [132]. One study by Zhang et al. showed that aging-associated gut dysbiosis 
alters the gut barrier and increases the levels of circulating LPS and glucose, which 
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then jointly activate the NLRP3 inflammasome in atrial myofibroblasts to cause 
atrial fibrosis, thereby enhancing AF susceptibility [133]. For detailed review on the 
causal relationship between gut dysbiosis and AF, we refer the readers to a recent 
comprehensive review by Gawalko et al. [115]. The direct effect of other gut metab-
olites such as bile acids and indoxyl sulfate on NLRP3 activation and arrhythmo-
genesis remain poorly understood and requires extensive investigation in future work.

Chronic kidney disease Chronic kidney disease (CKD) is a major public health 
problem with an estimated 26 million Americans affected. The high risk of cardio-
vascular events in CKD represents a major cause of morbidity and mortality in this 
population [134]. In the large population-based “Atherosclerosis Risk in 
Communities” (ARIC) study, impaired kidney function was strongly associated 
with the incidence of AF independently of other risk factors [134]. Classification of 
different stages of CKD is based on the level of the estimated glomerular filtration 
rate (eGFR) [135]. The prevalence of AF markedly increases with the severity/stage 
of CKD and is about 10- to 20-fold elevated in stage 5 CKD patients on hemodialy-
sis compared with patients with normal kidney function [136, 137]. Despite its high 
prevalence in CKD patients, the pathogenesis of AF in this patient population is not 
well understood. The causal association between CKD and AF is complex and may 
result from fluctuations in electrolyte levels, abnormal sympathetic nervous system 
activity, and changes in the renin-angiotensin system that appear to promote AF in 
CKD [138, 139]. In the nephrectomy-induced CKD rat model, the increased AF 
susceptibility is associated with left atrial enlargement, atrial fibrosis, and increased 
activity of the profibrotic signaling pathway (e.g., TGF-β1/Smad2/3 pathway), and 
the enhanced inflammatory response due to activation of NLRP3 inflammasome. 
However, the mechanisms underlying the activation of NLRP3 in the CKD model 
are currently unknown. It has been postulated that hyperuricemia associated with 
CKD can cause activation of the NLRP3 inflammasome [140]. Serum uric acid and 
the salt or ester forms of uric acid – urate can activate the NLRP3 inflammasome in 
macrophage via the purinergic receptor P2X7R [141]. Fibroblasts can internalize 
the uric acid crystal (UAC) via the uric acid transporter (UAT), which stimulates 
ROS production and increases the Ca2+ levels in ER. The latter signals can trigger 
the NLRP3 inflammasome activation in fibroblasts. In addition, the elevated ROS in 
fibroblasts may also activate the Ca2+-permeable transient receptor potential 
melastatin- related type-7 channels (TRPM7). Enhanced function of TRPM7 chan-
nels that contributes to the TGFβ1-induced fibroblast differentiation have been 
implicated in the AF-related development of fibrosis in patients [142]. Uric acid 
may also directly affect the electrophysiology of cardiomyocytes. In the mouse 
atrial myocyte like HL-1 cells, uric acid intake via the UATs upregulates Kcna 
expression by activating the extracellular signal-regulated kinase (ERK) signaling 
pathway [143]. The increased protein level of Kv1.5 may increase the amplitude of 
IKur, which can abbreviate the atrial APD and ERP. The increased K+-efflux due to 
the enhanced IKur may, in turn, activate the NLRP3 inflammasome in cardiomyo-
cytes, forming a feedforward loop.
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 Nodal Signaling Points of Nlrp3 Activation

In addition to the molecular signatures unique to various AF risk factors, several 
nodal signaling points commonly existing in many cardiovascular diseases appear 
to be key for the regulation of NLRP3 inflammasome activation. For instance, 
CaMKII and ROS are key contributors to AF pathophysiology and established 
enhancers of the NLRP3 inflammasome activity [144–146], which position them as 
potential targets for therapeutic interventions in AF.

CaMKII CaMKII, a multifunctional serine-threonine protein kinase, is abundant 
in various tissues. Among four homologous isoforms CaMKII α, β, δ, and γ, 
CaMKIIδ and CaMKIIγ are the predominant isoforms in the heart [147, 148]. 
CaMKII exists as a holoenzyme that consists of two hexamers [149]. Within each 
monomer, it contains an N-terminal catalytic domain, a central regulatory domain, 
and a C-terminal association domain. In the inactive state, the pseudo-substrate 
region of the regulatory domain inhibits the catalytic domain of each CaMKII sub-
unit by sterically blocking the substrate to interact with the ATP-binding pocket. 
When intracellular Ca2+ level increases, Ca2+ can bind to calmodulin (CaM). 
Subsequently, the Ca2+/CaM complex can activate CaMKII by interacting with the 
C-terminal region of the regulatory domain, causing a conformational change with 
allosteric displacement of the pseudo-substrate region, and allowing the substrate 
and ATP to access the catalytic domain [150]. In the presence of ATP, sustained 
increases in the Ca2+/CaM level can result in autophosphorylation of Threonine 
287 in the autoinhibitory region of the regulatory domain, promoting a conforma-
tional change that prevents the association between the catalytic and regulatory 
domains. This mode of Ca2+-independent activation of CaMKII is known as auto-
phosphorylation [149]. In 2008, Mark E. Anderson’s group discovered that oxida-
tion of Methionine 281 & Methionine 282 can also cause a Ca2+-independent 
activation of CaMKII holoenzyme [151]. To date, although other types of posttrans-
lational modifications such as O-linked glycosylation of Serine 280, NO-dependent 
nitrosylation of Cysteine 116/273/290 have been reported to cause autonomous 
CaMKII activity [152, 153], the autophosphorylation and oxidation are still the 
most known mechanisms responsible for the enhanced CaMKII activity in many 
physiological and pathological conditions of the heart. In cardiomyocytes, CaMKII 
can modulate many diverse targets by phosphorylation of certain serine or threonine 
residues. The CaMKII target proteins include ion channels Cav1.2 (alpha subunit of 
the L-type Ca2+ current), Nav1.5 (alpha subunit of voltage-dependent Na2+ current), 
and Kv4.3 (alpha subunit of transient outward K+ current), as well as Ca2+ handling 
proteins like RyR2 and PLN [154–159]. Because these targets are critically involved 
in shaping the AP morphology and mediating ECC, CaMKII acts as an important 
nodal signaling in many aspects of cardiac diseases.

There is ample evidence that the enhanced function of CaMKII promotes atrial 
arrhythmogenesis by targeting a variety of proteins involved in cellular electrophys-
iology, Ca2+ homeostasis, inflammation, cell survival, etc. [150]. The most 
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established role for CaMKII in AF development is the promotion of triggered activ-
ity by phosphorylation of RyR2 at Ser2814 and subsequent enhancement in fre-
quency of SCaEs [35, 160, 161]. Additionally, abnormal CaMKII can facilitate 
electrical remodeling in perAF by contributing to ion channel dysfunction [40, 
159]. Increased activity of CaMKII may secondarily contribute to AF-related struc-
tural remodeling by increasing the death of cardiomyocytes, causing fibrosis and 
extracellular matrix remodeling, and enhancing the transcription of inflammatory 
genes such as tumor necrosis factor alpha (TNFα) [148, 162–164].

Recent studies highlight the presence of a CaMKII/NLRP3 nexus that promotes 
the formation of a preexisting substrate vulnerable for the development of poAF 
[34]. In atrial cardiomyocytes of poAF patients, enhanced activity of CaMKII and 
NLRP3 signaling are concomitant and associated with enhancements of IL-1β- 
mediated SR Ca2+ leak, SCaEs, and DADs [34]. Acute application of IL-1β elicits 
abnormal SCaEs in human atrial cardiomyocytes and in HL-1 cells, which is accom-
panied by an increased phosphorylation of RyR2 and PLN by CaMKII [34]. On the 
other hand, in murine models of cardiac remodeling induced by angiotensin 
II-infusion or transverse aortic constriction, cardiomyocyte-specific deletion of 
CaMKII diminishes the activation of NLRP3 inflammasome [144, 165]. It has been 
shown that the cardiomyocyte CaMKIIδc can phosphorylate the inhibitor of NFκB 
(IκB kinase) and subsequently cause the activation of NFκB [162, 164], which con-
trols the transcription of inflammasome genes. Although not universally 
accepted, CaMKII could also increase Ca2+ entry in the mitochondria by phosphory-
lating the mitochondrial Ca2+ uniporter, which can subsequently increase ROS pro-
duction [166]. Thus, the CaMKII-mediated activation of the NLRP3 inflammasome 
in cardiomyocytes may be a consequence of both increases in ROS production and 
SR Ca2+ leak.

ROS It is well known that the elevated level of atrial ROS/reactive nitrogen species 
(RNS) is associated with AF [167–171]. Both the increased production of mito-
chondrial ROS, primarily due to the functionally deficient electron transport chain, 
and the enhanced function of NADPH oxidase (NOX) located on the cell membrane 
can contribute to the overall increase in the ROS/RNS production in atria [167–169, 
172]. In a dog model of AF induced by atrial tachypacing, NOX2 inhibition by the 
short hairpin RNA-mediated knockdown prevents the onset and maintenance of AF 
[173]. ROS acting as an NLRP3-activating trigger is supported by the evidence that 
inhibition of NOX-derived ROS prevents the caspase-1 and IL-1β maturation in 
alveolar macrophages [145, 146]. Similarly, the knockdown of the p22Phox subunit 
of NOX can decrease IL-1β release from human monocyte THP1 cells [174]. The 
crystal structure of NLRP3 reveals that the pyrin domain and the nucleotide-binding 
site domain are connected via a highly conserved disulfide bond. This suggests that 
NLRP3 could be very sensitive to alterations in redox states [175]. Additionally, it 
is well-established that ROS/RNS signaling can directly modulate the activity of 
several Ca2+ handling proteins and CaMKII in cardiomyocytes independently [176, 
177]. Oxidized or S-nitrosylated RyR2 channels also exhibit increased Ca2+ release 
function during diastole [178]. All of these actions can elevate the intracellular Ca2+ 
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level, which is an established trigger of the NLRP3 inflammasome [179]. In macro-
phages, enhanced Ca2+ signaling clearly contributes to NLRP3 inflammasome acti-
vation [180], likely by facilitating the interaction between NLRP3 and ASC [181], 
thereby enhancing the oligomerization of the inflammasome complex. The altered 
Ca2+ homeostasis due to either ROS/RNS or CaMKII activity may also promote ER 
stress, another known “triggering” signal activating the NLRP3 inflammasome 
[182]. Although there is a correlation between intracellular Ca2+ and NLRP3 inflam-
masome activation, the precise mechanisms linking Ca2+ fluxes with NLRP3- 
inflammasome activation remain elusive. On the other hand, the increased cytosolic 
Ca2+ level may enhance the uptake of Ca2+ into the mitochondria and increase the 
mitochondrial ROS production, subsequently activating NLRP3 inflammasome 
[180, 183, 184]. Thus, it is plausible that ROS, Ca2+, and CaMKII signaling can 
interact with each other, synergistically triggering the activation of NLRP3 inflam-
masome in AF.

 Therapeutic Potential of Targeting the Cardiac 
NLRP3 Inflammasome

Currently, the standard treatments of AF include rhythm and rate control, as well as 
anticoagulation. Despite clear evidence that innate inflammatory signaling path-
ways may play a causal role in AF development, use of conventional anti- 
inflammatory medications such as steroids and nonsteroidal anti-inflammatory 
drugs (NSAIDs) resulted in mixed results in AF. Clinical studies have shown that 
dexamethasone and oral administration of prednisone have no or limited benefits in 
preventing poAF and recurrent AF post-ablation, despite the reduction of circulat-
ing inflammatory cytokines [185, 186]. Whether a selective NLRP3 inhibition con-
stitutes a more effective anti-AF option requires direct investigation. Currently, the 
available strategies to reduce the overall inflammatory burden target either the effec-
tors of the NLRP3 inflammasome (caspase-1, IL-1β, and IL-1R) or its upstream 
stimuli (NFκB, TLR, and purinergic receptor P2X7R) [92]. Several “biologicals” 
including neutralizing antibodies and recombined decoy proteins targeting IL-1β or 
IL-1R are available [92], and many of these FDA-approved orphan drugs are indi-
cated for autoinflammatory and autoimmune diseases like rheumatoid arthritis. 
Their potential therapeutic effect on cardiac diseases, neurogenerative disease, the 
coronavirus disease 2019 (COVID-19)-related respiratory disease, and other dis-
eases with enhanced inflammatory response are being investigated (Table 1). There 
is also a growing interest in the development of selective inhibitors targeting NLRP3 
[187]. If the NLRP3-specific inhibitors (i.e., DFV890 and OLT1177) [188, 189] are 
safe in patients, their efficacy in preventing AF would require additional clinical 
investigations.
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Table 1 Ongoing non-cancer-related clinical trials involving the drugs targeting NLRP3 
inflammasome pathway

Drug
Mechanism of 
action

Clinical 
trial phase Indication

Identifier 
(clinicaltrial.gov)

DFV890 NLRP3 inhibitor Phase II Knee osteoarthritis NCT04886258
Phase II Familial cold auto- 

inflammatory syndrome
NCT04868968

Dapansutrile
(OLT1177)

NLRP3 inhibitor Phase II COVID-19, cytokine 
release syndrome

NCT04540120

Phase II Schnitzler syndrome NCT03595371
Belnacasan 
(VX-765)

Casapse-1 inhibitor Phase II COVID-19 NCT05164120

Canakinumab 
(Ilaris®)

Neutralizing 
anti-IL-1β antibody

Phase III Cryopyrin-associated 
periodic syndrome
Familial cold 
autoinflammatory 
syndrome

NCT01576367

Phase II Alcoholic hepatitis NCT03775109
Phase II Knee osteoarthritis NCT04814368
Phase I & 
II

Duchenne muscular 
dystrophy

NCT03936894

Phase II Mild cognitive 
impairment
Alzheimer disease

NCT04795466

Rilonacept 
(Arcalyst®)

IL-1 decoy 
receptor

Phase III Recurrent pericarditis NCT03737110
NCT04687358

Anakinra 
(Kineret®)

IL-1R antagonist Phase II Epidermolysis bullosa NCT03468322
Early 
phase I

Endometriosis NCT03991520

Phase I & 
II

Kawasaki disease NCT02179853

Phase II Respiratory failure by 
COVID-19

NCT04357366
NCT04680949
NCT04643678

Phase II Multiple myeloma NCT04099901
Phase II & 
III

Gout and chronic 
kidney disease

NCT02578394

Phase I Macrophage activation 
syndrome

NCT02780583

Phase II & 
III

Acute myocarditis NCT03018834

Phase II Type 2 diabetes NCT04227769
Phase I & 
II

Multiple sclerosis NCT04025554

Phase II Systolic heart failure NCT03797001
Phase II Cardiac sarcoidosis NCT04017936

sc-rAAV2.5IL- 
1Ra

Gene transfer 
vector expressing 
IL-1Ra

Phase I Knee osteoarthritis NCT02790723

IL-1Ra IL-1R antagonist Phase III Subarachnoid 
hemorrhage

NCT03249207
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 Summary and Future Perspectives

Over the past two decades, we witness an explosion of information on inflamma-
some biology. As the function of inflammasomes has been critically established in 
many systems, there is an increasing interest in understanding the function of 
inflammasomes and their disease-causal role in cardiovascular diseases including 
coronary artery disease, cardiomyopathy, and cardiac arrhythmias. Despite the great 
progress, many knowledge gaps and issues remain. Here are some areas of research 
priorities for preclinical and clinical investigations: (i) to define the precise function 
of individual inflammasome effectors in cardiac electrophysiology and AF patho-
physiology, (ii) to determine the upstream molecular signals including the nonca-
nonical activation pathways activating NLRP3 inflammasome in AF, (iii) to 
elucidate the NLRP3-driven interactions between cardiomyocytes, cardiac fibro-
blasts, adipocytes, and immune cells via diverse modes (autocrine, paracrine, and 
direct cell contacts), (iv) to evaluate the clinical efficacy of NLRP3-specific inhibi-
tors in cardiac arrhythmias including AF, and (v) to explore the roles of other inflam-
masome complexes (e.g., AIM2) and test their therapeutic potential in AF patients.
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Myocardial Fibrosis: Cell Signaling 
and In Vitro Modeling

Caleb Graham and Palaniappan Sethu

Abstract Heart disease is the leading cause of death in the US and worldwide. In 
addition to alterations in cardiomyocyte structure and cellular composition, the 
adverse ventricular remodeling seen post-myocardial infarction, in various types of 
cardiomyopathies, and in response to pressure and volume overload usually includes 
myocardial fibrosis. This condition is characterized by the deposition of excess 
extracellular matrix (ECM) proteins and often begins as an adaptive response to 
injury or hemodynamic stress, but then persists and transitions into a pathological 
process. Presence and amount of fibrosis have proven to be reliable negative prog-
nostic indicators in the setting of heart failure, and there is mounting evidence to 
suggest that fibrosis directly worsens disease outcomes. While 2D cell monoculture 
experiments have proven invaluable in understanding some of the triggers and sig-
naling dynamics involved in the development of myocardial fibrosis and its down-
stream effects, these disease models do not accurately recapitulate pathophysiological 
remodeling seen in the in vivo setting. Despite advances in the development of 3D 
cell culture and tissue engineering techniques over the past few decades, as well as 
the discovery and utilization of induced pluripotent stem cells, this complex patho-
logical process has proven difficult to faithfully model in vitro. This complex and 
dynamic process of fibrotic remodeling relies on a multitude of cellular and extra-
cellular signals originating from within the myocardium and from systemic interac-
tions with the immune and endocrine systems. The goal of this chapter is to provide 
an understanding of fibrosis in the context of the myocardium, detail efforts to 
model myocardial fibrosis in vitro, discuss limitations of available in vitro models 
and, finally, highlight how in vitro models have made critical contributions to our 
understanding of this condition by elucidating cell-cell and cell-ECM interactions 
and signaling pathways involved in its development.
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Abbreviations

AngII Angiotensin II
AT1R Angiotensin II Type 1 Receptor
AV Atrioventricular
CF Cardiac Fibroblast
CM Cardiomyocyte
CTGF Connective Tissue Growth Factor
DDR2 Discoidin Domain Receptor-2
EC Endothelial Cell
ECM Extracellular Matrix
ERK Extracellular Signal-Regulated Kinase
ESC Embryonic Stem Cell
ET-1 Endothelin-1
FAK Focal Adhesion Kinase
FB Fibroblast
GelMA Gelatin Methacrylate
HF Heart Failure
HSKMs Human Skeletal Muscle Myotubes
IBZ Infarct Border Zone
IGF1 Insulin-Like Growth Factor 1
IL Interleukin
iPSC Induced Pluripotent Stem Cell
JNK c-JUN N-Terminal Kinase
LAD Left Anterior Descending
LV Left Ventricle
LVH Left Ventricular Hypertrophy
MAPK Mitogen-activated Protein Kinase
MI Myocardial Infarction
MMP Matrix Metalloproteinase
MSC Mesenchymal Stem Cell
MVEC Microvascular Endothelial Cell
NO Nitric Oxide
PC Pericyte
PDMS Polydimethylsiloxane
PEGDA Poly(ethylene glycol) Diacrylate
ROCK Rho-kinase
SA Sinoatrial
SMA Alpha-Smooth Muscle Actin
SMC Smooth Muscle Cell
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TAC Transaortic Constriction
TGF-β Transforming Growth Factor-β
TIMP Tissue Inhibitor of Metalloproteinase
TNF Tumor Necrosis Factor
VEGF Vascular Endothelial Growth Factor

 Introduction

Heart disease accounted for over a fifth of deaths in the United States in 2018 [1] 
and cardiac issues specifically related to ischemia accounted for 16% of mortality 
worldwide in 2019 [2]. In total, heart conditions lead to $219.6 billion in direct and 
indirect costs from 2016 to 2017 in the US, almost 8% of the country’s total health-
care expenditures in that time period [1]. While mortality rates from acute myocar-
dial infarction (MI) are lower than ever [3] due to advances in percutaneous 
intervention and medicinal regimens, past MI is the leading cause of heart failure 
(HF) [4]. Following MI and during the course of many types of cardiovascular dis-
ease, the heart (particularly the left ventricle) undergoes adaptive remodeling to 
maintain myocardial function and structural integrity in response to increased blood 
pressure, volume, neurohormonal activation, inflammation, and/or cardiomyocyte 
(CM) death [5]. This remodeling, which is compensatory initially, involves changes 
in cellular and interstitial composition and gene expression, which lead to altera-
tions in the size, shape, and function of the organ. Two hallmarks of cardiac tissue 
remodeling, scar formation (in the case of infarction) and CM hypertrophy, are con-
sequences of the heart muscle cells’ extremely limited proliferative capacity [6]. 
Though CMs can adapt to increased hemodynamic loads via hypertrophy and 
enhancement of their contractile capabilities through the addition of sarcomeres, 
these changes are frequently accompanied by further modifications to the myocar-
dium that augment its structural integrity. Aside from reparative fibrosis, which is 
responsible for scar formation at sites of focal cardiomyocyte necrosis, other pat-
terns of fibrosis, broadly defined as the deposition of excess extracellular matrix 
(ECM) [7], also frequently develop during cardiac remodeling [8]. While supple-
mental ECM material, which predominantly consists of cross-linked collagen types 
I and III [9], is necessary following infarction to prevent ventricular wall rupture 
and could serve a mechanistic compensatory role in cases of hemodynamic over-
load [10, 11], the fibrotic remodeling caused by prolonged dysregulation of ECM 
deposition and degradation throws the highly organized architecture of the myocar-
dium into disarray, replacing contractile myocardium with noncontractile scar, and 
its presence has been associated with decreased heart function [12, 13], adverse 
outcomes in a variety of cardiac conditions [14–17], and a predisposition toward 
arrhythmia [18].

Documented observations of myocardial fibrosis date back at least as far as the 
turn of the twentieth century [19, 20], and its association with several different car-
diac and systemic pathologies, such as myocardial ischemia [21, 22] or infarction 
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[23–25], pressure overload due to outflow issues [26–28] or hypertension [29], vol-
ume overload due to aortic regurgitation [28], HF [30, 31], cardiomyopathies [32–
36], diabetes [37–39], different forms of myocarditis [40–42], connective tissue 
disorders [43], aging [44], and drug [45, 46] and radiation toxicity [47, 48], had 
been observed through animal experiments and human observational and postmor-
tem studies by the 1980s. As suggested by its association with a wide range of 
conditions, myocardial fibrosis is a dynamic and multifactorial process involving 
multiple cell types (both resident and circulating populations), ECM remodeling, 
and numerous cell-signaling pathways mediated through direct cell-cell and cell- 
ECM interactions, as well as via autocrine, paracrine, and endocrine mechanisms. 
This chapter will highlight the main signaling pathways, cells, and ECM factors 
involved in the development of myocardial fibrosis, examine the difficulties involved 
in modeling this condition, and discuss in vitro, tissue engineering-based studies 
that have furthered our understanding of this process and have helped identify and 
assess the safety and effectiveness of anti-fibrotic therapeutics.

 The Normal Myocardium

Though the heart is composed of three tissue layers, the intermediate muscular 
myocardial layer is responsible for generating the cyclic contraction and relaxation 
that propels blood through the circulatory system. During the diastolic (filling) 
phase of the cardiac cycle, the heart chambers relax and fill with blood, with the 
increased pressure in the atria leading to opening of the atrioventricular (AV) valves 
and blood flow into the ventricles. An action potential from the sinoatrial (SA) node 
then triggers the atria to contract simultaneously, further filling the ventricles with 
blood. During systole (contraction), the electrical signal originating in the SA node 
makes its way through the atrioventricular (AV) node, the bundle of His, and the 
Purkinje fibers, which triggers coordinated myocardial contraction. The ventricles 
(particularly the left) perform significantly more contractile work than the atria and 
have much thicker myocardial tissue. Unsurprisingly, the cellular composition of 
the two chamber types differ significantly: in the adult human, atria are comprised 
of 30.1% cardiomyocytes (CMs), 24.3% cardiac fibroblasts (CFs), 17.1% mural 
cells, such as pericytes (PCs) and smooth muscle cells (SMCs), 12.2% endothelial 
cells (ECs), and 10.4% immune cells, whereas the ventricles consist of 49.2% CMs, 
21.2% mural cells, 15.5% CFs, 7.8% ECs, and 5.3% immune cells [49]. These cells 
do not perform their functions in isolation, but rather communicate with themselves 
and surrounding cells via autocrine and paracrine mechanisms and direct cell-cell 
contacts to maintain homeostasis [50]. Cells can also signal to one another by 
remodeling or exerting tension upon the surrounding ECM and secreting dormant 
signaling mediators into the matrix. The dynamic myocardial ECM is composed 
primarily of fibrillar collagens I and III [9], as well as non-fibrillary components 
like proteoglycans, glycoproteins (e.g. laminin, fibronectin, tenascins, thrombos-
pondins), and glycosaminoglycans [51, 52]. This matrix surrounds and has robust 

C. Graham and P. Sethu



291

connections with the cells of the myocardium, serving numerous purposes, the most 
important of which include providing strength and elasticity to the heart and acting 
as a plastic scaffold that cells can attach to, migrate along, and remodel [53].

Cardiomyocytes are striated contractile cells that form a functional syncytium, 
propagating action potentials through gap junctions composed of connexins [54] 
and exerting force on neighboring CMs and ECM through intercalated disks, adhe-
rens junctions, desmosomes, and costameres, which are associated with integrins 
and focal adhesions [55, 56]. CMs have also been shown to exert paracrine signal-
ing through secretion of molecules such as vascular endothelial growth factors 
(VEGFs), fibroblast growth factors (FGFs), and natriuretic peptides [57, 58], and 
can also generate a variety of pro-fibrotic and inflammatory mediators [59].

Cardiac fibroblasts are mesenchymal cells that reside both within the interstitial 
ECM as well as in close proximity to other resident myocardial cells, and during 
homeostasis they are responsible for ECM maintenance, replenishing degraded col-
lagen [59, 60]. Through their activation and differentiation into myofibroblasts 
(myoFBs), these become the principal effector cells of myocardial fibrosis.

Endothelial cells line the lumens of the vasculature within the myocardium, pro-
tecting the tissue from clot-induced ischemia or infarction by shielding the underly-
ing collagen from the bloodstream and secreting anti-thrombotic factors [61]. ECs 
can also influence CMs and other neighboring cells through the secretion of numer-
ous soluble mediators, such as nitric oxide (NO), endothelin-1 (ET-1), growth fac-
tors, and angiotensin II (AngII) [50]. They also express cell surface receptors 
integral for white blood cell recruitment during inflammation [62].

Regarding the mural cells, SMCs surround the ECs of the coronary arteries to the 
downstream arterioles, allowing for local control over blood supply through vaso-
constriction and dilation [63]. PCs, on the other hand, are found around capillary 
ECs, where they contribute to the barrier function of the vessel [64] and are involved 
in angiogenesis [65].

Resident cardiac macrophages are thought to play roles in immune homeostasis 
and clearance of apoptotic cells during homeostasis [66], but are mostly replaced by 
circulating monocytes/macrophages in inflammatory scenarios [6]. Little is known 
regarding the function of resident lymphocytes or mast cells during normal state 
homeostasis.

 Myocardial Fibrosis

Though the known triggers of myocardial fibrosis exhibit several distinct differ-
ences in pathophysiology, the resulting fibrotic remodeling appears to be mediated 
through the same cell populations and similar signaling pathways [6]. MyoFBs are 
a contractile, secretory cell type that are highly active in ECM remodeling through 
deposition of structural and nonstructural proteins and secretion of matrix metallo-
proteinases (MMPs), tissue inhibitor of metalloproteinases (TIMPs), and pro- 
inflammatory and pro-fibrotic soluble mediators [9] (Fig.  1). Their presence is 
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Fig. 1 The development of myocardial fibrosis. Following an insult to the heart, CFs are activated 
and differentiated into myoFBs by a variety of mediators. MyoFBs are highly active in ECM 
remodeling, synthesis of pro-fibrotic mediators, and recruitment of immune cells. (Reproduced 
with permission from [67]. This work was published under a CC BY license (Creative Commons 
Attribution 4.0 International License; https://creativecommons.org/licenses/by/4.0/))

required for the development of fibrosis [68], and though some have suggested the 
contribution of various cell types to the myoFB pool (reviewed in [69]), recent stud-
ies have reported they are mostly derived from activated CFs [68, 70]. Quiescent 
CFs do not form actin-associated cell-cell or cell-ECM adhesion complexes [71], 
but upon activation these cells begin to exhibit actin stress fibers and form associ-
ated adhesion complexes to allow for migration [72]. Activated CFs also undergo 
rapid proliferation, and once they reach their destination they begin to secrete sub-
stantial amounts of ECM proteins such as collagens, laminin, and fibronectin, as 
well as express specific cadherins, integrins, and the contractile protein alpha- 
smooth muscle actin (SMA), through which they exert contractile forces on sur-
rounding cells and ECM [73–75].

Due to their central importance in myocardial fibrosis, understanding the signal-
ing leading to CF activation and differentiation into myoFBs as well as that involved 
in their pro-fibrotic activities is important (Fig. 2). As this chapter will only focus on 
a handful of mediators and pathways, please see [59, 76, 77] for recent reviews. 
Transforming growth factor-β1 (TGF- β1) has been shown to be a potent activator 
of CFs in animals [78], human hearts [79], and in vitro [80]. In the canonical path-
way, TGF- β1 binds to Type II serine/threonine kinase receptors, which transphos-
phorylate the kinase domain of the Type I receptor [77]. This leads to activation of 
SMAD2/3, which form a complex with SMAD4 and translocate to the nucleus, 
where the complex upregulates transcription of collagens (type I and III, predomi-
nantly), TIMPs, TGF-β1, integrins, and the pro-fibrotic matricellular protein con-
nective tissue growth factor (CTGF) [9, 59]. After TGF-β1 expression is induced in 
activated CFs, it serves as an important pro-fibrotic paracrine and autocrine media-
tor. There are numerous sources of TGF-β1 in myocardial fibrosis, including many 
other resident myocardial cells, inflammatory cells recruited from the circulation, 
and latent stores in the ECM [78] which can be activated by cell binding through 
αvβ5 integrin [81].

Angiotensin II also activates CFs, both directly and indirectly. CFs and myoFBs 
express AngII type 1 receptor (AT1R), through which AngII mediates increased 
expression of fibronectin, collagens, and TGF-β1 [82, 83]. AngII has been shown in 
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Fig. 2 (a) Summary of pro-fibrotic signal transduction mediated by AngII, mechanotransduction, 
TGF-β1, and inflammatory cytokines leading to activation of CFs and differentiation into myoFBs, 
expression of ECM components, contractile proteins, and pro-inflammatory signals. (Reproduced 
with permission from [77]. This work was published under a CC BY license (Creative Commons 
Attribution 4.0 International License; https://creativecommons.org/licenses/by/4.0/)). (b) 
Mechanotransductive signaling in CF. Steps 2–4 highlight ECM-to-cell signaling through cell sur-
face transmembrane receptors, leading to downstream effects on the cytoskeleton and, eventually 
gene expression. Step 1 demonstrates cell-to-ECM signaling. (Reproduced with permission from 
[95]. This work was published under a CC BY license (Creative Commons Attribution 4.0 
International License; https://creativecommons.org/licenses/by/4.0/))
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animal models to increase EC expression of certain selectins, leading to recruitment 
of circulating immune cells [84]. Once recruited to the myocardium, macrophages 
respond to AngII signaling through AT1R by upregulating TGF-β1 expression [85], 
which exerts autocrine effects on pro-fibrotic mediator secretion and paracrine 
effects on neighboring CFs and myoFBs. Though circulating AngII can be increased 
in conditions that frequently lead to myocardial fibrosis due to increased activity of 
the renin-angiotensin-aldosterone system (RAAS) [86], myoFBs and macrophages 
also secrete the peptide de novo [59, 87], providing a local source. In addition to 
upregulating ECM protein expression, AngII also upregulates expression of specific 
integrins, leading to downstream effects on cell adhesion, attachment, and mecha-
notransduction [88]. Some of the downstream effects of AngII are thought to be 
mediated by ET-1 [89, 90].

Inflammatory mediators also stimulate CF activation, and some believe that 
monocytes and macrophages are required for the development of myocardial fibro-
sis in vivo, at least in response to MI or pressure overload [59]. Circulating mono-
cytes, neutrophils, and lymphocytes are recruited to the injured heart via the 
synthesis of chemokines and cytokines by different myocardial cell types [44] and 
expression of specific cell-binding receptors on EC surfaces. Macrophages differen-
tiated from circulating monocytes secrete factors such as interleukin (IL)-1β and 
tumor necrosis factor (TNF)-α, which can act directly on CFs. In vitro, TNF-α has 
been shown to increase expression of lysyl oxidase and TGF-β1 [91], while (IL)-1β 
increases CF migration [92]. IL-6, also predominantly secreted by macrophages and 
other immune cells, stimulates collagen and TGF-β1 production in CFs [93, 94].

Once differentiated, myoFBs exert their pro-fibrotic effects in numerous ways. 
Through increased production of TGF-β1 and AngII, these cells sustain their own 
activated phenotype, as well as exerting effects on the cells around them, such as 
AngII-induced vasoconstriction when released in the vicinity of vascular SMCs, 
which could further aggravate ischemia and lead to increased fibrosis. Though inac-
tive CFs do not express any actin-associated surface binding proteins, myoFBs do, 
and exert contractile force on neighboring cells and ECM through these. In vitro, 
mechanical coupling between myoFBs and CMs has been shown to lead to conduc-
tion disturbances [96], and some studies have suggested they can electrically couple 
with CMs through gap junction proteins connexins 43 and 45, leading to slowed 
conduction [97]. Through mechanotransduction pathways, the increased stiffness of 
the fibrotic ECM induces CM-CF paracrine signaling that causes CF proliferation 
[98]. Additionally, increased stiffness is correlated with CF activation into myoFBs, 
as well as increased expression of collagens and SMA. The excess collagen depos-
ited by myoFBs can also surround and isolate CMs, leading to conduction and con-
tractile disturbances [9]. MyoFBs also secrete matricellular proteins such as 
thrombospondins, osteopontin, periostin, and tenascin-C, which exert mostly pro- 
fibrotic effects on the surrounding environment, such as further activation of CFs 
[59], increasing myoFB survival [99], and activation of latent growth factors in the 
ECM [100]. Though myoFBs have been shown to either apoptose or enter a quies-
cent phase following dermal wound healing [101, 102], all of the stimulating factors 
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above incite a positive feedback loop in the myocardium that leads to further CF-to- 
myoFB differentiation and sustained activation [103].

With a basic understanding of the major signaling pathways involved in CF acti-
vation and differentiation into myoFBs and the downstream pro-fibrotic effects of 
these effector cells, the subsequent sections highlight in  vitro tissue-engineered 
models of myocardial fibrosis to replicate and gain further insights into the drivers 
of pathophysiological fibrotic tissue remodeling.

 Modeling Myocardial Fibrosis

Due to the complexity of both the myocardium and the development and progres-
sion of fibrosis, creation of physiologically relevant, reproducible, predictive, and 
high throughput in vitro models of myocardial fibrosis has proceeded at a slower 
pace than other areas of tissue-engineered disease modeling, hampering efforts to 
find pharmaceutical solutions [104]. Though animal models have proven invaluable 
for myocardial fibrosis disease modeling and drug discovery, they are expensive, 
lack tunability, are considered by some researchers and members of the general 
public to be unethical [105], and are frequently not predictive of safety or efficacy 
in humans due to interspecies differences in physiology [106–108]. This section 
will review many of the existing tissue engineering models of myocardial fibrosis, 
which have served useful in examining the roles of several different mechanical, 
soluble, ECM-, and cell-mediated signaling pathways involved in the pathophysiol-
ogy of fibrotic tissue remodeling. Some of these models have been shown to react 
appropriately to cardiotoxins [109], fibrogenic compounds [110], and antifibrotic 
drugs [111], offering a glimpse of the role tissue-engineered myocardial fibrosis 
models could play in drug screening and discovery.

An ideal model of myocardial fibrosis would (1) include all of the resident cell 
types of the normal heart in their appropriate proportions as well as the circulating 
cell types implicated in the development or perpetuation of the pathological pro-
cess; (2) recapitulate in  vivo-like organization of cells surrounded by ECM that 
mimics normal or fibrotic tissue in terms of mechanical properties and the presence 
of cell-binding ligands and growth factors; (3) have the capacity for pacing and 
monitoring of calcium handling and electrophysiological behavior; and (4) incorpo-
rate the ability to subject the tissues to physiologically-/pathophysiologically- 
relevant amounts of strain and pressure and the capability to assay stiffness and 
contractile forces. While not exhaustive, this list should give readers an idea of the 
difficulties involved in modeling this disease process.

Optimizing the cellular composition of myocardial fibrosis models is challeng-
ing for several reasons. First, with recent studies coming to significantly different 
conclusions [49, 112], there is no consensus on the proportion of resident heart cell 
populations. Additionally, many cells of the heart are either difficult to procure or 
show phenotypic changes when harvested or cultured on traditional rigid tissue cul-
ture plastics. Immortalized cell lines offer advantages over primary cells, such as 
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ease of culture and substantial proliferative capacity, but they behave differently 
than their primary counterparts [113, 114] and often lack critical functional compo-
nents [113, 115], thus making primary cells more desirable. Primary cells, unfortu-
nately, tend to have low proliferative capacity and exhibit significant phenotypic 
changes due to passaging or substrate stiffness. While primary adult ventricular 
myocytes are the ideal CM cell source for modeling fibrosis, they show changes in 
shape and ultrastructure during early passages in 2D culture [116]. CFs, which serve 
important homeostatic roles in the normal heart and differentiate into myoFBs dur-
ing myocardial fibrosis as explained above, show passage-dependent differentiation 
towards myoFBs in 2D culture [117–120]. Due to the scarcity of primary human 
cells and the difficulty associated with their culture, primary cells of animal origin 
have been preferred. However, these often differ physiologically from human cells 
[106, 107], and may not be able to faithfully model human disease. The maturation 
status and tissue origin of cells are also important factors that need to be considered 
with model development. Induced pluripotent stem cell (iPSC) derived CMs have 
an immature phenotype and undergo many modifications during maturation, includ-
ing changes in morphology, sarcomere organization, T-tubular and mitochondrial 
distribution, and calcium handling capabilities [113, 121, 122], which lead to 
changes in conduction and contractility, as well as differences in susceptibility to 
various compounds. Though there have been advancements in maturation protocols 
for human iPSC-CMs (as reviewed in [123]), nothing approaching adult- stage 
development has been achieved thus far. In regard to the importance of tissue source, 
fibroblasts (FBs) from different locations in the body have been shown to have 
divergent gene expression profiles [124, 125], and CFs express unique cardiogenic 
genes demonstrated to be required for development and healing [126], thus making 
them the most appropriate source of cells for myocardial fibrosis modeling.

When designing a tissue-engineered model, it is important to tailor the cell den-
sity and ECM composition to produce physiologically relevant cell-cell and cell- 
ECM interactions. The cell density of the heart is around 1.0 × 108 cells/cm3 [127], 
or 100 million cells/mL, and different cell densities can lead to divergent tissue 
properties and functional capabilities in myocardial fibrosis models [128]. Aside 
from the importance of cell density, the incorporation of multiple resident cell types, 
such as CFs and ECs, in addition to CMs, increases the in vivo-like quality of the 
model and leads to changes in performance [110, 129]. Additionally, differing pro-
portions of cocultured cells can affect model behavior [110, 129–131]. Incorporating 
more cell types, while increasing the physiological relevancy of the model, can also 
complicate downstream assays. Coculture of cells from the same species may 
require sorting prior to gene expression analysis in order to decipher the expression 
patterns attributable to each cell type. Other issues include the difficulty of reliably 
seeding reproducible numbers of cells in coculture experiments as well as finding a 
common media suitable for all incorporated cell types. In regard to ECM, options 
most suitable for myocardial fibrosis modeling should possess tunable mechanical 
properties that can achieve the stiffness of normal and fibrotic heart (which have 
been reported as 6–8  kPa [132, 133] and 17–137  kPa [132, 134], respectively, 
though different estimates can be found in [135]). ECM should also contain binding 
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peptides for cells, be able to undergo remodeling, and allow for electrical conduc-
tance. Though in vivo ECM also contains stores of latent growth factors that would 
be useful to incorporate into models, matrices containing these factors have issues 
with batch-to-batch variability, so most experimenters use purified matrices or 
growth-factor-reduced substances, some of which can be impregnated with dormant 
molecules. A notable exception to this is the use of decellularized tissue, which 
retains the natural structure and proteins bound to ECM for use in tissue engineer-
ing. None of the models discussed here utilize this source, but its processing and 
application in various tissue models is reviewed in [136]. Most experimenters in this 
review employed natural ECM derivatives rather than synthetic alternatives. In 2D 
experiments, many researchers have taken advantage of cells’ preference for adher-
ing to these natural substrates by utilizing micropatterning, the process of printing 
small patterns of ECM or other attachment factors on top of another surface, to 
either organize specific cell types in different spaces [96, 137] or to control cell 
shape [138]. Though 2D models can offer increased control over cellular organiza-
tion and are less complicated in regard to fabrication and assays, cells cultured on 
flat surfaces have been shown to behave differently than those in 3D culture [109], 
making the latter method preferable. In the realm of 3D myocardial fibrosis model-
ing, most experimenters prefer the use of hydrogels of natural ECM derivatives, like 
fibrin, Matrigel, and gelatin methacrylate (GelMA), where the degree of cross- 
linking or gelation can be modulated. Cells can be seeded into these gels prior to 
polymerization, and can then proliferate, migrate, and organize due to the presence 
of cell-binding ligands in the matrices and their inherent ability to be remodeled. 
Hydrogels are also preferred due to the ease of casting suspensions into molds of 
varying shapes, as well as their hydrophilicity, which leads to enhanced diffusion of 
oxygen, nutrients, and waste products [139]. Though these natural hydrogels are not 
as tunable as synthetic options with regard to mechanical properties and conductiv-
ity (reviewed in [140]), they are widely available and require no further processing 
prior to use.

Because myocardial fibrosis is believed to alter the electrical properties of the 
myocardium [9] and predispose the heart to arrhythmias [141], the ability to pace 
cells and to monitor parameters associated with calcium handling, action potential 
propagation, and other conductive properties would ideally be included in models 
of this process. Pacing can be performed through field stimulation via electrodes 
immersed in the culture media and various functional outputs, such as impulse 
propagation via optical mapping with fluorescent voltage-sensitive dyes [96, 137, 
142], calcium handling via the use of calcium sensitive dyes [142, 143], contraction 
rate analysis via video processing, and field potential analysis via multi-electrode 
array [110], can be monitored. In addition to being an important component of these 
models, pacing has also been shown to elicit improvements in human iPSC-CM 
maturity [144, 145], and different pacing regimens have been shown to alter out-
comes in regard to excitation contraction coupling [128].

Lastly, ideal models of myocardial fibrosis should allow for the experimenter to 
subject cells or tissue to the same amounts of strain and pressure they would experi-
ence in the body and to assay passive and active mechanical properties like stiffness 
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and force of contraction. In vivo, myocardial fibers in normal human hearts are esti-

mated to undergo strains, calculated as Enddiastolic length Endsystolic length

Enddiastolic length

− , of 

15 to 22% [146–148]. In compromised, fibrotic hearts, the strain values differ based 
on disease process [149, 150]. Strain can be exerted on model systems in a variety of 
ways. In 2D studies, experimenters can culture cells on flexible substrates, such as 
polydimethylsiloxane (PDMS), and exert static or cyclic strain by applying vacuum 
to the bottom aspect of the substrate, a method employed by Flexcell® (Flexcell® 
International Corporation, Burlington, NC, USA) in their tension systems. 
Additionally, static perpendicular force can be applied to monolayer cultures using 
magnetic beads [117, 118], inducing strain when the culture surface is rigid. Strain 
can be imposed on 3D constructs as well, usually by situating posts or clamps at the 
longitudinal ends of the tissues, which are deflected due to the movement of a flexi-
ble membrane that they are either anchored to [151] or are in periodic contact with 
[152], or are actuated directly [153]. Additionally, when using an incompressible 
hydrogel, strain can be induced by compressing a construct against a non- deformable 
substrate [154]. Though none of the models discussed here incorporate this param-
eter, intraventricular pressure could play roles in fibrosis beyond its downstream 
effects on other forces acting upon the myocardium. Pressure in cardiac models can 
be applied and tuned by employing hydrostatic fluid columns, one- way valves, and 
pneumatic pumps [151, 155, 156]. In addition to allowing for the mimicking of 
mechanical cues seen in vivo, an ideal system should also allow one to assay the 
mechanical properties of the cell or tissue construct as well as the force it exerts. The 
stiffness of tissues can be determined via nondestructive methods like atomic force 
microscopy or monitoring the passive stiffness via deflection of posts or wires of 
known elasticity [111, 131] or by assays like destructive tensile testing [157]. The 
contractile forces generated in 2D cultures can be quantified by tracking the move-
ment of fluorescent beads within a deformable culture substrate [138], a method 
called traction force microscopy. These forces can be monitored in 3D systems 
through analysis of the movement of posts or wires of known elasticity [111, 131] or 
by utilization of force actuators and transducers attached to either the rods or clamps 
holding the tissue in place [153] or by direct application to the tissue [142].

With these parameters of an optimal platform in mind, this section will review 
many of the tissue-engineered myocardial fibrosis models of the past few decades 
and describe how researchers have incorporated various culture and assay methods 
to recapitulate important aspects of this disease process. This survey will cover 
models ranging in complexity and physiological relevance, from 2D monocultures 
of animal-derived cells on micropatterned substrates to fully humanized 3D tri- 
culture models capable of pacing and monitoring of electrical and contractile func-
tion. We will explore the available tissue-engineered models based on their 
suitability for modeling and examining the signaling pathways involved in and/or 
downstream effects of the following phenomena involved in myocardial fibrosis: 
mechanotransduction, cell-ECM and/or cell-cell interactions (aside from those inte-
gral to mechanotransduction), and pro-fibrotic soluble mediators.
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As detailed in this section, due to their central role in myocardial fibrosis, CFs 
and/or myoFBs are incorporated into virtually all models of this condition. The 
presence of myoFBs is often assayed by the upregulated gene expression or positive 
staining of SMA, which endows these cells with their contractile phenotype [158]. 
As myoFBs secrete numerous ECM proteins (e.g., collagens I and III, fibronectin, 
osteopontin, etc.), factors that affect ECM degradation such as MMPS and TIMPs, 
and pro-fibrotic autocrine and paracrine factors (e.g., TGF-β1, AngII), the presence 
of these molecules is also usually assayed through gene expression studies, immu-
nofluorescent imaging, and/or direct quantification of protein levels and activity.

In addition to monitoring molecular changes in cells and ECM, many of the stud-
ies below also examine changes in electrophysiology, contractile function, and other 
mechanical properties of fibrotic cardiac tissue constructs. Models often incorporate 
functional assays such as these along with molecular assays, allowing investigation 
of relationships between synthetic and behavioral phenomena to enhance predic-
tive power.

 Mechanotransduction

In the body, cells sense mechanical input from neighboring cells and the ECM 
through cell surface receptors and respond to them via a variety of signaling path-
ways in a process known as mechanotransduction [159]. Understanding the role of 
mechanotransduction in myocardial fibrosis is of paramount importance, as the con-
dition is often triggered or worsened by increased hemodynamic loads [26–31], 
exerting pathophysiological amounts of force onto the myocardium. Also, myoFBs 
are known to exert tension on neighboring cells and ECM through increased expres-
sion of SMA and to directly affect ECM composition though increased expression 
of MMPs, TIMPs, and various ECM constituents like collagen I and III, further 
highlighting the need to understand how various mechanical properties and forces 
affect the cells and ECM of the heart.

To recapitulate the downstream effects of volume overload, the condition where 
end-diastolic volume exceeds physiological levels due to valvular regurgitation or 
arteriovenous fistula, models can be designed to allow the experimenter to subject 
cells to stretch. Though these phenomena can be more holistically mimicked using 
perfusion systems, flexible culture chambers, and pumps [151], thus far researchers 
focused on myocardial fibrosis have mostly focused on direct application of strain. 
Strain can be applied in 2D models either through the stretching of a flexible culture 
substrate [160–163] or by exposing cells cultured on rigid substrates to downward 
force through the use of magnetic beads coating the upper aspect of the monolayer 
[117, 118]. Groups have employed both methods to study the effects of stretch on 
CF proliferation and differentiation into myoFBs. In flexible substrate models, 
cyclic strain has been associated with increased myoFB differentiation based on 
SMA staining and gene expression [160, 163], along with increased ECM deposi-
tion [160, 162, 163] and degradation [160, 162]. Interestingly, Butt and Bishop did 
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not see any effect of strain on CF proliferation in their model [160], while Dalla 
Costa et al. saw a doubling in Ki67 positive proliferative CFs undergoing stretch 
[162]. This discrepancy could be due to differences in strain magnitude, frequency, 
substrate coating, and the developmental stage of the cells. When subjected to static 
strain exerted by collagen I coated magnetic beads, both neonatal and adult myoFBs, 
which were differentiated through growth on rigid polystyrene, decreased their 
expression of SMA, indicating that the phenotype is reversible [117, 118]. On the 
other hand, when early passage, predominantly SMA negative CFs were subjected 
to the same force, SMA gene expression was upregulated, suggesting that myoFBs 
and less activated CFs respond differently to mechanical cues [118]. 2D studies 
have also allowed for examination of the combinatorial roles played by various 
ECM components, integrins, and intracellular pathways in strain mechanotransduc-
tion. c-JUN N-terminal kinase (JNK), extracellular signal-regulated kinase (ERK), 
and p38 mitogen-activated protein kinases (MAPKs) have been implicated in the 
development of myocardial fibrosis [164–166], and are involved in both mechano-
transductive [167] and TGF-β [168] signaling. Activation of these pathways through 
mechanotransduction has been shown to rely upon integrin-triggered activation of 
focal adhesion kinase (FAK) [164]. MacKenna et al. explored the contributions of 
static stretch and different ECM substrates to the activation of MAPK pathways, 
finding that stretch led to activation of JNK and ERK when CFs were allowed to 
deposit their own ECM, but that stretch-induced pathway activation was variable 
when cells were plated on other ECM proteins [161]. When subjected to strain via 
collagen I coated magnetic beads, CFs show differing MAPK pathway activation 
patterns based on whether they have been previously differentiated into myoFBs. 
Nonactivated neonatal rat CFs upregulate ERK activation in response to force, 
whereas neonatal rat myoFBs display p38 activation [118]. In a separate study, 
when adult rat myoFBs were subjected to force via magnetic beads coated with 
bovine serum albumin (BSA) or poly-L-lysine, activation of p38 was not seen, nor 
was the force-induced decrease in SMA, providing evidence that MAPK signaling 
and specific ECM-integrin interactions play a role in myoFB mechanotransduction 
[117]. Further supporting the role of integrins in this process, stretch-induced 
myoFB differentiation was associated with FAK activation, and culture with RGD 
peptide (acting as an integrin blocker) or knockdown of FAK expression via siRNA 
decreased SMA expression [162].

As 3D models increase the amount of contact between cells and ECM, they more 
accurately mimic the cell-cell and cell-ECM communications involved in stretch- 
related mechanotransduction. However, thus far these studies have come to different 
conclusions regarding the effect of stretch on important aspects of fibrosis, such as 
myoFB activation. When feline CFs were seeded into a nylon scaffold and subjected 
to static stretch, they expressed less SMA and collagen I [169]. However, when 
researchers cultured neonatal rat CFs in GelMA with physiological stiffness and 
subjected these constructs to varying levels of strain via the use of a pneumatic 
pump and culture chambers composed of a rigid glass top and flexible PDMS bot-
tom, increased strain was correlated with greater expression of SMA, collagen I, 
TGF-β, and fibronectin [120].
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In addition to strain, CFs also experience force due to interstitial flow, which has 
been shown to trigger integrin-mediated mechanotransducive signaling in other 
organs [170]. One group has designed a bioreactor that has a media inlet tube at the 
bottom of a deformable chamber, which is stretched and compressed along a per-
pendicular axis, allowing application of strain and interstitial flow at the same time 
[171]. In this model, when neonatal rat CFs were exposed to flow, they showed 
increased expression of collagen III, TGF-β, and SMA [172]. Activation of Smad2, 
a transcription factor and downstream mediator of TGF-β known to play a role in 
fibrosis [173], was also seen, and inhibition of TGF-β inhibited pro-fibrotic gene 
upregulation. Interestingly, when combined with flow, strain significantly decreased 
SMA expression.

The impact of ECM stiffness on CMs and CFs has also been explored in several 
2D and 3D models of myocardial fibrosis. Zhao et al. used photolithography to pat-
tern poly(ethylene glycol) diacrylate (PEGDA) substrates with normal or fibrotic 
stiffness into alternating bands [119] and saw that CF proliferation and differentia-
tion into myoFBs correlated with culture on stiff substrate. In addition to pro-fibrotic 
gene expression changes, patchy collagen deposition was detected on stiff substrates 
with Sirius red stain. Another group looked at the synergistic roles played by matrix 
stiffness and TGF-β signaling in fibrosis development by culturing adult human CFs 
on PDMS of various elasticity and exposing some samples to TGF-β [174], finding 
that TGF-β signaling much more significantly impacted pro-fibrotic gene changes. 
Exploring the role of ECM stiffness on CFs in 3D, Galie, Westfall, and Stegemann 
reported that culture in confined collagen I gels (higher stiffness) led to more SMA 
expression than culture in free-floating gels [175]. Models have also been designed 
to explore the effect of ECM stiffness on CM behavior. Both the effects of substrate 
elasticity and cell shape were explored by McCain et al., who used photolithogra-
phy to pattern polyacrylamide gel of normal and high stiffness onto a culture sub-
strate and then micropatterned fibronectin rectangles of various aspect ratios on top 
[138]. Through traction force microscopy they saw that CMs exerted peak systolic 
work at 7:1 aspect ratio when cultured on normal stiffness gel, whereas those on 
fibrotic gel worked most at 2:1, suggesting that changes in ECM stiffness led to 
contractile adaptations in CMs. In a separate study, mouse iPSC-CMs showed dis-
organized sarcomeric structure and irregular beating when cultured on polystyrene 
or polyacrylamide gel with increased stiffness (123  kPa), while cultures on soft 
(12 kPa) and medium (30 kPa) gels showed good organization and synchronous 
contraction [176]. Worke et al. cultured embryonic mouse CMs on collagen I matri-
ces of different stiffnesses and showed that lower stiffness was correlated with dis-
crete and synchronized calcium peaks, whereas calcium transients on stiffer collagen 
beds were flat and asynchronous [143].

Lastly, one study has examined the differing mechanotransductive effects of CFs 
and myoFBs on CMs [96]. In this 2D model, when added to micropatterned cardio-
myocytes, myoFBs led to conduction disturbances. Researchers sought to under-
stand whether this was due to electrical or mechanical coupling between CMs and 
myoFBs, and found that while inhibiting connexin 43 did not change the deleterious 
effect myoFBs had on conduction, inhibiting contraction with blebbistatin did, 
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suggesting that the tension exerted by these cells on neighboring CMs can have 
negative effects [96].

 Cell-Cell and Cell-ECM Interactions

In addition to reacting to extracellular mechanical stimuli and exerting tension on 
their surroundings, myoFBs and other cells of the myocardium signal to and act 
upon one another in a variety of ways, including direct cell-cell interactions, auto-
crine signaling, and paracrine signaling [177]. Heart cells also experience nonme-
chanical signaling from the ECM that contributes to pro-fibrotic changes which in 
turn results in progressive ECM remodeling [178]. In vitro models have proven 
useful for dissecting the effects that specific cell-cell and cell-ECM interactions 
have on the development of myocardial fibrosis, as well as understanding the anti- 
fibrotic therapeutic mechanisms of cell therapy.

Beginning with 2D models, Chang et al. used fibronectin micropatterning and 
cell coculture to recreate structural features of an infarct border zone (IBZ) and the 
surrounding healthy heart tissue [137]. Human skeletal muscle myotubes (HSKMs) 
were used in coculture with neonatal rat CMs to simulate the healed IBZ because 
HSKMs lack gap junctions, exhibit linear morphology similar to fibrous collagen, 
and disturb the orientation of neighboring cells. Coculture of 20–30% HSKMs with 
70–80% CMs resulted in lower conduction velocities in comparison to the neigh-
boring CM only “healthy heart tissue”. Upon rapid pacing, reentrant wave fronts 
emerged in these models, which were terminated by nitrendipine, an L-type calcium 
channel blocker. Microscopy showed HSKMs disturbing CM organization in the 
coculture region, suggesting that decreased cell-cell contact between CMs and non-
uniform anisotropic architecture led to the conduction abnormalities. Focusing on 
cell-ECM interactions, Watson et al. investigated the differential effects of plating 
human primary CFs on collagen I, IV, VI, and laminin, and showed that collagens I 
and VI actually upregulated collagen I gene expression in the absence of any other 
experimental variables [163]. When exposed to stretch and/or TGF-β, CFs showed 
variable expression of pro-fibrotic genes correlating with the substrate they were 
plated on, further suggesting that the ECM composition affects CF synthetic activity.

Aside from modulating the expression of collagen, changes in ECM composition 
have also been shown to affect the contractile phenotype of CFs [75]. In a study 
investigating how AngII mediates its pro-fibrotic effects, researchers examined the 
roles of osteopontin, an ECM structural protein, and β3 integrin, a membrane recep-
tor subunit found in many cell-ECM attachments, in the contraction of 3D collagen 
gels seeded with adult rat CFs. These specific molecules were chosen for study 
because they were upregulated by AngII in 2D culture. Increased gel contraction 
was seen when osteopontin was added to the construct, whereas RGD peptide and 
β3 integrin monoclonal antibodies blocked the effect, suggesting a causal link 
between AngII, myoFB osteopontin and integrin upregulation, and increased con-
tractile phenotype in fibrotic tissue.
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Several groups have used 3D models with varying proportions of myocardial 
cells to examine the relative contributions of each cell type to development of fibro-
sis and the effects the cell types have on one another, as well as to model the inter-
face between fibrotic and normal tissue. Lee et  al. created spheroids containing 
different ratios of human embryonic stem cell (hESC)-derived CMs and mesenchy-
mal stem cells (MSCs), a progenitor of CFs, showing that increasing amounts of 
MSCs (up to 20%) correlated with increased spheroid compaction and more regular 
and rapid spontaneous contractile activity measured by microelectrode array [110]. 
Interestingly, after coculture MSCs expressed discoidin domain receptor-2 (DDR2), 
a CF marker, which they did not express prior to the experiment, suggesting that 
cell-cell and/or cell-ECM signaling encouraged the differentiation of CFs. 
Additionally, when the constructs were treated with the fibrogenic compounds 
bisphenol A, aldosterone, and metoprolol, cocultured constructs demonstrated 
greater levels of CM apoptosis than CM-only spheroids. Overall, the coculture con-
structs demonstrated appropriate responses to these fibrogenic compounds as deter-
mined by expression of pro-fibrotic and TGF-β-responsive genes, demonstrating 
their potential in drug screening applications. Mainardi et al. explored whether the 
presence of CMs would inhibit CF activation in 3D hydrogel constructs seeded 
between posts and subjected to uniaxial stretch [152] (see Fig. 3a). They created 
CF-only constructs as well as those containing neonatal rat CM:CF ratios of 80:20, 
50:50, 20:80 and examined various parameters after five days of cyclical stretch. 
The constructs containing greater numbers of CFs unsurprisingly demonstrated 
more SMA, but interestingly, CMs expressed more SMA the greater the number of 
CFs they were cultured with, suggesting that activated CFs can increase the resting 
contractile tone of CMs. Constructs with higher numbers of CFs also showed higher 
expression of collagen I and fibronectin, but only those created with 50% or fewer 
CFs could be paced, making constructs containing larger amounts of CFs less useful 
for studying electrical phenomena. Wang et al. similarly explored the impact of cell 
ratios in a 3D hydrogel model, seeding constructs of 75:25 and 25:75 human iPSC-
 CM to human adult CF ratios in fibrin and casting them into custom dumbbell- 
shaped PDMS wells with a flexible fluorescent polymer wire at each end, allowing 
for convenient tracking of deflection for force calculations [131]. Beyond finding 
the expected trends in ECM deposition and SMA-positive cells between constructs, 
they also made a construct with one half composed of “normal” (75:25 CM:CF) and 
the other composed of “fibrotic” (25:75 CM:CF) tissue that maintained the morpho-
logical hallmarks of the interface between healthy and fibrotic myocardium for 
weeks based on collagen and SMA staining. When subjected to pacing, the normal 
half of the construct demonstrated diminished impulse propagation velocity in com-
parison to “normal” constructs as well as arrhythmia development, presumably due 
to conduction block created by the fibrotic half. When the normal half was excised 
and compared to “normal” constructs, it exhibited worsened contractile parameters, 
suggesting that fibrotic tissue exerts paracrine effects on neighboring healthy tissue.

In addition to comparing the contributions of different cell types to tissue remod-
eling and function, some researchers have also explored the effects that FBs from 
different sources have on these parameters. Li, Asfour, and Bursac created 3D 
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Fig. 3 (a) Design schematics for a 4-layer, PDMS myocardial fibrosis platform composed of a top 
chamber to house the tissue constructs suspended between posts hanging from a rigid upper aspect 
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hydrogel constructs containing a 0.3:1 ratio of either fetal or adult mouse CFs and 
neonatal rat CMs and suspended them in PDMS troughs surrounded by a rigid 
frame, generating 3D cylindrical bundles [142]. They found that bundles containing 
adult CFs had slower conduction velocities and prolonged action potential dura-
tions, as well as lower contractile forces and higher passive stiffness, in comparison 
to those containing neonatal CFs. The adult CF bundles also demonstrated increased 
collagen, fibronectin, CTGF, and SMA expression, along with decreased expression 
of genes associated with mechanical function, calcium handling, and connexin 43, 
suggesting that aging has detrimental effects on cardiac function regardless of the 
health of the cells. Some of the same investigators used this model to evaluate the 
impact of CFs harvested from sham or transaortic constriction (TAC) model mice 
on CF:CM 3D coculture constructs. Due to phenotypic differences observed in 
Thymocyte Differentiation Antigen 1 (Thy1) positive and negative FBs in other 
organs [179, 180], these researchers set out to learn if this marker correlated with 
different CF phenotypes, and whether or not these associations were due to preexist-
ing disease. Coculture constructs containing Thy1- CFs from TAC mice generated 
lower contractile force and demonstrated greater contractile rise time and calcium 
transient amplitudes than the other constructs, as well as increased collagen stain-
ing, suggesting that this specific subset of CFs is particularly pro-fibrotic in diseased 
hearts but phenotypically similar to Thy1+ CFs in the healthy heart. A separate 
group created spheroids containing a 4:1 ratio of hiPSC-CMs to CFs derived from 
either healthy patients or those with HF and saw that the HF spheroids demonstrated 
a faster contractile rate and shortened relaxation phase in comparison to the healthy 
spheroids [181]. Lastly, one group investigated the effects of human primary CFs 
and lung FBs on human iPSC-derived endothelial cells (ECs) [182] (see Fig. 3b). 
Using a 5:1 EC:FB ratio, the cells were seeded in hydrogel into a PDMS device 
bonded to glass. The device contained a central chamber for the tissue construct and 
two neighboring channels for media. In comparison to lung FBs, CFs led to wors-
ened perfusion as assayed via FITC-labeled dextran and also decreased barrier 
function, leading to increased permeability.

Myocardial fibrosis models have also been used to evaluate the therapeutic prop-
erties of cell therapy. Repurposing their bioreactor that incorporates both interstitial 
flow and cyclic uniaxial strain, Galie and Stegemann created a myocardial fibrosis 

Fig. 3 (continued) made of thick PDMS (blue), a thin membrane (gray), doormat valves (green), 
and a pneumatic chamber (navy). At rest, the posts are not deflected, but when the membrane is 
actuated, it deflects upward and contacts the posts, pushing them apart. The bottom aspect shows 
the realized device. (Reproduced with permission from [152]. This work was published under a CC 
BY license (Creative Commons Attribution 4.0 International License; https://creativecommons.
org/licenses/by/4.0/)). (b) Model concept composed of a tri-channel PDMS culture chamber 
bonded to a glass coverslip. ECs +/− CFs or lung FBs were seeded with fibrin in the central chan-
nel, and the side channels were filled with culture media. Tissue stiffness was assayed via nanoin-
dentation. The lower panels show the differential effects of LFs (lung FBs) and CFs on 
microvascular network formation. (Reproduced with permission from [182]. This work was pub-
lished under a CC BY license (Creative Commons Attribution 4.0 International License; https://
creativecommons.org/licenses/by/4.0/))
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tissue model consisting of neonatal rat CFs in collagen gel and injected rat MSCs 
into them before exposing them to flow, strain, or hypoxia [183]. Though increased 
amounts of vascular endothelial growth factor (VEGF) and insulin-like growth fac-
tor 1 (IGF1) were seen in the supernatant of the coculture models, both of which 
have been associated with the paracrine therapeutic effects of MSCs, the responses 
of CFs 250 μm away from the MSC injection site based on the expression of SMA 
and other pro-fibrotic genes was variable amongst the different conditions, and the 
researchers suspected that the CFs were not sufficiently activated into myoFBs 
based on SMA stain. Another group cultured human fetal CFs in 3D GelMA con-
structs and stimulated them with TGF-β to differentiate them into myoFBs leading 
to an increase in the expression of SMA and collagen I [184]. When these fibrotic 
constructs were placed in a Transwell, which prevents cell migration but allows for 
media transport, into a dish with cardiac progenitor cells, they showed decreased 
expression of pro-fibrotic genes, an effect not seen in coculture with human micro-
vascular ECs, suggesting that cardiac progenitor cells exert paracrine antifibrotic 
effects.

 Pro-Fibrotic Soluble Mediators

A number of soluble mediators are known to play stimulatory roles in the develop-
ment of myocardial fibrosis [8, 59, 168, 185, 186], however, the majority of in vitro 
myocardial fibrosis models have focused on the downstream effects of TGF-β, with 
many only using the compound due to its reliability in triggering CF to myoFB dif-
ferentiation without trying to parse any new information regarding its effects on 
different cell types or the mechanisms by which it mediates its pro-fibrotic effects 
[96, 109, 111, 152, 154, 160, 184]. Here, the focus will be on models that have been 
used to further understand the role of TGF-β signaling in the development of myo-
cardial fibrosis, as well as highlight models investigating other soluble mediators.

First, revisiting a model discussed previously, Wang, Seth, and McCulloch saw 
that when adult rat myoFBs were exposed to static strain via collagen I coated mag-
netic beads, SMA expression decreased [117]. However, when AngII was added to 
these experiments, the decrease in SMA was not observed, indicating that AngII can 
perpetuate the myoFB phenotype in the face of mechanotransductive signals encour-
aging a quiescent phenotype. In another experiment evaluating the relative contribu-
tions of mechanotransduction and soluble mediators on fibrosis development, Cho, 
Razipour, and McCain plated primary human CFs on PDMS of different stiffnesses 
with or without TGF-β [174]. Though SMA expression was upregulated by stiffer 
matrices, none demonstrated greater than 50% SMA positivity as observed with 
staining, whereas all of the conditions including TGF-β demonstrated greater than 
50% SMA positivity, suggesting that TGF-β contributes more to myocardial fibrosis 
than ECM stiffness. Nunohiro et al. saw that AngII upregulated the expression of 
ECM components and specific integrins in 2D culture of adult rat CFs, and then 
used a collagen contraction assay in combination with AngII, osteopontin, and 
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integrin blockers to dissect how AngII exerts its pro-fibrotic effects, concluding that 
its upregulation of osteopontin results in an increased rate of matrix remodeling that 
is mediated through specific upregulated integrins [75]. In a study exposing neona-
tal rat CFs to interstitial flow in a 3D collagen gel, flow was correlated with increased 
collagen III, TGF-β, and SMA expression [172]. Inhibiting either TGF-β or AngII 
signaling diminished the pro-fibrotic gene upregulation, indicating that both are 
involved in flow-induced mechanotransduction signaling. When neonatal rat CFs 
were seeded in GelMA of physiological stiffness and subjected to increasing mag-
nitudes of cyclic strain via a pneumatically-actuated flexible PDMS and glass 
device, increased strain correlated with increased expression of TGF-β, which the 
experimenters hypothesized was related to traction-induced release and activation 
of dormant TGF-β in the ECM [120]. When these constructs were exposed to strain 
in the presence of TGF-β inhibitor, pro-fibrotic gene expression was decreased, 
again suggesting that TGF-β plays an important role in mediating pro-fibrotic strain 
signaling. Santos et al. seeded neonatal rat or human primary CFs and collagen I 
into ring-shaped molds and monitored changes in compaction (via cross-sectional 
area) and stiffness (via destructive tensile testing) when the tissues were treated with 
a Rho-kinase (ROCK) inhibitor and/or TGF-β. Rho-kinase is a downstream media-
tor of the small GTP-binding protein RhoA, and it plays roles in cell motility, pro-
liferation, and contraction through interactions with the actin cytoskeleton [187]. In 
this model, ROCK inhibition led to decreases in tissue compaction and stiffness, 
which were countered by simultaneous treatment with TGF-β.

In addition to exploring the role of TGF-β in exerting or counteracting mechano-
transductive signaling in myocardial fibrosis, others have sought to understand its 
importance in sustaining the fibrotic phenotype and its effect on cells other than 
CFs. Blyszczuk et al. created spheroids containing either human fetal CFs alone, 
hiPSC-CMs alone, or the two in a 4:1 CM:CF ratio [181]. When treated with TGF-β 
the CF-containing constructs grew and increased expression of collagen I, whereas 
CM-only constructs demonstrated no changes. Interestingly, the CM:CF constructs 
showed decreased expression of cardiac troponin T and connexin 43 in response to 
TGF-β, which are integral in contraction and action potential propagation, respec-
tively. To determine whether the pro-fibrotic changes were due to continued pres-
ence of TGF-β or its effect on CF to myoFB differentiation alone, myoFBs were 
differentiated beforehand with TGF-β and then cultured in constructs without con-
tinued TGF-β administration. All of changes associated with TGF-β treatment were 
replicated, highlighting the central role of myoFBs in myocardial fibrosis. This 
group also examined the effects of TGF-β on CM:CF constructs containing either 
healthy adult CFs or those sourced from HF patients. TGF-β caused increased con-
traction rates in 4 of 6 healthy constructs, but this was observed in only 1 of 6 con-
structs made with unhealthy CFs, indicating that CFs from diseased hearts lose 
some capacity to respond to TGF-β signaling.

Lastly, exosomes, which are 30–200 nm membrane-bound extracellular vesicles 
containing proteins and nucleic acids [188, 189], are secreted into the ECM by 
many different cell types and have been implicated in the development of various 
forms of heart disease [190–192] and have been suspected to play a role in fibrotic 
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ECM remodeling. These vesicles harbor microRNAs, which are single-stranded 
RNA fragments that inhibit gene expression by targeting complementary RNA 
strands for destruction or otherwise impeding their translation [193]. After using 
either doxorubicin or left anterior descending artery (LAD) ligation to elicit myo-
cardial fibrosis in rats, Yang et al. found that miR-208a was increased in both mod-
els [188] and sought to understand if and how it elicited pro-fibrotic signaling 
in vitro. When rat CMs or CFs were exposed to hypoxia or AngII in monocultures, 
CMs upregulated expression of the microRNA, whereas CFs didn’t. However, when 
conditioned media from the CM experiments were added to CF cultures, CFs upreg-
ulated miR-208a expression, as well as that of collagens I, III, SMA, thrombospon-
din, and CTGF, indicating pro-fibrotic paracrine signaling was involved in mediating 
the miR effect, as well as positive feedback. The researchers utilized fluorescent 
nanoparticle tracking to visually capture entry of the exosomal content into the CFs, 
confirming that they could be responsible for the observed changes in gene expres-
sion. When exosomes were removed from the media or miR-208a was blocked 
through addition of an antagomir, expression of miR-208a and pro-fibrotic genes 
decreased in the CF cultures. After these in vitro experiments, the group induced MI 
in rats through LAD ligation and treated them with miR-208a antagomir. Rats that 
received this treatment showed increased cardiac performance and decreased fibro-
sis weeks after surgery, providing further evidence for the role of CM-derived exo-
somal miR-208a in the development of myocardial fibrosis. Please see Table 1 for a 
chronological listing of the models referenced in this section.

 Conclusion

As detailed above, myocardial fibrosis is a dynamic, multicellular process that relies 
upon signaling originating in the heart, circulating immune cells, or distant organs. 
Due in large part to this complexity, there are relatively fewer tissue-engineered in 
vitro models of myocardial fibrosis than many other disease processes. However, as 
described in this chapter, important signaling aspects of myocardial fibrosis can be 
recapitulated in vitro, and tissue-engineered disease models have helped elucidate 
the contributions of specific cell-cell, cell-ECM, and soluble mediator signaling 
pathways to this maladaptive process, as well as the effect of ECM stiffness on 
myocardial cell phenotype.

Earlier, the parameters of an ideal tissue-engineered model of myocardial fibro-
sis were detailed (see Box 1). These design recommendations are geared toward 
recapitulating the in vivo setting as accurately as possible, thus leading to greater 
physiological relevance and reliability of information generated from these models. 
Due to limitations associated with current tissue engineering and assay technolo-
gies, achieving these goals is still challenging, and tradeoffs are often made to focus 
on a handful of signaling phenomena of importance and to maintain moderate 
throughput of the platform. While no model thus far has managed to achieve all of 
these aspirations, the recommendation that is furthest from being realized is that 
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Publication 
Year

Cell
Origin/Maturation 

Status

Cellular/Tissue 
Organization

Mechano-
transduction

Cell-Cell/
Cell-ECM 

communication

Soluble 
Mediators Citation

1997 Fetal rat CFs 2D - [160]

1998 Adult rat CFs 2D - - [161]

1999 Adult rat CFs 3D - [75]

2000 Adult rat CFs 2D - [117]

2003 Neonatal rat CFs 2D - - [118]

2006 Feline CFs 3D - - [169]

2009 Neonatal rat CFs + 

HSKMs

2D
- -

[137]

2009 Neonatal rat CFs 2D - - [162]

2011 Neonatal rat CFs 3D - - [175]

2011 Neonatal rat CFs + 

CMs

2D
- -

[96]

2012 Neonatal rat CFs 3D - [172]

2014 Neonatal rat CFs + rat 

MSCs

3D
- -

[183]

2014 Neonatal rat CMs 2D - - [138]

2014 Adult human CFs 2D [163]

2014 Adult rat CFs + NIH 

3T3 rat FBs

2D and 3D
- -

[119]

2017 Neonatal rat CMs + 

neonatal or adult 

mouse CFs

3D

- -

[142]

2017 Neonatal rat CFs + 

CMs

3D
- -

[154]

2017 Embryonic mouse 

CMs

2D
- -

[143]

2018 Adult human CFs 2D - [174]

2018 Adult rat CFs + CMs 2D - [188]

2019 Fetal human CFs + 

cardiac progenitor 

cells or ECs

3D

- -

[184]

2019 Adult mouse CFs + 

mouse iPSC-CMs

2D
- -

[176]

2019 Neonatal rat CFs 3D - [120]

2019 Human embryonic 

stem cell-derived CMs 

+ MSCs

3D

- -

[110]

2019 Neonatal rat CFs +/-

CMs or adult human 

CFs alone

3D

- -

[157]

2019 Human iPSC-CMs + 

adult human CFs

3D
- -

[131]

2020 Human iPSC-CMs + 

fetal human CFs, 

healthy adult human 

CFs, or HF adult 

human CFs

3D

-

[181]

2020 Neonatal rat CMs + 

adult mouse CFs of 

different phenotypes

3D

- -

[199]

2020 Human iPSC-CMs + 

adult human CFs

3D
- - -

[111]

2021 Human iPSC-ECs +/-

adult human CFs or 

lung FBs

3D

-

[182]

2021 Neonatal rat CFs + 

CMs

3D
-

[152]

Table 1 In vitro tissue-engineered myocardial fibrosis models

Blue highlight indicates the platform was used to study associated phenomena
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regarding the cellular composition of the tissue within these platforms. Though 
many of the models above included CMs and CFs or myoFBs, none of them included 
inflammatory cells of any kind. While the importance of resident macrophages and 
lymphocytes to the development of myocardial fibrosis appears to be limited beyond 
initial recruitment of circulating immune cells [44, 194], these circulating mono-
cytes are thought to be required for development of the condition in response to MI 
and pressure overload [59], and lymphocytes recruited to the heart also exert pro- 
fibrotic effects [195]. Additionally, only two studies examined the role of ECs in 
myocardial fibrosis, with one examining their paracrine effects on myoFBs [184] 
and another investigating the effects that direct coculture with either CFs or lung 
FBs would have on microvascular network formation, perfusability, and permeabil-
ity [182]. In addition to their involvement in pro-fibrotic signaling through the 
secretion of soluble mediators and recruitment of circulating immune cells [62], 
myocardial fibrosis has been associated with microvascular rarefaction [62], or 
diminished capillary density, in some HF patients [196–198], and further under-
standing of the interplay between dysfunctional ECs and fibrotic ventricular remod-
eling would be of use. Due to their proximity to microvascular ECs and their known 
effects on barrier function, PCs could also be important to include in models explor-
ing this relationship. With regard to other mural cells, though no studies incorpo-
rated vascular SMCs, these would only be of particular importance in models 
examining changes in arteriolar tone or the potential contribution of these cells to 
the myoFB pool. Also with regard to the cellular composition of the reviewed mod-
els, many of the studies not only utilized animal cells, but those from early stages in 
development, both of which limit their physiological relevance due to interspecies 
and maturation-dependent differences in physiology [106–108, 113, 121, 122]. 
These cell source issues may have contributed to some of the contradictory phe-
nomena observed in a few of the models reviewed. Though progress remains to be 
made on this front, multiple models reviewed here advanced knowledge in regard to 
the effect of CM to stromal cell ratios on the behavior of cardiac tissue models [110, 

Box 1. Parameters of an Ideal Tissue-Engineered Myocardial 
Fibrosis Model:
 1. Include all of the resident cell types of the normal heart in their appropriate 

proportions as well as the circulating cell types implicated in the develop-
ment or perpetuation of the pathological process.

 2. Recapitulate in  vivo-like organization of cells surrounded by ECM that 
mimics normal or fibrotic tissue in terms of mechanical properties and the 
presence of cell-binding ligands and growth factors.

 3. Have the capacity for pacing and monitoring of calcium handling and elec-
trophysiological behavior.

 4. Incorporate the ability to subject the tissues to physiologically-/
pathophysiologically- relevant amounts of strain and pressure and the 
capability to assay stiffness and contractile forces.
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131, 152], and also worked to establish the effects of cell seeding density on various 
cardiac functional parameters and ECM composition [128].

The reviewed models were more consistent in satisfying the remaining three 
criteria (see Box 1), though none achieved them all, and here some of the most 
physiologically relevant and high throughput platforms discussed will be high-
lighted, drawing lessons from them for future application. To learn more about the 
effects of cyclic strain magnitude and TGF-β signaling on CF activation and ECM 
remodeling, Kong et  al. created a bioreactor composed of a bottom pneumatic 
chamber, a culture chamber with a flexible membrane, and a rigid glass top [120]. 
Five different levels of strain were achieved within this model by fabricating inter-
connected pneumatic chambers of different diameters, with larger diameters leading 
to greater strain with the same applied pressure. Each culture chamber contained a 
cylindrical post, upon which the 3D tissue constructs were positioned, and with 
each pneumatic pulse, these constructs were compressed against the glass top to 
induce strain. Combining neonatal rat CFs and 7% GelMA, which has physiologi-
cally relevant stiffness, the researchers seeded all five culture chambers of the device 
simultaneously through one microfluidic channel, and then used photolithography 
and UV exposure to only polymerize the areas of the cell gel suspension that were 
atop the cylindrical posts, washing away the remaining non-polymerized gel. 
Though the use of neonatal rat cells and the lack of other myocardial cell types 
limits the physiological relevance of this model, the ability to test five levels of 
strain within a device that is seeded all at once increases the throughput of the 
model, and by combining treatment with TGF-β or an inhibitor, the experimenters 
were able to learn about the combinatorial effects of both mechanotransduction and 
soluble mediator signaling on CF activation and tissue remodeling. Mainardi et al. 
similarly employed a multi-chamber, interconnected device capable of pneumatic 
activation to investigate the effects of differing neonatal rat CM:CF ratios, cyclic 
stretch, and TGF-β signaling on CF activation, profibrotic gene expression, and 
electrophysiology using 3D fibrin-based tissue constructs [152]. The bioreactor 
employed contained six culture chambers, three static and three dynamic, that were 
interconnected via doormat valves and could be seeded simultaneously (see Fig. 3a). 
Two deflectable posts hung from the top of each culture chamber, and when the flex-
ible membrane at the bottom of the chamber was pneumatically activated, it bulged 
upward, pushing the posts apart and exerting 10% strain on the tissue. Following 
each experiment, the tissue constructs were also externally paced, and their behav-
ior was examined via motion tracking analysis. Lastly, Wang et  al. utilized the 
Biowire™ II device (TARA Biosystems, Inc., New York City, NY, USA), which is 
composed of a dumbbell-shaped trough for cell suspension seeding and two flexible 
polymer wires at each end, upon which the tissue constructs exert force following 
gelation [131]. By doping the polymer with fluorescent molecules, the displacement 
of the wires was easily monitored, allowing for calculations of passive stiffness and 
contractile force of the tissue constructs. The group seeded either “normal” fibrin- 
based constructs, composed of 75:25 ratio of human iPSC-CMs and primary human 
CFs, “fibrotic” constructs with the opposite ratio, or half “normal”, half “fibrotic” 
constructs, within which gels containing both CM:CF ratios were seeded on 
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opposing sides of the culture chamber, mimicking the border between healthy and 
fibrotic tissue. External pacing was applied to these constructs for 6 weeks, and the 
group assayed contractile force, passive stiffness, profibrotic gene expression 
changes, and electrophysiological behavior, observing significant differences in 
function and composition between the constructs.

Though tissue-engineered in vitro models of myocardial fibrosis have helped 
elucidate the signaling pathways involved in this condition and some have responded 
appropriately to fibrogenic and anti-fibrotic compounds, further improvements to 
increase translational relevance could make them more useful in preclinical studies. 
With regard to cell composition, experimenters should seek to use human cells, and 
in regard to CMs, they should be matured toward the adult phenotype as much as 
possible to allow for recapitulation of the electrophysiological behavior and cal-
cium handling seen in vivo. Pertaining to CFs, one should pay particular attention 
to their differentiation status in culture, ensuring that cells are quiescent prior to 
experimentation, unless one is seeking to model existing fibrosis. As discussed 
above, other resident cell types, especially ECs, should be more frequently included 
in models when possible. Immune cells in the bloodstream could also be incorpo-
rated into future platforms, either by introducing cells into the media surrounding 
constructs in static culture, or by creating a perfusion system that allows for circula-
tion of the cells. Experimenters could also better replicate the cardiac cycle by 
incorporating both cyclic stretch and electrical pacing simultaneously. Pitoulis et al. 
have designed a bioreactor that allows for application of both, which involves sus-
pending tissue in a culture chamber between clamps, one of which is attached to a 
force sensor, and the other to an actuator [153]. In this perfusion model, pacing is 
applied, and the force sensor records the first part of the resultant contractile force. 
This information is then relayed to a computer model that predicts what the end 
systolic fiber length would be in vivo, and then this output is communicated to the 
actuator clamp, which moves to this position. Though the experimenters were 
employing animal heart tissue slices, this technology could be utilized in tissue- 
engineered models of myocardial fibrosis. Lastly, due to the frequent association of 
myocardial fibrosis with pressure overload conditions, experimenters could mimic 
pathophysiological intraventricular pressures through the use of pneumatic pumps. 
Though the ability to meet all four parameters of an ideal tissue-engineered myocar-
dial fibrosis model may be extremely challenging with current cell culture technol-
ogy, acting upon the above considerations should increase the physiological 
relevance of future models.
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Neural Regulation of Cardiac Rhythm

Crystal M. Ripplinger

Abstract The autonomic nervous system (ANS) regulates cardiac function, includ-
ing chronotropy, inotropy, lusitropy, and dromotropy. The cardiac nervous system 
includes afferent, efferent, and interconnecting neurons, which span the intrinsic 
cardiac nervous system (ICNS: within the pericardium), extracardiac ganglia, and 
central nervous system (CNS: spinal cord and brain). This chapter focuses primarily 
on efferent sympathetic and parasympathetic neurotransmission and resulting end- 
organ (i.e., heart) electrophysiological responses. The signaling mechanisms of pri-
mary neurotransmitters are discussed, as well as the contribution of co-transmitters. 
Finally, several in vitro experimental models for the study of neural control of car-
diac rhythm are highlighted, including key physiological findings revealed by these 
experimental models.

Keywords Autonomic ·  sympathetic ·  parasympathetic ·  cardiac 
electrophysiology ·  heart rate ·  arrhythmia

 Introduction

The autonomic nervous system (ANS) regulates and fine-tunes nearly every aspect 
of cardiac physiology, including chronotropy (heart rate), inotropy (contractility), 
lusitropy (rate of relaxation), and dromotropy (conduction). The cardiac nervous 
system includes afferent, efferent, and interconnecting neurons, with processing and 
nested feedback loops occurring at multiple levels, which span the intrinsic cardiac 
nervous system (ICNS: within the pericardium), extracardiac ganglia, and central 
nervous system (CNS: spinal cord and brain) [1]. Sensory afferent neurons transmit 
signals for processing both within the ICNS and to higher levels, which then feed-
back to alter efferent sympathetic and parasympathetic outflow. Although the hier-
archical organization and processing within these nested feedback loops is of utmost 
interest, this chapter will focus primarily on efferent sympathetic and 
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parasympathetic neurotransmission and resulting end-organ (i.e., heart) electro-
physiological responses.

 Neuronal Anatomy and Organization

Sympathetic preganglionic nerves in the spinal cord project to sympathetic postgan-
glionic neurons primarily located in the stellate and cranial thoracic sympathetic 
chains, as well as the middle and superior cervical ganglia. However, there is also 
evidence of a population of postganglionic sympathetic neurons located within the 
ICNS [4]. Parasympathetic preganglionic neurons originate for the most part in the 
nucleus ambiguous and project to the heart via the vagus nerve. Parasympathetic 
postganglionic neurons are located in the ICNS (Fig. 1). Within the ICNS are sev-
eral ganglionated plexi (GP: clusters of neuronal cell bodies and fibers), which serve 
as integration centers for the extrinsic and intrinsic nervous systems. Most GPs are 
located in supraventricular regions on the epicardium or in epicardial fat pads [5–8]. 
The precise locations of GPs are somewhat species-dependent, and only larger 
mammals (i.e., non-rodents) have ganglia located in the ventricles [9–12].

Fig. 1 Simplified schematic of the cardiac efferent ANS, major neurotransmitters and receptors 
involved, and functional responses. CNS central nervous system; ICNS intrinsic cardiac nervous 
system; ACh acetylcholine; Epi epinephrine; NE norepinephrine; α/β α- or β-adrenergic receptor; 
M muscarinic receptor; N nicotinic receptor. (Figure created with Biorender.com)
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The distribution of both sympathetic and parasympathetic nerve fibers is non- 
uniform throughout the heart. Sympathetic nerve density is generally greater in the 
atria compared to the ventricles, greater at the base of the heart than the apex, and 
greater at the epi- versus endocardium [13–16]. Despite the long-held belief that the 
ventricles have very little parasympathetic innervation, there is now abundant evi-
dence refuting this notion and significant data demonstrating dense innervation of 
the ventricles by parasympathetic fibers (for an excellent discussion of this miscon-
ception and a survey of the evidence, see [17]). There are, however, mixed reports 
on parasympathetic fiber density in the atria compared to ventricles, with greater 
atrial density found in human hearts [13], but greater ventricular density observed 
in porcine hearts [18]. There is no difference in parasympathetic fiber density from 
base to apex (although nerve thickness is greater at the base), and density is gener-
ally higher in the endocardium compared to epicardium [13, 18].

The sympathetic postganglionic neurons affect the heart primarily through the 
release of norepinephrine (NE or noradrenalin). Epinephrine (Epi or adrenalin) is 
synthesized, stored, and released by the adrenal medulla (chromaffin cells) and 
impacts the heart via the circulation. NE and Epi bind to adrenergic receptors (α-AR 
and β-AR) on cardiac myocytes to produce functional responses (Fig.  1). 
Parasympathetic neurons primarily release acetylcholine (ACh), which can bind to 
two types of cholinergic receptors: nicotinic receptors (N) and muscarinic receptors 
(predominantly M2 on cardiomyocytes). Of note, nicotinic receptors are located on 
the postganglionic parasympathetic and postganglionic sympathetic neurons. 
Nicotinic receptors are ligand-gated ion channels whose activation causes depolar-
ization and excitation, but due to the lack of specificity of nicotinic receptors 
between the sympathetic and parasympathetic nervous system, the postganglionic 
neurons of the heart are difficult to target pharmacologically.

 Cardiac Responses to Neurochemicals

 Adrenergic Signaling

Cardiac myocytes have both α- and β-ARs, with β-ARs accounting for about 90% 
of all ARs [19]. Both β1- and β2-AR subtypes are found in the heart, but under nor-
mal conditions, the ratio of β1: β2 is about 80:20% [20], although β2 expression is 
known to increase under pathological conditions, including heart failure (HF) [20, 
21]. All ARs are G-protein-coupled receptors (GPCRs).

Both NE and Epi bind β1-ARs to produce prototypical sympathetic responses, 
including positive chronotropy, inotropy, lusitropy, and dromotropy. The β1-AR sig-
naling cascade involves activation of Gs, which stimulates adenylyl cyclase (AC) to 
produce cyclic AMP (cAMP) (Fig. 2). Increases in cAMP increase the funny current 
(If, via direct interaction with the channel) to increase the rate of diastolic depolar-
ization in pacemaker cells of the sino-atrial node (SAN), which contributes to an 
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Fig. 2 Cardiomyocyte signaling cascades and electrophysiological responses. AC adenylyl 
cyclase; ACh acetylcholine; APD action potential duration; β-AR β-adrenergic receptor; cAMP 
cyclic adenosine monophosphate; DAD delayed afterdepolarization; EAD early afterdepolariza-
tion; M2 muscarinic receptor; NCX Na+/Ca2+ exchanger; NE norepinephrine; P phosphorylated; 
PDE phosphodiesterase; PKA protein kinase A; PLB phospholamban; RyR ryanodine receptor; 
SERCA sarco/endoplasmic reticulum Ca2+ ATPase; SR sarcoplasmic reticulum. (Figure adapted 
with permission from [3])

increase in heart rate (positive chronotropy) [22]. cAMP also activates protein 
kinase A (PKA), which phosphorylates several downstream targets, including 
L-type Ca2+ channels, ryanodine receptors (RyRs), and phospholamban (PLB), the 
latter of which relieves inhibition of the sarco-endoplasmic reticulum Ca2+ ATPase 
(SERCA) pump. Collectively, this results in an increase in L-type Ca2+ current (ICaL) 
and an increase in sarcoplasmic reticulum (SR) Ca2+ content, leading to more Ca2+ 
available for contraction and positive inotropy [23–27].

Increased SR Ca2+ content and phosphorylation of RyR may also contribute to 
diastolic Ca2+ leak from the SR [26, 28, 29]. The electrogenic Na-Ca2+ exchanger 
(NCX) extrudes this Ca2+ in exchange for 3 Na+ ions, resulting in a net depolarizing 
inward current. In SAN cells, this process (known as the ‘Ca2+ clock’) contributes to 
diastolic depolarization and an increase in heart rate [30–32]. In non-nodal cells, 
however, this diastolic inward current can trigger delayed and/or early afterdepolar-
izations (DADs, EADs), which can underlie focal arrhythmias and premature con-
tractions [33, 34] (Fig. 2).
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Phosphorylation of PLB relieves inhibition on the SERCA pump, which acceler-
ates Ca2+ reuptake into the SR and contributes to positive lusitropy (faster relax-
ation) [35]. The affinity of contractile proteins for Ca2+ is also reduced by PKA 
phosphorylation of troponin I, which results in a decrease in the affinity of troponin 
C for Ca2+ [36]. The decreased affinity for Ca2+ further contributes to the positive 
lusitropic effect by increasing the rate at which Ca2+ dissociates from the contractile 
proteins. By itself, this decrease in affinity would be expected to decrease the force 
of contraction, but it is outweighed by the increase in Ca2+ available for 
contraction.

Positive dromotropy (faster conduction) within the SAN and atrio-ventricular 
node (AVN) is primarily due to increased ICaL, which is the main contributor to the 
action potential upstroke in nodal cells [37]. In ventricular myocardium, increased 
conduction velocity may be due to PKA-mediated phosphorylation of Na+ channels 
(which potentiates INa) and/or modulation of the gap junction protein, connexin 43 
(Cx43) [38, 39]. β1-AR stimulation can impact Cx43 via both short-term changes in 
phosphorylation and assembly, or via longer-term alterations in expression [40–42].

To accommodate faster heart rates during β1-AR stimulation, the action potential 
duration (APD) typically shortens. In larger mammals (i.e., non-rodents), this is 
achieved primarily via PKA-mediated phosphorylation of IKs, which augments the 
current and counterbalances the increase in depolarizing ICaL [37, 43–45]. Rodent 
hearts lack IKs, however, and recent studies from our group indicate that APD in 
normal mouse hearts is typically prolonged (at least transiently) in response to sym-
pathetic nerve stimulation (likely via the predominant effect on ICaL) [2].

β2-ARs can couple to either Gs or Gi, depending on the condition or pathological 
state [46]. Gs-mediated effects are similar to those described above, but β2-ARs are 
predominately found on the T-tubule membrane co-localized with L-type Ca2+ 
channels, which allows for more compartmentalized signaling compared to β1 acti-
vation [21, 47]. Acute β2-AR activation typically produces positive tropic responses 
via Gs, whereas longer-term Gi activation may activate cell survival pathways to 
improve cardiac function [46]. Of note, the major nerve-released neurotransmitter, 
NE, has very low affinity for β2-AR, whereas circulating Epi stimulates both β1- 
and β2-ARs.

Cardiomyocytes also express α1-ARs, although at much lower levels than β-ARs. 
α1-ARs classically couple to Gq and the phospholipase C pathway, and α1 activa-
tion has been shown to prevent pathological remodeling in heart failure [19]. 
Interestingly, in heterologous expression systems as well as rat cardiomyocytes, 
α1-AR activation acutely decreases the transient outward K+ current (Ito) via the 
Gs-cAMP-PKA pathway [48, 49]. This is thought to occur via co-localization of a 
subset of Ito channel-forming proteins (Kv4.2 and Kv4.3) with α1-ARs in caveolae 
(reviewed in [50]). Both NE and Epi stimulate α1-ARs; however, NE has a higher 
affinity than Epi. Because β1-ARs vastly outnumber both β2- and α-ARs, the acute 
effects of either NE or Epi on cardiac rhythm is largely mediated by β1-AR effects.

Neural Regulation of Cardiac Rhythm



328

 Muscarinic Signaling

Muscarinic receptors are also GPCRs, and the predominant cardiac receptor, M2, is 
coupled to Gi. Parasympathetic nerve-released ACh binds to M2 receptors on car-
diomyocytes and therefore opposes the β-AR Gs-mediated signaling mechanisms 
discussed above by inhibiting AC (Fig. 2). This generally results in negative chro-
notropy, inotropy, lusitropy, and dromotropy. In addition, M2 stimulation also 
increases the ACh-activated K+ current (IKACh) via Gβγ [51]. Increased IKACh hyper-
polarizes the membrane of pacemaking cells. Therefore, increased IKACh, along with 
decreased If and slowing of the Ca2+ clock, likely together mediate the 
parasympathetic- induced decrease in heart rate [52]. Atrial myocytes also have IKACh 
channels, and parasympathetic activity shortens atrial APD via this mechanism [37].

Although cardiomyocytes mainly express M2 receptors, there is also evidence 
for M3 receptor expression [53, 54], and recent studies have implicated both M2 
and M3 in mediating beneficial alterations to ventricular Ca2+ handling in response 
to ACh [55]. Specifically, M2-Gi signaling can lead to PKG activation, which was 
found to phosphorylate RyR at Ser-2808; whereas M3 stimulation dephosphory-
lated RyR at Ser-2818 via decreased reactive oxygen species (ROS)-dependent acti-
vation of CaMKII. This reciprocal phosphorylation of RyR resulted in improved 
Ca2+ cycling efficiency via an increase in systolic Ca2+ release at low SR Ca2+ load 
without any associated SR Ca2+ leak [55, 56]. These exciting data suggest that the 
beneficial effects of parasympathetic activity may go beyond canonical signaling 
mechanisms, and these pathways may therefore represent important therapeutic 
opportunities.

 Co-transmission

Although NE and ACh are the primary neurotransmitters released during cardiac 
sympathetic and parasympathetic nerve activation, respectively, co-release of neu-
ropeptides and other signaling molecules may also occur. Some of these co- 
transmitters are known to directly impact cardiomyocytes, whereas others may act 
on the prejunctional nerve terminals to regulate their activity. In addition to NE, 
sympathetic neurons can release neuropeptide Y (NPY), galanin, and adenosine tri-
phosphate (ATP). Parasympathetic neurons, on the other hand, can also release 
vasoactive intestinal peptide (VIP), nitric oxide (NO), and ATP [57].

NPY NPY release during sympathetic activity is perhaps best known for inhibiting 
ACh release from parasympathetic neurons via binding to Y2 receptors on choliner-
gic nerve terminals [58, 59]. Indeed, NPY is known to underlie the inhibition of 
vagal-induced bradycardia that occurs following sympathetic stimulation [59]. 
Recent evidence also points to a direct pro-arrhythmic role of NPY via binding to 
Y1 receptors on cardiomyocytes, which has been shown to impact intracellular Ca2+ 
handling, including increased Ca2+ transient amplitude, shortened Ca2+ transient 
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duration, and an increased incidence of ventricular arrhythmias in isolated hearts 
[60]. Notably, NPY expression is increased in patients with chronic HF and follow-
ing acute myocardial infarction (MI) [60, 61], and high levels of NPY following MI 
are associated with increased incidence of ventricular tachycardia (VT) or fibrilla-
tion (VF) [60]. These exciting findings point not only to potentially novel anti- 
arrhythmic targets, but perhaps a novel biomarker for risk assessment.

Galanin The cardiac sympathetic nerves can also co-release galanin, although at 
significantly lower levels than NPY [62]. The effects of galanin are similar to those 
of NPY, whereby it inhibits parasympathetic ACh release via galanin receptors 
(GalR1) on cardiac parasympathetic neurons. Specific inhibition of GalR can par-
tially reverse reductions in vagal bradycardia following sympathetic stimula-
tion [62].

VIP VIP is co-released with ACh from parasympathetic neurons. In contrast to 
ACh, exogenous application of VIP results in tachycardia via activation of the Gs 
signaling cascade by binding to VIP receptors on cardiomyocytes (VPAC1, VPAC2) 
[63–65]. However, the actions of VIP may not be limited to direct cardiomyocyte 
effects. Some reports indicate that VIP-mediated tachycardia does not occur in the 
absence of muscarinic antagonism [66]. Further, application of a VIP receptor 
antagonist prior to vagal stimulation amplifies vagal-induced bradycardia, but the 
effects are abolished with the ganglionic blocker hexamethonium [67]. These latter 
findings suggest that VIP may also act at the parasympathetic preganglionic–post-
ganglionic synapse to alter cholinergic signaling.

NO Nitric oxide (NO) is a ubiquitous intra- and intercellular signaling molecule 
released by cardiac parasympathetic neurons (in addition to other sources of NO, 
including cardiomyocytes and nearby endothelial cells). NO can directly impact 
cardiomyocyte electrophysiology by binding to soluble guanylyl cyclase to cause 
cyclic GMP (cGMP) production. cGMP signaling involves many targets, including 
protein kinase G (PKG) and several phosphodiesterases (PDEs) [68]. However, 
downstream effects are difficult to predict, as NO may also activate Gs or Gi (which 
may be concentration-dependent). For example, NO has been shown to both increase 
and decrease ICaL and activate If, resulting in either an increase or decrease in heart 
rate [68, 69]. Moreover, data from a decentralized innervated rabbit heart prepara-
tion suggest that NO release during vagal nerve stimulation is anti-arrhythmic and 
contributes to flattening of the APD restitution curve [70]. In addition to these direct 
effects of NO on cardiomyocytes, NO also inhibits NE release from sympathetic 
neurons and potentiates ACh release from parasympathetic neurons, and in  vivo 
data suggest that NO effects on the nervous system may dominate [71, 72].

ATP Both sympathetic and parasympathetic cardiac neurons co-release ATP, but 
due to its short biological half-life, the direct impact of nerve-released ATP on car-
diomyocytes is not fully understood [73]. Cardiomyocytes possess the two major 
classes of purinergic receptors, P1 (adenosine receptors A1, A2A/B, and A3) and P2 
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(P2X and P2Y), and the effects of adenosine (resulting from ATP breakdown) and 
ATP on the heart have been reviewed extensively [74, 75]. The direct effect of ade-
nosine or ATP application is to slow pacemaking activity and AVN conduction, 
primarily via Gi-coupled A1 receptors [76, 77]. Moreover, in vivo administration of 
ATP, but not adenosine, triggers a strong vagal reflex via activation of P2X receptors 
on vagal sensory nerves within the wall of the left ventricle [78]. In summary, 
although the actions of ATP and adenosine have been examined in vitro and in vivo, 
the role of cardiac nerve-released ATP in normal and pathological states remains an 
important area for future study.

 In vitro Models to Study Neural Regulation 
of Cardiac Rhythm

The most translational experiments to assess neural control of cardiac electrophysi-
ology are of course in vivo animal or human studies, in which branches of the ANS 
are stimulated and resulting cardiac responses are recorded with ECG-based or 
mapping-based approaches [79–81]. These experiments have the added benefit of 
intact reflex responses, higher-order processing of afferent and efferent signals, and 
physiological levels of circulating neuro-endocrine factors. However, detailed cel-
lular signaling mechanisms and individual contributing factors to complex multior-
gan responses can be difficult to dissect in vivo. Therefore, at the other end of the 
spectrum, isolated cardiomyocytes are commonly used to assess the electrophysio-
logical and signaling responses to exogenous neurochemicals. This approach has 
the advantage of eliminating a multitude of confounding factors compared to the 
in  vivo milieu, but the concentration, kinetics, and spatial distribution of nerve- 
released chemicals can be difficult to replicate. Therefore, various in vitro neuro- 
cardiac models have been developed, and these approaches have been particularly 
useful in revealing detailed aspects of the neuro-cardiac junction, neuron- 
cardiomyocyte signaling, and tissue- and organ-level electrophysiological responses.

 Co-cultures

A variety of neuron-cardiomyocyte co-culture systems have been developed to 
assess the neuro-cardiac junction and cellular-level responses to nerve activity. 
Some of the earlier co-culture experiments used neonatal cardiomyoyctes co- 
cultured with sympathetic neurons isolated from cervical or stellate ganglia [82, 
83], or co-cultured with parasympathetic neurons isolated from sacral cord explants 
or ciliary muscle [84, 85]. Functional neurocardiac junctions were confirmed with 
expected changes in cardiomyocyte beat rate (either increase or decrease) upon 
stimulation of the neurons. Neuronal stimulation was historically performed with 
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nicotine application to activate neuronal nicotinic receptors, but optogenetic 
approaches have now been employed, which allow for precise optical control of 
neuronal activation [86]. More recent co-culture experiments have turned to iPSC- 
derived neurons (either sympathetic or parasympathetic) together with iPSC-derived 
cardiomyocytes [87, 88]. This exciting development has opened the door to study-
ing human neuron-cardiomyocyte co-cultures and patient-specific genetic muta-
tions, and may also allow for optogenetic control of neuron activation [88].

Sympathetic Neuron-Cardiomyocyte Co-cultures Studies using neonatal car-
diomyocyte co-cultures revealed that the presence of adrenergic neurons promotes 
the development of distinct signaling domains in adjacent cardiomyocytes. These 
domains are enriched with β1-ARs, the scaffold proteins SAP97 and AKAP150, 
and deficient in caveolin-3 [83]. Upon neuronal stimulation, there is also a loss of 
β2-AR in these regions. These intriguing results suggest that the sympathetic nerves 
play an active role in organizing signaling domains in adjacent cardiomyocytes. 
Co-cultures also revealed that NE release at the neuro-cardiac junction is extremely 
diffusion restricted, with high NE concentration in the cleft (estimated at ~100 nM), 
and activation of only those β-ARs directly adjacent to varicosities on sympathetic 
axons (sites of NE release) [86].

The individual roles of neurons versus cardiomyocytes in contributing to 
observed pathological phenotypes have also been investigated in co-culture sys-
tems. For example, Larsen et al. showed that altered cardiomyocyte cAMP signal-
ing provoked by sympathetic neuron activation in co-cultures from hypertensive 
rats could be rescued by culturing the hypertensive cardiomyocytes with sympa-
thetic neurons from normal healthy rats [89]. Likewise, pathological cAMP signal-
ing could be induced in normal cardiomyocytes by co-culturing with sympathetic 
neurons from hypertensive rats. More recently, iPSC-derived sympathetic neuron- 
myocyte co-cultures from two patients with long QT type 1 (LQT1) syndrome were 
developed by Winbo et al. Interestingly, they reported significant neuronal hyperac-
tivity and increased firing rate of the differentiated sympathetic neurons from both 
patients harboring loss-of-function KCNQ1 mutations (which encodes Kv7.1, IKs). 
This neuronal hyperactivity may play an important (and previously unrecognized) 
role in LQT-related arrhythmogenesis [87].

Parasympathetic Neuron-Cardiomyocyte Co-cultures There are somewhat 
fewer reports of parasympathetic neuron-cardiomyocyte co-cultures (compared to 
sympathetic), but early studies of embryonic chick heart myocytes showed that 
chronotropic responses to pharmacological muscarinic stimulation occurred when 
embryonic myocytes were co-cultured with ciliary ganglia, but not when cultured 
alone [84]. Interestingly, muscarinic responsiveness also developed when myocytes 
were cultured in media conditioned by myocyte-ciliary ganglia co-cultures, sug-
gesting that soluble factors may be involved. Increased muscarinic responsiveness 
of cardiomyocytes was associated with increased expression of Gi subunits, indicat-
ing that parasympathetic innervation may play an important role in coupling cardio-
myocyte muscarinic receptors to downstream physiological activity [84]. 
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Interestingly, parasympathetic neurons may also respond to phenotypic changes in 
the cells they are innervating. Flannery and Brusés reported that expression of 
N-cadherin in CHO cells induced differentiation of cholinergic presynaptic termi-
nals in co-cultured brainstem neurons [90]. Whether similar mechanisms are 
involved in the cardiac parasympathetic neurocardiac junction has yet to be 
determined.

 Isolated Heart and Tissue Preparations

Because adult primary cardiomyocytes are difficult to maintain in culture, the co- 
culture experiments described above are typically performed with embryonic, neo-
natal, or iPSC-derived cardiomyocytes, all of which may have different 
electrophysiological properties compared to adult cardiomyocytes. Cardiac tissue 
and whole-heart preparations have therefore been used to assess electrophysiologi-
cal responses to nerve activity, and the signaling mechanisms involved, in a variety 
of animal models. It is important to note, however, that traditional isolated, perfused 
hearts and cardiac tissues (e.g., Langendorff-perfused or working hearts) are not 
necessarily ‘denervated’ per se. Rather, these preparations are ‘decentralized’, as 
isolated hearts and tissues still contain many components of the ICNS, including 
GPs, afferent and interconnecting neurons, and postganglionic efferent parasympa-
thetic and sympathetic fibers. Intrinsic efferent neurons can be stimulated via elec-
trical, chemical, or optical approaches to determine functional electrophysiological 
effects.

Electrical stimulation of the GPs or chemical stimulation of hearts with nicotine 
will stimulate both sympathetic and parasympathetic responses. This is because the 
ICNS and GPs contain both adrenergic and cholinergic neurons [91], and both types 
are activated via electrical stimulation or via nicotinic receptors. Indeed, electrical 
stimulation of GPs in Langendorff-perfused mouse and rabbit hearts has been 
shown to produce bradycardia, tachycardia, or more complex biphasic brady- 
tachycardia [91, 92]. Similar results were observed with local nicotine application, 
and for both modes of stimulation, tachycardia was prevented with a beta-blocker 
and bradycardia prevented with a muscarinic antagonist. The magnitude and direc-
tion of heart rate responses depend on the location of the ganglion stimulated, but 
parasympathetic responses tend to be more dominant. This is consistent with histo-
logical studies indicating that the majority of intrinsic cardiac neurons are choliner-
gic [93, 94]. Indeed, in Langendorff-perfused mouse hearts, Jungen et al. found that 
targeted atrial application of nicotine resulted in a decrease in cAMP levels in both 
atrial and ventricular regions [95]. Moreover, they found that resection of atrial GPs 
reduced ventricular refractory periods and increased susceptibility to ventricular 
arrhythmias, underscoring the fact that atrial GPs contain fibers projecting to the 
ventricles and that the ICNS plays an active role in ventricular electrophysiology, 
even in decentralized Langendorff-perfused hearts [95]. Chemical sympathetic acti-
vation can be achieved via application of tyramine, which causes the release of NE 
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from adrenergic nerve terminals. Our group has demonstrated that electrophysio-
logical responses to tyramine in Langendorff-perfused hearts closely resemble 
those provoked by electrical sympathetic nerve stimulation [2].

New developments in optogenetics now allow for more precise optical stimula-
tion of the ICNS, and these approaches have also been applied in isolated hearts. 
One of the first such studies employed a mouse model expressing channelrhodop-
sin- 2 (ChR2) in catecholaminergic neurons [96]. Photoactivation of the neurons in 
Langendorff-perfused hearts demonstrated prototypical increases in heart rate, con-
tractility, and increased arrhythmia susceptibility. ChR2 has also been expressed in 
cholinergic neurons, where reductions in heart rate, along with changes to the 
p-wave duration were observed in isolated hearts [97]. Although the focus here is on 
in vitro experimental systems, it should be noted that optical stimulation of adren-
ergic and cholinergic cardiac neurons has also been performed in vivo [86], and 
such experiments are an exciting step forward in experimental modulation of neural 
control of the heart.

In addition to stimulation of ICNS components, several in vitro heart and tissue 
preparations have been developed in which one or more components of the extrinsic 
cardiac nervous system (ECNS) remain intact for stimulation and assessment of 
cardiac responses. Some of the earliest such experiments used ‘innervated atrial’ 
preparations, in which atria were isolated with intact vagal nerves or intact sympa-
thetic (stellate) ganglia [98–100]. Electrical stimulation of the left or right vagus or 
stellate was performed to assess SAN function and/or atrial contractility, electro-
physiology, and signaling mechanisms involved. Some of these studies were the 
first to assess SAN responses to nerve stimulation compared to exogenously applied 
neurotransmitters [98, 100], and posited distinct roles and signaling mechanisms for 
junctional (i.e., stimulated via nerve-released neurochemicals) versus extrajunc-
tional (i.e., stimulated via circulating neurochemicals) adrenergic and muscarinic 
receptors. Notably, some of these concepts remain unresolved and are still topics of 
lively investigation and debate [52, 101].

In 2001, Ng et  al. developed a novel Langendorff-perfused rabbit heart with 
intact sympathetic and parasympathetic innervation [102]. In this model, hearts are 
isolated with the spinal cord intact, which allows for stimulation of the sympathetic 
thoracic ganglia, as well as intact right and left vagus nerves. Early studies with this 
model recorded cardiac responses via left ventricular pressure, ECG, and monopha-
sic action potentials [102]. Later experiments employed optical mapping approaches 
for more detailed assessment of ventricular electrophysiological responses [103, 
104]. Indeed, Ng and colleagues were the first to report distinct changes in repolar-
ization dynamics with sympathetic nerve activation, including heterogeneity of res-
titution and reversal of the repolarization sequence, which may play important roles 
in sympathetic-mediated arrhythmias [103, 104]. Our group later extended the 
innervated heart model to the mouse, allowing for detailed cross-species compari-
son of sympathetic responses (Fig. 3) and for assessment of genetically modified 
mouse models [2, 16, 105, 106].
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Fig. 3 In vitro innervated heart preparations allow for detailed assessment of electrophysiological 
responses to electrical sympathetic nerve stimulation (SNS) in rabbit (a–c) and mouse (d–f) hearts. 
Action potential duration (APD) monotonically decreases in the rabbit, whereas transient prolon-
gation of APD is observed in the mouse. In both species, heart rate (HR) monotonically increases 
and Ca2+ transient duration (CaTD) monotonically decreases. RV right ventricle; LV left ventricle. 
(Modified with permission from [2])

Although the innervated heart model described above allows for assessment of 
efferent sympathetic and/or parasympathetic responses, it is devoid of central 
reflexes, which may play a key role in normal and abnormal cardiac rhythm. To 
assess reflex responses, a working heart–brainstem preparation was developed in 
the mouse heart in 1996 by Paton [107], and in 2013, it was extended by Ashton and 
colleagues to include cardiac electrophysiological assessments [108]. Using a rat 
model of the working heart–brainstem, Ashton et  al. assessed, for the first time, 
baroreflex- and chemoreflex-mediated shifts of the leading pacemaker [109]. These 
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exciting studies open the door to further exploration of hierarchical processing, 
feedback, and autonomic control of the heart.

 Conclusions

Despite the incredible progress over the past several decades in furthering our 
understanding of the signaling mechanisms involved in autonomic control of heart 
rhythm, there is still much to be discovered. This chapter focused on cardiomyocyte 
responses to efferent ANS activity and neurochemicals, primarily in the normal, 
undiseased heart. Cardiovascular disease dramatically alters the structure and func-
tion of the ANS, underlying cardiomyocyte electrophysiological function, as well as 
how cardiomyocytes respond to autonomic inputs [3, 110]. In order to develop and 
test novel neuromodulatory approaches to delay disease progression and prevent 
arrhythmias, multidisciplinary, multiscale, and multiorgan approaches will be 
needed. Novel experimental approaches will be essential, including some of the 
in vitro models described here, and collaboration between neuroscientists, cardio-
vascular researchers, and clinicians will be key to advancing novel anti-arrhythmic 
therapies.
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Mechanisms of Lipoproteins and Reverse 
Cholesterol Transport in Atherosclerotic 
Cardiovascular Disease
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Abstract Coronary heart disease (CHD) makes up approximately 42.1% of all car-
diovascular disease deaths in the United States. Cholesterol deposition in the arter-
ies from LDL-C, or the “bad cholesterol,” increases the risk of CHD, atherosclerosis, 
myocardial infarction, and stroke. However, increased HDL-C, “good cholesterol,” 
has been associated with lower risk of CHD and plays an important role in the 
reverse cholesterol transport (RCT) pathway. The RCT pathway is the process of 
cholesterol efflux from peripheral cells and tissues by HDL, and transported to the 
liver for uptake, excretion, and recycling. Pathogenic variants in key players within 
the RCT pathway, like SCARB1, ApoA-I, ABCA1/ABCG1, are associated with ath-
erosclerosis and coronary artery disease. Thus, understanding RCT mechanisms is 
of significant scientific interest. In this chapter, we discuss lipoproteins, with par-
ticular emphasis on the known mechanisms of RCT, disease-associated variants, 
and current therapies.
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 Introduction

Cardiovascular disease (CVD) is the leading cause of death in the United States, 
claiming more lives than cancer and chronic lung disease combined [1]. Coronary 
Heart Disease (CHD) accounts for 42.1% of all CVD deaths, with an estimated 
economic cost of over $200 billion per year in the United States [1]. Arterial choles-
terol deposition increases risk of CHD, atherosclerosis, heart attack, and stroke. 
Elevated low-density lipoprotein-associated cholesterol (LDL-C), termed “bad cho-
lesterol,” is a CVD risk factor that increases the risk of arterial cholesterol deposi-
tion. The “good cholesterol,” high-density lipoprotein-associated cholesterol 
(HDL-C), is associated with improved outcomes in CHD patients [2].

The Framingham Heart study first identified a correlation between elevated 
plasma HDL-C and decreased risk of atherosclerotic CVDs, including coronary 
artery disease (CAD), leading to the investigation of the mechanism of athero- 
protective HDL-C [3] and the discovery of reverse cholesterol transport (RCT) [4]. 
RCT is the mechanism where cholesterol is transported by HDL from cells in 
peripheral tissues to the liver to be recycled or excreted in bile or feces. Several 
clinical trials have been successful in raising HDL-C and lowering LDL-C with 
CETP inhibition; however, they were not successful in altering outcomes of CAD 
[5–8]. Elevated HDL-C is widely accepted as a biomarker for decreased risk of 
CVD, but the mechanisms of RCT and HDL functions are still not fully understood. 
Despite setbacks from CETP inhibition clinical trials, cholesterol metabolism, RCT, 
and cell-specific uptake offer novel therapeutic targets to reduce plasma choles-
terol levels.

Environmental and nutritional factors that influence the risk of atherosclerosis 
development, such as tobacco smoke, obesity, sedentary lifestyle, diabetes mellitus, 
poor diet, and hypertension [9], all of which can be controlled to an extent to reduce 
atherosclerosis risk. An in-depth analysis from 2015 discussed the athero-protective 
contribution of different nutrients, particularly found within the “Mediterranean diet” 
[9–15] . While the Mediterranean diet is athero-protective, there are also foods that 
contribute to atherosclerosis and CVD risk, including trans-fats [16–18] and pro-
cessed sugars [19–23]. In addition to diet, exercise is an important lifestyle factor that 
is associated with risk of CVD [24]. In 2004, 52 countries were represented in a case-
control study that determined that physical inactivity has a population attributable risk 
of 12.2% for myocardial infarction [24, 25]. Exercise is a non- medical treatment for 
increasing HDL-C levels and improving RCT function (Fig. 1) [26].

While environmental and nutritional factors play a substantial role in CVD risk, 
genetic risk factors are becoming more apparent. Genome-wide association studies 
(GWAS) have identified genetic markers located in chromosome 9p21.3 that are 
associated with CHD and myocardial infarction (MI) in European-derived popula-
tions from the Atherosclerotic Disease, Vascular Function, and Genetic Epidemiology 
(ADVANCE) study [1, 27], with 50% of the European-derived population estimated 
to harbor one risk allele and 23% harbors two risk alleles [1, 28]. In addition, a 
multi-ethnic extension of the ADVANCE study determined that SNPs in this region 

H. C. Sucharski and S. N. Koenig



345

Fig. 1 Schematic depicting the RCT pathway in relation to arterial lipid deposition and the posi-
tive impact of exercise. Abbreviations: VLDL very low density lipoprotein, LPL lipoprotein lipase, 
LDL low density lipoprotein, CETP cholesterol ester transport protein, HDL high density lipopro-
tein, ApoA-1 apolipoprotein A-1, SR-BI scavenger receptor BI. (Designed and originally pre-
sented by [26])

were not associated with CAD in African American subjects, but there was an 
increased odds ratio for US Hispanics and East Asian subjects [29]. Over 2000 
genetic variants within 57 loci have been significantly associated with CAD involv-
ing pathways in blood vessel morphogenesis, lipid metabolism, nitric oxide signal-
ing, and inflammation [30, 31]. Patient variants in lipid regulators that are associated 
with CVD have highlighted the importance of cholesterol transport proteins (ex: 
LDLR, APOE, SCARB1).

In patients with high cholesterol and atherosclerotic disease, statins are com-
monly used to reduce LDL-C and greatly reduce risk of death by CHD. Poor adher-
ence and chronic use of statins significantly increases the risk of adverse 
cardiovascular events [32]. PCSK9 inhibitors are an effective therapy at reducing 
CHD death. However, the exorbitant price of PCKS9 inhibitors contributes to medi-
cal, financial, and economic burdens, ultimately leading to a high prescription aban-
donment rate and resulting in medical disparity with increased risk of CVD, 
disproportionately affecting women, racial minorities, and low-income groups [33–
35]. Despite the success of statins and PCSK9 inhibition, alternative therapies are 
warranted to improve patient outcomes. Exploring and enhancing RCT mechanisms 
could help identify novel therapeutics for CVD. Pathogenic variants in SR-BI, a key 
player in RCT, were recently identified as causing inherited CAD, demonstrating 
the potential therapeutic power of this pathway [36].

In this book chapter, we will highlight the known mechanisms in cholesterol 
signaling that contribute to CVD, go in depth on HDL metabolism with a focus on 
the RCT pathway, and discuss the genetic predisposition that underlies CVD as well 
as current therapies.

Mechanisms of Lipoproteins and Reverse Cholesterol Transport in Atherosclerotic…
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 Lipoproteins Involved in Cholesterol Transport

Lipoproteins are hydrophobic carriers made of proteins and lipids that are vital to 
transporting cholesterol throughout the body. The main apolipoproteins in circula-
tion that transport cholesterol are low-density lipoprotein (LDL), very low-density 
lipoprotein (VLDL), intermediate-density lipoprotein (IDL), chylomicrons, and 
high-density lipoprotein (HDL) that vary based on apo-protein subunit density, 
binding partners, and type of cholesterol cargo being carried [37]. In this section, we 
will briefly describe LDL, VLDL, IDL and chylomicrons, and HDL.

LDL molecules are derived from VLDL and IDL and act as the main carrier of 
cholesterol in the bloodstream. LDL particles vary in size depending on cargo load 
and apoprotein composition, but contain at least one ApoB-100 protein molecule. 
According to the Human Protein Atlas [38], the LDL receptor (LDLR) is expressed 
in various tissues, including the liver, lung, and endocrine organs. LDLR recognizes 
ApoB-100 and ApoE and induces endocytosis of the apolipoprotein, whereby the 
LDL particle is degraded in the lysosome and cholesterol is released. Elevated intra-
cellular cholesterol decreases the activity of hydroxy-3-methylglutaryl-CoA (HMG- 
CoA) reductase that converts HMG-CoA to mevalonate, a cholesterol precursor and 
the rate-limiting step in cholesterol biosynthesis. HMG-CoA reductase reduction 
decreases the expression of LDLR to decrease cholesterol uptake [39]. Statins com-
petitively block HMG-CoA reductase and can reduce proprotein convertase subtili-
sin/kexin type (PCSK9) that helps reduce cholesterol production while increasing 
LDLR expression, in turn reducing serum LDL-C.  The catalytic unit of PCSK9 
binds to LDLR and facilitates transport to the lysosome for degradation [40–42], 
therefore inhibition drives LDLR membrane retention. Smaller LDL particles are 
considered pro-atherosclerotic due to lower binding affinity for LDLR, leading to 
increased circulation retention and increased risk of arterial wall deposition [37].

VLDL particles are produced by the liver and mainly carry triglycerides in circu-
lation. Each VLDL contains one ApoB-100 as the core structural protein, but can 
also contain other apolipoproteins such as Apo B-100, C-I, C-II, C-III, and E. The 
size of VLDL can vary based on triglyceride load, triglyceride production, and apo-
lipoprotein composition. When triglyceride production is increased, triglyceride 
production VLDL particles grow based on demand, but remain smaller than chylo-
microns. IDL particles are formed when adipose or muscle tissue removes the tri-
glycerides from VLDL, leaving the particle enriched with cholesterol and Apo 
B-100 expression. IDL contains Apo B-100 expression, but may also contain ApoE 
and ApoC, depending on the originating VLDL [37].

Chylomicrons are low-density particles produced by the liver and enriched for 
triglycerides, forming the largest lipoprotein. Chylomicrons may contain Apo B-48, 
C, E, A-1, A-II, A-IV, but have Apo B-48 as its core structural protein. Based on diet 
and triglyceride production, chylomicron size will be altered: a high fat meal will 
produce large chylomicrons, where fasting leads to small chylomicrons with less 
triglycerides [37].
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HDL particles are enriched for cholesterol esters (CE) and phospholipids and are 
considered cardio-protective, since HDL-C is inversely correlated with CVD out-
comes [3, 37, 43]. The biogenesis of HDL occurs mostly in the liver [44], but can 
also occur in the intestine [45], where different subspecies are formed that vary 
based on size, density, and apolipoprotein composition (Fig. 2). Originally deter-
mined by centrifugation, the HDL subspecies include: pre-β or “nascent” HDL that 
is discoidal in shape and lipid-free/lipid-poor, alpha-1 (α-1 or HDL2) which is con-
sidered the “mature” form of HDL that is spherical and is carrying the most choles-
terol, and α-II and α-III (HDL3 particles) which are smaller/denser, spherical, 
ApoA-I containing HDL that accept cholesterol [46, 47]. HDL particles vary in size 
and may contain Apo A-I, A-II, C, or E apolipoproteins. ApoA-1 is the major HDL 
structural protein, accounting for up to 70% of HDL composition that also aids in 
recognition of HDL-C for transporters (ABCA1: liver, ABCG1: peripheral cells), 
and receptors (scavenger receptor BI (SR-BI)) interactions. To develop the HDL 
core of cholesterol esters, ApoA1 functions as a cofactor for lecithin: cholesterol 
acyltransferase (LCAT) that esterifies free cholesterol to cholesterol esters. When 
lipid levels are low, the liver secretes ApoA-I that acquires additional cholesterol 
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and phospholipids from the ATP binding cassette transporter 1, ABCA1 or ABCG1, 
transporter to produce nascent HDL particles [48]. ApoA-1 has also been identified 
as an anti-atherosclerotic marker, because it acquires free cholesterol and phospho-
lipids that are effluxed by hepatocytes and enterocytes [37, 49, 50] at the beginning 
of the RCT pathway that will be described in the next section.

 The Reverse Cholesterol Transport Pathway

The RCT pathway is the process of cholesterol efflux from peripheral cells and tis-
sues by HDL, and transported through the circulation, to the liver where the choles-
terol is taken up and recycled, excreted in bile or metabolized as bile salts prior to 
excretion. A major component of the RCT pathway is the lipid carrier, HDL [47]. 
Nascent HDL particles are a discoidal shape [52], which allows them to acquire 
more lipid particles from peripheral cell types, such as macrophages or vascular 
smooth muscle cells [53], through ABCA1-mediated efflux. The HDL-C particle 
then becomes a more spherical shape with the addition of cholesterol esters and is 
ready for transport [47].

An important role of the RCT is to remove cholesterol from circulation (Fig. 3). 
There are three ways cholesterol efflux can occur from macrophage foam cells 
found in atherosclerotic plaques [54]: (1) ABCA1-mediated unidirectional transport 
to ApoA-1 on HDL; (2) passive diffusion through the unidirectional ABCG1 trans-
porter to mature HDL; and (3) SR-BI facilitated passive diffusion to mature HDL. To 
do this, there are various cholesterol receptors and transporters such as SR-BI, 
LDLR, ABCA1/G1 that provide a mechanism for cholesterol to go into or out of 
the cell.

Once the cholesterol undergoes efflux and HDL loading, HDL-C is then trans-
ported through the bloodstream to the liver, where it is recognized by SR-BI to initi-
ate selective cholesterol ester uptake. Any remaining cholesterol esters in the HDL 
particle may then be transferred to LDL or other ApoB-expressing lipoprotein par-
ticles by CETP for direct hepatic uptake through the LDL receptor (LDLR) [55]. 
Hepatic cholesterol uptake can occur in two direct ways: (1) the LDL receptor path-
way (discussed in previous section); or (2) the SR-BI pathway [56]. There is also 
evidence that HDL-C expressing ApoE that can be recognized by LDLR to initiate 
uptake and HDL/ApoA-I degradation [49, 57, 58].

Hepatic SR-BI recognizes ApoA-1 on HDL-C and initiates the gradient transport 
across the plasma membrane. To do this, SR-BI binds HDL at the plasma membrane 
and selectively takes in the cholesterol esters without endocytosing the entire HDL 
particle [47]. The cholesterol esters transported this way will then be hydrolyzed by 
hormone-sensitive lipase (HSL-1) to free cholesterol. The free cholesterol can then 
be used for the cell’s structure, transported to bile, or used as a steroidal precursor 
in endocrine tissues [56]. In 2013, a crystal structure of the lysosomal integral mem-
brane protein (LIMP2), which has sequence homology to SR-BI and is in the class 
B scavenger receptor family with SR-BI, identified a “hydrophobic channel” in the 
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nascent or mature HDL, and macrophage migration out of the plaque, efflux is considered the rate- 
limiting step of RCT. Once cholesterol is transported to the liver, there are direct and indirect ways 
of cholesterol uptake and HDL-C can undergo remodeling to adapt to the most efficient uptake 
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or transintestinal cholesterol efflux (TICE) for feces excretion (right panel). Abbreviations: LCAT 
lecithin:cholesterol acyltransferase, LXR liver X receptors, OSBP oxysterol-binding protein. 
(Adapted with permission from [53])

extracellular domain that would help explain the mechanics of selective cholesterol 
ester uptake from HDL-C [59]. Nonpolar cholesterol esters move freely down the 
gradient, through the suggested SR-B1 “channel,” whereas more polar phospholip-
ids will take longer [54]. SR-BI is bidirectional, meaning it allows for cholesterol 
uptake and promotes efflux. The importance of SR-BI is highlighted in SR-BI 
knockout mice that exhibit increased amount and size of HDL-C with accelerated 
atherosclerosis and decreased cholesterol secreted in bile [60–62]. Additionally, 
SR-BI overexpression mice have decreased HDL-C and reduced atherosclerosis 
[60–65].

After cholesterol is taken up by hepatocytes, a portion of it will be enzymatically 
converted to bile salts, whereas another fraction can be used for lipid membrane 
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maintenance. The liver is unique in that it expresses high levels of cholesterol 
7α-hydroxylase (CYP7A1), the rate-limiting enzyme required in the multistep con-
version of cholesterol to bile salts [66, 67]. While cholesterol/lipids are hydrophobic 
and water insoluble, bile salts are amphiphilic and are highly soluble due to their 
ability to self-associate [68]. Being soluble allow bile salts to transport cholesterol 
through the digestive system as micelles. Micelles are formed by the interaction of 
bile salts with the hepatocyte plasma membrane, where bile salts are pumped out of 
the cell through ABCB11, an ATP bile salt export pump, to then interact with the 
extracellular canalicular membrane [69, 70]. ABCB4 and an ABCG5/ABCG8 het-
erodimer, both ATP-dependent canalicular membrane transporters, are then acti-
vated to promote biliary secretion of cholesterol and phospholipids [67]. With 
complex interactions, a micelle is formed from the bile salts, cholesterol, and phos-
pholipids creating a hydrophobic core, with hydrophilic head groups making up the 
exterior of the micelle. The movement of lipids to bile is rapid, so during rest from 
digestion, bile/micelle particles are stored in the gallbladder. During digestion, the 
gallbladder pumps bile into the small intestine to aid in cholesterol metabolism 
since cholesterol and triglycerides are readily incorporated into micelles. The small 
intestinal cells, enterocytes, will then facilitate the transport through NPC1L1 [71], 
or Nieman-Pick C1 Like 1, for cholesterol and a portion of the absorbed cholesterol 
will then be pumped back into the intestinal lumen by the ABCG5/ABCG8 het-
erodimer known as transintestinal cholesterol excretion (TICE) [67, 72]. The 
remaining absorbed cholesterol can be absorbed as free cholesterol or converted to 
cholesterol esters when the enzyme acyl-CoA:cholesterol acyltransferase (ACAT) 
covalently attaches a fatty acid to the free hydroxyl group of the cholesterol particle 
[73]. The free cholesterol, triglycerides, and cholesterol esters are then combined 
within the enterocyte and added to apolipoprotein B48 to form chylomicrons to be 
secreted into the lymph to be transported back to the plasma for liver processing, 
known as enterohepatic circulation [74]. About 1–2% of the bile salts will escape 
this cycle and be excreted in feces, as the liver cholesterol production and rate of 
absorption are tightly regulated [67] (Fig. 4).

 Mechanisms of Diseases Associated with Atherosclerotic CVD

Under genetic predisposition or exposure to environmental risk factors, arterial cho-
lesterol deposition can occur and start the atherosclerotic process. Lipid deposition 
leads to the recruitment of monocytes that attempt to clear the lipid deposition by 
increasing cholesterol uptake. The intracellular cholesterol esters are then packaged 
into lipid droplets. The monocytes then become macrophage foam cells that are 
cholesterol-laden, efflux defective, and pro-inflammatory cells that leak cholesterol 
that contribute to the arterial plaque. There are also vascular smooth muscle cells 
that can become foam cells as well [75–79]. To be released from the cell, cholesterol 
esters must undergo hydrolysis to be converted to free, unesterified cholesterol. The 
cholesterol esters in the lipid droplets consistently go through cycles of hydrolysis 
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Fig. 4 Important steps for cholesterol excretion after RCT processes. Discussed in detail in the 
text, but briefly there is biliary flux that converts free cholesterol to bile salts to be stored in the 
gallbladder, non-biliary flux that transports cholesterol to the small intestine for transintestinal 
cholesterol excretion in feces or reabsorption for enterohepatic circulation in the lymph. (Presented 
with permission from [72])

and re-esterification, create a cholesterol-laden foam cell, if the cholesterol is re- 
esterified by ER-resident protein acyl-CoA:cholesterol acyltransferase (ACAT) [80, 
81], instead of undergoing efflux. If cholesterol efflux is disrupted, hydrolyzed free 
cholesterol cannot be efficiently released, preventing efflux and RCT mechanisms 
from clearing the lipid deposition. Buildup of cholesterol and foam cells lead to 
damage and inflammation in the endothelium, leading to infiltration of additional 
cell types such as macrophages, fibroblasts, and smooth muscle cells that contribute 
to plaque formation. The atherosclerotic plaques result in vessel wall thinning and 
restricted blood flow, gradually leading to the development of atherosclerosis, CAD, 
or heart failure [53]. Plaques are also at risk of bursting, resulting in activated clot-
ting factors and can lead to stroke, myocardial infarction, or activation of other clot-
ting disorders that restrict blood flow (Fig. 5) [82, 83].

Historically, HDL-C has been considered atheroprotective since HDL-C was 
found to inversely correlate with CVD risk [3, 43, 53]. Recent evidence suggests 
that HDL-C levels are not indicative of RCT efficiency since HDL-C 
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Fig. 5 Development and progression of atherosclerosis with arterial lipid deposition and cellular 
infiltrates. As arterial lipid deposition creates a plaque, there is an increase in proinflammatory 
signals that drive macrophage and immune cell infiltrates into the intima. These cells become 
efflux-deficient foam cells that contribute to thrombus formation. If the thrombus blocks the entire 
vessel, ischemia or coronary artery disease leads to myocardial infarction. (Presented with permis-
sion from [88])

replacement and CETP inhibition increased HDL-C, lowered LDL-C, but over-
all, had no effect on CVD outcomes [5–8, 84]. HDL has many contributing fac-
tors to athero- protection, including its main function in RCT/excretion to prevent 
plaque formation and its anti-inflammatory properties, such as inhibiting adhe-
sion molecules and MCP-1 on endothelial cells from binding circulating mono-
cytes that are associated with inflammation and the initiation of atherosclerotic 
disease [85–87].

The oxidation hypothesis of atherosclerosis suggests that HDL-C aids in medi-
ating the oxidation of phospholipids in LDL-C [89, 90]. Pro-inflammatory, oxi-
dized phospholipids result from oxidation of LDL phospholipids that contain 
arachidonic acid and subsequently be recognized by the innate immune system 
[55, 91]. During an acute phase response, HDL becomes pro-inflammatory to aid 
the immune response during injury or infection, while decreasing RCT functions. 
After healing and homeostasis are restored, HDL returns to anti-inflammatory 
functions and resumes higher RCT activity [91]. In the case of poor diet and exer-
cise or genetic predisposition, the acute phase response to oxidative phospholipids 
has potential to become chronic, rendering HDL pro-inflammatory and less likely 
to perform RCT and anti-inflammatory functions [92], highlighting the potential 
link between RCT and the oxidation hypothesis in atherosclerosis [93, 94].
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 Genetic Predisposition to Cholesterol-Driven 
Cardiovascular Disease

While environmental and nutritional factors play a large role in CVD, genetic pre-
disposition may shed light on causes of dyslipidemia-associated diseases. 
Fortunately, GWAS has brought the world one step closer to personalized medicine 
and is helping to uncover other genetic predisposition variants in key lipid regulat-
ing genes.

For example, GWAS has identified 56 new loci associated with CAD, most are 
pleiotropic, meaning they are also associated with other diseases. In a discovery 
analysis of common SNPs, six new loci were associated with CAD, such as SNPs 
from the SCARB1, CETP, LRP1, C2, KCNJ13-GIGYF2, MRVI1-CTR20-9 genes [1, 
95]. CAD has been shown to be associated with variants in the main lipid modula-
tors/transporters such as LDLR, APOB, PCSK9, SCARB1 and CETP [96–98] that 
will be highlighted in this section. This section will also go into more detail on 
dyslipidemia-related variants and recent research findings.

Historically, familial variants help lead to the identification of different cho-
lesterol transport proteins such as LDLR [96, 99]. Familial hypercholesterolemia 
(FH) is defined by genetic predisposition to elevated serum LDL-C, where the 
most common variants are LDLR, APOB, PCSK9, as previously reviewed [97]. 
Variants in LDLR were first found in homozygous patients with severe FH, where 
even heterozygous patients had reduced LDLR protein expression and increased 
LDL-C [99]. LDLR knockout mice have been extensively studied and developed 
as an in vivo atherosclerosis model due to the increase in weight gain and choles-
terol levels when fed a high cholesterol diet, especially in an ApoE knockout 
background [100–103]. Mutations in APOB, that encodes the LDLR ligand, 
ApoB, have also been associated with FH and CAD [97, 104–107]. Interestingly, 
protein-truncating variants in APOB have been associated with familial hypobet-
alipoproteinemia and have been shown to decrease LDL-C, triglycerides, and 
lower risk of CHD [108, 109]. Since 2004, over 30 gain-of-function and loss-of-
function PCSK9 mutations have been associated with FH [110, 111]. PCSK9 
binds LDLR and leads to lysosomal degradation of the complex, so a gain-of-
function mutation in PCSK9 would increase LDLR degradation, increasing 
serum LDL-C levels [40, 97, 111–113].

The majority of current hyperlipidemia therapies target mostly the LDL-C 
pathway, but HDL-C pathway variants have provided a unique challenge for 
therapeutic development and enhancement of RCT. Variants have been identified 
in proteins responsible for RCT that are associated with CAD and dyslipidemia, 
such as SCARB1. While the severity of disease associated with SCARB1 variants 
has been shown to be dependent on its location and the impact on function of 
SR-BI [95, 114], variants in SCARB1 have been directly linked to increased 
HDL-C and increased risk of CAD [36, 115–117], although risk of CAD was not 
observed in a large Icelandic population study with SCARB1 variants [118]. The 
first reported mutation of SR-BI in humans (p.P297S mutation) was associated 
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with reduced capacity for cholesterol efflux from macrophages and increased 
HDL-C levels, but overall did not have increased severity of atherosclerosis 
based on the small sample size of carriers [119] and was later linked to issues 
with uptake for steroidogenesis [120].

SR-BI is also highly expressed in steroidogenic tissues such as the adrenal 
glands, placenta, ovary, and testis that require cholesterol for steroidogenesis 
[56]. Cholesterol esters needed for steroid synthesis is obtained by (a) de novo 
cholesterol synthesis within the cell; (b) pulling from lipid droplet reservoirs; 
and (c) cholesterol esters from either LDLR-mediated endocytic uptake or the 
selective uptake via SR-BI [56]. In SCARB1−/− and apoA-1 −/− null mice, there 
was almost no cholesterol ester accumulation in adrenal cells suggesting that 
SR-BI-mediated selective cholesterol ester uptake provides the majority of 
cholesterol needed for steroidogenesis in mouse adrenal cells [121]. In humans, 
variants in SCARB1 have also been associated with diminished adrenal steroid 
production [119, 120].

More recently, compound heterozygous variants (p.G319V and 
c.754_755delinsC variant) were identified in a family with severe, early-onset 
CAD and dyslipidemia following Mendelian inheritance. Although the p.G319V 
mutation was previously associated with elevated HDL-C but not with CAD 
[118], the p.G319V mutation was pathogenic in the presence of the null 
c.754_755delinsC variant. In further support of pathogenicity of this variant, 
homozygous p.G319V mouse model that had >95% lethality, and heterozygous 
knock-in mice have elevated total cholesterol in the heterozygous p.G319V mice 
similar to that of SR-BI knockout mice [36].

To model atherosclerotic CVDs in the lab, in vivo mouse models are utilized 
with deficient expression of lipoprotein components and binding partners such as 
LDLR, ApoE, and SR-BI in combination with diets of altered cholesterol and/or 
fat [122]. LDLR knock-out mice develop hypercholesterolemia with elevated 
serum cholesterol levels under normal conditions (200–400 mg/dL) and signifi-
cantly elevated cholesterol levels (>2000  mg/dL) on high fat diet [123]. The 
ApoE knock-out mouse model develops arterial lesions starting at three months 
of age and have elevated serum cholesterol under normal conditions with the 
reduced ability to remove excess cholesterol esters from the blood [124–127]. 
Both of these models have been used to recapitulate atherosclerosis in mice, 
although the mechanisms and lipoprotein composition vary greatly from human 
atherosclerosis [128]. On a “Western” diet, the LDLR/ApoE double knock-out 
mouse model develops obstructive CAD and MI associated with hyperlipidemia 
[129]. Interestingly, SR-BI knockout mice have increased HDL-C and total cho-
lesterol compared to wild-type mice and experience homozygous lethality [61]. 
These mice also have abnormally large HDL particles and increased risk of ath-
erosclerosis [61, 130, 131]. A double knockout of SR-BI/ApoE mouse model 
develops atherosclerotic lesions in the coronary arteries starting at 4–5 weeks of 
age and die of severe CAD by 8 weeks [132].

.
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 Therapeutic Approaches Targeting Lipoproteins

Ever since the correlation between increased LDL-C with increased risk of CVD 
[133], and increased HDL-C with decreased risk of CVD was established [3, 43], 
research has been done to identify therapeutic targets involved in the cholesterol 
transport pathways that has led to current drug therapies for atherosclerotic CVDs.

 LDL-C-Targeted Therapies

Since the low-density and intermediate-density lipoproteins contribute to arterial 
lipid deposition and atherosclerotic CVDs, therapies targeting these pathways have 
been successful in decreasing LDL-C and reducing CVD deaths [33, 34]. Statin 
therapy was first approved in 1987 [134] and acts by inhibiting the enzyme, HMG- 
CoA reductase, which converts HMG-CoA to mevalonate (rate-limiting cholesterol 
precursor) in hepatocytes. Statins actively compete with normal substrates as well 
as reversibly altering the conformation of the enzyme after binding to the active site 
[135, 136]. Inhibiting HMG-CoA reductase with statins reduces cholesterol biosyn-
thesis and increases LDLR expression for increased cholesterol uptake: effectively 
reducing serum LDL-C levels. Although statin therapy is the primary form of ther-
apy for CVD, clinical trials have shown statin toxicity, resistance, and intolerance in 
up to 15% of patients leading to different disorders such as developing type II dia-
betes, muscle disorder, and myopathies [32, 137], and inter-patient efficacy vari-
ability has been observed [138, 139].

In addition to lowering cholesterol production, statins also decrease PCSK9, in 
turn reducing LDL-C levels. The catalytic unit of PCSK9 binds to LDLR and facili-
tates transport to the lysosome for degradation. More recently, PCSK9 inhibitors 
have been developed that inhibit PCSK9 and prevent LDLR degradation, increasing 
the bioavailability of functionally active LDLR at the membrane to ultimately 
decrease serum LDL-C [33, 140, 141]. In the Further Cardiovascular Outcomes 
Research with PCSK9i in Subjects with Elevated Risk (FOURIER) trial, 
Evolocumab, a monoclonal antibody targeting PCSK9, was used in a statin-treated 
background and demonstrated a significant reduction in LDL-C and associated 
CVD outcomes [141]. Other PCSK9i have also been developed such as alirocumab, 
bococizumab, and RG7652 that were shown to be effective at reducing LDL-C by 
over 30% and reduced CVD events compared to placebo groups [41]. Although 
PCSK9i was shown to be effective at decreasing LDL-C levels, the fiscal impact of 
only treating patients with severe atherosclerotic CVD was predicted to be $1.5 bil-
lion over three years [33], causing the budget impact of treating all patients with 
hyperlipidemia to be substantial, so PCSK9i are currently limited to those with 
familial hyperlipidemia.

There are many ongoing clinical trials for new therapies to address statin resis-
tance, such as Orlistat or Vupanorsen that target intestinal lipases to prevent 
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metabolism and uptake of cholesterol, that can be viewed on clinicaltrials.gov and 
was reviewed in 2016 by Shapiro and Fazio [142].

 HDL-C-Targeted Therapies

While the LDL-C lowering therapies have been successful, these therapies may not 
work for all patients due to [143–146], so studies to raise HDL-C while lowering 
LDL-C have been ongoing. Since HDL and RCT are anti-atherosclerotic, clinical 
trials investigating therapeutics to increase HDL-C have proven to be complex. 
Since ApoA-I comprises the largest portion of the HDL protein composition, some 
studies showed elevation in HDL-C after supplementing ApoA-I resulting in 
reduced atherosclerotic plaque size [55, 143]. The first ApoA-I variant identified 
resulted in an arginine to cysteine mutation at residue 173, named ApoA-IMilano, 
that was associated with low HDL-C. Despite lower HDL-C, heterozygous patients 
for ApoA-IMilano displayed increased longevity and had less carotid intimal wall 
thickness compared to patients with similarly low levels of HDL-C [147], leading 
to clinical trials with the Escherichia coli recombinant ApoA-1Milano protein, 
ETC-216 [148]. In the phase-II clinical trial of ETC-216, a 10.9% reduction was 
observed in atheroma volume [149], which unfortunately was less than what was 
identified in the pre-clinical animal studies and not further pursued [150].

In 2007, an Australian-based company, Commonwealth Serum Laboratories, 
purified ApoA-I from human plasma and reconstituted with soybean phosphatidyl-
choline to create CSL-111 and initiated the ERASE trial. Several pre-clinical stud-
ies with CSL-111 displayed a similar effect on cholesterol efflux and endothelial 
function as ApoA-IMilano reconstituted HDL [151, 152], but clinical trials did not 
show a significant change in plaque size. Furthermore, the higher dose trial group 
was halted early due to an increase in liver function test abnormalities [153]. The 
Medicines Company also conducted a clinical trial in 2018 to further explore the 
findings from ApoA-IMilano, but these trials did not result in plaque regression 
among patients with acute coronary syndrome already treated with statins [154]. 
Isolating ApoA-I and HDL-C for supplementation is complex, so researchers devel-
oped ApoA-I mimetics that showed increased efflux from ABCA1 in vitro [155] 
and protected ApoE knockout mice from atherosclerosis [156]. Unfortunately, clini-
cal trials did not recapitulate the in vivo and ex vivo data in humans and increased 
inflammatory markers, CRP and IL-6 [157, 158].

Renal filtration is suggested to be a big contributor to reducing supplemental 
HDL/ApoA-I effectiveness, and Roche developed a trimeric ApoA-I to increase its 
size in order to prevent glomerular filtration. ApoA-I is usually associated with 
HDL but can dissociate and be filtered and excreted out of the body. The trimeric 
ApoA-I has been shown to enhance cholesterol efflux from ABCA1 [159], but did 
not have a significant effect on lipid levels or lesion area in cholesterol-fed LDLR 
knockout mice treated with phospholipid-reconstituted trimeric ApoA-I [158, 159]. 
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There have not been clinical trials using trimeric ApoA-I due to the limited data 
available and minimal benefit in animal models.

In 2004, a pre-clinical trial was conducted with African Green monkeys where 
the plasma underwent selective HDL delipidation and was reinfused. This study 
demonstrated the capacity to change the lipid concentration of HDL-C and promote 
RCT in vivo [160, 161].

Increasing HDL-C by supplementation or replacement studies has not provided 
major therapeutic benefit to be marketed for widespread use. This does not negate 
the importance of HDL-C and RCT in preventing atherosclerosis, but does warrant 
new therapies to be developed that will enhance these processes in humans. There 
have been great strides in learning about the anti-atherosclerotic properties of HDL- 
C and defining novel targets in the RCT pathway will help to improve clinical 
outcomes.

CETP inhibition has also been a consideration in drug development to treat dys-
lipidemia, but has come with trials and tribulations reviewed here [84]. The primary 
role of CETP is transferring cholesterol esters from HDL to LDL or VLDL that can 
then be recognized by LDLR. Inhibition of CETP leads to more cholesterol ester 
retention with HDL and therefore increasing HDL-C while lowering LDL-C [162, 
163]. Unfortunately, three compounds failed in phase III clinical trials due to drug 
toxicity citing high blood pressure, hyperaldosteronism [5], and increased response 
to endothelin in the vasculature [164], leading to higher mortality and halting trials. 
The CETP inhibitor, Anacetrapib, was found to be moderately effective at decreas-
ing adverse coronary events when added to statin therapy in the REVEAL trial but 
is still associated with mildly increased blood pressure and with minimal, tolerable 
side effects that need to be tightly monitored in high-risk patients [84]. CETP inhib-
itors used as a monotherapy still need to be considered and determine the off-target 
effects to better determine alternatives for drug development. While CETP inhibi-
tion has been shown to be a direct mechanism to increase HDL-C and decrease 
LDL-C, this mechanism likely does not contribute to enhanced cholesterol uptake 
and efflux, so it underscores the impact of viewing high HDL-C as athero-protective 
when efflux and uptake may offer additional benefits [5–8].
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Atherosclerotic Plaque Regression: Future 
Perspective

Indu M. Suseela, Jose Padikkala, Thekkekara D. Babu, Rao M. Uppu, 
and Achuthan C. Raghavamenon

Abstract Atherosclerotic plaque is a complex environment in which cholesterol, 
phospholipids, protein, and their oxidized molecules co-exist. Many of these oxi-
dized species have been shown to undergo auto-oxidation generating downstream 
stable lipid carbonyls and their cyclized products which, independently or com-
plexed with proteins, may have plaque destabilizing effects. Reverse cholesterol 
transport involving the efflux and transport of cholesterol and phospholipids from 
peripheral tissues to the liver for metabolism helps to maintain lipid homeostasis. 
The same process is also expected to reduce plaque burden and thereby cardiac 
incidents. High-density lipoprotein cholesterol (HDL) is crucial in this process. 
Through HDL mimetics, drugs that enhance functional HDL, dietary modifications, 
and exercise, we can achieve only 10–30% plaque burden. However, none of these 
molecules are reported to scavenge or quench oxidized forms of the trapped lipid 
moieties or their decomposition products. Molecules that scavenge/quench lipid 
carbonyls can prevent carbonyl adduct formation and may provide additional ben-
efits. Improved plaque regression therefore could be possible with molecules that 
enhance functional HDL as well as scavenge lipid carbonyls.

Keywords Plaque regression ·  atherosclerosis ·  reverse cholesterol transport

 Introduction

Atherosclerotic plaque, the core lesion at the subendothelial space of arteries is 
composed of macrophage foam cells rich in proteins; protein-bound carbonyls, 
phospholipids, and oxidized cholesterol [1, 2]. In advanced lesions, the components 
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of the plaque are contained within a fibrous cap rich in collagen, which helps in 
plaque stabilization and prevents access of its thrombogenic core to the blood-
stream. This cap itself is continually remodeled, with simultaneous removal and 
replacement of collagen [3]. The plaque clogs up the artery, thereby disrupting the 
flow of blood around the body. Any reduction in the strength of the fibrous cap 
causes plaque rupture resulting in life-threatening conditions such as myocardial 
infarction and stroke.

American Heart Association (AHA) has established criteria by which atheroscle-
rotic plaques are classified (Table 1) according to content and structure [4]. The 
initial lesion (type I) contains enough atherogenic lipoproteins to elicit an increase 
in macrophages and the formation of scattered macrophage foam cells. Type II 
lesions consist primarily of layers of macrophage foam cells and lipid-laden smooth 
muscle cells and include lesions grossly designated as fatty streaks. Type III lesions 
contain scattered collections of extracellular lipid droplets and particles that disrupt 
the coherence of some intimal smooth muscle cells. These lipid droplets are imme-
diate precursors of the larger, confluent, and more disruptive core that characterizes 
type IV lesions. During the fourth decade of life, lesions having a lipid core can also 
contain thick layers of fibrous connective tissue (type V lesion) and/or fissure, 
hematoma, and thrombus (type VI lesion). Some type V lesions may be largely cal-
cified (type Vb), and some consist mainly of fibrous connective tissue and little or 
no accumulated lipid or calcium (type Vc).

 Development of Atherosclerotic Plaque and Formation 
of Primary Oxidation Products

Atherosclerotic plaque formation is considered a unidirectional process that starts in 
early childhood and progresses with age. This concept has been modified and it is 
now viewed that plaque development is a dynamic process that can be slowed, 
stopped, or even reversed. The initial event is a fatty streak formation at the 

Table 1 Classification of atherosclerotic plaques by American Heart Association (AHA)

Stages Events

I Initial with foam cell
II Fatty streak with multiple foam cells
III Preatheroma with extracellular lipid pools
IV Atheroma with confluent extracellular lipids
V Fibroatheroma
VI Complex plaque with surface defect, 

hemorrhage
VII Calcified Plaque
VIII Fibrotic plaque without lipid core
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sub- endothelial space in which oxidized LDL contributes significantly. LDL oxida-
tion is a slow process, occurring in the sub-intimal space, by reactive oxygen spe-
cies generated by vascular cells. The oxidation process generates a huge variety of 
lipid peroxidation products like MDA, 4-HNE, acrolein or glyoxal [5, 6]. Interaction 
of these aldehydes with lysine residues in the apolipoprotein B-100 moiety of LDL 
renders the lipoprotein molecule more negative charge. This modification results in 
decreased affinity for LDL to its receptor and increased affinity for scavenger 
receptor- bearing cells like macrophages, which are progressively transformed into 
foam cells [7]. The accumulation of foam cells thus formed leads to the fatty streaks 
that are characteristic of the early atherosclerotic lesions.

When the macrophage engulfs ox LDL, it causes the loss of pH homeostasis 
within the lysosome, affecting the activity of lysosomal lipase, an enzyme respon-
sible for the hydrolysis of the cholesterol esters. By loss of its activity, the lipids 
cannot be processed and therefore accumulate within the cells. Myeloperoxidase–
hydrogen peroxide reaction within the macrophage foam cells can generate hypo-
chlorous acid that also can modify the oxidized LDL [8]. Guanosine 
triphosphate–cyclohydrolase activity on GTP produces Dihydroneopterin within 
the macrophages. Dihydroneopterin is converted to neopterin by the same hypo-
chlorous acid action. Neopterin is a stable molecule within the plaque whose values 
are raised in cardiovascular diseases [9]. The MPO-H2O2 system also results in the 
production of dityrosine from two tyrosine radicals. Dityrosine is a stable protein 
identified within the atherosclerotic plaque acting as a marker for free radical dam-
age [10]. In addition, the cholesterols undergo enzymatic or non-enzymatic oxida-
tion to form oxysterols. Oxysterols are known to contribute to plaque growth as this 
material cannot be detoxified and removed [11].

 Role of Protein Carbonyls in Atherosclerotic 
Plaque Progression

Protein carbonyls form a major constituent in atherosclerotic plaque. The oxidative 
theory of atherosclerosis postulates that 4-hydroxynonenal (4-HNE) and malondial-
dehyde (MDA)-modified LDLs are directly involved in the mechanisms of fatty 
streak formation, an early step in  atherogenesis [12, 13]. A hallmark in atheroscle-
rosis is the detection of 4-HNE and MDA adducts and oxidized LDLs (ox LDLs) 
within the plaque [14, 15]. Most of these oxidized species are shown to be pro- 
inflammatory in nature.

Suvarna et al. (1995) [16] have reported that the human atherosclerotic plaque 
contained free cholesterol, cholesterol oleate (Ch 18:1), and cholesteryl linoleate 
(Ch18:2) of which 30% are in oxidized form. In addition, fatty hydroxides (17%), 
ketones (12%), and hydroperoxides (1%) have been documented. Above all, the 
authors detected endogenous vitamin E (43%), vitamin C (87%), and alpha- 
tocopherol and coenzyme Q in their oxidized forms, tocopheryl quinone and ubi-
quinone 10. Therefore, it has been assumed that atherosclerotic plaque observes 
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very little oxidation process. However, the primary oxidized lipids in the plaque can 
undergo non-enzymatic conversion at physiological environment over time, gener-
ating secondary aldehydes and acids. Raghavamenon et al. [17] have reported that 
vitamin E and alpha tocopherols are incapable of preventing the decomposition of 
already oxidized fatty acids at physiological conditions. The lower level of lipid 
hydroperoxide detected in human atherosclerotic plaque by Susan et al. (1995) [16] 
indicates this autoxidation reaction. Parthasarathy et  al. (2008) [18] have opined 
that differences from early fatty lesion where primary oxidation products are 
detected, advanced lesion might have experienced the steps involved in the decom-
position of peroxidized lipids into aldehydes and their further oxidation into carbox-
ylic acids and that these steps may not be responsive to attenuation by antioxidants. 
Antioxidants might actually counter the stabilization of plaque by preventing the 
formation of carboxylic acids which are anti-inflammatory in nature. The formation 
of such dicarboxylic acids may also be conducive to plaque stabilization by trapping 
calcium. It is thus clear that several molecules with biological activity are present 
within the plaque environment that contributes to the development of vulnerable 
plaque. Removals of these molecules from the plaques are necessary for better 
reduction in plaque burden and plaque stabilization.

 Factors Affecting Plaque Regression

Plaque regression is defined as the return of the arterial wall to its initial state. The 
mechanisms of plaque regression are distinct and composed of three important pro-
cesses: (1) the reduction or clearance of necrotic and extracellular material from the 
tunica intima; (2) repair of endothelium and their regeneration and return to homeo-
stasis; and (3) the cessation of smooth muscle cell proliferation [19]. The most 
important step in plaque regression is the conversion of the inert pool of extracel-
lular lipid in plaque to a metabolically active intracellular pool and subsequent 
clearance by the high-density lipoprotein-mediated reverse cholesterol transport 
system [20]. Reductions of LDL by using lipid-lowering drugs like statins and pre-
vention of oxidation of LDL by using antioxidants like niacin are the conventional 
treatment options for atherosclerosis. Newer approaches for the prevention of 
plaque progression and promotion of plaque regression are achieved by increasing 
functional HDL and the use of HDL mimetics [21].

 Increasing HDL Cholesterol

High-density lipoprotein cholesterol (HDL) is crucial in removing extrahepatic cho-
lesterol and phospholipids to the liver for metabolism and excretion through a pro-
cess designated as reverse cholesterol transport (RCT). Several studies have 
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indicated that transport of arterial lipid deposition through the RCT pathway reduces 
plaque burden and thereby cardiac incidents [21, 22]. Additionally, paraoxonase 
enzyme seen associated with HDL molecule prevent oxidation of LDL and HDL 
itself and reduce atherogenesis [23]. Thus the atheroprotective effect of HDL at the 
molecular level seems to be through the processes of reducing adhesion of inflam-
matory cells to the endothelium, preventing their migration into the arterial intima 
and reducing inflammation within the artery wall [24, 25]. The human paraoxonase 
enzyme associated with HDL interferes at various levels of atherosclerosis progres-
sion by reducing the oxidative stress, preventing LDL oxidation and its uptake by 
macrophages [26]. It also reduces macrophage cholesterols synthesis and increases 
cholesterol efflux. Therefore, achieving enhanced transport of excess cholesterol 
from arterial lipid-rich lesions has emerged as an important approach in anti- 
atherosclerotic drug development. Molecules that can improve functional HDL, as 
well as molecules involved in the RCT pathway, have a high appreciation as a can-
didate drug.

 Reverse Cholesterol Transport

The concept of RCT was first proposed by Glomset in 1968 and it represents the 
most widely accepted mechanism underlying the HDL hypothesis which proposes 
that pharmacological intervention to raise HDL will reduce cardiovascular risk. The 
first step in reverse cholesterol transport is the efflux of cholesterol from macro-
phages. The cholesterol efflux is mediated by ATP binding cassette transporter A1 
(ABCA1), ABCG1, Scavenger receptor B1 (SR-B1) present in macrophages or by 
passive diffusion. ABCA1 transfers free cholesterol to nascent HDL containing Apo 
A1, whereas ABCG1 and SR-B1 transfer free cholesterol to mature HDL. Within 
the mature HDL, the free cholesterol transferred is esterified by an enzyme, lecithin 
cholesterol acyl transferase (LCAT), to form cholesteryl ester (CE). Cholesteryl 
esters are transported to the liver by direct or indirect pathways. In direct pathway, 
the HDL with CE gets attached to the SR-B1 receptor. In an indirect pathway, the 
HDL transfers CE in exchange with phospholipid to Apo-B containing lipoproteins 
like VLDL and LDL with subsequent uptake in the liver via the low-density lipopro-
tein receptor (LDLR). In the circulation, the exchange of CE and phospholipid is 
mediated by Cholesteryl ester transfer protein (CETP) and Phospholipid transfer 
protein (PLTP). The CE taken up by the liver will be acted upon by the enzyme 
hepatic lipase and the cholesterol will be metabolized and excreted through bile or 
feces (Fig. 1).

Atherosclerotic Plaque Regression: Future Perspective



372

PLAQUE
...

PL

FC

ANTIOXIDANTS

LDL OX LDL

PHAGOCYTOSIS

FOAM CELLS OXC-oxidized cholesterol, OXPL-oxidized phospholipids

CARBONYLADDUCTANT,

OXC, OXPLMACRO
PHAGES

LIPID CARBONYLS

OTHER OXIDIZED

& DECOMPOSED
PRODUCTS

RCT

ENDOTHELIAL CELLS

HDL

APO-A1

MONOCYTES

T-CELLS

LDL

?

Fig. 1 Schematic representation of Reverse Cholesterol Transport

 Plaque Regression: Current Approaches

 Increasing the Efflux of Cholesterol From Macrophages

Presently several studies are underway for increasing Apo A1, ABCA-1, ABCG-1 
and SR-B1, thereby increasing the cholesterol efflux from the macrophages as a 
potential mechanism to increase RCT. HDL cholesterol increases ABCA1 and 
ABCG1 expression through the micro RNA [27]. Studies have shown that the 
administration of ProAlgaZyme (PAZ) and its subfractions alter mRNA levels of 
ABCA1, ApoA1, SRB1, and CETP [28]. Transcription of ApoA1, ABCA1, and 
SRB1 genes was upregulated, whereas transcription of the gene encoding CETP 
was downregulated after 4 weeks of dietary intervention with PAZ.

Reservelogix-208 (RVX-208) is a small molecule that increases the endogenous 
synthesis of ApoAI. Oral administration of RVX-208 resulted in increased levels of 
plasma Apo A-I and HDL [29]. Serum from these animals has been shown to medi-
ate enhanced cholesterol efflux from J774 macrophages through the ABCA1, 
ABCG1, and SR-BI-dependent pathways.

Synthetic LXR agonists including LXR α/β are known to induce the transcrip-
tion of ABCA1 and ABCG1. As potent activators of the cellular cholesterol efflux, 
these compounds have been found to raise HDL levels and to reduce atherosclerosis 
in transgenic mouse models [30]. Thus, LXR agonist’s activation may be a promis-
ing pharmacologic target for the treatment of dyslipidemia and atherosclerosis. The 
LXR agonist LXR-623 is associated with increased expression of ABCA1 and 
ABCG1 in cells [31].
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 Increasing Transport of Cholesterol From Macrophages 
Through the Plasma to the Liver

A second essential determinant of efficient cholesterol elimination from macro-
phage foam cells is the number of acceptors, principally apoA-I and HDL, present 
in the circulation. Overexpression of human apoA-I in mice resulted in more cho-
lesterol being removed from macrophages and deposited in the liver via the RCT 
pathway which eventually degrades to bile acids.

Recombinant apoA-I, when delivered by intravenous infusion, has been shown 
to promote regression of atherosclerosis lesion to a good extent [32]. Ibanez et al. 
[33] in their studies has shown that recombinant HDL apoA-IMilano exerts good anti- 
inflammatory and plaque stabilizing properties. Intravenous infusion of autologous 
delipidated HDL is a novel approach to raise HDL. The preclinical evaluation 
showed a significant 6.9% reduction in aortic atheroma volume [34].

LCAT Activity Modulators Early studies for the treatment of atherosclerosis and 
CVD, by raising HDL through plasma LCAT enzyme activity, were initiated by 
Zhou et al. [35] in a rabbit model. Data concluded that recombinant LCAT admin-
istration may represent a novel approach for the treatment of atherosclerosis and 
dyslipidemia associated with low HDL. A preclinical mouse study of human 
recombinant LCAT (rLCAT) was reported [36]. An rLCAT (rLCAT, AlphaCore 
Pharma, Ann Arbor, MI, USA) when injected into LCAT-null mice was found to 
reverse the abnormal lipoprotein profile by increasing HDL to near-normal levels 
for several days. Intravenous infusion of human rLCAT in rabbits was found to 
raise HDL, to increase fecal secretion of cholesterol, and to reduce atherosclerosis. 
LCAT promotes the maturation of HDL particles in plasma and facilitates reverse 
cholesterol transport by maintaining a concentration gradient for the diffusion of 
cellular unesterified cholesterol to HDL. Studies have shown that the methanol 
fraction of Aconitum heterophyllum could activate LCAT and thereby increase the 
HDL levels [37].

CETP inhibitors like dalcetrapib [38] used in clinical trials have been shown to 
increase HDL by 30–40%, without changing LDL and blood pressure. In hamsters, 
which naturally express CETP, treatment with the potent CETP inhibitor torceptra-
pib or anacetrapib to some extent improved the movement of cholesterol from mac-
rophages in the peritoneal cavity to the feces [39]. Evacetrapib is a benzazepine 
compound (LY248595) and a potent and selective inhibitor of CETP both in vitro and 
in  vivo. Clinical trials with evacetrapib showed substantially increased HDL 
(54–129%) and decreased LDL (14–36%) across a dose range of evacetrapib in 398 
dyslipidemic patients [40].
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 Increasing Uptake of Cholesterol by the Liver for Metabolism 
and Excretion

Following transport through the plasma, the final step in RCT is the delivery of 
cholesterol to the liver. Hepatic SR-BI is the key receptor responsible for the selec-
tive uptake of CEs from HDL into the liver, and hepatic SR-BI has been recognized 
as a positive regulator of RCT. Consistent with the effects on experimental athero-
sclerosis, hepatic SR-BI overexpression resulted in more macrophage-derived cho-
lesterol being excreted into the feces [41].

 Carbonyls Scavengers

Antioxidants are capable of inhibiting reactive oxygen species and lipid peroxida-
tion products, but are less efficient in quenching reactive carbonyl substances (RCS) 
before adducts are formed on proteins. Carbonyl scavengers are agents capable of 
removing the protein carbonyls and preventing the formation of protein carbonyl 
adducts. Studies are underway in developing molecules that efficiently interfere 
with different phases of the reaction cascades, such as by directly trapping RCS, by 
acting as antioxidants or by chelating metal ions (Fig. 2). Among the various targets, 
direct trapping of reactive aldehydes seems to be the most promising therapeu-
tic approach. The, β unsaturated aldehydes like 4-hydroxynonenal (HNE), acrolein, 
and dicarbonyls methylglyoxal (MG) are the most abundant and toxic lipid-derived 
RCS. Studies have shown that agents like epigallocatechin-3-gallate (EGCG) pre-
vent protein glycation by competing with lysine or arginine and can rapidly trap 
methylglyoxal (MG) at neutralizing or alkaline conditions [42]. Besides EGCG, 
catechin, epicatechin, theaflavin, proanthocyanidins, phloretin, phloridzin, 
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curcumin, a pharmaceutical agent like aminoguanidine, etc., can effectively trap 
MG [43]. Sulforaphane (SF), the main active isothiocyanate component in crucifer-
ous vegetables, has been proven as a carbonyl scavenger [44] and a persuasive pro-
tector against oxidative damage by Nrf-2 mediated induction of phase 2 detoxification 
enzymes. Studies recommend that SF has the potential to reduce the risk of various 
types of cancers, diabetes, atherosclerosis, respiratory diseases, neurodegenerative 
disorders, ocular disorders, and cardiovascular diseases.

Therefore, these compounds represent a new group of 1, 2 dicarbonyl scavenging 
agents. Studies have also shown that hydrazine derivatives [45] like hydralazine, 
isoniazid are capable of preventing the protein glycation by reacting with 
4-hydroxynonenal (HNE), thereby acting as an excellent carbonyl scavenger.

 .Conclusion

Atherosclerotic plaque is rich in cholesterol, phospholipids, and their oxidized 
forms. The currently achieved reduction in plaque burden by increasing functional 
HDL and by improving molecules of reverse cholesterol transport pathway is only 
30–40%. There is no literature available to ensure that other forms of oxidized and 
decomposed lipids from plaques are being removed by RCT. The removal of lipid 
carbonyls from the plaque likely provides a better reduction in plaque volume in 
addition to enhancing RCT. Several plant extracts are good carbonyl scavengers that 
can reduce oxidized lipid species accumulation in the plaque and to a certain extent 
can reduce lipid carbonyls of the plaque microenvironments. It is thus suggested 
that investigation for newer candidate drugs to improve plaque regression needs to 
stress on molecules that enhance functional HDL as well as carbonyl scavengers. 
More research on these lines is indeed essential in the development of the new class 
of anti-atherosclerotic drugs.
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Role of Bioactive Lipid, Phosphatidic Acid, 
in Hypercholesterolemia Drug-Induced 
Myotoxicity: Statin-Induced Phospholipase 
D (PLD) Lipid Signaling in Skeletal Muscle 
Cells

Eric M. Tretter, Patrick J. Oliver, Sainath R. Kotha, Travis O. Gurney, 
Drew M. Nassal, Jodi C. McDaniel, Thomas J. Hund, 
and Narasimham L. Parinandi

Abstract Cardiovascular diseases (CVDs) are among the leading causes of mortal-
ity in the United States and worldwide. Cholesterol at high levels in circulation has 
been established as a major risk factor for CVDs in humans. Statins have been 
widely used for lowering and controlling the endogenous levels of cholesterol to 
prevent or treat CVDs. Statins lower cholesterol by inhibiting 3-hydroxy-3-methyl-
glutaryl- CoA reductase (HMG-CoA reductase), the rate-limiting enzyme in the bio-
synthetic pathway of endogenous cholesterol. Despite their efficacy for 
cardiovascular indications, statins may induce undesired side effects, including 
cause skeletal muscle damage (myotoxicity and myalgia). However, the mecha-
nisms and treatment of statin-induced myotoxicity and myalgia are not well known. 
Phospholipase D (PLD) is a ubiquitous membrane phospholipid-hydrolyzing 
enzyme involved in mediating lipid signaling in mammalian cells, including skele-
tal muscle cells (myocytes). Therefore, we hypothesized that statins would mediate 
skeletal muscle myocyte damage through activation of the PLD-mediated lipid sig-
naling, and inhibition of PLD activation would protect against the statin-induced 
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myotoxicity. In order to test our hypothesis, we used the well-established C2C12 
mouse skeletal muscle myoblast cell line and studied the PLD activation and cyto-
toxicity in vitro induced by two different widely prescribed statins (mevastatin and 
simvastatin). Our studies revealed that the statins caused dose- (10–100 μM) and 
time-dependent (4–24 h) activation of PLD (as determined by the [32]P-labeling of 
cells and thin-layer chromatography of phosphatidylbutanol formation) and cyto-
toxicity and mitochondrial dysfunction (as determined by the release of intracellular 
lactate dehydrogenase, suppression of MTT reduction, and alterations in cell mor-
phology) in the C2C12 myoblast cells. Our results also showed that cholesterol 
replenishment protected against the statin-induced toxicity to the C2C12 cells. 
Furthermore, our results showed that the novel PLD-specific inhibitor, 5-fluoro- 2-
indolyl des-chlorohalopemide (FIPI) inhibited the statin-induced PLD activation 
and cytotoxicity in the C2C12 myoblast cells. For the first time, our study demon-
strated the role of endogenous cellular cholesterol depletion and PLD-mediated 
lipid signaling in statin-induced skeletal muscle myocyte damage and emphasized 
the importance of PLD inhibition in attenuating the statin-induced myotoxicity and 
myalgia in CVD patients consuming statins to lower the elevated levels of endoge-
nous cholesterol.

Keywords Statins · Cholesterol-lowering drugs · Skeletal muscle cells · PLD · 
Phosphatidic acid signaling

Abbreviations

ATP Adenosine 5-phosphate
BCA Bicinchoninic acid
BSA Bovine serum albumin
CHD Chronic heart disease
CoQ10 Coenzyme Q10
CVD Cardiovascular disease
DAG Diacylglycerol
DMEM Dulbecco’s modified Eagle medium
DMSO Dimethylsulfoxide
EDTA Ethylenediaminetetraacetic acid
FBS Fetal bovine serum
FIPI 5-fluoro-2-indolyl des-chlorohalopemide hydrochlo-

ride hydrate
HDL High-density lipoprotein
HMG-CoA reductase 3-hydroxy-3-methyl-glutaryl-CoA reductase
LDH Lactate dehydrogenase
LDL-C Low-density lipoprotein-cholesterol
LPA Lysophosphatidic acid
MAPK Mitogen-activated protein kinase
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MβCD Methyl-β-cyclodextrin
MEM Minimal essential medium
MTT 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazo-

lium bromide
PA Phosphatidic acid
PBS Phosphate-buffered saline
PBS-T Phosphate-buffered saline-Tween-20
PBt Phosphatidylbutanol
PKC Protein kinase C
PLA2 Phospholipase A2

PLD Phospholipase D
ROS Reactive oxygen species
TLC Thin-layer chromatography

 Introduction

 Cardiovascular Disease

In developed countries across the world, and particularly in the United States, car-
diovascular disease (CVD), including the cerebrovascular diseases, remain the 
number one cause of death [1, 2]. CVD is the result of restricted blood vessels that 
lead to chest pain, stroke, heart attack, or other painful heart conditions [3–7]. A 
host of risk factors have been identified for CVD, including a diet high in fat and 
cholesterol, lack of exercise, use of tobacco, drugs, and alcohol, and a stressful 
environment [8–15]. High concentrations of circulating blood cholesterol can cause 
the deposition of this cholesterol in blood vessels and eventually lead to plaque 
formation in the blood vessel and ultimate obstruction of the circulation to vital 
organs, including the heart, brain, and kidney [16–19]. Prescription of drugs that 
lower endogenously synthesized cholesterol in order to lower the risk for cardiovas-
cular disease have become increasingly common to modify CVD risk [20].

 Cholesterol and Cardiovascular Diseases

Cholesterol is the major component of the cell membrane lipid backbone that regu-
lates membrane fluidity, structure, and function [21, 22]. Cholesterol occurs in cir-
culation in two different types: high-density lipoproteins (HDLs) and low-density 
lipoproteins (LDLs) [23, 24]. HDLs have been found to reduce the risk for heart 
disease when in high concentrations, and thus are often designated as “good choles-
terol” [25]. In contrast, high concentrations of LDLs are associated with coronary 
artery disease, earning them the distinction of “bad cholesterol” [26]. Having high 
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concentrations of LDL-cholesterol (LDL-C) is referred to as hypercholesterolemia, 
and can have genetic or dietary roots [26].

Familial hypercholesterolemia is an inherited condition caused by a defect in 
LDL-C receptor expression/function [27]. Dysfunction in LDL-C receptors results 
in insufficient uptake of LDL-C into cells, leading to increased circulating LDL-C 
in the bloodstream that can accumulate on the vessel walls. In addition, individuals 
with familial hypercholesterolemia typically demonstrate a loss of the normal feed-
back inhibition that stops the synthesis of cholesterol by inhibiting 3-hydroxy- 3-
methyl-glutaryl-CoA reductase (HMG-CoA reductase), a rate-limiting enzyme in 
cholesterol synthesis (Schema 1), when high concentrations are detected in the 
blood [28–30] (Schema 1). Dietary hypercholesterolemia results from a diet high in 
saturated fats and cholesterol, more than recommended daily allowance. The exces-
sive amount of cholesterol consumed finds its way into the blood stream and can 
accumulate on vessel walls leading to plaque formation and atherosclerotic lesions 

Schema 1 Pathway of cellular cholesterol synthesis in mammalian cells. HMG-CoA reductase is 
the rate-limiting enzyme that converts HMG-CoA to mevalonate. HMG-CoA reductase is inhib-
ited by the statins to cause decrease/reduction in the de novo synthesized cellular cholesterol
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in the blood vessel that would obstruct blood flow leading to the CVDs and cerebro-
vascular disorders.

 Statins as the Endogenous Cholesterol-Lowering Drugs

Current therapeutic intervention for hypercholesterolemia involves the use of HMG- 
CoA reductase-specific inhibitors, known as statins (Schema 2), to attenuate or sup-
press the synthesis of endogenous cholesterol [28–30]. Suppressing or inhibiting 
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Schema 2 Chemical structures of different statins used to lower endogenous cholesterol by inhib-
iting HMG-CoA reductase in mammalian cells

Role of Bioactive Lipid, Phosphatidic Acid, in Hypercholesterolemia Drug-Induced…



384

endogenous cholesterol synthesis lowers the levels of LDL-C in the blood circula-
tion. Among the most common statins in clinical use are atorvastatin (Lipitor), 
pravastatin (Pravachol), simvastatin (Zocor), mevastatin (Compactin), and lovas-
tatin (Altoprev) [31–33].

Although statins have dramatically altered the landscape for CVD risk, adverse 
effects have been identified, yet are not well understood. Myopathy is a disorder 
encompassing an array of ailments that impact the skeletal muscles, and is one of 
the most common and significant side effects of statin myotoxicity. Conditions 
developed can vary from the milder myalgia or myositis to the possibly life- 
threatening rhabdomyolysis [34–40]. Symptoms of statin-induced myopathy 
include muscle pain, weakness, and fatigue [35]. Studies have shown that statins use 
in certain individuals results in statin intolerance associated with myotoxicity [34–
42]. The exact rate of incidence is still disputed. In observational studies, statin- 
associated muscle symptoms (SAMS) have been seen in between 10% and 30% of 
statin users [35]. In other randomized control studies, 9.4% of patients taking statins 
experienced myalgia compared to the 4.6% of placebo patients that experienced 
myalgia [35]. However, a recent study from Jordan found that overall incidence of 
myopathy in patients taking statins was 27.8%; specifically, incidence was 31.4% in 
males, 22.6% in females, and 34% among patients ≥60 years old [36]. According to 
a separate study of patients experiencing statin myopathy, 13% were hospitalized 
for treatment for rhabdomyolysis [37]. More importantly, though, all of the patients 
in the study who ceased using statins were able to successfully recover from statin- 
associated myopathy within an average of 2.3 months after stopping statin treat-
ment, with over 50% reporting resolution of muscle symptoms within 1 month [37]. 
Statins have pleiotropic effects in the body, but the mechanism through which they 
cause myalgia or other adverse effects remains unclear. If understood, the safety and 
effectiveness of statins could increase. It seems there exist multiple mechanisms 
through which statins cause myotoxicity, one being the mitochondrial mechanism, 
which holds valid to some extent [43]. Previous studies have shown that statins can 
cause damage to skeletal myocyte mitochondria, which reduces the energy metabo-
lism of the cell and can ultimately result in cell death [38, 39, 44]. Based on this 
previous work, we hypothesized that statins cause membrane lipid signaling pertur-
bation and mitochondrial dysfunction through cholesterol depletion, which ulti-
mately leads to statin-induced myalgia.

 Lipid Signaling and Statin-Induced Myotoxicity or Myalgia

The phospholipid bilayer forms a barrier between the cell and the external environ-
ment. Membrane phospholipids, protein channels, and cholesterol compose much of 
the membrane bilayer of living cells across species, including in humans [45–47]. An 
essential function of the bilayer is to interact with the environment and relay infor-
mation to the cell wherein the membrane lipid signaling accomplishes these goals 
[48]. Phospholipases are the house-keeping enzymes that hydrolyze membrane 
phospholipids to support turnover/maintenance of the membrane, leading to the 
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formation of a host of bioactive lipid molecules, each with an associated membrane 
lipid signal as interpreted by the cell. Four major phospholipases exist, including the 
phospholipase A1, A2, C, and D, and each catalyzes a specific hydrolysis of the 
membrane phospholipid within the cell [49–54]. Specifically, phospholipase D 
(PLD) hydrolyzes the membrane phospholipid (phosphatidylcholine, PC) releasing 
phosphatidic acid (PA), a potent bioactive cell signaling mediator [53, 55]. The cell 
can further convert the PLD-generated PA to potent bioactive lipid signal mediators 
such as lysophosphatidic acid (LPA) or diacylglycerol (DAG) upon the actions of 
phospholipase A1 (PLA1) or PLA2, which can cause myotoxicity (Schema 3) [56–
61]. It has been demonstrated that lowering of cell membrane cholesterol in the vas-
cular endothelial cells leads to the activation of PLD and generation of PA [62]. 
Therefore, here it is hypothesized that statins cause cholesterol depletion in the mem-
branes of the skeletal muscle cells through the inhibition of HMG-CoA reductase, 
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Schema 3 Mechanism of the phospholipase D (PLD)-mediated hydrolysis of the membrane 
phospholipids (e.g., phosphatidylcholine, PC) in mammalian cells. PLD hydrolyzes PC at the head 
group and forms the bioactive lipid signal mediator, phosphatidic acid (PA). PA can further be 
converted to potent bioactive lipid signal mediators such as the lysophosphatidic acid (LPA) by the 
action of phospholipases A1/A2 (PLA1 or PLA2) and diacylglycerol (DAG) by the action of lipid 
phosphate phosphatase. Both LPA and DAG are potent lipid mediators of cell signaling. PA can 
also directly modulate cellular proteins and cause functional alterations in the cells. One salient 
feature of PLD is that enzyme is capable of using stereospecifically a primary alcohol instead of 
water such as ethanol, 1-butanol, and 1-propanol during the hydrolysis of the membrane phospho-
lipid to convert the PLD-generated PA into the corresponding phosphatidylalcohols (e.g., phospha-
tidylethanol [PEt], phosphatidylbutanol [PBt], and phosphatidylpropanol [PProp]). Hence, the 
phosphatidylalcohols serve as the indices of PLD activity in cells in situ

Role of Bioactive Lipid, Phosphatidic Acid, in Hypercholesterolemia Drug-Induced…



386

leading to the activation of PLD that generates the bioactive lipid signal mediator 
(PA), resulting in mitochondrial damage and myotoxicity as a mechanistic basis of 
the statin-induced myalgia or myotoxicity. In order to test our hypothesis, in the cur-
rent study, we chose the well-established skeletal muscle cell model, C2C12 myo-
blast cells. Our studies revealed that the two widely used statins (HMG-CoA 
reductase inhibitors), mevastatin and simvastatin, caused PLD activation and genera-
tion of the bioactive lipid signal mediator (PA), leading to the mitochondrial dysfunc-
tion and cytotoxicity in the C2C12 myoblast cells through cholesterol depletion [63].

 Materials and Methods

 Materials

Mouse skeletal muscle myoblast cells (C2C12s) (passage 2) were obtained from 
Cell Applications Inc. (San Diego, CA). Phosphate-buffered saline (PBS) was pur-
chased from Biofluids Inc (Rockville, Maryland). Minimal Essential Medium 
(MEM), FBS, trypsin, nonessential amino acids, penicillin/streptomycin, Dulbecco 
Modified Eagle Medium (DMEM) tissue culture reagents, phosphate-free modified 
medium, 3-[4,5-dimethylthiazol-2-yl]-2, 5-diphenyl tetrazolium bromide reduction 
kit (MTT assay kit), lactate dehydrogenase cytotoxicity assay kit (LDH release 
assay kit), and analytical reagents of the highest purity were all obtained from 
Sigma Chemical Co (St Louis, Missouri). Phosphatidylbutanol (PBt), was acquired 
from Avanti Polar Lipids (Alabaster, Alabama). [32P]orthophosphate (carrier-free) 
was purchased from New England Nuclear (Wilmington, Delaware). Anti-rabbit 
AlexaFluor 488-conjugated antibody and the Amplex Red cholesterol determina-
tion kit were purchased from Molecular Probes Invitrogen Co (Carlsbad, California). 
5-Fluoro-2-indolyl des-chlorohalopemide hydrochloride hydrate (FIPI) was pre-
pared as described in earlier publications [59, 60]. All other reagents were acquired 
from the Sigma Chemical Company (St. Louis, MO).

 In Vitro Cell Culture

The C2C12 myoblast cells were cultured in Dulbecco’s Modified Eagle Medium 
(DMEM) supplemented with 10% FBS and antibiotics up to 90–100% confluence 
in sterile 35-mm or 60-mm dishes and in 96-well plates under a sterile and humidi-
fied atmosphere of 95% air–5% CO2 at 37 °C. C2C12s were used up to passage 20 
for experiments.
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 Assay of Phospholipase D (PLD) Activation

PLD activity in the C2C12 myoblast cells was determined according to our previ-
ously published procedure [59, 60]. C2C12 myoblast cells cultured in 35-mm dishes 
were labeled with [32P]orthophosphate (5  mCi/ml) in DMEM phosphate-free 
medium containing 2% (vol/vol) fetal bovine serum for 14 h. Following the experi-
mental treatments for the chosen periods of time, [32P]-labeled phosphatidylbutanol 
([32P]PBt), formed from the PLD activation and transphosphatidylation reaction in 
cellular lipid extracts as an index of PLD activity in intact cells, was separated by 
thin-layer chromatography (TLC). Radioactivity associated with the [32P]PBt was 
quantified by liquid scintillation counting and data were expressed as DPM normal-
ized to the total [32P] in the lipid extract of the cells in the dish.

 Lactate Dehydrogenase (LDH) Release Assay of Cytotoxicity

The C2C12 myoblast cells were grown up to 90–100% confluence in sterile 15.5- 
mm dishes (24-well culture plate) and treated with DMEM alone or DMEM con-
taining the chosen concentrations of statins and/or FIPI at designated time points. At 
the end of the incubation period, the supernatant was removed, and the level of 
lactate dehydrogenase (LDH) activity was measured spectrophotometrically accord-
ing to the manufacturer’s protocol (Sigma Chemical Co., St. Louis, MO).

 MTT Cell Proliferation Assay

The C2C12 myoblast cells were grown up to 90–100% confluence in sterile 15.5- 
mm dishes (24-well culture plate) and treated with DMEM alone or DMEM con-
taining the chosen concentrations of statins and/or FIPI at designated time points. At 
the end of the incubation period, the supernatant was removed, and the extent of 
MTT reduction was measured spectrophotometrically according to the manufac-
turer’s protocols (Cayman Chemical Co., Ann Arbor, MI).

 Cellular Morphology

Morphological changes in the C2C12 myoblast cells grown in the sterile 35-mm 
dishes up to 90–100% confluence, following their exposure to the chosen concentra-
tions of statins and/or FIPI for different time periods, were examined under light 
microscope as an index of cytotoxicity. Images of cell morphology were digitally cap-
tured using the Zeiss Axioskop 200 with Zen 2011 software at 20× magnification.

Role of Bioactive Lipid, Phosphatidic Acid, in Hypercholesterolemia Drug-Induced…



388

 Cholesterol Determination

The C2C12 myoblast cells were grown up to 90–100% confluence in sterile 60-mm 
dishes, and treated with DMEM alone or DMEM containing the chosen concentra-
tions of statins and/or FIPI for the chosen periods of time. Cells were then liberated 
from dish, reconstituted in PBS, and protein was determined following the protein 
determination by the BCA assay. Cholesterol contents in the samples was normalized 
to the total cellular protein (1 mg) according to our previously published method [64].

 Phospholipase D1 (PLD1) Phosphorylation Visualization by 
Confocal Immunofluorescence Microscopy

The C2C12 myoblast cells were grown on sterile glass cover slips (~90% confluence) 
and treated with DMEM alone or DMEM containing chosen concentrations of statins 
for 12 h. Cover slips were then rinsed three times with PBS, and fixed with 3.7% 
formaldehyde in PBS for 10 min. at room temperature. The cells were permeabilized 
in 0.25% Triton X-100 prepared in PBS containing 0.01% Tween-20 (PBS-T) for 
5 min. The cells were again washed three times with PBS-T, and treated with PBS-T 
containing 1% BSA blocking buffer for 30 min. at room temperature. Cover slips 
were then incubated overnight at room temperature with the primary antibody [phos-
pho-PLD1 (1:150 dilution)] in 1% BSA solution. After rinsing three times with PBS-
T, the cells were labeled with secondary AlexaFluor 488 (1:100 dilution) in 1% BSA 
in PBS-T for 1 h. Finally, the cells were washed three times with PBS-T, mounted, 
and examined under Zeiss LSM 710 Confocal/Multiphoton Microscope powered by 
Argon-2 laser with 500–550 BP filter. The images were captured digitally, and the 
average fluorescent intensity of triplicate samples was determined using ImageJ.

 Preparation of Solutions Containing Pharmacological Agents 
for Treatment of Cells

All water-soluble pharmacological agent solutions were freshly formulated in 
DMEM for treatment of cells. The stock solutions of lipophilic pharmacological 
agents, including all statins and FIPI, were freshly assembled in DMSO and then 
diluted in DMEM for treatment of cells. The final DMSO concentration in the cell 
treatment medium did not exceed 0.1% (vol/vol) and did not appear to have any 
influence on experimental outcomes.
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 Statistical Analysis

All experiments were completed in triplicate. Results were reported as mean ± stan-
dard deviation (SD). Statistical analysis of data was accomplished by one-way anal-
ysis of variance (ANOVA) by use of the SigmaStat (Jandel Scientific, San Rafael, 
California). The statistical significance level was taken as p ≤ 0.05.

 Results

Statins induce PLD activation in C2C12 myoblast cells Statins are HMG-CoA 
reductase inhibitors and lower endogenous levels of cholesterol by inhibiting cel-
lular cholesterol synthesis [65, 66]. We have previously shown that the cholesterol- 
depleting agent such as the methyl-β-cyclodextrin (MβCD) lowers cholesterol 
levels and causes activation of PLD in the vascular endothelial cells [62, 64]. Taking 
these as the premise, here we hypothesized that statin-induced decrease of cellular 
cholesterol would lead to activation of PLD in C2C12 myoblast cells. To test our 
hypothesis, we treated C2C12 cells with two selected statins, mevastatin and simv-
astatin, for different periods of time (4–24 h) and assayed the activation of PLD. We 
determined the activity of PLD by analyzing the intracellular formation of phospha-
tidylbutanol as the transphosphatidylation reaction product of PLD, which is an 
established and widely used assay of cellular PLD activity [67]. Both mevastatin 
and simvastatin (10 μM) caused significant time-dependent activation of PLD in the 
C2C12 myoblast cells (Fig. 1a, b). Although the PLD activity peaked at 12 h for 
mevastatin-treated cells, simvastatin caused a significant linear increase of the PLD 
activity from 4 h up to 24 h compared to the untreated control cells (Fig. 1a, b). At 
12 h, mevastatin caused a 4.5-fold increase of PLD activation in the C2C12 cells 
compared to control untreated and mevastatin-treated cells at 4  h. PLD activity 
remained significantly elevated at 24 h compared to control, although not to the 
level observed at 12  h. On the other hand, simvastatin caused a significant and 
approximately sevenfold increase in PLD activity at 24 h as compared to the same 
in the control untreated and simvastatin-treated cells at 4 h (Fig. 1b). One notewor-
thy response of the control untreated cells was that the basal PLD activity (forma-
tion of PA without statin treatment) also linearly increased with time (Fig. 1a, b). 
These results revealed that both mevastatin and simvastatin caused a significant 
activation of PLD in the C2C12 myoblast cells and simvastatin apparently was more 
potent than mevastatin in inducing the activation of PLD and generating the bioac-
tive lipid signal mediator (PA) in cells.

FIPI, the PLD-specific inhibitor attenuates statin-induced PLD activation in 
C2C12 cells In previous studies, we have demonstrated efficacy of FIPI, the only 
available PLD-specific pharmacological inhibitor, in PLD inhibition in cell culture 
models [59, 60]. Here, we used FIPI (i) to investigate its inhibitory action on the 
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Fig. 1 (a) Mevastatin induces PLD activation in C2C12 cells. C2C12 myoblast cells (2 × 105 
cells) were pre-labeled for 12 h with carrier free [32P] orthophosphate in complete medium, follow-
ing which cells were treated with mevastatin (10 μM) for different time periods (4–24 h) in 95% 
air–5% CO2 under humidified sterile environment at 37 °C. Under identical conditions, appropriate 
controls were established without the statin treatment. At the end of the experiment for the desig-
nated time, lipids were extracted under acidic conditions with 2:1 chloroform-methanol (vol/vol) 
and separated by thin-layer chromatography (TLC) as described in the section “Materials and 
Methods”. Phosphatidylbutanol (PBt) as the product of PLD activity generated by the transphos-
phatidylation reaction was identified by iodination on the TLC plate with authentic PBt standard 
as described in the section “Materials and Methods”. The PBt spots on the TLC plates were 
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statin-induced PLD activation and (ii) to confirm that statins indeed activate PLD in 
the C2C12 myoblast cells. By virtue of its PLD-specific inhibitory action, FIPI 
(0.1–1 μM, 12 h of pretreatment) significantly and drastically inhibited the basal 
PLD activity in the control untreated C2C12 myoblast cells at 24 h (Fig. 2a, b). At 
1 μM concentration, FIPI caused ~85–92% decrease of basal PLD activation in the 
control untreated cells (Fig. 2a, b). Furthermore, FIPI, in a dose-dependent manner 
(0.1–1 μM), significantly and robustly attenuated the statin-induced PLD activation 
in cells treated with both mevastatin (10 μM) and simvastatin (10 μM) for 24 h as 
compared with the cells treated with statins alone (Fig. 2a, b). FIPI (1 μM) signifi-
cantly attenuated the statin-induced PLD activation by ~90–95% in cells treated 
with both mevastatin (10 μM) and simvastatin (10 μM) for 24 h as compared to the 
same in the C2C12 myoblast cells treated with statins alone (Fig.  2a, b). These 
results clearly revealed that (i) FIPI was a potent inhibitor of the statin-induced PLD 
activation at doses ranging between 0.1–1 μM and the 1 μM dose was the most 
efficacious in causing effective inhibition of the statin-induced PLD activation and 
(ii) indeed, statins, induced the activation of PLD in the C2C12 myoblast cells.

Statins induce cytotoxicity in C2C12 cells It is becoming increasingly evident 
that the lipid-lowering and cholesterol-depleting drugs such as the lipophilic statins 
cause cytotoxicity to mammalian cells including the normal and malignant cells 
[68–71]. Also, our earlier studies revealed that cyclodextrin-induced cellular cho-
lesterol depletion causes cytotoxicity in the vascular endothelial cells in culture [62, 
64]. Based on these findings, we investigated whether statins (simvastatin and 
 mevastatin) induce cytotoxicity in C2C12 cells as determined by lactate dehydroge-
nase (LDH) release. Our results revealed that both simvastatin and mevastatin 
(10–100 μM) significantly induced LDH release from cells in a dose-dependent 
fashion at 24 h of exposure as compared to control untreated cells (Fig. 3a, b). Both 

Fig. 1 (continued) scrapped and [32P] radioactivity was determined on a liquid scintillation coun-
ter and normalized to the total lipid phosphorus [32P] of the cells and expressed as DPM/cells in the 
dish. Each histogram is an average of results obtained from three independent experiments under 
identical conditions with ± S.D. *Significantly different from the untreated control cells at 
p ≤ 0.05. (b) Simvastatin induces PLD activation in C2C12 cells. C2C12 myoblast cells (2 × 105 
cells) were pre-labeled for 12 h with carrier free [32P] orthophosphate in complete medium, follow-
ing which cells were treated with simvastatin (10 μM) for different time periods (4–24 h) under a 
humidified sterile atmosphere of 95% air–5% CO2 at 37 °C. Under identical conditions, appropri-
ate controls were established without the statin treatment. At the end of the experiment for the 
designated time, lipids were extracted under acidic conditions with 2:1 chloroform-methanol (vol/
vol) and separated by thin- layer chromatography (TLC) as described in the section “Materials and 
Methods”. Phosphatidylbutanol (PBt) as the product of PLD activity generated by the transphos-
phatidylation reaction was identified by iodination on the TLC plate with authentic PBt standard 
as described in the section “Materials and Methods”. The PBt spots on the TLC plates were 
scrapped and [32P] radioactivity was determined on a liquid scintillation counter and normalized to 
the total lipid phosphorus [32P] of the cells and expressed as DPM/cells in the dish. Each histogram 
is an average of results obtained from three independent experiments under identical conditions 
with ± S.D. *Significantly different from the untreated control cells at p ≤ 0.05
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Fig. 2 (a) FIPI, the PLD-specific inhibitor, attenuates mevastatin-induced PLD activation in 
C2C12 cells. C2C12 myoblast cells (2 × 105 cells) were pre-labeled for 12 h with carrier free [32P] 
orthophosphate in complete medium, following which cells were first treated with the PLD- 
specific pharmacological inhibitor, FIPI (0.1–1 μM) for 12  h and then treated with mevastatin 
(10 μM) for 24 h in absence and presence of FIPI under a humidified sterile atmosphere of 95% 
air–5% CO2 at 37 °C. Under identical conditions, appropriate controls were established without 
FIPI and the statin treatment and with FIPI treatments alone. At the end of the experiment for the 
designated time, lipids were extracted under acidic conditions with 2:1 chloroform-methanol (vol/
vol) and separated by thin-layer chromatography (TLC) as described in the section “Materials and 
Methods”. Phosphatidylbutanol (PBt) as the product of PLD activity generated by the  transphos-
phatidylation reaction was identified by iodination on the TLC plate with authentic PBt standard 
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statins at 10 μM dose caused robust and significant increase in the LDH release 
from cells (twofold increase by simvastatin; 3.7-fold increase by mevastatin) and 
further increase in release of the intracellular LDH was not markedly enhanced by 
increasing the dose of statins at 24 h of treatment of the C2C12 cells (Fig. 3a, b). 
Therefore, our current results revealed that statins (simvastatin and mevastatin) 
induced cytotoxicity in the C2C12 cells even at 10 μM dose as demonstrated by the 
release of intracellular LDH, the standard mammalian cytotoxicity assay. 
Furthermore, mevastatin was more potent than simvastatin at 10 μM dose in causing 
cytotoxicity in the C2C12 myoblast cells (Fig. 3a, b).

Statins decrease cholesterol in C2C12 cells As statins are established to lower or 
decrease the cellular levels of cholesterol [70], here we investigated whether statins 
would decrease/lower the cholesterol levels in the C2C12 myoblast cells. All the 
three tested statins (simvastatin, mevastatin, and lovastatin) at 10 μM dose caused 
significant decrease of intracellular cholesterol (25%, 21%, and 46%, respectively) 
as compared to that in the control untreated cells at 24 h of treatment (Fig. 4a). 
Among all the chosen statins, lovastatin was the most effective statin in decreasing 
the intracellular cholesterol levels in the C2C12 myoblast cells. Therefore, these 
results revealed that statins caused significant decrease of the intracellular levels of 
cholesterol in the C2C12 myoblast cells.

Cholesterol replenishment protects against statin-induced cytotoxicity in 
C2C12 cells Our earlier studies demonstrated that cholesterol replenishment 
offered protection against the cyclodextrin-induced cytotoxicity mediated through 

Fig. 2 (continued) as described in the section “Materials and Methods”. The PBt spots on the TLC 
plates were scrapped and [32P] radioactivity was determined on a liquid scintillation counter and 
normalized to the total lipid phosphorus [32P] of the cells and expressed as DPM/cells in the dish. 
Each histogram is an average of results obtained from three independent experiments under identi-
cal conditions with ± S.D. *Significantly different from the untreated control cells at p ≤ 0.05. 
**Significantly different from the statin-treated cells at p ≤ 0.05. (b) FIPI, the PLD-specific inhibi-
tor, attenuates simvastatin-induced PLD activation in C2C12 cells. C2C12 myoblast cells (2 × 105 
cells) were pre-labeled for 12 h with carrier free [32P] orthophosphate in complete medium, follow-
ing which cells were first treated with the PLD-specific pharmacological inhibitor, FIPI (0.1–1 μM) 
for 12 h and then treated with simvastatin (10 μM) for 24 h in absence and presence of FIPI under 
a humidified sterile atmosphere of 95% air–5% CO2 at 37 °C. Under identical conditions, appropri-
ate controls were established without FIPI and the statin treatment and with FIPI treatments alone. 
At the end of the experiment for the designated time, lipids were extracted under acidic conditions 
with 2:1 chloroform-methanol (vol/vol) and separated by thin-layer chromatography (TLC) as 
described in the section “Materials and Methods”. Phosphatidylbutanol (PBt) as the product of 
PLD activity generated by the transphosphatidylation reaction was identified by iodination on the 
TLC plate with authentic PBt standard as described in the section “Materials and Methods”. The 
PBt spots on the TLC plates were scrapped and [32P] radioactivity was determined on a liquid 
scintillation counter and normalized to the total lipid phosphorus [32P] of the cells and expressed as 
DPM/cells in the dish. Each histogram is an average of results obtained from three independent 
experiments under identical conditions with ± S.D. *Significantly different from the untreated 
control cells at p ≤ 0.05. **Significantly different from the statin-treated cells at p ≤ 0.05
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Fig. 3 (a) Simvastatin induces lactate dehydrogenase (LDH) release from C2C12 cells. C2C12 
myoblast cells were cultured up to ~90–100% confluence in 15.5-mm sterile dishes (24-well cell 
culture plate) in complete medium and then treated with complete medium or medium containing 
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the intracellular cholesterol depletion in the vascular endothelial cells [64]. In the 
current study, we showed that statins cause both cytotoxicity (LDH release) and 
cholesterol depletion. Therefore, we investigated whether cholesterol replenishment 
would offer protection against the statin-induced cytotoxicity (LDH release) in the 
C2C12 myoblast cells. Our results revealed that both mevastatin (10 μM) and sim-
vastatin (10  μM) caused significant cytotoxicity as revealed by the intracellular 
LDH release assay at 24  h of treatment with statins as compared to the control 
untreated cells (Fig. 4b, c). Furthermore, treatment of cells with the water-soluble 
(methylcyclodextrin-conjugated) cholesterol (1%) offered significant protection of 
the statin-induced cytotoxicity (attenuation of release of intracellular LDH) (Fig. 4b, 
c). However, cholesterol at 2% dose was not effective in lowering the mevastatin- 
induced release of intracellular LDH and failed to protect against the mevastatin- 
induced cytotoxicity in the C2C12 cells as opposed to the protective action offered 
by cholesterol at 1% dose (Fig.  4b). On the other hand, cholesterol at 2% dose, 
although effective in significantly protecting against the simvastatin-induced cyto-
toxicity in the C2C12 cells, its protective action was less effective than that was 
offered by cholesterol at 1% dose (Fig. 4c). Overall, these results revealed that (i) 
cholesterol replenishment offered protection against the statin-induced cytotoxicity 
in the C2C12 cells as revealed by the intracellular LDH assay and (ii) lower dose of 
cholesterol (1%) was more effective in significantly protecting against the statin- 
induced cytotoxicity.

FIPI, the PLD-specific inhibitor attenuates statin-induced cytotoxicity in 
C2C12 cells We have earlier reported that the PLD-specific pharmacological 
inhibitor, FIPI protected against the oxidant- and drug-induced cytotoxicity medi-
ated by the PLD-depended bioactive lipid signaling in the vascular endothelial cells 
[59, 60]. Therefore, here we investigated to show whether FIPI would offer protec-

 
Fig. 3 (continued) different concentrations of simvastatin (10–100 μM) for 24 h under a humidi-
fied sterile atmosphere of 95% air–5% CO2 at 37 °C. Appropriate controls without the statin treat-
ments were established simultaneously under identical conditions. At the end of the treatment, the 
supernatant was removed, and the extent of release of LDH was determined on a plate reader 
(visible) by the commercially available LDH spectrophotometric assay kit (Sigma Chemical Co., 
St. Louis, MO) according to the manufacturer’s recommendations as described in the section 
“Materials and Methods”. Each histogram is an average of results obtained from three independent 
experiments under identical conditions with ± S.D. *Significantly different from the untreated 
control cells at p ≤ 0.05. (b) Mevastatin induces lactate dehydrogenase (LDH) release from C2C12 
cells. C2C12 myoblast cells were cultured up to ~90–100% confluence in 15.5-mm sterile dishes 
(24-well cell culture plate) in complete medium and then treated with complete medium or medium 
containing different concentrations of mevastatin (10–100 μM) for 24 h under a humidified sterile 
atmosphere of 95% air–5% CO2 at 37 °C. Appropriate controls without the statin treatments were 
established simultaneously under identical conditions. At the end of the treatment, the supernatant 
was removed, and the extent of release of LDH was determined on a plate reader (visible) by the 
commercially available LDH spectrophotometric assay kit (Sigma Chemical Co., St. Louis, MO) 
according to the manufacturer’s recommendations as described in the section “Materials and 
Methods”. Each histogram is an average of results obtained from three independent experiments 
under identical conditions with ± S.D. *Significantly different from the untreated control cells at 
p ≤ 0.05
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tion against the statin-induced cytotoxicity (intracellular LDH release) in the C2C12 
myoblast cells to demonstrate the role of PLD therein, since in the current study, it 
was revealed that statins caused significant activation of PLD which was signifi-
cantly attenuated by FIPI in the C2C12 myoblast cells (Figs. 1 and 2). FIPI (1 μM, 
pretreatment for 12 h) offered significant protection against simvastatin (10 μM)- 
and mevastatin (10 μM)-induced cytotoxicity at 24 h as demonstrated by the release 
of intracellular LDH (Fig. 5). Overall, the current study demonstrated that (i) the 
PLD-specific pharmacological inhibitor, FIPI offered significant protection of the 
statin-induced cytotoxicity and (ii) the PLD-mediated bioactive lipid signaling also 
was involved in the statin-induced cytotoxicity in the C2C12 myoblast cells.

Fig. 4 (a) Statins induce decrease of cholesterol in C2C12 cells. C2C12 myoblast cells were cul-
tured in complete medium up to ~90–100% confluence in 60-mm sterile culture dishes and treated 
with different statins at 10 μM concentration for 24 h under a humidified sterile atmosphere of 95% 
air–5% CO2 at 37 °C. Appropriate controls were established simultaneously under identical condi-
tion without statin treatments. At the end of the treatment, the cholesterol content in the cells was 
then determined spectrofluorometrically on a plate reader (fluorescence) with the commercially 
available cholesterol determination kit according to the manufacturer’s recommendation 
(Molecular Probes – Invitrogen Detection Technologies, Grand Island, NY) as described in the 
section “Materials and Methods”. The cellular levels of cholesterol were normalized to protein and 
expressed as μg/mg protein. Each histogram is an average of results obtained from three indepen-
dent experiments under identical conditions with ± S.D. *Significantly different from the untreated 
control cells at p ≤ 0.05. (b) Cholesterol replenishment protects against mevastatin-induced lactate 
dehydrogenase (LDH) release from C2C12 Cells. C2C12 myoblast cells were cultured up to 
~90–100% confluence in 15.5-mm sterile dishes (24-well cell culture plate) in complete medium 
and then treated with complete medium or medium containing different concentrations of water- 
soluble cholesterol alone (1–2%) or mevastatin (10  μM) alone or water-soluble cholesterol 
(1–2%) + mevastatin (10 μM) for 24 h under a humidified sterile atmosphere of 95% air–5% CO2 
at 37 °C. Appropriate controls without the water-soluble cholesterol and statin treatments were 
established simultaneously under identical conditions. At the end of the treatment, the supernatant 
was removed, and the extent of release of LDH was determined on a plate reader (visible) by the 
commercially available LDH spectrophotometric assay kit (Sigma Chemical Co., St. Louis, MO) 
according to the manufacturer’s recommendations as described in the section “Materials and 
Methods”. Each histogram is an average of results obtained from three independent experiments 
under identical conditions with ± S.D. *Significantly different from the untreated control cells at 
p ≤ 0.05. **Significantly different from the statin-treated cells at p ≤ 0.05. #Significantly different 
from the untreated control cells at p  ≤  0.05. (c) Cholesterol replenishment protects against 
simvastatin- induced lactate dehydrogenase (LDH) release from C2C12 Cells. C2C12 myoblast 
cells were cultured up to ~90–100% confluence in 15.5-mm sterile dishes (24-well cell culture 
plate) in complete medium and then treated with complete medium or medium containing different 
concentrations of water-soluble cholesterol alone (1–2%) or simvastatin (10 μM) alone or water- 
soluble cholesterol (1–2%) + simvastatin (10 μM) for 24 h under a humidified sterile atmosphere 
of 95% air–5% CO2 at 37 °C. Appropriate controls without the water-soluble cholesterol and statin 
treatments were established simultaneously under identical conditions. At the end of the treatment, 
the supernatant was removed, and the extent of release of LDH was determined on a plate reader 
(visible) by the commercially available LDH spectrophotometric assay kit (Sigma Chemical Co., 
St. Louis, MO) according to the manufacturer’s recommendations as described in the section 
“Materials and Methods”. Each histogram is an average of results obtained from three independent 
experiments under identical conditions with ± S.D. *Significantly different from the untreated 
control cells at p ≤ 0.05. **Significantly different from the statin-treated cells at p ≤ 0.05
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Statins induce mitochondrial dysfunction in C2C12 cells It is rapidly emerging 
that statins cause mitochondrial dysfunction and damage in different organs/cells, 
including the skeletal muscle, especially during the statin-induced myopathy [34, 
72]. Although MTT reduction by the mitochondria is used as a valid indicator of cell 
proliferation and cytotoxicity, the assay is also utilized to ascertain the mitochon-
drial function [73]. Therefore, we utilized MTT reduction by the cellular mitochon-
dria in the C2C12 cells to demonstrate the statin-induced mitochondrial dysfunction, 
since MTT is reduced by a mitochondria-specific dehydrogenase [73]. Both statins, 
simvastatin and mevastatin, caused significant dose-dependent decrease of MTT 
reduction in the C2C12 cells at 24  h of treatment as compared to the control 
untreated cells (Fig. 6a, b). Simvastatin (10 μM) and mevastatin (10 μM)  significantly 
decreased MTT reduction, by 51% and 60%, respectively, by the C2C12 myoblast 
cells treated for 24 h as compared to the same in the control untreated cells (Fig. 6a, 
b). Therefore, these studies demonstrated that both mevastatin and simvastatin 

Fig. 5 FIPI, the PLD-specific inhibitor, attenuates statin-induced lactate dehydrogenase (LDH) 
release from C2C12 cells. C2C12 myoblast cells were cultured up to ~90–100% confluence in 
15.5-mm sterile dishes (24-well cell culture plate) in complete medium and then pretreated for 
12 h with FIPI, and then treated with simvastatin (10 μM) and mevastatin (10 μM) for 24 h under 
a humidified sterile atmosphere of 95% air–5% CO2 at 37 °C. Appropriate controls without and 
with FIPI and statins alone were established simultaneously under identical conditions. At the end 
of the treatment, the supernatant was removed, and the extent of release of LDH was determined 
on a plate reader (visible) by the commercially available LDH spectrophotometric assay kit (Sigma 
Chemical Co., St. Louis, MO) according to the manufacturer’s recommendations as described in 
the section “Materials and Methods”. Each histogram is an average of results obtained from three 
independent experiments under identical conditions with ± S.D. *Significantly different from the 
untreated control cells at p ≤ 0.05. **Significantly different from the statin-treated cells at p ≤ 0.05
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induced the mitochondrial dysfunction as revealed by the decrease in the MTT 
reduction by the C2C12 cells.

FIPI, the PLD-specific inhibitor attenuates statin-induced mitochondrial dys-
function by C2C12 cells In the earlier experiments of the current study, we had 
shown that (i) statins induced PLD activation; (ii) FIPI, the PLD-specific pharmaco-
logical inhibitor, attenuated the statin-induced PLD activation; and (iii) FIPI offered 
protection against the statin-induced cytotoxicity (intracellular LDH release) in the 
C2C12 myoblasts. Hence, here we investigated whether FIPI would attenuate the 
statin-induced mitochondrial dysfunction as assayed by the decrease of MTT reduc-
tion by the C2C12 cells to establish a link between the statin-induced PLD activa-
tion and bioactive lipid signal mediator (PA) generation and mitochondrial 
dysfunction. FIPI (1 μM, 12 h of pretreatment) significantly and markedly attenu-
ated the simvastatin (10 μM)- and mevastatin (10 μM)-induced decrease of MTT 
reduction by the C2C12 cells (Fig. 7a). Furthermore, the protective action of FIPI 
against the simvastatin-induced decrease of MTT reduction by the C2C12 cells was 
more pronounced than that induced by mevastatin (Fig. 7a). Overall, these studies 
demonstrated that FIPI significantly attenuated the statin-induced mitochondrial 
dysfunction in the C2C12 myoblast cells as demonstrated by the mitochondria- 
specific MTT reduction assay, suggesting the role of PLD-generated bioactive lipid 
signal mediators therein.

FIPI, the PLD-specific inhibitor attenuates statin-induced morphological 
alterations in C2C12 Cells Our results so far revealed that statins (mevastatin and 
simvastatin) induced cytotoxicity and mitochondrial dysfunction that was mediated 
by the PLD-generated bioactive lipid signaling and cholesterol depletion in the 
C2C12 myoblast cells. Cell morphology alterations serve as an index of cytotoxic-
ity induced by toxic stresses [73, 74]. Here, we sought to test whether statins would 
induce morphological alterations in the C2C12 myoblast cells, which might be pro-
tected by the PLD-specific pharmacological inhibitor, FIPI.  Simvastatin, mevas-
tatin, and lovastatin at 10 μM dose caused severe cell morphological alteration at 
24 h of treatment characterized by the light microscopic examinations, including 
elongated myoblast cells turning into round and circular cells (Fig. 7b). This indi-
cated the drastic changes in the morphological nature of the cells upon the statin 
treatment. However, FIPI pre-treatment (1 μM for 12 h) offered almost complete 
protection of the statin-induced morphological alterations in the C2C12 myoblast 
cells (Fig. 7b). These results further confirmed that the statin-induced cell morpho-
logical alterations (cytotoxicity) was (i) protected by the PLD-specific pharmaco-
logical inhibitor, FIPI and (ii) PLD-generated bioactive lipid signaling through PA 
formation played a role in the statin-induced cell morphology alterations in the 
C2C12 cells.

Statins induce threonine phosphorylation of PLD1 in C2C12 cells Our earlier 
reports revealed that oxidant stress and heavy metal toxicity cause the protein 
kinase-mediated serine-threonine phosphorylation of PLD isoenzymes upstream of 
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Fig. 6 (a) Simvastatin induces decrease of MTT reduction by C2C12 cells. C2C12 myoblast cells 
were cultured up to ~90–100% confluence in 15.5-mm sterile dishes (24-well cell culture plate) in 
complete medium and then treated with complete medium or medium containing different concen-
trations of simvastatin (10–100 μM) for 24 h under a humidified sterile atmosphere of 95% air–5% 
CO2 at 37 °C. Appropriate controls without the statin treatments were established simultaneously 
under identical conditions. At the end of the treatment, the supernatant was removed, and the 
extent of MTT reduction by the cells was determined on a plate reader (visible) by the 
commercially 
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PLD activation [60, 67]. Since the protein kinase-mediated serine-threonine phos-
phorylation regulates the activity of PLD isoenzymes, in this study, we investigated 
whether statins would induce threonine phosphorylation of PLD1 isoenzyme in the 
C2C12 myoblast cells as examined by the confocal immunofluorescence micros-
copy with the aid of PLD-phosphothreonine-specific antibody immunostaining. 
Both mevastatin and simvastatin at 10 μM dose induced intense phosphorylation of 
PLD1 isoenzyme in intact C2C12 myoblast cells at 12 h of treatment of cells with 
the statins (upstream of maximal PLD activation at 24 h) as compared to the same 
in the control untreated cells (Fig. 8a, b). This study demonstrated that statins induce 
serine phosphorylation of PLD1 isoenzyme upstream of the activation of the enzyme.

 Discussion

High cholesterol levels (hypercholesterolemia) in circulation have been considered 
as a risk factor for human vascular disorders, cardiovascular diseases (CVDs), cere-
brovascular diseases, and chronic heart diseases (CHD). Therefore, aggressive ther-
apy with cholesterol-lowering drugs to lower the endogenously synthesized 
cholesterol is common clinical practice [28–33]. Among the most successful and 
widely prescribed cholesterol-lowering drugs are the statins that target the HMG- 
CoA reductase as a rate-limiting enzyme in the cholesterol biosynthetic pathway 
[28–30] (Schema 1). However, it is becoming increasingly evident that statins are 
associated with adverse effects such as statin myalgia or statin myotoxicity [41, 42]. 
Mitochondrial dysfunction, apoptosis, and coenzyme-Q10 (CoQ10) depletion have 
been identified as potential cellular mediators of statin-induced dysfunction, but the 
precise mechanism remains unknown [34, 43, 44, 70]. In the current study, we 
hypothesized that statins would cause cholesterol depletion in the membranes of the 
skeletal muscle cells through the inhibition of HMG-CoA reductase (Schema 1), 
leading to the activation of PLD that could generate the bioactive lipid signal 

Fig. 6 (continued) available MTT reduction spectrophotometric assay kit (Cayman Chemical Co., 
Ann Arbor, MI) according to the manufacturer’s recommendations as described in the section 
“Materials and Methods”. Each histogram is an average of results obtained from three independent 
experiments under identical conditions with ± S.D. *Significantly different from the untreated 
control cells at p ≤  0.05. (b) Mevastatin induces decrease of MTT reduction by C2C12 cells. 
C2C12 myoblast cells were cultured up to ~90–100% confluence in 15.5-mm sterile dishes (24-
well cell culture plate) in complete medium and then treated with complete medium or medium 
containing different concentrations of mevastatin (10–100 μM) for 24 h under a humidified sterile 
atmosphere of 95% air–5% CO2 at 37 °C. Appropriate controls without the statin treatments were 
established simultaneously under identical conditions. At the end of the treatment, the supernatant 
was removed, and the extent of MTT reduction by the cells was determined on a plate reader (vis-
ible) by the commercially available MTT reduction spectrophotometric assay kit (Cayman 
Chemical Co., Ann Arbor, MI) according to the manufacturer’s recommendations as described in 
the section “Materials and Methods”. Each histogram is an average of results obtained from three 
independent experiments under identical conditions with ± S.D. *Significantly different from the 
untreated control cells at p ≤ 0.05
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Fig. 7 (a) FIPI, the PLD-specific inhibitor, attenuates statin-induced decrease of MTT reduction 
by C2C12 cells. C2C12 myoblast cells were cultured up to ~90–100% confluence in 15.5-mm 
sterile dishes (24-well cell culture plate) in complete medium, pre-treated with the PLD-specific 
pharmacological inhibitor (FIPI, 1 μM) for 12 h, and then treated with complete medium alone or 
medium containing FIPI alone or medium containing simvastatin (10 μM) and mevastatin (10 μM) 
for 24 h under a humidified sterile atmosphere of 95% air–5% CO2 at 37 °C. Appropriate controls 
without FIPI treatment and the statin treatments were established simultaneously under identical 
conditions. At the end of the treatment, the supernatant was removed, and the extent of MTT reduc-
tion by the cells was determined on a plate reader (visible) by the commercially available MTT 
reduction spectrophotometric assay kit (Cayman Chemical Co., Ann Arbor, MI) according to the 
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mediator (PA) (Schema 3), which in turn induces mitochondrial damage and myo-
toxicity as a mechanistic basis of the statin-induced myalgia or myotoxicity. To test 
our hypothesis, we utilized the well-established skeletal muscle cell model, the 
C2C12 myoblast cells. The current study demonstrated that the two widely used 
statins, mevastatin and simvastatin, induced PLD activation and formation of the 
bioactive lipid signal mediator (PA) causing mitochondrial dysfunction and cyto-
toxicity in a skeletal muscle cell model (C2C12 myoblast cells) through the decrease 
of endogenous cholesterol (Schema 4).

By virtue of their ability to selectively inhibit the rate-limiting enzyme in the 
cholesterol biosynthetic pathway in the mammalian cells, statins drastically decrease 
or deplete the endogenous levels of cholesterol. On the other hand, cholesterol is an 
important lipidic component of the cell membranes that regulates the membrane 
structure and function [21, 22]. Our earlier studies demonstrated that the widely 
used experimental cholesterol-depleting agent, methyl-β-cyclodextrin (MβCD) 
causes cytotoxicity to vascular endothelial cells through cellular cholesterol deple-
tion, which can be reversed with cholesterol replenishment, indicating that cellular 
cholesterol plays a crucial role in maintaining the viability of the mammalian cells 
[62, 64]. We propose that statin-induced cytotoxicity in C2C12 myoblast cells 
observed in the current study was caused by a similar depletion of cellular choles-
terol in the skeletal muscle cell model. This was also confirmed by replenishing the 
cells with the water-soluble cholesterol which rescued the cells from statin-induced 
cytotoxicity. Together, these data suggest that statin-mediated cellular cholesterol 
depletion promotes statin-induced myotoxicity and myalgia.

Phospholipase D (PLD) is ubiquitously present in mammalian cells and belongs 
to the family of phospholipases that drive membrane phospholipid hydrolysis 
(Schema 3) [56–61]. Although PLD is a house-keeping enzyme involved in the 
metabolism of membrane phospholipids, the enzyme is known to be activated by a 
variety of agonists, including hormones, reactive oxygen species, heavy metals, tox-
ins, and metabolic stresses [56–61]. PLD exists in cells as two isoforms, PLD1 and 
PLD2 [56–61]. Protein kinases such as mitogen-activated protein kinases (MAPKs), 
protein tyrosine kinases, protein kinase C, G-protein coupled receptors, and 

Fig. 7 (continued) manufacturer’s recommendations as described in the section “Materials and 
Methods”. Each histogram is an average of results obtained from three independent experiments 
under identical conditions with ± S.D. *Significantly different from the untreated control cells at 
p ≤ 0.05. **Significantly different from the statin-treated cells at p ≤ 0.05. (b) FIPI, the PLD-
specific inhibitor, attenuates statin-induced morphological alterations in C2C12 cells. C2C12 myo-
blast cells were cultured in sterile 35-mm dishes up to ~90–100% confluence in complete medium 
under a humidified atmosphere of 95% air–5% CO2 at 37 °C, and then pre-treated with the PLD-
specific pharmacological inhibitor, FIPI (1 μM) alone for 12 h, following which the cells were 
treated with medium alone or medium containing simvastatin (10 μM), mevastatin (10 μM), and 
lovastatin (10 μM), or FIPI (1 μM) + statin (10 μM) for 24 h. Appropriate controls were established 
with cells treated with medium alone or FIPI alone under identical conditions. At the end of the 
experiment, the images of cellular morphology were digitally captured using the Zeiss Axioskop 
200 with Zen 2011 software at 20× magnification. Each photomicrograph is a typical representa-
tive of at least three independent observations from three different experiments conducted under 
identical conditions
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Fig. 8 (a) Statins induce threonine phosphorylation of PLD1 in C2C12 cells. C2C12s were cul-
tured on sterile glass cover slips (90% confluence) in complete medium under a humidified atmo-
sphere of 95% air–5% CO2 at 37 °C and then treated with complete medium alone or medium 
containing chosen concentrations of statins for 12 h. As described in the section “Materials and 
Methods”, the cells on the cover slips were treated overnight at room temperature with the primary 
antibody [phosphothreonine-PLD1 (1:150 dilution)] in 1% BSA solution. Following that, the cells 
were labeled with the secondary AlexaFluor 488 (1:100 dilution) for 1 h and then the cells were 
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receptor- mediated kinases phosphorylate the PLD isoforms at the corresponding 
amino acid residues (serine or threonine or tyrosine), leading to their translocation 
and activation [56–61]. Upon activation, PLD hydrolyzes cell membrane phospho-
lipids (e.g., phosphatidylcholine) to form PA, a highly potent bioactive signal lipid 
linked to cellular cytoskeletal alterations and cytotoxicity [59, 60]. Our earlier stud-
ies demonstrated that cholesterol depletion mediated by MβCD in the vascular 
endothelial cells activates PLD, causing cytotoxicity through the generation of the 
lipid signal mediator, PA [62]. Along these lines, in the current study, it was demon-
strated for the first time that statins induced the activation of PLD in the C2C12 cells 
which was attenuated by the PLD-specific inhibitor, FIPI. Furthermore, the current 
study also showed that the PLD-specific inhibitor, FIPI effectively protected against 
the statin-induced cytotoxicity. The results of the current study also revealed that 
statins induced the upstream threonine phosphorylation of PLD1 isoenzyme in the 
C2C12 cells that could have been mediated by the MAPKs or PKC, leading to the 
translocation and activation of the enzyme as previously observed in other cellular 
models. Thus, a connection between statin-induced PLD activation and statin cyto-
toxicity in the C2C12 muscle cell model offers a PLD-dependent mechanism of 
statin myotoxicity and myalgia, suggesting a role of the PLD-generated bioactive 
lipids such as PA, LPA, and DAG therein.

In the current study, it was shown that statins caused the mitochondrial dysfunc-
tion as determined by the MTT reduction ability in the C2C12 cells [73]. The statin- 
induced mitochondrial dysfunction (decrease in MTT reduction catalyzed by the 
mitochondrial dehydrogenase) and cytotoxic cell morphology alterations were 
attenuated by the PLD-specific inhibitor. This suggested a reasonable connection or 
association with the PLD activation and subsequent generation of the bioactive sig-
nal lipid mediators (PA, LPA, and DAG) and the mitochondrial dysfunction and 
cytotoxicity in the C2C12 myoblast cells. However, other mitochondria-driven 
mechanisms of the statin-induced myotoxicity such as apoptosis, CoQ10 loss, 
decline of ATP production, and reactive oxygen species generation are not ruled out 
in mediating the statin-induced cytotoxicity in the C2C12 cells.

Fig. 8 (continued) examined under the Zeiss LSM 710 Confocal/Multiphoton Microscope pow-
ered by Argon-2 laser with 500–550 BP filter. The images were captured digitally. Each confocal 
fluorescence micrograph is a typical representative of three independent observations from three 
different experiments conducted under identical conditions. The bright green fluorescence in situ 
depicts the threonine phosphorylation of PLD1 isoform. (b) Quantitative Analysis of Phospho-
PLD1 by Confocal Fluorescence Microscopy. C2C12s were cultured on sterile glass cover slips 
(90% confluence) in complete medium under a humidified atmosphere of 95% air–5% CO2 at 
37 °C and then treated with complete medium alone or medium containing chosen concentrations 
of statins for 12 h. As described in the section “Materials and Methods”, the cells on the cover slips 
were treated overnight at room temperature with the primary antibody [phosphothreonine-PLD1 
(1:150 dilution)] in 1% BSA solution. Following that, the cells were labeled with the secondary 
AlexaFluor 488 (1:100 dilution) for 1 h and then the cells were examined under the Zeiss LSM 710 
Confocal/Multiphoton Microscope powered by Argon-2 laser with 500–550 BP filter. The images 
were captured digitally. Each histogram is an average intensity of fluorescence of three indepen-
dent confocal fluorescence micrographs of untreated control cells and treatments in triplicates with 
± standard deviations. *Significantly different from the untreated control cells at p  ≤  0.05. 
**Significantly different from the statin-treated cells at p ≤ 0.05
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Schema 4 Proposed mechanism of statin-induced PLD activation leading to cytotoxicity through 
depletion of endogenous cholesterol in C2C12 myoblast cells. In addition to loss of cellular cho-
lesterol, the PLD-generated lipid signal mediator, phosphatidic acid (PA) apparently is responsible 
for causing the statin-induced myotoxicity in the cells. Also, mitochondrial dysfunction, as 
observed by the loss of MTT reduction appears to be a critical player in statin-induced cytotoxicity 
in the C2C12 myoblast cells. Statin-induced PLD activation appears to be mediated by the 
upstream threonine phosphorylation of PLDs that may be regulated by the statin-mediated loss of 
membrane cholesterol and subsequent activation of the serine-threonine protein kinases. Both cho-
lesterol replenishment and the pharmacological inhibition of PLD by the PLD-specific inhibitor, 
FIPI, offer protection against the statin-induced cytotoxicity in C2C12 myoblast cells. Overall, the 
results of the present study suggest that the statin-induced myotoxicity is mediated by the upstream 
cholesterol loss and the associated PLD activation leading to generation of the bioactive lipid sig-
nal mediator (PA) and also the mitochondrial dysfunction

Overall, the current study demonstrated that the cholesterol-lowering HMG- 
CoA inhibitor drugs, statins, caused the cellular cholesterol depletion leading to the 
activation of PLD, which in turn caused the mitochondrial dysfunction and cytotox-
icity in the skeletal muscle cell model, C2C12 cells (Schema 4). Thus, it is highly 
reasonable to ascertain that PLD activation and formation of the PLD-generated 
bioactive lipids could act as potential players in the statin-induced myalgia and 
myotoxicity. Therefore, PLD could be a pharmacological target for combating the 
statin myotoxicity.

E. M. Tretter et al.



407

References

1. Stock EO, Redberg R.  Cardiovascular disease in women. Curr Probl Cardiol. 
2012;37(11):450–526. https://doi.org/10.1016/j.cpcardiol.2012.07.001.

2. Sowers JR, Epstein M, Frohlich ED. Diabetes, hypertension, and cardiovascular disease: an 
update. Hypertension. 2001;37(4):1053–9. https://doi.org/10.1161/01.hyp.37.4.1053.

3. Essop MR, Peters F.  Contemporary issues in rheumatic fever and chronic rheu-
matic heart disease. Circulation. 2014;130(24):2181–8. https://doi.org/10.1161/
CIRCULATIONAHA.114.009857.

4. Granger DN, Vowinkel T, Petnehazy T.  Modulation of the inflammatory response in car-
diovascular disease. Hypertension. 2004;43(5):924–31. https://doi.org/10.1161/01.
HYP.0000123070.31763.55.

5. Chen K, Keaney JF Jr. Evolving concepts of oxidative stress and reactive oxygen species 
in cardiovascular disease. Curr Atheroscler Rep. 2012;14(5):476–83. https://doi.org/10.1007/
s11883- 012- 0266- 8.

6. Varghese MJ. Familial hypercholesterolemia: a review. Ann Pediatr Cardiol. 2014;7(2):107–17. 
https://doi.org/10.4103/0974- 2069.132478.

7. Xiong J, Miller VM, Li Y, Jayachandran M. Microvesicles at the crossroads between infec-
tion and cardiovascular diseases. J Cardiovasc Pharmacol. 2012;59(2):124–32. https://doi.
org/10.1097/FJC.0b013e31820c6254.

8. Nasr VG, Kussman BD. Advances in the care of adults with congenital heart disease. Semin 
Cardiothorac Vasc Anesth. 2015;19(3):175–86. https://doi.org/10.1177/1089253214563989.

9. Singh S, Schwarz K, Horowitz J, Frenneaux M. Cardiac energetic impairment in heart disease 
and the potential role of metabolic modulators: a review for clinicians. Circ Cardiovasc Genet. 
2014;7(5):720–8. https://doi.org/10.1161/CIRCGENETICS.114.000221.

10. Lamarche B, Couture P. It is time to revisit current dietary recommendations for saturated fat. 
Appl Physiol Nutr Metab. 2014;39(12):1409–11. https://doi.org/10.1139/apnm- 2014- 0141.

11. Gielen S, Laughlin MH, O’Conner C, Duncker DJ. Exercise training in patients with heart 
disease: review of beneficial effects and clinical recommendations. Prog Cardiovasc Dis. 
2015;57(4):347–55. https://doi.org/10.1016/j.pcad.2014.10.001.

12. Buttar HS, Li T, Ravi N. Prevention of cardiovascular diseases: role of exercise, dietary inter-
ventions, obesity and smoking cessation. Exp Clin Cardiol. 2005;10(4):229–49.

13. Salabei JK, Conklin DJ.  Cardiovascular autophagy: crossroads of pathology, pharma-
cology and toxicology. Cardiovasc Toxicol. 2013;13(3):220–9. https://doi.org/10.1007/
s12012- 013- 9200- 8.

14. Katsiki N, Tziomalos K, Mikhailidis DP.  Alcohol and the cardiovascular system: a 
double-edged sword. Curr Pharm Des. 2014;20(40):6276–88. https://doi.org/10.217
4/1381612820666140620125741.

15. Hartley L, Mavrodaris A, Flowers N, Ernst E, Rees K. Transcendental meditation for the pri-
mary prevention of cardiovascular disease. Cochrane Database Syst Rev. 2014;12:CD010359. 
https://doi.org/10.1002/14651858.CD010359.pub2.

16. Badimon L, Vilahur G. LDL-cholesterol versus HDL-cholesterol in the atherosclerotic plaque: 
inflammatory resolution versus thrombotic chaos. Ann N Y Acad Sci. 2012;1254:18–32. 
https://doi.org/10.1111/j.1749- 6632.2012.06480.x.

17. Cozma A, Orăşan O, Sâmpelean D, Fodor A, Vlad C, Negrean V, Rednic N, Zdrenghea 
D. Endothelial dysfunction in metabolic syndrome. Rom J Intern Med. 2009;47(2):133–40.

18. Sander GE, Giles TD. Hypertension and lipids: lipid factors in the hypertension syndrome. 
Curr Hypertens Rep. 2002;4(6):458–63. https://doi.org/10.1007/s11906- 002- 0026- 1.

19. Madden JA. Role of the vascular endothelium and plaque in acute ischemic stroke. Neurology. 
2012;79(13 Suppl 1):S58–62. https://doi.org/10.1212/WNL.0b013e3182695836.

20. Ewang-Emukowhate M, Wierzbicki AS. Lipid-lowering agents. J Cardiovasc Pharmacol Ther. 
2013;18(5):401–11. https://doi.org/10.1177/1074248413492906.

Role of Bioactive Lipid, Phosphatidic Acid, in Hypercholesterolemia Drug-Induced…

https://doi.org/10.1016/j.cpcardiol.2012.07.001
https://doi.org/10.1161/01.hyp.37.4.1053
https://doi.org/10.1161/CIRCULATIONAHA.114.009857
https://doi.org/10.1161/CIRCULATIONAHA.114.009857
https://doi.org/10.1161/01.HYP.0000123070.31763.55
https://doi.org/10.1161/01.HYP.0000123070.31763.55
https://doi.org/10.1007/s11883-012-0266-8
https://doi.org/10.1007/s11883-012-0266-8
https://doi.org/10.4103/0974-2069.132478
https://doi.org/10.1097/FJC.0b013e31820c6254
https://doi.org/10.1097/FJC.0b013e31820c6254
https://doi.org/10.1177/1089253214563989
https://doi.org/10.1161/CIRCGENETICS.114.000221
https://doi.org/10.1139/apnm-2014-0141
https://doi.org/10.1016/j.pcad.2014.10.001
https://doi.org/10.1007/s12012-013-9200-8
https://doi.org/10.1007/s12012-013-9200-8
https://doi.org/10.2174/1381612820666140620125741
https://doi.org/10.2174/1381612820666140620125741
https://doi.org/10.1002/14651858.CD010359.pub2
https://doi.org/10.1111/j.1749-6632.2012.06480.x
https://doi.org/10.1007/s11906-002-0026-1
https://doi.org/10.1212/WNL.0b013e3182695836
https://doi.org/10.1177/1074248413492906


408

21. Cortes VA, Busso D, Maiz A, Arteaga A, Nervi F, Rigotti A. Physiological and pathologi-
cal implications of cholesterol. Front Biosci (Landmark Ed). 2014;19(3):416–28. https://doi.
org/10.2741/4216.

22. Owen DM, Gaus K. Imaging lipid domains in cell membranes: the advent of super- resolution 
fluorescence microscopy. Front Plant Sci. 2013;4:503. https://doi.org/10.3389/fpls.2013.00503.

23. Najam O, Ray KK. Familial hypercholesterolemia: a review of the natural history, diagnosis, 
and management. Cardiol Ther. 2015;4(1):25–38. https://doi.org/10.1007/s40119- 015- 0037- z.

24. Scanu AM, Wisdom C.  Serum lipoproteins structure and function. Annu Rev Biochem. 
1972;41:703–30. https://doi.org/10.1146/annurev.bi.41.070172.003415.

25. Rached FH, Chapman MJ, Kontush A. HDL particle subpopulations: focus on biological func-
tion. Biofactors. 2015;41(2):67–77. https://doi.org/10.1002/biof.1202.

26. Elshourbagy NA, Meyers HV, Abdel-Meguid SS. Cholesterol: the good, the bad, and the ugly – 
therapeutic targets for the treatment of dyslipidemia. Med Princ Pract. 2014;23(2):99–111. 
https://doi.org/10.1159/000356856.

27. Santos RD, Maranhao RC. What is new in familial hypercholesterolemia? Curr Opin Lipidol. 
2014;25(3):183–8. https://doi.org/10.1097/MOL.0000000000000073.

28. Trapani L, Segatto M, Incerpi S, Pallottini V. 3-Hydroxy-3-methylglutaryl coenzyme A reduc-
tase regulation by antioxidant compounds: new therapeutic tools for hypercholesterolemia? 
Curr Mol Med. 2011;11(9):790–7. https://doi.org/10.2174/156652411798062403.

29. McPherson PA.  From fungus to pharmaceuticals--the chemistry of statins. Mini Rev Med 
Chem. 2012;12(12):1250–60. https://doi.org/10.2174/138955712802762103.

30. Salakhutdinov NF, Rogoza LN, Tolstikov GA.  Hypercholesterolemia: chemi-
cal aspect of approach. Curr Med Chem. 2011;18(26):4076–105. https://doi.
org/10.2174/092986711796957248.

31. Malinowski JM. Atorvastatin: a hydroxymethylglutaryl-coenzyme A reductase inhibitor. Am J 
Health Syst Pharm. 1998;55(21):2253–303. https://doi.org/10.1093/ajhp/55.21.2253.

32. Moghadasian MH, Mancini GB, Frohlich JJ.  Pharmacotherapy of hypercholesterolae-
mia: statins in clinical practice. Expert Opin Pharmacother. 2000;1(4):683–95. https://doi.
org/10.1517/14656566.1.4.683.

33. Opie LH. Present status of statin therapy. Trends Cardiovasc Med. 2015;25(3):216–25. https://
doi.org/10.1016/j.tcm.2014.10.002.

34. Stroes ES, Thompson PD, Corsini A, Vladutiu GD, Raal FJ, Ray KK, Roden M, Stein E, 
Tokgözoğlu L, Nordestgaard BG, Bruckert E, De Backer G, Krauss RM, Laufs U, Santos 
RD, Hegele RA, Hovingh GK, Leiter LA, Mach F, März W, European Atherosclerosis 
Society Consensus Panel, et al. Statin-associated muscle symptoms: impact on statin therapy- 
European Atherosclerosis Society Consensus Panel Statement on Assessment, Aetiology and 
Management. Eur Heart J. 2015;36(17):1012–22. https://doi.org/10.1093/eurheartj/ehv043.

35. Vinci P, Panizon E, Tosoni LM, Cerrato C, Pellicori F, Mearelli F, Biasinutto C, Fiotti N, Di 
Girolamo FG, Biolo G. Statin-associated myopathy: emphasis on mechanisms and targeted 
therapy. Int J Mol Sci. 2021;22(21):11687. https://doi.org/10.3390/ijms222111687.

36. Abed W, Abujbara M, Batieha A, Ajlouni K.  Statin induced myopathy among patients 
attending the National Center for Diabetes, Endocrinology, & Genetics. Ann Med Surg. 
2022;74(2012):103304. https://doi.org/10.1016/j.amsu.2022.103304.

37. Hansen KE, Hildebrand JP, Ferguson EE, Stein JH.  Outcomes in 45 patients with statin- 
associated myopathy. Arch Intern Med. 2005;165(22):2671–6. https://doi.org/10.1001/
archinte.165.22.2671.

38. Ward NC, Watts GF, Eckel RH.  Statin toxicity. Circ Res. 2019;124(2):328–50. https://doi.
org/10.1161/CIRCRESAHA.118.312782.

39. Turner RM, Pirmohamed M. Statin-related myotoxicity: a comprehensive review of pharma-
cokinetic, pharmacogenomic and muscle components. J Clin Med. 2019;9(1):22. https://doi.
org/10.3390/jcm9010022.

40. Sathasivam S, Lecky B.  Statin induced myopathy. BMJ. 2008;337:a2286. https://doi.
org/10.1136/bmj.a2286.

E. M. Tretter et al.

https://doi.org/10.2741/4216
https://doi.org/10.2741/4216
https://doi.org/10.3389/fpls.2013.00503
https://doi.org/10.1007/s40119-015-0037-z
https://doi.org/10.1146/annurev.bi.41.070172.003415
https://doi.org/10.1002/biof.1202
https://doi.org/10.1159/000356856
https://doi.org/10.1097/MOL.0000000000000073
https://doi.org/10.2174/156652411798062403
https://doi.org/10.2174/138955712802762103
https://doi.org/10.2174/092986711796957248
https://doi.org/10.2174/092986711796957248
https://doi.org/10.1093/ajhp/55.21.2253
https://doi.org/10.1517/14656566.1.4.683
https://doi.org/10.1517/14656566.1.4.683
https://doi.org/10.1016/j.tcm.2014.10.002
https://doi.org/10.1016/j.tcm.2014.10.002
https://doi.org/10.1093/eurheartj/ehv043
https://doi.org/10.3390/ijms222111687
https://doi.org/10.1016/j.amsu.2022.103304
https://doi.org/10.1001/archinte.165.22.2671
https://doi.org/10.1001/archinte.165.22.2671
https://doi.org/10.1161/CIRCRESAHA.118.312782
https://doi.org/10.1161/CIRCRESAHA.118.312782
https://doi.org/10.3390/jcm9010022
https://doi.org/10.3390/jcm9010022
https://doi.org/10.1136/bmj.a2286
https://doi.org/10.1136/bmj.a2286


409

41. Ganga HV, Slim HB, Thompson PD. A systematic review of statin-induced muscle problems 
in clinical trials. Am Heart J. 2014;168(1):6–15. https://doi.org/10.1016/j.ahj.2014.03.019.

42. Ahmad Z. Statin intolerance. Am J Cardiol. 2014;113(10):1765–71. https://doi.org/10.1016/j.
amjcard.2014.02.033.

43. Sirvent P, Mercier J, Lacampagne A. New insights into mechanisms of statin-associated myo-
toxicity. Curr Opin Pharmacol. 2008;8(3):333–8. https://doi.org/10.1016/j.coph.2007.12.010.

44. Dirks AJ, Jones KM.  Statin-induced apoptosis and skeletal myopathy. Am J Physiol Cell 
Physiol. 2006;291(6):C1208–12. https://doi.org/10.1152/ajpcell.00226.2006.

45. Korn ED. Current concepts of membrane structure and function. Fed Proc. 1969;28(1):6–11.
46. Siekevitz P. Biological membranes: the dynamics of their organization. Annu Rev Physiol. 

1972;34:117–40. https://doi.org/10.1146/annurev.ph.34.030172.001001.
47. Suetsugu S, Kurisu S, Takenawa T.  Dynamic shaping of cellular membranes by phospho-

lipids and membrane-deforming proteins. Physiol Rev. 2014;94(4):1219–48. https://doi.
org/10.1152/physrev.00040.2013.

48. Slone EA, Fleming SD. Membrane lipid interactions in intestinal ischemia/reperfusion-induced 
injury. Clin Immunol. 2014;153(1):228–40. https://doi.org/10.1016/j.clim.2014.04.018.

49. Richmond GS, Smith TK. Phospholipases A1. Int J Mol Sci. 2011;12(1):588–612. https://doi.
org/10.3390/ijms12010588.

50. Tani K, Kogure T, Inoue H.  The intracellular phospholipase A1 protein family. Biomol 
Concepts. 2012;3(5):471–8. https://doi.org/10.1515/bmc- 2012- 0014.

51. Ghosh M, Tucker DE, Burchett SA, Leslie CC. Properties of the Group IV phospholipase A2 
family. Prog Lipid Res. 2006;45(6):487–510. https://doi.org/10.1016/j.plipres.2006.05.003.

52. Krizaj I. Roles of secreted phospholipases A2 in the mammalian immune system. Protein Pept 
Lett. 2014;21(12):1201–8.

53. Zhang Y, Frohman MA. Cellular and physiological roles for phospholipase D1 in cancer. J 
Biol Chem. 2014;289(33):22567–74. https://doi.org/10.1074/jbc.R114.576876.

54. Follo MY, Manzoli L, Poli A, McCubrey JA, Cocco L. PLC and PI3K/Akt/mTOR signalling in 
disease and cancer. Adv Biol Regul. 2015;57:10–6. https://doi.org/10.1016/j.jbior.2014.10.004.

55. Gomez-Cambronero J. Phospholipase D in cell signaling: from a myriad of cell functions to 
cancer growth and metastasis. J Biol Chem. 2014;289(33):22557–66. https://doi.org/10.1074/
jbc.R114.574152.

56. Parinandi NL, Scribner WM, Vepa S, Shi S, Natarajan V.  Phospholipase D activation in 
endothelial cells is redox sensitive. Antioxid Redox Signal. 1999;1(2):193–210. https://doi.
org/10.1089/ars.1999.1.2- 193.

57. Parinandi NL, Roy S, Shi S, Cummings RJ, Morris AJ, Garcia JG, Natarajan V. Role of Src 
kinase in diperoxovanadate-mediated activation of phospholipase D in endothelial cells. Arch 
Biochem Biophys. 2001;396(2):231–43. https://doi.org/10.1006/abbi.2001.2609.

58. Cummings R, Parinandi N, Wang L, Usatyuk P, Natarajan V. Phospholipase D/phosphatidic 
acid signal transduction: role and physiological significance in lung. Mol Cell Biochem. 
2002;234–235(1–2):99–109.

59. Patel RB, Kotha SR, Sherwani SI, Sliman SM, Gurney TO, Loar B, Butler SO, Morris AJ, 
Marsh CB, Parinandi NL. Pulmonary fibrosis inducer, bleomycin, causes redox-sensitive acti-
vation of phospholipase D and cytotoxicity through formation of bioactive lipid signal media-
tor, phosphatidic acid, in lung microvascular endothelial cells. Int J Toxicol. 2011;30(1):69–90. 
https://doi.org/10.1177/1091581810388850.

60. Secor JD, Kotha SR, Gurney TO, Patel RB, Kefauver NR, Gupta N, Morris AJ, Haley BE, 
Parinandi NL.  Novel lipid-soluble thiol-redox antioxidant and heavy metal chelator, N,N′-
bis(2-mercaptoethyl)isophthalamide (NBMI) and phospholipase D-specific  inhibitor, 
5- fluoro-2-indolyl des-chlorohalopemide (FIPI) attenuate mercury-induced lipid signal-
ing leading to protection against cytotoxicity in aortic endothelial cells. Int J Toxicol. 
2011;30(6):619–38. https://doi.org/10.1177/1091581811422413.

61. Varadharaj S, Steinhour E, Hunter MG, Watkins T, Baran CP, Magalang U, Kuppusamy P, 
Zweier JL, Marsh CB, Natarajan V, Parinandi NL. Vitamin C-induced activation of phospho-

Role of Bioactive Lipid, Phosphatidic Acid, in Hypercholesterolemia Drug-Induced…

https://doi.org/10.1016/j.ahj.2014.03.019
https://doi.org/10.1016/j.amjcard.2014.02.033
https://doi.org/10.1016/j.amjcard.2014.02.033
https://doi.org/10.1016/j.coph.2007.12.010
https://doi.org/10.1152/ajpcell.00226.2006
https://doi.org/10.1146/annurev.ph.34.030172.001001
https://doi.org/10.1152/physrev.00040.2013
https://doi.org/10.1152/physrev.00040.2013
https://doi.org/10.1016/j.clim.2014.04.018
https://doi.org/10.3390/ijms12010588
https://doi.org/10.3390/ijms12010588
https://doi.org/10.1515/bmc-2012-0014
https://doi.org/10.1016/j.plipres.2006.05.003
https://doi.org/10.1074/jbc.R114.576876
https://doi.org/10.1016/j.jbior.2014.10.004
https://doi.org/10.1074/jbc.R114.574152
https://doi.org/10.1074/jbc.R114.574152
https://doi.org/10.1089/ars.1999.1.2-193
https://doi.org/10.1089/ars.1999.1.2-193
https://doi.org/10.1006/abbi.2001.2609
https://doi.org/10.1177/1091581810388850
https://doi.org/10.1177/1091581811422413


410

lipase D in lung microvascular endothelial cells: regulation by MAP kinases. Cell Signal. 
2006;18(9):1396–407. https://doi.org/10.1016/j.cellsig.2005.10.019.

62. Kline MA, O’Connor Butler ES, Hinzey A, Sliman S, Kotha SR, Marsh CB, Uppu RM, 
Parinandi NL. A simple method for effective and safe removal of membrane cholesterol from 
lipid rafts in vascular endothelial cells: implications in oxidant-mediated lipid signaling. 
Methods Mol Biol. 2010;610:201–11. https://doi.org/10.1007/978- 1- 60327- 029- 8_12.

63. Tretter EM. Statins, the cholesterol-lowering drugs cause myotoxicity through phospholipase 
D-mediated lipid signaling in skeletal C2C12 myoblast cells. Honors Research Dissertation 
for Graduation “With Honors Research Distinction,” The Ohio State University. The Ohio 
State University Knowledge Bank. 2015. http://hdl.handle.net/1811/86177

64. Hinzey AH, Kline MA, Kotha SR, Sliman SM, Butler ES, Shelton AB, Gurney TR, Parinandi 
NL. Choice of cyclodextrin for cellular cholesterol depletion for vascular endothelial cell lipid 
raft studies: cell membrane alterations, cytoskeletal reorganization and cytotoxicity. Indian J 
Biochem Biophys. 2012;49(5):329–41.

65. Okuyama H, Langsjoen PH, Hamazaki T, Ogushi Y, Hama R, Kobayashi T, Uchino H. Statins 
stimulate atherosclerosis and heart failure: pharmacological mechanisms. Expert Rev Clin 
Pharmacol. 2015;8(2):189–99. https://doi.org/10.1586/17512433.2015.1011125.

66. Bockorny B, Dasanu CA. HMG-CoA reductase inhibitors as adjuvant treatment for hemato-
logic malignancies: what is the current evidence? Ann Hematol. 2015;94(1):1–12. https://doi.
org/10.1007/s00277- 014- 2236- 4.

67. Natarajan V, Scribner WM, Morris AJ, Roy S, Vepa S, Yang J, Wadgaonkar R, Reddy SP, Garcia 
JG, Parinandi NL. Role of p38 MAP kinase in diperoxovanadate-induced phospholipase D 
activation in endothelial cells. Am J Physiol Lung Cell Mol Physiol. 2001;281(2):L435–49. 
https://doi.org/10.1152/ajplung.2001.281.2.L435.

68. Costa RA, Fernandes MP, de Souza-Pinto NC, Vercesi AE. Protective effects of l-carnitine and 
piracetam against mitochondrial permeability transition and PC3 cell necrosis induced by sim-
vastatin. Eur J Pharmacol. 2013;701(1–3):82–6. https://doi.org/10.1016/j.ejphar.2013.01.001.

69. Abdoli N, Heidari R, Azarmi Y, Eghbal MA. Mechanisms of the statins cytotoxicity in freshly 
isolated rat hepatocytes. J Biochem Mol Toxicol. 2013;27(6):287–94. https://doi.org/10.1002/
jbt.21485.

70. Kotamraju S, Williams CL, Kalyanaraman B. Statin-induced breast cancer cell death: role of 
inducible nitric oxide and arginase-dependent pathways. Cancer Res. 2007;67(15):7386–94. 
https://doi.org/10.1158/0008- 5472.CAN- 07- 0993.

71. Kanugula AK, Gollavilli PN, Vasamsetti SB, Karnewar S, Gopoju R, Ummanni R, Kotamraju 
S. Statin-induced inhibition of breast cancer proliferation and invasion involves attenuation 
of iron transport: intermediacy of nitric oxide and antioxidant defence mechanisms. FEBS 
J. 2014;281(16):3719–38. https://doi.org/10.1111/febs.12893.

72. Abdoli N, Azarmi Y, Eghbal MA. Protective effects of N-acetylcysteine against the statins 
cytotoxicity in freshly isolated rat hepatocytes. Adv Pharm Bull. 2014;4(3):249–54. https://
doi.org/10.5681/apb.2014.036.

73. Sliman SM, Eubank TD, Kotha SR, Kuppusamy ML, Sherwani SI, Butler ES, Kuppusamy 
P, Roy S, Marsh CB, Stern DM, Parinandi NL. Hyperglycemic oxoaldehyde, glyoxal, causes 
barrier dysfunction, cytoskeletal alterations, and inhibition of angiogenesis in vascular endo-
thelial cells: aminoguanidine protection. Mol Cell Biochem. 2010;333(1–2):9–26. https://doi.
org/10.1007/s11010- 009- 0199- x.

74. Patel RB, Kotha SR, Sauers LA, Malireddy S, Gurney TO, Gupta NN, Elton TS, Magalang 
UJ, Marsh CB, Haley BE, Parinandi NL. Thiol-redox antioxidants protect against lung vas-
cular endothelial cytoskeletal alterations caused by pulmonary fibrosis inducer, bleomycin: 
comparison between classical thiol-protectant, N-acetyl-L-cysteine, and novel thiol antioxi-
dant, N,N′-bis-2-mercaptoethyl isophthalamide. Toxicol Mech Methods. 2012;22(5):383–96. 
https://doi.org/10.3109/15376516.2012.673089.

E. M. Tretter et al.

https://doi.org/10.1016/j.cellsig.2005.10.019
https://doi.org/10.1007/978-1-60327-029-8_12
http://hdl.handle.net/1811/86177
https://doi.org/10.1586/17512433.2015.1011125
https://doi.org/10.1007/s00277-014-2236-4
https://doi.org/10.1007/s00277-014-2236-4
https://doi.org/10.1152/ajplung.2001.281.2.L435
https://doi.org/10.1016/j.ejphar.2013.01.001
https://doi.org/10.1002/jbt.21485
https://doi.org/10.1002/jbt.21485
https://doi.org/10.1158/0008-5472.CAN-07-0993
https://doi.org/10.1111/febs.12893
https://doi.org/10.5681/apb.2014.036
https://doi.org/10.5681/apb.2014.036
https://doi.org/10.1007/s11010-009-0199-x
https://doi.org/10.1007/s11010-009-0199-x
https://doi.org/10.3109/15376516.2012.673089


411

Cell-Cell Communication in the Vascular 
Endothelium

D. Ryan King, Louisa Mezache, Meghan Sedovy, Przemysław B. Radwański, 
Scott R. Johnstone, and Rengasayee Veeraraghavan

Abstract The vasculature is a body-wide organ responsible for mass and energy 
transport throughout the body. In broad terms, all vessels consist of a layer of endo-
thelial cells, which act as the interface with blood, pericytes, which modulate their 
function, and in the case of resistance arteries and larger vessels, additional layers 
of smooth muscle cells, which modulate vascular tone. Dynamic regulation of vas-
cular function in response to biological and physiological cues is a vital process in 
both health and disease. These responses as well as their synchronization along 
vessels are critically dependent upon communication between vascular cells, which 
utilizes a plethora of direct cell-to-cell, paracrine, and autocrine mechanisms. Here, 
we review these mechanisms, focusing especially on endothelial cells, the structural 
and molecular underpinnings thereof, and the mechanisms by which they are 
regulated.
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On the grand scale, the mammalian circulatory system can be subdivided into three 
circuits: the systemic circuit, the pulmonary circuit, and the coronary circuit. Within 
each circuit exists both arterial and venous blood vessels that carry blood away from 
and toward the heart, respectively. The arterial vasculature can be largely divided, 
by vessel diameter and structure, into large conduit arteries, intermediate contractile 
arteries, arterioles (also referred to as resistance arteries), and capillaries [1, 2]. The 
tunica intima, or innermost layer of conduit arteries, contractile arteries, and arteri-
oles, is composed of a continuous endothelium and connective tissue bound by an 
internal elastic membrane. The tunica media of these arteries and arterioles com-
prise smooth muscle cells and elastic laminae that allow for contraction regulation 
in these systems. Together, the artery and arteriole network carry oxygenated blood 
to tissues, including the myocardium, and function to regulate coronary vascular 
resistance. Outside of these vessels, capillaries are composed of a single layer of 
endothelial cells, arranged as continuous or fenestrated layers. The capillaries are 
devoid of smooth muscle cell coverage but have direct pericyte contact. The capil-
lary beds act as functional sites of nutrient and gas exchange between the vascular 
network and the surrounding interstitum [3].

The venous vasculature can be largely divided into venules and veins. Veins have 
thin, elastic, walls relative to arteries [4]. This allows veins to hold a large amount 
of blood at relatively low pressures and at any one point, nearly three-fourths of the 
entire systemic blood supply are housed within the venous vasculature. A notable 
feature of veins is that they also have one-way flow valves that permit blood flow 
only in the forward (toward the heart) direction [4].

 Structural/Signaling Components

The vascular endothelium is derived from the mesoderm and forms the innermost 
layer of the entire vasculature system across all circulatory and lymphatic divisions 
[5]. Endothelial cells within the blood vessel are directionally polarized, with unique 
protein expression occurring on the luminal versus basal side. Endothelial cells are 
mechanically coupled to one another via tight junctions. Further, several lines of 
evidence suggest that endothelial cells are also electrically coupled to one another 
via gap junctions [6, 7].
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 Tight Junctions

As noted above, endothelial cells are mechanically coupled by tight junctions, 
which are named for the ability to provide a robust paracellular barrier capable of 
preventing even water movement across the endothelium. Tight junctions are junc-
tional complexes composed of at least 40 different proteins consisting of transmem-
brane proteins that connect apposing cell membranes, as well as associated 
cytoplasmic proteins [8]. The extracellular domains of this multiprotein complex 
are joined directly with one another to form a network of sealing strands, each oper-
ating independently of another, that function to control epithelial and endothelial 
paracellular permeability and regulate apical-basolateral diffusion of membrane 
proteins, maintaining cell surface polarity [8]. The degree to which a junction pre-
vents solute and protein transfer can depend on the number of sealing strands or the 
properties of the proteins in the strands [9]. For instance, leaky epithelial cells of the 
gallbladder have on average two strands, while the tight endothelia of the blood- 
brain barrier possess at minimum five sealing strands [10]. There are three major 
transmembrane proteins that determine tight junction selectivity: claudins, occlu-
din, and junction adhesion molecule (JAM) proteins.

Claudins comprise a large family of low molecular weight (21–28 kDa) mem-
brane proteins consisting of four transmembrane domains, two extracellular loops, 
one cytoplasmic loop, and both N- and C- termini located intracellularly. Claudins 
are considered the backbone of tight junctions, as they are essential in controlling 
the extent to which the paracellular space is sealed. Occludin protein, with a molec-
ular weight of 60 kDa, has a similar structure to claudins, and serves to regulate the 
opening and closing of tight junctions [9]. JAM proteins belong to the immuno-
globulin superfamily. They possess a single transmembrane domain and are gener-
ally known to play a role in tight junction regulation and signaling. These three 
major proteins – claudins, occludin, and JAM proteins – are anchored to the cell’s 
actin filaments via association with cytoplasmic proteins like zonula occludens-1 
(ZO-1). While the general structure of tight junctions is very much alike in both 
endothelia across all organ and tissue types, the focus of this chapter will be tight 
junctions in vascular endothelial cells.

Endothelial tight junctions are Ca2+-dependent adhesion structures and thus, 
highly sensitive to changes in extracellular Ca2+ changes. However, under most 
physiological and pathophysiological conditions, they are regulated through 
changes in intracellular Ca2+ and signaling mechanisms within endothelial cells, in 
turn modulated by external stimuli and conditions. These processes are governed 
through the action of a myriad of receptors and channels, including connexin hemi-
channels, gap junction channels, pannexin channels (Fig. 1), which are discussed in 
the following sections.
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Fig. 1 Direct and indirect modes of communication between endothelial cells and other cell types

 Gap Junctions

Endothelial cells are electrically coupled by gap junctions, which provide a conduit 
for intercellular communication between neighboring cells. A single gap junction is 
composed of two protein hemichannels (or connexons), each comprising six trans-
membrane proteins, or connexins (Cxs). Cx proteins contain four transmembrane 
domains, two extracellular loops, an intracellular loop, and intracellular N- and 
C-terminus. Within the vasculature, there are five primarily expressed connexin iso-
forms: Cx32 [11–13], Cx37 [14–16], Cx40 [14, 16, 17], Cx43 [18, 19], Cx45 [20], 
though a functional role for Cx32 and Cx45 in the vasculature has not been well 
defined. Connexin hemichannels are assembled prior to being trafficked to the cell 
membrane where they align and dock with a neighboring cell’s hemichannel to form 
gap junctions before being accrued into closely packed arrays known as gap junc-
tion plaques. In addition to providing cell-to-cell electrical and chemical coupling 
as gap junctions, connexins can also function as undocked hemichannels, which 
provide a large conductance, non-specific pathway for electrochemical exchange 
between the endothelial cell and its extracellular environment. Connexin hemichan-
nels participate in purinergic signaling and other key regulatory processes that gov-
ern barrier function and angiogenesis, have emerged as important determinants of 
endothelial health and function, and are attractive targets for therapy [21].

 Pannexin Channels

The Pannexin (Panx) family of single-membrane channels contains three members, 
Panx1–3. The channels allow for nonselective passage of ions and small molecules 
between the cytosol and extracellular space. Similar to Cx hemichannels, Panx 
channels possess four transmembrane domains. Multiple studies have identified 
Panx1 channels to be assembled as heptamers prior to trafficking to the cell 
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membrane [22–25]. Based on sequence similarities, it is suggested that Panx2 and 
Panx3 may also assemble in a similar manner, although heptamer assembly and 
plasma membrane localization has not been robustly demonstrated for either. 
Expression of Panx2 and Panx3 appears to be limited, but identification has been 
limited by a lack of available specific reagents, including antibodies. Panx1 shows 
abundant expression in endothelial cells and is significantly regulated under physi-
ological and pathophysiological conditions. The Panx1 channels play an important 
role in purinergic signaling, regulating cellular ATP release (similar roles to con-
nexin hemichannels), and in mediating inflammation through control of intracellu-
lar Ca2+.

 Purinergic Signaling in Endothelial Cells

In 1929, Sir Alan Nigel Drury and Sir Albert Szent-Györgyi provided the first evi-
dence that exogenous adenine compounds affect the heart [26]. Though, it would 
not be until 43 years later, in 1972, that Geoffrey Burnstock would propose puriner-
gic signaling as an endogenous biological mechanism [27]. The early study of 
endogenous purinergic signaling focused on the role of adenosine triphosphate 
(ATP) as a neurotransmitter, though the subsequent decades have seen the field 
expand to nearly all mammalian biological systems. As ATP and the enzymes 
responsible for ATP synthesis are ubiquitously expressed in cells, it is of no surprise 
that purinergic signaling has been demonstrated in multi-systemic fashion. Of par-
ticular interest to this chapter, several lines of evidence have demonstrated that puri-
nergic signaling is a principal regulator of vasomotor function in the 
cardiovascular system.

Between the late 1970s and early 1990s, the purinergic receptors for adenosine 
(P1) and adenosine di- and tri-phosphate (P2) were discovered, cloned, and charac-
terized [28–30]. The P1 receptors are G-coupled protein receptors (GPCRs) and, to 
date, four subtypes (A1, A2A, A2B, and A3) have been identified [31–33]. The A1 and 
A3 receptors are Gi coupled, whereas the A2A and A2B receptors are Gs coupled. The 
P2 receptors require further subdivision into the ion channel receptor subtype, P2X, 
and the GPCR subtype, P2Y. To date, seven P2X receptors (P2X1–7) have been iden-
tified. The P2X1–7 receptors all respond to ATP as their activating ligand and assem-
ble into homo- or heterotrimers that form non-selective cation channels; though, it 
is worth noting that P2X5 has shown some permeability to anions [34]. To date, 
eight P2Y receptors (P2Y1, P2Y2, P2Y4, P2Y6, P2Y11, P2Y12, P2Y13, P2Y14) have 
been identified [35]. The P2Y receptors form hetero-oligomers and bind extracel-
lular ATP, ADP, UTP, and UDP as activating ligands [36]. The P2Y1,2,4,6,11 receptors 
are Gq coupled, the P2Y11 receptor is Gs coupled, and the P2Y12,13,14 receptors are Gi 
coupled [35]. The activation of the Gq coupled receptors leads to the activation of 
PLCβ, increases in IP3, and subsequent release of calcium (Ca2+) from intracellular 
stores [37]. The activation of the Gs coupled receptor leads to the activation of ade-
nylyl cyclase and subsequent cAMP production [37, 38]. Lastly, Gi coupled 
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receptors inhibit adenylyl cyclase and antagonize cAMP production [37, 38]. 
Notably, P2Y11 is both a Gq and Gs coupled receptor, meaning P2Y11 activation 
results in increases in intracellular Ca2+ and cAMP.

There is evidence for all four P1 receptor subtypes in both the myocardium and 
the coronary endothelium, though it must be noted that specific P1 receptor expres-
sion ratios has been reported to vary by species [39, 40]. P2 receptors are also found 
in cardiomyocytes and coronary endothelium. A1 and A3 receptors are Gi coupled 
and their activation results in inhibition of adenylyl cyclase. Conversely, A2A and 
A2B receptors are Gs coupled and their activation results in activation of adenylyl 
cyclase, giving the two groups of P1 receptors seemingly antagonistic actions. 
Specifically, cardiomyocytes have been shown to express all seven P2X (P2X1–7) 
receptors and five P2Y (P2Y1, P2Y2, P2Y4, P2Y6, P2Y11) receptors [41–51]. Vascular 
endothelial cells primarily express the P2X4 receptor and variably express P2Y 
receptors. For instance, all P2Y receptors have been identified within lung micro-
vascular endothelial cells [52]; however, a 2011 study by Lyubchenko et al. demon-
strate that P2Y6, P2Y11, and P2Y12 are not expressed in pulmonary artery vasa 
vasorum endothelial cells [53]. To our knowledge, no one has yet to detail the 
expression pattern of P2X receptors or P2Y receptors specifically within the coro-
nary microvasculature. Further, the P1 and P2X/P2Y receptors are functionally 
linked through the action of the cell surface enzymes ectonucleoside triphosphate 
diphosphohydrolase-1 (CD39) and ecto-5′-nucleotidase (CD73), which function to 
hydrolyze ATP and ADP to AMP, and AMP to adenosine, respectively [54–57]. In 
short, ATP can bind, and activate, P2X/P2Y receptors and then be subsequently 
hydrolyzed to adenosine and bind P1 receptors to affect further change.

In cardiomyocytes, adenosine activation of A1 receptors has been demonstrated 
to have a negative chronotropic and dromotropic effect [58]. Further, A1 activation 
is antagonistic to α- and β- adrenergic stimulation [59] and results in PKC [60] and 
PKB [61] activation. Knockout of the A2A receptor gene resulted in a blunted 
adenosine- mediated NO release in the mouse heart [59], and a further study showed 
the A2A/B agonist CGS21680 resulted in a marked increase in nitric oxide production 
in cardiomyocytes [62].

Given the variety of effects conferred by P1 receptor activation and the long-
standing discovery that adenine compounds affect the heart, it is of no surprise that 
several pre-clinical and clinical lines of inquiry have investigated P1 activation in 
the treatment of acute heart failure [63, 64], chronic heart failure [64–66], myocar-
dial infarction [67], ischemia-reperfusion injury [68–70], angina [71], and coronary 
artery disease [72]. These studies, however, have not come without controversy and 
contradiction to the effect of P1 receptor activation. For instance, despite the seem-
ingly antagonistic actions of A1/3 and A2A/2B, activation of all four has been reported 
to improve outcomes of myocardial ischemia [73–77]. Further, studies have demon-
strated that selective A3 receptor activation is cardioprotective from ischemic dam-
age [78–81], but that an A3 receptor gene deletion also results in an ischemia-tolerant 
phenotype [80, 82]. Though the precise mechanism remains contested, there is a 
general improvement observed following adenosine treatment in the context of 
heart failure [83, 84] and ischemia-reperfusion injury [85–87].
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Several lines of evidence have demonstrated that shear stress-induced vasodila-
tion occurs via P2X or P2Y activation in the endothelium [88]. In response to shear 
stress, endothelial cells generate and release ATP for paracrine and autocrine signal-
ing, leading in turn to P2X activation and subsequent Ca2+ entry through P2X. As 
with P1 receptors, there are conflicting reports to which specific subtype is respon-
sible for the effect. On the one hand, P2X4 knockdown in human umbilical vein 
endothelial cells (HUVECs) results in decreased shear stress-induced Ca2+ influx, 
and P2X4 deficient mice show global hypertension and reduced nitric oxide produc-
tion [89–92]. Though, other studies suggest that P2Y2, not P2X4, is responsible for 
shear stress-induced Ca2+ influx in HUVECs [93, 94]. In general, research on the 
specific function of P2 receptors is limited by a lack of specific inhibitors with high 
subtype-specific fidelity and remains an interesting area of inquiry.

In the myocardium, alterations in expression and activation of both P2X and P2Y 
receptors have been associated with the development and progression of disease. In 
patients with heart failure, studies have reported increases in mRNA expression of 
the P2X1, P2X6, and P2Y2 receptors [41, 95]. During acute ischemic episodes, acti-
vation or overexpression of P2X4, P2Y2, or P2Y4 was associated with cardioprotec-
tion [96–99] from hypoxic damage, whereas activation of P2X7 led to apoptotic 
death [100]. As both the coronary endothelium and myocardium are responsible for 
local environment ATP and UTP release, it is understandable that a tight regulation 
of the interplay between the two may drive health and disease [97].

 Ca2+ Signaling

As in many cell types, Ca2+ homeostasis is an integral part of cell regulation in endo-
thelial cells. Intracellular Ca2+ levels control and modulate a wide array of regula-
tory pathways that govern vascular luminal pressure, endothelial cell–cell adhesion 
(and thereby, vascular barrier function), and secretion of signaling molecules, 
including the aforementioned purines. Ca2+ permeable channels in endothelial cells 
include both transmembrane Ca2+ channels, which enable Ca2+ movement across the 
cell membrane, and intracellular Ca2+ channels, which carry Ca2+ between the cyto-
sol and intracellular Ca2+ stores.

 Transmembrane Ca2+ Channels

Voltage-Gated Ca2+ Channels (VGCCs) These consist of long opening L-type 
Ca2+ channels (LCCs) and transient opening T-type Ca2+ channels (TCCs), each 
with characteristic biophysical properties [101]. Functional LCCs and TCCs both 
consist of heteromeric protein complexes, including a pore-forming α1 subunit and 
optional auxiliary β, α2/δ, and γ subunits, which modulate their behavior [102]. 
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Both types have been identified in large arterial endothelial cells [103–105] (but not 
yet in smaller vessels), though their functional roles in vivo remain unclear.

Na+-Ca2+ exchanger (NCX) First identified in cardiac muscle, NCX is a trans-
membrane protein that exchanges 1 Ca2+ ion for 3 Na+ ions in forward (Ca2+ efflux) 
or reverse (Ca2+ influx) mode, depending on electrochemical gradients [106]. NCX 
is expressed by various cell types throughout the body, including vascular endothe-
lial cells and vascular smooth muscle cells [107, 108] with key roles in EC-mediated 
vasodilation in vascular endothelial cells [108–110]. Lillo et  al. recently demon-
strated abolition of ACh-induced vasodilation in rat mesenteric arteries following 
pharmacological NCX inhibition. Additionally, siRNA knockdown of NCX expres-
sion blunted Ach-induced rise in intracellular Ca2+, indicating an obligate role for 
NCX in process [109].

Transient receptor potential (TRP) channels These are a superfamily of cation 
channels widely expressed within the vasculature with 28 members subdivided into 
six families based on sequence homology: TRPC, TRPV, TRPM, TRPA, TRPML, 
and TRPP channels [111]. Vascular endothelial cells express several of these, 
including TRPC1, TRPC3, TRPC4, TRPC5, TRPC6, TRPC7, TRPV1, TRPV2, 
TRPV4, TRPP1, TRPP2, TRPA1, TRPM1, TRPM2, TRPM3, TRPM4, TRPM6, 
TRPM7, and TRPM8 channels; though, their expression is specific to species and 
vascular bed [111–114]. TRP channels play roles in angiogenesis [111], vascular 
barrier function [54], EC Ca2+ entry [113].

 Intracellular Ca2+ Channels

Sarcoplasmic Reticulum Ca2+ ATPase (SERCA) This is a P-type ATPase that 
replenishes intracellular Ca2+ stores by moving Ca2+ from the cytosol into the sarco-
plasmic reticulum against its electrochemical gradient. Of the 3 isoforms 
(SERCA1–3) identified in mammals, only SERCA2 (including the splice variants, 
SERCA2a and SERCA2b) and SERCA3 are expressed in vascular endothelial cells 
[115]. Vascular endothelial cells also express phospholamban (PLB), a small pro-
tein (52 amino acids) that inhibits SERCA function in its native state [116, 117]. 
Phosphorylation of PLB at serine 10, serine 16, and threonine 17 by PKC, PKG, and 
CaMKII, respectively [118], relieves PLB’s inhibitory function, thereby disinhibit-
ing SERCA function and accelerating sarcoplasmic reticulum Ca2+ uptake.

Ryanodine Receptor Ca2+ Release Channels (RyR) Three isoforms of RyRs 
(RyR1–3) are expressed in mammals [119] and form tetrameric channels capable of 
rapidly releasing Ca2+ from the sarcoplasmic reticulum into the cytosol with their 
activity regulated by both cytosolic and sarcoplasmic reticulum Ca2+ levels. Lesh 
et  al. first identified RyRs in endothelial cells followed by Ziegelstein and col-
leagues, who demonstrated their ability to regulate intracellular Ca2+ storage in cul-
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tured human and bovine endothelial cells [120, 121]. Although various roles have 
since been suggested for RyR in regulating vascular EC Ca2+ [122–124], their 
expression/functional roles in resistance artery endothelial cells remain unclear. 
Whereas Kohler et al. demonstrated the presence of caffeine-inducible Ca2+ currents 
in human third order mesenteric arteries and identified expression of the RyR3 gene 
[125, 126], Ledoux et al. failed to find either RyR mRNA or a functional effect with 
caffeine in mesenteric arteries isolated from C57BL6 mice [127].

Inositol 1,4,5-trisphosphate receptor (IP3R) These six transmembrane domain 
proteins form tetrameric IP3R Ca2+ release channels [128], which can also rapidly 
release Ca2+ from intracellular stores into the cytosol in IP3 and to [Ca2+]–dependent 
fashion, although the exact mechanisms of regulation remain to be clarified [129–
131]. IP3 is widely viewed as a global cellular messenger, given its ability to diffuse 
much faster than Ca2+ (280 vs. 38 μm2/s) and suitability for long-range signaling 
[132, 133]. The Gq protein-mediated phospholipase C (PLC), activated by norepi-
nephrine stimulation of α1ARs, metabolizes membrane phospholipids (phosphati-
dylinositol 4,5-bisphosphate; PIP2) to produce diacylglycerol (DAG) and inositol 
1,4,5-trisphosphate (IP3). DAG is linked to TRPC6 channel activation and can elicit 
Ca2+ entry, independent of protein kinase C (PKC) [134, 135], while IP3 can modu-
late Ca2+ release from intracellular stores via IP3Rs.

Store-operated Ca2+ entry (SOCE) When intracellular Ca2+ stores are depleted, 
SOCE is triggered to replenish them. This process, which has been suggested to 
modulate vascular smooth muscle cells proliferation, differentiation, and contrac-
tion [136] and vascular EC signaling [137, 138], is primarily mediated by the func-
tion and interactions of two proteins: STIM1 and Orai1. Orai1 channels permit 
extracellular Ca2+ intro the cytosol, which is then conducted into the sarcoplasmic 
reticulum by closely aligned STIM1 channels. This can involve either complexation 
of STIM1 and Orai1, triggered by sarcoplasmic reticulum Ca2+ depletion, and/or 
immediate activation of STIM1L, a long splice variant which is complexed with 
Orai1 at baseline. Additionally, recent work indicates potential roles for Orai2 and 
Orai3 [139] as well as TRPC channels [140–143] in SOCE, although unanswered 
questions remain about their functional roles [144].

Local Ca2+ Movements in Endothelial Cells Recent studies suggest that physio-
logical increases in intracellular Ca2+ may occur in a localized, rather than cell- 
wide, manner [127, 145] involving multiple distinct Ca2+ signaling events within 
vascular cells. Spontaneous EC Ca2+ events, termed Ca2+ pulsars, resemble Ca2+ 
sparks in vascular smooth muscle cells. However, Ca2+ pulsars primarily occur 
around the nucleus and at myoendothelial junctional sites with broader spatiotem-
poral profiles. IP3 channels open secondary to GPCR activation to release Ca2+ from 
the sarcoplasmic reticulum [127, 146], in turn activating nearby IK and SK channels 
and inducing hyperpolarization of EC membrane and dilation of the arteries 
[147, 148].
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 A Look Ahead

A wide array of pharmaceutical therapies used to treat a diverse range of diseases 
rely on the vasculature as the “highway system” for delivery, underscoring the 
translational importance understanding vascular biology and physiology. More 
importantly, we are only beginning to realize how attractive and potent a therapeutic 
target the vasculature itself is in many disease. For instance, ACE inhibitors have 
proven particularly effective in symptom mitigation and disease recovery for car-
diovascular disease. While it is recognized that blood vessels are ubiquitously 
embedded within all organ systems, little work exists exploring the heterocellular 
interplay between the vascular endothelium and resident cells of each organ system. 
In the heart, for example, endothelial cells are thought to outnumber cardiomyo-
cytes 3 to 1 and that every cardiomyocyte is neighbored by at least one endothelial 
cell. Given that cardiomyocytes and endothelial cells share myriad systems for 
direct cell-to-cell communication and paracrine signaling (pannexins, hemichan-
nels, purinergic signaling), it stands to reason that they can modulate each other’s 
behavior. Indeed, not only is vascular dysfunction associated with arrhythmias such 
as atrial fibrillation but serum markers of such dysfunction have been shown to 
return to baseline levels upon restoration of sinus rhythm [149]. There is even evi-
dence suggesting direct coupling via gap junctions exists between cardiomyocytes 
and endothelial cells, though it is unclear which isoforms may be involved or 
whether or not the channels are conducting under normal physiological conditions. 
While such heterocellular gap junctional communication is known to occur in vitro, 
direct evidence has yet to be provided for such phenomena in the mammalian heart. 
Encouragingly for this line of inquiry, myoendothelial junctions are known to exist 
between endothelial cells and smooth muscle cells [150], and there is a growing 
body of evidence demonstrating heterocellular gap junctional communication 
between cardiomyocytes and non-myocyte cells (fibroblasts, macrophages) [151–
154]. As we learn more about how endothelial cells communicate with other resi-
dent cell types in various organ systems, new opportunities will arise for the 
advancement of treatments for a wide range of pathologies.

 Conclusion

In summary, vascular endothelial cells communicate with each other using a variety 
of mechanisms over different timescales to regulate their biology and physiology in 
response to evolving needs and cues in health and disease. As we continue to 
uncover these mechanisms, more and more therapeutic strategies are developed to 
target cell–cell communication in the vasculature, and these approaches have proven 
immensely successful in a variety of pathologies.
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Lysophosphatidic Acid Regulates 
Endothelial Barrier Integrity

Jing Zhao, Sarah J. Taleb, Heather Wang, and Yutong Zhao

Abstract The main function of vasculature is to serve as a vessel network for blood 
circulation between lungs and other organs. The endothelium is a major component 
of blood vessels, lining the inside of vessels and playing a central role in mainte-
nance of vascular integrity. The endothelial barrier prevents blood component leak-
age into perivascular tissues. Increases in vascular permeability result in tissue 
edema, which is a hallmark of acute inflammatory diseases. Lysophosphatidic acid 
(LPA) is a simple phospholipid that exerts many physiopathological functions in 
various cell types including endothelial cells (ECs). LPA levels are detectable in 
plasma. Abnormal changes in LPA levels are correlated to diseases. LPA has been 
shown to regulate endothelial barrier integrity differently in different types of ECs. 
This chapter will summarize the current knowledge of the effect of LPA on endothe-
lial barrier function and discuss how different ECs respond to LPA and molecular 
mechanisms underlying LPA-regulated EC barrier functions.
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 Introduction

The blood vessel network circulates blood in the pulmonary and systemic circula-
tory systems. Oxygenated blood is delivered from the lungs to the left heart, and is 
then pumped to systemic tissues. Deoxygenated blood is circulated back to the 
lungs through the right side of heart. Blood vessels exhibit distinct properties and 
play different physiological roles dependent on their localization in different tis-
sues, if they carry oxygenated or deoxygenated blood, and diameter (reviewed 
in [1–4]).

Endothelial cells (ECs) form a monolayer and line the interior surface of blood 
vessels. The major function of ECs is to maintain vessel architecture and prevent 
blood component leakage into perivessels. The vascular endothelium exhibits a 
semi-permeable function. In normal physiological conditions, ECs allow solute and 
certain molecules smaller than 40 kDa to extravasate to surrounding tissues. The 
barrier formed by the EC monolayer keeps larger molecules and blood cells in cir-
culation in the vessels. During pathological conditions, to a certain extent, EC bar-
rier integrity is disrupted, leading to leakage of blood components including plasma 
into tissues, causing tissue edema. EC barrier integrity varies between sources of 
ECs (reviewed in [5–8]). Regulation of EC barrier integrity in blood-air barrier and 
the blood-brain barrier (BBB) has been well studied (reviewed in [9–15]). ECs 
express both adherens and tight junctions which control barrier integrity and medi-
ate intracellular signals.

Lysophospholipids belong to a group of bio-active phospholipids that regulates 
intracellular signals and exerts biological functions through G protein-coupled 
receptors. Lysophosphatidic acid (LPA) is the simplest glycerolphospholipid, which 
is considered to be a growth factor in plasma (reviewed in [16–22]). Increase in LPA 
levels in biological fluids including bronchoalveolar lavage (BAL) has been detected 
in a variety of diseases including acute lung injury [23–25] and lung fibrosis [25, 
26]. Several reports demonstrate the distinct effects of LPA on EC barrier integrity. 
In this chapter, we will summarize these findings and discuss potential mechanisms 
by which LPA regulates EC junctions and permeability.

 Vascular Endothelial Hyperpermeability in Diseases

Vascular vessels are closed and continuous tubes that carry blood components 
including blood cells and provide nutrition to tissues. The microvascular EC barrier 
is a dynamic and complex interface between the blood and the surrounding tissues. 
Due to its semi-permeability of EC barrier, certain small molecules and solute may 
pass through the microvascular EC barrier. EC junctions are a major component of 
the anatomical barrier. In addition to cell–cell junctions, transcellular permeability 
and specific transporters also control small molecules through EC barrier (reviewed 
in [6, 7, 9, 10, 13, 14]). The tightness of the microvascular EC barrier is largely 

J. Zhao et al.



431

dependent on tissues. The central nervous system (CNS) needs a stabled and con-
trolled microenvironment. The BBB strictly controls influx and efflux of essential 
substances and promotes the normal physiological functions of the CNS. BBB dys-
function is observed in many CNS diseases, including multiple sclerosis, epilepsy, 
stroke, and Alzheimer’s disease (reviewed [9, 14, 15]). Systemic inflammation 
caused by sepsis also leads to BBB disruption; in turn, BBB breakdown causes 
brain tissue edema and neuron inflammation and damage. Another well-studied EC 
barrier is the pulmonary microvascular EC barrier in the blood-air barrier. The 
lungs’ major function is to facilitate gas exchange between the environment and the 
bloodstream (reviewed in [10, 11]). The lung epithelial barrier prevents inhaled 
microbes, allergens, and particulate matters from entering into the bloodstream 
(reviewed in [27–29]), while the pulmonary microvascular EC barrier limits blood 
component leakage into alveolar or interstitial tissue to prevent edema. Edema is a 
condition caused by excess fluid in the lungs due to EC barrier dysfunction (reviewed 
in [10–12]). The fluid in the alveolar space interferes with air exchange and leads to 
shortness of breath and death. Local infection by bacterial or virus (such as SARS- 
Cov2) or systemic inflammation (such as sepsis) causes pulmonary microvascular 
EC barrier dysfunction, leading to inflammatory cells and protein-rich fluid influx 
into alveolar spaces (reviewed in [11, 30–32]). Maintaining pulmonary microvascu-
lar EC barrier integrity is a novel therapeutic strategy for acute respiratory distress 
syndrome (ARDS).

EC monolayer barrier integrity was measured by several techniques, including 
transwell leakage assay, impedance-based cell monitoring, and immunostaining of 
cell–cell junctions. Measurement of protein levels in BAL and Evans Blue dye leak-
age in the tissues are common methods to determine vascular barrier integrity in 
in vivo studies.

 EC Cell–Cell Junctions Regulate EC Barrier Integrity

Adherens and tight junctions are two major intercellular junctions that connect 
neighbor cells together including ECs. Adherens junction has been considered to 
play a critical role in initiation and stabilization of cell junctions (reviewed in [33–
35]). VE-cadherin, also called CDH5 and CD144, is an endothelial-specific adhe-
sion protein located at vascular adherens junction. VE-cadherin belongs to a 
cadherin family which consists of E-, N-, and P-cadherin. Extracellular domains of 
cadherins from adjacent cells interact each other in a calcium dependent manner. 
The intracellular domain of cadherins cross-links with the cytoskeleton. In addition 
to maintenance of cell–cell junctions, cadherins also mediate intracellular signaling 
(reviewed in [36–38]). In this chapter, we will focus on discussing the molecular 
regulation of VE-cadherin and the role of VE-cadherin in maintenance of vascular 
barrier integrity. VE-cadherin is phosphorylated on several tyrosine (tyr) residues 
including tyr658 and tyr731  in response to lipopolysaccharide (LPS) and TNFα. 
These phosphorylations have been reported to modulate endothelial permeability 
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through regulation of VE-cadherin shedding, internalization, degradation, and dis-
association of VE-cadherin with its associated proteins, including p120, α-catenin, 
and β-catenin [39–41] (reviewed in [36, 37, 42]). Phosphatase SHP-2 and protein- 
tyrosine phosphatase nonreceptor 14 (PTPN14) negatively regulate VE-cadherin 
phosphorylation and promote restoration of endothelial integrity [41, 43].

Tight junctions between vascular endothelial cells mostly occur on apical and 
basolateral junctional complexes. Claudins and occludin are major tight junction 
transmembrane components. Similar to adherens junctions, claudins and occludin 
from adjacent cells interact each other and form a strict intercellular seal. Claudins 
and occluding are four transmembrane proteins, while VE-cadherin is a single 
transmembrane protein (reviewed in [44–47]). Claudins, including claudin-3, -5, 
and -12, have been reported in the endothelium (reviewed in [48, 49]). Among them, 
claudin-5 is well studied (reviewed in [50, 51]). Claudin-5 deficient mice demon-
strate an increase in BBB permeability [49]. Knockdown of claudin-5 attenuated 
simvastatin-induced rescue of lung endothelial barrier integrity [52]. Occludin lev-
els are downregulated in response to endothelial barrier disruption stimuli such as 
LPS and hypoxia [53–57]. Phosphorylation of occludin by protein kinase Cβ 
(PKCβ) in response to vascular endothelial growth factor (VEGF) leads to occludin 
ubiquitination and increase in endothelial permeability [58, 59]. Zonula occludens-1 
(ZO-1) is a claudin and occludin adaptor protein. ZO-1 links claudins and occludin 
with the actin cytoskeleton [60, 61] (reviewed in [48, 62]). ZO-1 depletion reduces 
tight junctions and leads to stress fiber formation [60]. Angiotensin II is reported to 
downregulate ZO-1 expression and disrupt endothelial tight junctions [60].

 Rho Family of GTPases Regulate EC Barrier Integrity

The Rho family of GTPases belongs to small G protein superfamily. Rho family 
members are activated after binding to GTP, while the GDP-bound form is in an 
inactive state. RhoA, Cdc42, and Rac1 are major members of the Rho family 
(reviewed in [63–65]). The distinct roles of Rho family members in the regulation 
of EC barrier integrity are dependent on the effects of their activation on reorganiza-
tion of the actin cytoskeleton (reviewed in [65–67]). RhoA activation leads to myo-
sin light chain (MLC) phosphorylation and promotes stress fiber formation, resulting 
in cell contraction and EC barrier disruption. RhoA-induced MLC phosphorylation 
is mediated by Rho-associated kinase (ROCK)/MLC phosphatase [68–70]. In addi-
tion to regulation of the rearrangement of the cytoskeleton, RhoA/ROCK pathway 
promotes downregulation of VE-cadherin, claudins, and occludin; thus RhoA plays 
a central role in the regulation of EC barrier function through disrupting both adhe-
rens and tight junctions and promoting cell contraction (reviewed in [71]). The 
effect of RhoA on corneal EC barrier restores and repairs after hyperosmotic stress 
also has been reported [72]. We will discuss the effect of LPA on RhoA activation 
in ECs in the chapter.
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In contrast to RhoA, activation of Rac1 and Cdc42 preserve EC barrier integrity. 
Rac1 possesses a coordinating antagonism with RhoA [73, 74]. Rac1 is reported to 
be activated by extracellular adenosine [75], activated protein C [76], and others 
[77]. Inhibition of Rac1 reduced EC permeability and intercellular gap formation 
[77–79]. Notably, the role of Rac1 in disruption of lung epithelial cell barrier integ-
rity has been reported. DiPaolo, B.C. et al. demonstrated that Rac1 inhibitor attenu-
ated stretch-induced increases in alveolar epithelial cell permeability [80]. Cdc42 
promotes VE-cadherin-mediated adherens junction assembly [81]. Expression of a 
dominant active mutant of Cdc42 in endothelial cells reduced LPS-induced EC bar-
rier disruption [82].

 LPA Production

LPA, naturally presented in plasma and cells, possesses multiple biological func-
tions, including cell growth and proliferation. LPA is a phospholipid derivative that 
consists of a glycerol backbone, a fatty acid chain, and a phosphate. According to 
the different fatty acids, LPA exists in different species, such as 16:0, 18:1, and 22:6 
LPA (reviewed in [16, 83, 84]). LPA is generated both intracellularly and extracel-
lularly. Intracellular LPA is synthesized from monoacylglycerol by a monoglycerol 
kinase (MGK) or converted from phosphatidic acid (PA) by phospholipase A2s 
(PLA2s) (reviewed in [20, 21]). The role of intracellular LPA in the regulation of 
EC barrier integrity has not been reported. Most studies regarding the effect of LPA 
on EC barrier integrity are focusing on extracellular LPA that stimulates cells 
through LPA receptors (LPARs). Extracellular LPA is generated from lysophopha-
tidylcholine (LPC) by autotaxin (ATX, also called lysoPLD, ENPP2) [85, 86]. LPC 
is detectable in plasma and bronchoalveolar lavage [87–89]. ATX heterozygous 
knockout mice show a 50% reduction of plasma LPA levels [90]. Platelets have 
been shown to release LPA, suggesting that at least part of plasma LPA is from 
platelets [91, 92]; however, the mechanisms by which activated platelets release 
LPA have not been reported. LPA also is reported to be generated from phosphoati-
dylserine-(PS)exposed blood cells by a secretory PLA2 in the pathological condi-
tions [93].

Increases in LPA levels in BAL fluid have been reported in murine models of 
acute lung injury. Except 18:0LPA, LPA species including 16:0, 16:1, 18:1, 18:2, 
20:4, 20:3LPA are increased in murine BAL fluids after intratracheal LPS challenge 
for 24 h [23]. Mouratis, M-A. et al. examined the time course of LPA generation and 
found that LPS challenge increased LPA levels in BAL after 12 h and LPA levels 
remained at similar levels up to 48 h [24]. Increases in ATX activity and protein 
levels in BAL are correlated with LPA levels. However, bronchial epithelium- or 
myeloid-specific ATX deletion or inhibition of ATX had minor effects on lung 
injury [24]; thus, the role of BAL LPA in the pathogenesis of lung injury is unclear. 
Intratracheal instillation of LPA displays a protective role in LPS-induced lung 
injury. The protective effect of LPA possibly occurs through enhancing lung 
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epithelial barrier integrity [94]. Increase in systemic ATX worsened LPS-induced 
lung injury, suggesting that systemic LPA, not local LPA, contributes to the patho-
genesis of lung injury [24]. Increases in ATX and LPA species (18:1, 16:0, 18:0, 
20:4, 22:6LPA) in plasma were observed following ischemia and reperfusion (I/R) 
[95]. Vascular endothelial cells are targets of systemic LPA.

 LPARs’ Expression in Endothelial Cells

The effects of extracellular LPA on the cellular responses occur through its ligation 
and activation of a group of G protein-coupled receptors (GPCRs) on the cell sur-
face. LPARs are divided into two groups based on sequence similarity. LPAR1–3 
belong to endothelial cell differentiation gene (EDG) family of GPCRs. Other 
GPCRs, including GPR23/P2Y9/LPAR4, GPR92/LPAR5, P2Y5/LPAR6, and 
P2Y10, were identified as putative LPARs. LPARs coupled with distinct heterotri-
meric G proteins [18, 20, 21, 83]. LPARs are expressed at distinct levels in different 
endothelial cells. Data from different groups reveal distinct expression patterns of 
LPARs. For example, Gupte R. et al. reported that LPAR5 is the predominant LPAR 
in human umbilical vein cells (HUVECs) [96], while Yokiura H. et al. showed that 
LPAR6 is highly expressed in HUVECs [97]. Other studies revealed the expression 
of LPAR1 and LPAR3 in HUVECs [98, 99]. The expression of LPA receptors in 
human pulmonary ECs has been reported. Ren Y. et al. demonstrated that LPAR2 
and LPAR6 subtypes are highly expressed in both human pulmonary arterial 
(HPAEC) and microvascular (HLMVEC) ECs [100]. Cai J. et al. detected LPAR1 
protein expression in HLMVECs [101]. Overall, LPARs levels in HLMVECs are 
much lower compared to their expression in human bronchial epithelial cells 
(unpublished data). In brain endothelial cells, LPAR6 is determined as the predomi-
nant LPAR [102]. On NH. et al. reported expression of LPAR1–3 in human brain 
capillary ECs and expression of LPAR1–5  in the capillary fraction from mouse 
brain homogenate [103]. LPAR1, not LPAR3, was detected in cerebral microvessels 
in rat brain by immunofluorescence staining [104].

 LPA in Endothelial Barrier Function in Lungs

Pulmonary microvascular EC barrier integrity is responsible for maintaining the 
blood-air barrier. Disruption of the blood-air barrier is a hallmark of lung injury 
caused by inhaled pathogens (such as bacterial and SARS-Cov2) or systemic 
inflammatory diseases (such as sepsis). EC barrier dysfunction leads to protein-rich 
fluid influx into alveolar spaces, resulting in reduction of air exchange between the 
blood stream and atmosphere [10, 12, 30–32]. Brp-LPA, a pan LPA receptor inhibi-
tor, reduced LPS injection-induced endothelial barrier disruption in mouse lungs 
[105], suggesting that LPA plays a critical role in lung EC barrier dysfunction. The 
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effects of LPA on HLMVECs and HPAECs have been reported. Ren Y et al. showed 
that LPA (0.1–30.0  μM) slightly reduced transendothelial electrical resistance 
(TEER) in HLMVECs using an electric cell-substrate impedance sensing (ECIS) 
system. The reduction was mild and transwell leakage assay with dextran-FITC did 
not confirm the phenomenon [100]. In another study, Cai J. et al. showed that LPA 
(5 μM) rapidly and significantly reduced TEER. The reduction was reversed back to 
normal levels after 2 h [101], suggesting a role of LPA in HLMVEC barrier disrup-
tion occurring in a short time frame. To compare the effect of LPA with lipopolysac-
charide (LPS) on HLMVEC barrier disruption, we treated HLMVECs with LPA 
(1 μM) and LPS (200 ng/ml). Consistent with the study from Cai et al., LPA induced 
a rapid and significant reduction of TEER, while LPS induced a delayed reduction 
of TEER. The peak of reduction from LPS occurred after 8 h, and the TEER returned 
to basal level after 20 h (Y. Zhao, “unpublished data”). LPA is short- lived; 70% of 
extracellular LPA is degraded by lipid phosphate phosphatase (LPPs) in 2 h [106]. 
Interestingly, a metabolically stabilized analog of LPA (OMPT) induced a rapid and 
more severe reduction of TEER. The reduced TEER returned to basal levels after 
20  h (Y.  Zhao, “unpublished data”). OMPT is also a specific agonist of LPAR3 
[107]. The data suggest that activation of LPAR3 results in HLMVEC barrier dis-
ruption. Future studies will be focused on examining the effect of LPAR3 in EC 
barrier dysfunction in murine models of lung injury.

HPAECs are useful cell models for investigating pulmonary EC barrier integrity. 
The data from different studies are not consistent. It has been reported that LPA 
treatment increased TEER in bovine pulmonary arterial ECs [108, 109], while Ren 
Y et al. showed that LPA reduced TEER in a dose-dependent manner in HPAECs 
[100]. Munoz NM. et al. and our unpublished data showed that LPA (1 μM) had no 
effect on TEER of HPACEs [110].

As we discussed, the HLMVECs and HPAECs respond to LPA in terms of EC 
barrier function differently in different studies. Due to the contrasting findings in the 
data, it is difficult to conclude the effect of LPA on EC barrier function in pulmo-
nary lung ECs. HLMVECs and HPAECs are primary cells, LPARs expression pat-
tern may be distinct from different donors and different passages. Generation of 
EC-specific LPARs-deficient mice will be helpful to determine the role of LPA/
LPARs in EC barrier function in lung disease models.

 LPA in Endothelial Barrier Function in BBB

Homeostasis of the brain microenvironment is important for neuronal activity. The 
BBB functions as a strict and selective barrier between blood stream and brain tis-
sues to remains homeostasis of the brain microenvironment (reviewed in [13, 14, 
95]). Using gadolinium diethylenetriaminepentaacetate (Gd-DTPA) contrast- 
enhanced MRI, the BBB disruption effect of LPA was observed in mice [103]. The 
conclusion was confirmed in Wistar rats and Sprague-Dawley rats by using fluores-
cent dye, sulforhodamine B [111] or Evans blue dye for BBB integrity [112]. LPA 
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treatment of porcine brain capillary ECs in both apical and basolateral side of tran-
swell reduced TEER [113], while incubation of LPA in apical side, not in basolat-
eral side of transwell filter cultured with rat cerebral microvascular ECs, increased 
transendothelial flux [114]. The localization of LPARs on the basal and basolateral 
plasma membrane in brain ECs cultured in a transwell chamber in these two cell 
types was not determined. It is possible that LPARs have different localization pat-
terns in cells from different species. The effects of LPA on increases in permeability 
have been reported in porcine [115], bovine [103], rat [102], and human brain 
microvascular EC [100] by independent studies. Recently, Nah, S-Y.’s group dem-
onstrated that gintonin from ginseng reduces BBB through activation of LPAR1/3 
[116–118]. All these studies support that LPA increases permeability of brain 
microvascular ECs. In contrast to this conclusion, LPA increased TEER in corneal 
ECs isolated from New Zealand White rabbits [119]. Together, these studies indi-
cate that, unlike the controversial conclusions of the effect of LPA on blood-air 
barrier integrity, BBB is sensitive to LPA. Though the effect of LPA on brain micro-
vascular EC is to increase permeability, the clinical applications of LPA in the brain 
diseases have not been well studied. Since LPA-increased brain microvascular EC 
permeability is rapid and transient, it may provide a supplemental therapeutic strat-
egy to increase drugs delivery to brain. Choi S-H. et al. showed that coadministra-
tion of gintonin, an LPAR ligand, with donepezil, a potential medicine for Alzheimer 
disease, increased donepezil concentration in cerebral spinal fluid [118]. The benefit 
of administration of LPA in delivery of drug to brains needs further evaluation.

 LPA in Endothelial Barrier Function in Other Systems

An earlier study demonstrated that LPA decreased permeability in bovine aortic 
ECs [92]. However, the expression profile of LPA receptors and LPA-mediated sig-
nal pathways in bovine aortic ECs have not been determined. HUVECs are used as 
an EC model for the study of EC functions such as proliferation, cell death, inflam-
mation, and barrier function. The effect of LPA on HUVEC barrier integrity has 
been studied. LPA treatment of HUVECs increased permeability as evidenced by an 
increase in leakage of horseradish peroxidase (HRP) [120] and FITC-labeled dex-
tran in the transwell permeability assay [97]. The EC barrier disruption effect of 
LPA occurred through LPA ligation to LPAR6 [97]. Neidlinger NA et al. showed 
that LPA treatment of HUVEC monolayers induced cell retraction, increased gaps, 
and cell detachment, indicating that LPA induces HUVEC barrier disruption [93]. 
As discussed above, extracellular LPA can be generated by activation of 
ATX. Incubation of HUVECs with ATX and its substrate LPC increased LPA levels, 
as well as EC gap formation and permeability. Thus, the data regarding the effect of 
LPA on HUVEC barrier disruption is consistent in the different independent studies. 
Interestingly, Hisano Y et al. found that LPA rapidly and transiently increased TEER 
in LPAR1 overexpressing HUVECs [121], indicating that LPAR isotypes play dis-
tinct roles in LPA-altered HUVEC barrier integrity.
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 Molecular Mechanisms of LPA-Modulated Barrier Function

To investigate the molecular mechanisms by which LPA induces EC barrier disrup-
tion, most studies have been focused on the role of LPA in activation of Rho 
GTPases, cytoskeleton rearrangement, and regulation of cell–cell junctions. Ridley 
AJ and Hall A found that LPA rapidly induced the formation of focal adhesions and 
actin stress fibers through activation of Rho in fibroblast cells [122]. This is the 
initial study that reports LPA activation of Rho and regulation of cytoskeleton rear-
rangement. Cross MJ et al. were the first to investigate the role of Rho activation in 
LPA-induced stress fiber formation in ECs. They showed that inhibition of Rho by 
C3 exotoxin attenuated LPA-induced stress fiber formation in porcine aortic ECs 
[123]. Further, activation of phospholipase D was identified to activate Rho upon 
LPA treatment [123]. Though this study did not directly determine the role of LPA/
Rho in EC barrier disruption, the data provided indirect evidence that LPA induces 
EC barrier disruption through PLD/Rho activation. Masago K et al. revealed that 
Rho regulates LPA-induced BBB dysfunction [102]. The role of Rho in LPA- 
induced EC barrier disruption has been further confirmed by other groups [112, 
116, 120, 124]. MLC phosphorylation and cytoskeleton rearrangement by Rho and 
Rho kinase upon LPA treatment was shown to play a critical role in the EC barrier 
disruption [120]. LPA has been reported to regulate Rac1 and Cdc42 in lung epithe-
lial cells (reviewed in [125]); however, the role of Rac1 and Cdc42 in LPA-altered 
EC barrier function has not been reported.

In addition to regulation of cytoskeleton rearrangement, LPA disrupted tight 
junctions by altering structural integrity of claudin-5, occludin, and ZO-1 in brain 
microvascular ECs [102]. LPA also induced phosphorylation of VE-cadherin in 
HLMVECs [101], which has been shown to be involved in VE-cadherin disruption 
and internalization, resulting in EC barrier dysfunction. ATP release, and an increase 
in intracellular calcium have been shown to regulate LPA-induced cytoskeleton 
rearrangement in HUVECs [126], suggesting that LPA-induced EC barrier disrup-
tion may be regulated by ATP release and increase in intracellular calcium.

 Summary

LPA is a bioactive lysophospholipid, which induces cellular responses through liga-
tion to a group of LPA receptors on the cell surface. Synthesis and metabolism of 
LPA occur in both intracellular and extracellular fractions. It has been shown that 
LPA regulates multiple physiological functions and pathological processes. The 
effect of LPA on EC barrier integrity has been demonstrated in different types of 
ECs (Fig.  1.). The EC barrier disruptive effect of LPA has been confirmed in 
HUVEC model and brain microvascular ECs. In lungs, there are controversial data 
regarding the role of LPA in lung arterial and microvascular EC barrier integrity. 
Generation of EC-specific LPA receptor deficient mice will help to understand the 
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Fig. 1 LPA regulates EC barrier integrity. Extracellular LPA activates intracellular RhoA/ROCK/
p-MLC pathway and regulates EC barrier integrity through ligation to LPARs on the cell sur-
face of ECs

role of LPA/LPARs in the regulation of the blood-air barrier. As most studies are 
focused on extracellular LPA, ATX, and LPA receptors, the role of intracellular LPA 
in EC barrier integrity has not been investigated. The LPA-derived biolipids such as 
oxidized LPA need be further focused to investigate their role in EC barrier func-
tion. The development of in vivo lipidomic techniques may be useful to determine 
the local changes of LPA in circulation during disease progress.
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Regulation of Vascular Endothelial Barrier 
Integrity and Function by Lipid-Derived 
Mediators
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Narasimham L. Parinandi, and Viswanathan Natarajan

Abstract Increased vascular permeability is a cardinal feature of acute lung injury 
and restoration of the disrupted endothelial barrier function is a requisite to stem the 
fluid and inflammatory cells in the alveolar space. Maintenance of endothelial cell 
(EC) integrity is a critical determinant of vascular permeability and inflammatory 
responses in a variety of pulmonary disorders including sepsis, ventilator-induced 
lung injury, and bacterial and viral infections. Although it is well established that 
disruption of EC tight and adherens junctions causes increased permeability, alveo-
lar flooding, and pulmonary edema, there is compelling evidence to support that 
ECs have the inherent ability to anneal the junctions and restore the barrier function. 
This process of barrier restoration and resealing of the gaps are facilitated by several 
naturally occurring barrier-enhancing molecules such as hepatocyte growth factor, 
sphingosine-1-phosphate, prostaglandins, oxidized phospholipids, and hyperosmo-
larity. Many of the barrier-protective agents are generated and released either in 
circulation by the ECs or other cells and in proximity to the disrupted endothelium. 
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While mechanisms of EC barrier disruption have been extensively investigated, the 
process of barrier restoration of the endothelium is inadequately understood. Several 
lipid-derived mediators have been identified to facilitate the healing process and this 
article addresses the role of these lipid mediators in EC barrier restoration and gap 
closure with an emphasis on the signaling pathways related to lamellipodia forma-
tion and barrier restoration. Since no specific therapy is available currently to target 
the EC barrier disruption, an in-depth understanding of the mechanisms underlying 
the regulation of barrier restoration and stabilization of the junctions will lead to 
development of novel therapies.

Keywords Endothelial cells · Lipid-derived mediators · Sphingosine-1-phosphate 
· Lysophosphatidic acid · Phosphatidic acid · Oxidized phospholipids · Prostanoids 
· Hepatocyte growth factor · Barrier restoration · Annealing of gaps

 Introduction

The balance between opening and resealing of endothelial adherens junction (AJ) 
barrier is essential for the maintenance of lung vascular barrier integrity in health 
and disease. Many lung disorders, including acute respiratory distress syndrome 
(ARDS), bacterial infection, pulmonary fibrosis, and bronchopulmonary dysplasia, 
are characterized by the increased lung vascular permeability and pulmonary edema. 
Disassembly of the adherens junctions (AJs) of lung endothelial cell (EC) monolay-
ers by edemagenic agents causes microvascular hyperpermeability and protein-rich 
pulmonary edema formation, and if uncorrected, it leads to deterioration of the lung 
gas exchange. These changes reflect failure of the lung’s intrinsic homeostatic 
mechanisms, and as such, they are hallmarks of the inflammatory lung disorders. 
Despite our current understanding of the multifaceted mechanisms regulating the 
vascular permeability [1–3], little is known about the molecular regulation of endo-
thelial barrier restoration following the lung injury and edema. Lipids constituting 
glycerophospholipids, sphingolipids, and cholesterol are essential components of 
all biological membranes of the eukaryotic cells. Activation of endothelial and 
inflammatory cells by the edemagenic agents stimulates catabolism of cellular lip-
ids resulting in generation of the lipid-derived biomolecules. Many of these lipid- 
derived mediators act on receptors on the endothelial or epithelial cell surface and 
signal to mediate intracellular responses by modulation of the protein kinases and 
phosphatases, and transcriptional factors that regulate the genes involved in barrier 
integrity. The signaling pathways increasing endothelial permeability via the effec-
tor proteins such as VE-cadherin, Rho, and EC-specific myosin light chain kinase 
have been well described, and the focus of this review is to define the role of 
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lipid- derived mediators such as prostanoids, phosphatidic acid (PA), and 
sphingosine- 1- phosphate (S1P) by enzymes involved in the catabolism of glycerol- 
and sphingo-phospholipids on the disruption and formation of adhesive contacts 
between adjacent ECs via interaction of adherens junction and cytoskeletal proteins 
to restore lung endothelial barrier integrity.

 Modulation of Endothelial Barrier Restoration by 
Barrier-enhancing Agents

A number of naturally occurring agents such as S1P [4], high molecular weight 
hyaluronic acid (HMW HA) [5, 6], adenosine-5′-triphosphate (5′-ATP) [7, 8], acti-
vated protein C (APC) [9], oxidized phosphatidylcholine [10, 11], prostaglandins 
[12, 13], hepatocyte growth factor (HGF) [14, 15], and simvastatin [15, 16] have 
been identified as barrier enhancers, and promoters of barrier integrity. In sepsis, 
elevated levels of the vascular endothelial growth factor (VEGF) and HGF have 
been reported in plasma, and elevated plasma VEGF levels in sepsis are associated 
with disease severity and mortality [17]. While elevated VEGF levels increase vas-
cular endothelial permeability, HGF levels also have been shown to increase in early 
sepsis [18], suggesting initiation of the tissue protection and regeneration post sep-
sis. Similarly, S1P levels were decreased in plasma of sepsis patients and animal 
models of acute lung injury (ALI) [19, 20] and infusion of S1P offers protection 
against the lipopolysaccharide (LPS) or cecal ligation puncture (CLP)-mediated 
lung inflammation and injury [21]. In contrast to sepsis, S1P levels are elevated in 
lung tissues and plasma of patients with pulmonary disorders such as asthma, pul-
monary hypertension, pulmonary fibrosis, and bronchopulmonary dysplasia in pre-
clinical animal models [22–26]. Blocking S1P production by inhibiting sphingosine 
kinase (SPHK) 1 and/or 2 offers protection against the lung inflammation and injury 
in several lung disorders [27]. The barrier enhancement caused by HGF, S1P, simv-
astatin, 5′-ATP, and oxidized phospholipids (OxPLs) are associated with increased 
interaction between actin and cortactin, and α/β catenin and VE-cadherin at leading 
edge of cells [28–32]. HGF and S1P promote endothelial barrier enhancement by 
interacting with its cognate receptors c-Met [28, 33] and S1P 1–5 [34], respectively. 
Specific receptor(s) for OxPLs such as 1-palmitoyl-2-(5-oxovaleroyl)-sn-glycero- 3-
phosphocholine (POVPC) and 1-palmitoyl-2-glutaroyl-sn-glycero-3- 
phosphocholine (PGPC) in inducing barrier enhancement is yet to be identified; 
however, OxPLs bind to low-density lipoprotein receptor-related protein 6 (LRP6) 
[35]. Here, we will discuss mechanisms of endothelial barrier enhancement by pros-
taglandins, glycerophospholipids, sphingolipids, oxidized phospholipids, and HGF.
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 Prostaglandins and Leukotrienes in Endothelial 
Barrier Integrity

Arachidonic acid, released in response to stimuli from the sn-2 position of cell 
membrane glycerophospholipids by phospholipase A2 action, is oxygenated by 
cyclooxygenases (COX)1 or 2 to generate prostaglandins (PGs) of the type PGE2, 
PGD2, PGI2, PGF2α, and thromboxane (TX)A2 while 5-lipoxygenease (5LO) pro-
duces leukotrienes (LTs) of the type LTB4 and cysteinyl LTs. PGs and LTs are 
released during acute and chronic inflammation by pro-inflammatory leukocytes 
and macrophages [36], and their major physiological effects include vasodilation, 
vascular leakage, and chemotaxis. In addition to the recruitment and activation of 
immune cells, PGs modulate vasculature during inflammation. Thus, the action of 
PGs and LTs depend on the target tissue, concentration, and activation of different 
G-protein coupled receptors (GPCRs).

Prostaglandin D2: PGD2 and agonism of its receptor DPI, reduce vascular leakage 
and enhance endothelial barrier via cAMP/PKA/Tiam1/Rac1 signaling axis in a 
murine model of acute lung injury (ALI) [37–39]. Surprisingly, activation of EP4, 
but not DPI, by PGD2 strengthens EC barrier against thrombin-induced barrier 
disruption suggesting promiscuity of EP4 signaling in the endothelium [12], and 
transient knockdown of EP4 abolishes PGD2-and Bw245c-mediated barrier 
enhancement in human pulmonary microvascular ECs. The PGD2-mediated barrier 
enhancement parallels a reduction in Ser 473AKT phosphorylation, but not the 
tyrosine phosphorylation of VE-cadherin, FAK, or paxillin. However, the role of 
PGD2 in sepsis is controversial. In a low-dose LPS model of ALI, PGD2 exacerbates 
lung inflammation [40]; however, a high dose of LPS offers limited protection [41] 
in a murine sepsis model. LPS induces PGD2 production in bone marrow-derived 
macrophages and high level of PGD2 may limit inflammation by strengthening 
endothelial barrier. Surprisingly, in the thrombin-induced barrier disruption of 
human pulmonary artery ECs, activation of EP4 but not DPI strengthens the barrier 
[12], suggesting PGD2 crosstalk with EP4 in the absence of PGE2.

Prostaglandin E2: Like PGD2, PGE2 also promotes the lung microvascular integ-
rity and inhibits the neutrophil trafficking in the vasculature via EP4 [42]. It has 
been shown that the alveolar epithelial-derived PGE2 is a key regulator of endothe-
lial barrier integrity as blocking the endothelial EP4 reduces the PGE2-mediated 
barrier protection [43], suggesting the therapeutic potential of PGE2 and EP4  in 
endothelial barrier restoration. PGE2-based therapeutic strategies to accelerate the 
recovery of impaired lung endothelium would boost the endogenous PGE2 levels by 
blocking 15-hydroxy prostaglandin dehydrogenase, and/or by activating EP4 with 
agonist. A potential mechanism of PGE2 protection of EC barrier via EP4 might 
involve elevated production of 3′,5′-cyclic adenosine monophosphate (cAMP) cata-
lyzed by adenylate cyclase in the endothelium.
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Prostaglandin I2: PGI2, the predominant product of COX2 in the endothelium, is 
generated from PGH2 by PGI2 synthase. The functional characteristics of PGI2 
include inhibition of platelet aggregation and adhesion to the neutrophils and ECs, 
dilation of bronchial and vascular smooth muscle cells, and promotion of endothe-
lial barrier enhancement in response to inflammation [44, 45]. PGI2 is highly unsta-
ble in vivo and exerts its physiological effects via the G-protein-coupled receptor, 
IP. PGI2 stimulates intracellular pathways of adenylate cyclase and GTPases and 
modulates the cytoskeletal organization and stabilization of adherens and tight 
junctions in ECs [13, 46–48]. These physiological and morphological changes pro-
mote endothelial barrier enhancement and integrity during lung inflammation. PGI2 
or its synthetic analogs, iloprost and beraprost, exhibit protective action on the 
endothelium, and reduce the lung inflammatory injury induced by mechanical ven-
tilation or bacterial infections [49, 50]. The barrier protective role of PGI2 and its 
synthetic analogs is mediated via its receptor, IP, by inhibiting Rap1/Rac1, and 
PKA- dependent Rho, which regulate the assembly of cytoskeletal and junctional 
proteins of the endothelium. The low stability of PGI2 in vivo makes it a less attrac-
tive therapeutic agent; however, the synthetic analogs of PGI2, iloprost and bera-
prost, show greater therapeutic efficacy in preclinical animal models of lung injury 
and in EC culture models. Incorporation of iloprost in phospholipase-resistant phos-
pholipid scaffold enhances its protective action on the LPS-induced ALI as com-
pared to the treatment with free iloprost in mice [51]. The cyclopentenone 
prostaglandin, PGA2 generated by elimination of a molecule of H2O within the 
cyclopentane ring of PGE2, also provides protection against the LPS-induced vascu-
lar leak and inflammation in vivo in a murine model and in vitro against the throm-
bin-mediated EC hyperpermeability [52]. Thus, the therapeutical potential of free 
and phospholipid- bound iloprost needs to be investigated in various lung inflamma-
tory injury models with vascular leak.

Leukotrienes: In contrast to PGD2, PGE2 and PGI2, LTB4, and cysteinyl leukotri-
enes LTC4 and LTD4 stimulate the EC inflammation and proliferation through 
CysLT2R/Rho Kinase and CysLT1R/ERK-dependent pathways [53]. Inhibition or 
deletion of CysLT2R stabilizes the tumor EC integrity and reduces metastasis in the 
mouse tumor model, suggesting CysLT2R as a possible target for the barrier resto-
ration in tumors [54]. The barrier protective role of PGD2, PGE2, and PGI2 is 
depicted in Fig. 1.

 Phospholipase D/Phosphatidic Acid Signaling and Endothelial 
Barrier Integrity

Phosphatidic Acid: Phosphatidic acid (PA) is a glycerophospholipid and key 
intermediate in the biosynthesis of major glycerophospholipids and triglycerides in 
mammalian cells. PA is anionic and has a unique cone-shaped geometry that confers 
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Fig. 1 Prostaglandins modulate endothelial barrier function. Schema depicts PGD2, PGI2, and 
PGE2 signaling via its G-protein-coupled receptors in endothelial barrier restoration and barrier 
integrity. Ligation of PGD2, PGI2, and PGE2 to its cell surface receptors DP1/2, IP and EP4, respec-
tively, stimulates adenylate cyclase activity and enhances cAMP production. cAMP activates PKA 
or RAP1 and activates RAC1/IQGAP1 via DB1/DOCK1 GEFs leading to stabilization of tight and 
adherens junction (AJ) proteins and barrier integrity. PGD2 can also bind to EP4, the PGE2 receptor 
for signaling and activation of RAC1 via cAMP/PKA/RAP1. PGD2, prostaglandin D2; PGI2, pros-
taglandin I2; PGE2, prostaglandin E2; DP1/2, PGD2 receptor; IP, PGI2 receptor; EP4, PGE2 recep-
tor; cAMP, cyclic adenosine monophosphate; PKA, protein kinase A; RAP1, Ras-related protein 
1; DOCK1, Dedicator of cytokinesis 1; GEF, guanine nucleotide exchange factor; RAC1, Ras- 
related C3botulium toxin substrate; IQGAP1, IQ motif containing GTPase activating protein 1

fusiogenic and binding properties to proteins in biological systems. In cells, PA can 
be generated at least by four mechanisms (Fig. 2). In the first pathway, PA is gener-
ated de novo by acylation of dihydroxyacetone phosphate (DHAP) and/or 
glycerol- 3-phosphate (G3P) catalyzed by DHAP or G3P acyltransferases, respec-
tively. The second pathway involves hydrolysis of membrane glycerophospholipids 
such as phosphatidylcholine (PC), phosphatidylethanolamine (PE) or phosphatidyl-
serine (PS) by phospholipase D (PLD) to PA and choline, ethanolamine, or serine, 
respectively. In the third pathway, PA is generated by phosphorylation of diacylg-
lycerol (DAG) catalyzed by DAG kinase [55]. DAG can be derived from triglycer-
ides through the action of lipases or from inositol phospholipids by phospholipase 
C (PLC) [56]. PA can also be dephosphorylated to DAG by PA phosphatases [57]. 
Finally, lysophosphatidic acid can be acylated by acyltransferases to PA [58, 59]. 
LPA can be generated by phosphorylation of acylglycerol mediated by acylglycerol 
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Fig. 2 Biochemical pathways of phosphatidic acid generation in mammalian cells. At least four 
biosynthetic pathways have been identified for the generation of phosphatidic acid (PA) in mam-
malian cells. For the de novo biosynthesis of PA, glycerol-3-phosphate (GP) or dihydroxyacetone 
phosphate (DHAP) is acylated by GP acyl transferase (GPAT) or DHAP acyltransferase (DHAPAT) 
to lysophosphatidic acid (LPA) or acyl DHAP, respectively. Acyl DHAP undergoes enzymatic 
reduction to LPA by acyldihydroreductase (ADR) to LPA. LPA is converted to PA by LPA acyl-
transferase (LPAAT). The second pathway involves hydrolysis of phosphatidylcholine (PC), phos-
phatidylethanolamine (PE), or phosphatidylserine (PS) by phospholipase D (PLD) 1 and/or 2 to 
PA. In the third pathway, diacylglycerol (DAG) generated from PC, phosphatidylinositol (PI), or 
polyphosphoinositides by phospholipase C is phosphorylated by DAG kinase to produce PA. DAG 
can be acylated by a DAG acyltransferase (DAGAT) to triglycerides (TG) or deacylated by lipase 
to acylglycerol, which is phosphorylated by AG kinase to LPA, and LPA to PA by LPAAT. In the 
fourth pathway, LPC in lipoproteins is hydrolyzed by lysophospholipase D (Lyso PLD) or auto-
taxin (ATX) to generate LPA that is acylated to PA by LPAAT. PA can be dephosphorylated to 
DAG by PA phosphatases or lipid phosphate phosphatases or hydrolyzed by P-specific phospholi-
pase (PL) A1 or A2 to generate 1- or 2-acyl glycerol-3-phosphate (1- or 2-acyl LPA), respectively

kinase [60, 61] or hydrolysis of lysophosphatidylcholine (LPC) by autotaxin (ATX) 
or LysoPLD [62, 63]. Spatiotemporal localization of PA generated by these differ-
ent mechanisms is different, thereby the generated PA is committed to different 
functions in the cell [64]. Among the four mechanisms, the PLD pathway has been 
widely investigated to understand its physiological and pathophysiological role in 
cell function. PLDs have been implicated in a variety of cell functions: vesicle traf-
ficking, cytoskeletal dynamics, chemotaxis, cell motility, and reactive oxygen spe-
cies (ROS) generation [65].

Phospholipase D: Phospholipase D (PLD), a ubiquitous glycerophospholipid- 
catabolizing enzyme in the mammalian cells, catalyzes hydrolysis of the membrane- 
associated phosphatidylcholine (PC) and other phospholipids to yield PA and free 
choline or a base, respectively [66]. There are six isoforms of PLD, PLD1–6 [67], of 
which PLD1 and PLD2 isoforms exhibit catalytic activity and have been widely 
recognized as key players in several human pathophysiologies, including cancer, 
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hypertension, neurodisorders, diabetes, and acute lung injury [68, 69]. Although 
both PLD1 and PLD2 generate PA, they are localized in different cellular compart-
ments and are differentially regulated [65, 70–72]; hence, the spatiotemporal gen-
eration of PA by PLD1 and PLD2 dictates specific function of PA [73–75]. PA is an 
important second messenger generated inside the cell that directly regulates several 
cellular processes, including apoptosis, cytoskeletal organization, cell morphogen-
esis, membrane biogenesis, and vesicular trafficking [76–78]. To date, no cell sur-
face receptor(s) of PA has been identified, although PA exerts its action both 
extracellularly and intracellularly.

 Phosphatidic Acid Induces Endothelial Permeability

Several agonists such as thrombin, HGF, LPS, ROS, oxidized low-density lipopro-
tein (ox-LDL), and S1P stimulate PLD1 and PLD2 in the ECs, and modulate perme-
ability. Exogenous PA, but not DAG or LPA, significantly increases the EC 
monolayer permeability, and PA-induced permeability is attenuated by the tyrosine 
kinase inhibitor, herbimycin, and enhanced by vanadate, a tyrosine phosphatase 
inhibitor [79], suggesting a role for PA in the EC permeability. The ectopic 
PA-induced permeability of ECs is mimicked by PA confined to the neutrophil 
plasma membrane providing a potential link between the membrane-associated PA 
and EC permeability. Hydrogen peroxide in micromolar concentration activates 
PLD1 and PLD2 in bovine pulmonary artery ECs and blocking PLD1 and PLD2 
activity with adenoviral dominant negative PLD1 and PLD2 mutants attenuates the 
hydrogen peroxide-induced EC permeability, cytoskeletal reorganization, and dis-
tribution of VE-cadherin and focal adhesion proteins [66]. The mechanism of ROS- 
mediated modulation of EC permeability by PLD1/PLD2-dependent PA signaling is 
unclear, but seems to involve reorganization of cytoskeletal actin and VE-cadherin 
at the junction. Further, treatment with hydrogen peroxide causes the EC barrier 
dysfunction and no significant barrier recovery in the time frame has been studied. 
However, PA generated by PLD1/PLD2 pathway has been shown to activate PKC ζ 
[80], alter actin cytoskeleton, and modify actomyosin contraction [81], and earlier 
studies have demonstrated an important role for RhoA family of GTPases in regu-
lating the endothelial barrier function in response to agonists [82–84]. It is well 
recognized that actin polymerization leads to the formation of stress fibers is RhoA- 
dependent [85] process that is partly regulated by the PLD/PA signaling axis [86–
91]. PA activates phosphatidylinositol-4-phosphate 5-kinase (PI4P5K) to generate 
phosphatidylinositol-4,5-bisphosphate (PIP2) [92], an activator of actin cytoskele-
ton and modulator of interactions between actin and actin-binding proteins such as 
vinculin and filamin [93]. Thus, ROS-induced EC permeability mediated by 
PLD/PA signaling may involve modulation of Rho GTPases, PIP2 formation, and 
actin cytoskeleton.
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 Phospholipase D2 Facilitates Restoration of Endothelial Barrier 
Function In Vivo

Intratracheal administration of protease-activated receptor-1 activating peptide 
(PAR-1-AP) induced accumulation of inflammatory cells, mainly neutrophils, in 
lung alveolar spaces in the wild-type (WT) mice; however, Pld2−/− mice show 
greater neutrophil accumulation as compared to the WT and Pld1−/− mice. Further, 
Pld2−/− mice show significantly higher protein content in the bronchoalveolar lavage 
(BAL) fluid and an increase in IL-6 level in the BAL fluids compared to the WT 
mice and Pld1−/− mice after 3 h of PAR-1-AP challenge. Further, PAR-1-AP induces 
a much greater increase in the Evans blue dye uptake in Pld2−/− mice lungs as com-
pared to the WT or Pld1−/− mice, indicating significantly greater lung vascular leak-
age in response to PAR-1-AP in the Pld2-deficient mice. Similar to PAR-1-AP, the 
Pld2−/− mice show elevated lung inflammatory injury and pro-inflammatory cyto-
kine levels in the BAL fluids as compared to the WT mice. Collectively, the in vivo 
data show that deletion of PLD2 in mice enhances lung vascular leakage and inflam-
matory injury in response to PAR-1-AP or LPS challenge [94], suggesting a protec-
tive role of PLD2 in the thrombin- and LPS-induced lung injury.

 Central Role of VE-Cadherin Trafficking to Nascent Adherens 
Junctions (AJs) in Restoring Endothelial Barrier Integrity

VE-cadherin, the EC-specific adhesion protein, through its extracellular domain, 
forms calcium-dependent homotypic interaction with VE-cadherin expressed on the 
adjacent ECs. Edemagenic agents induce disassembly of the AJs secondary to the 
internalization of VE-cadherin through VE-cadherin tyrosine phosphorylation by Src 
family kinases and c-Abl at Y658, whereas other agents referred to as the 
“permeability- decreasing mediators” (e.g., angiopoietin-1) inhibit VE-cadherin inter-
nalization to maintain barrier integrity [95]. Internalized VE-cadherin is trafficked in 
vesicles and some of which is tagged for the degradation by ubiquitination [96]. 
Therefore, vesicular VE-cadherin represents an important reservoir of VE-cadherin, 
which, upon redirection to the cell surface, serves as a critical source for the reassem-
bly of the AJs during the post-injury restoration of the endothelial barrier [96, 97].

 PLD2/PA Signaling Facilitates Endothelial Barrier Restoration 
by Enhancing VE-Cadherin Dephosphorylation Via 
Tyrosine- Protein Phosphatase Non-Receptor Type 14 (PTPN14)

In the HLMVECs, inhibition or deletion of PLD2, but not of PLD1, delays the 
endothelial barrier recovery in response to thrombin. Further, thrombin stimulation 
of the human lung microvascular endothelial cells (HLMVECs) increases the 
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co- localization of PLD2-generated PA and VE-cadherin at cell–cell adhesion junc-
tions, while inhibition of PLD2 activity results in prolonged phosphorylation of 
Tyr-658 in VE-cadherin during the recovery phase after thrombin challenge. 
Immunoprecipitation experiments reveal strong association between PLD2, 
VE-cadherin, and tyrosine- protein phosphatase non-receptor type 14 (PTPN14) fol-
lowing the thrombin stimulation. Depletion of PTPN14 delays the VE-cadherin 
dephosphorylation, reannealing of the AJs, and barrier function recovery (Fig. 3). 
PLD2 inhibition attenuates the PTPN14 activity and reverses the PTPN14-dependent 
VE-cadherin dephosphorylation following thrombin stimulation [94]. These findings 
suggest that PLD2 promotes the PTPN14-mediated dephosphorylation of 
VE-Cadherin and that redistribution of VE-cadherin at the AJs is essential for recov-
ery of the endothelial barrier function resulting from an edemagenic insult.

 PLD2 Modulates Cortactin Phosphorylation in Formation 
of Lamellipodia, Resealing of AJ Barrier, and Restoration 
of Lung Vascular Barrier Integrity

Cortactin, an important regulator of cortical actin rearrangement, is an actin-binding 
protein that promotes lamellipodia protrusion [98, 99]. Recent studies suggest the 
importance of lamellipodia in maintenance and restoration of the endothelial barrier 

Fig. 3 PLD2/PA-regulation of VE-cadherin via PTPN14 and stabilization of endothelial adherens 
junctions (AJs) and barrier restoration. Stimulation of endothelial cells with lipopolysaccharide 
(LPS) via Toll-like receptor (TLR) 4 or thrombin via protease-activated receptor-1 (PAR-1) results 
in increase of intracellular calcium [Ca2+]i, and Src activation. Changes in intracellular calcium 
and/or Src activation stimulates phospholipase D2 (PLD2)-dependent phosphatidic acid (PA) gen-
eration during the recovery phase of lung endothelial barrier restoration. PA, a second messenger, 
activates tyrosine-protein phosphatase non-receptor type 14 (PTPN14), which maintains vascular 
endothelial (VE)-cadherin at AJs in a dephosphorylated state resulting in reannealing of adherens 
junctions (AJs) and barrier recovery. Blocking PLD2 or PTPN14 results in retention of phospho- 
VE- cadherin for a prolonged time affecting annealing of the gaps formed by LPS or thrombin
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integrity under basal and pathological conditions. Expression of the Y421F/Y466F/
Y482F cortactin phospho-defective mutant blocks the thrombin-induced lamellipo-
dia formation and co-localization of actin with cortactin in cell protrusions of the 
HLMVECs and prevents the recycling of VE-cadherin to AJs and restoration of 
endothelial barrier. Further, expression of catalytically inactive PLD2 mutant attenu-
ates the thrombin-induced tyrosine phosphorylation of cortactin at Y466  in the 
HLMVECs (Fig. 4). The PLD2-mediated co-localization of cortactin with actin in 
cell periphery is dependent on IQGAP1 and downregulation of IQGAP1 attenuates 
the lamellipodia formation [100]. Further, PA generated from PLD2 has been shown 
to promote IQGAP1 recruitment to the plasma membrane in smooth muscle cells 
[101, 102], which could bind directly to the actin filaments [102] and provide a 
direct molecular link between GTPases and the actin cytoskeleton. These data sug-
gest a key role of PLD2 and its activity in cortactin tyrosine phosphorylation and 
lamellipodia formation in the HLMVECs, which is a prerequisite for barrier anneal-
ing and restoration.

Fig. 4 PLD2-dependent tyrosine phosphorylation of cortactin is essential for VE-cadherin local-
ization at AJs. Wild type (WT) human umbilical vein endothelial cells (HUVECs) and HUVECs 
expressing green fluorescence protein (GFP)-phospho-defective cortactin mutants (Y421F/Y466F/
Y482F) were challenged with thrombin for 30 min and 3 h. Cells were immunostained with anti- 
VE- cadherin antibody to assess formation of inter-endothelial gaps, reflecting loss of AJ integrity. 
Results of all experiments were quantified as shown on right with statistical significance set at 
*p < 0.05. Results show far greater disruption of AJs within 30 min post-thrombin challenge in 
cells transduced with phospho-defective cortactin as compared to controls with WT cortactin. 
Since cortactin is a key regulator of lamellipodia formation, these results suggest that formation of 
lamellipodia involved in the development of VE-cadherin homotypic interactions may require 
tyrosine phosphorylation of cortactin. Infection of WT human lung microvascular ECs with vector 
control or dominant negative PLD2 catalytically inactive mutant (10 MOI, 24 h) resulted in inhibi-
tion of thrombin-induced phosphorylation of VE-cadherin at 30 min and loss of VE-cadherin at 
adherens junctions
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 Lysophosphatidic Acid/LPARs in Endothelial 
Barrier Regulation

Lysophosphatidic acid (LPA), the simplest phospholipid, is a natural constituent of 
all mammalian cells, plasma, and BAL fluid. Extracellular LPA is produced by 
autotaxin (ATX) or lysophospholipase D (LysoPLD) activity on LPC present in the 
lipoproteins, while intracellular LPA is generated from PA by PA-specific phospho-
lipase A1 (PLA1) or phospholipase A2 (PLA2) or phosphorylation of acylglycerol 
(AG) by AG kinase (AGK) [61, 103]. LPA exhibits both pro- and anti-inflammatory 
properties and most of the biological effects of LPA are mediated via G-protein- 
coupled LPA1–6 receptors that are expressed on the cell surface [104]. Extracellular 
LPA stimulates expression of cytokines, chemokines, and cytokine receptors, and 
regulates the cytoskeletal rearrangement, and confers protection against lung injury 
by tightening of the epithelial barrier integrity [105]. The LPA-induced interleukin-
 8 (IL-8) secretion in human bronchial epithelial cells is mediated by the upstream 
activation of p38-mitogen-activated protein kinase (MAPK) and C-Jun N-terminal 
kinase (JNK) [106], and lipid phosphate phosphatase 1 [107], suggesting a complex 
regulation at cell surface and intracellular pathways. LPA levels are elevated in BAL 
fluid from segmental allergen challenged asthmatic patients, murine model of 
asthma, and pulmonary fibrosis [108–110], which are correlated with the enhanced 
expression of ATX and ATX activity. Inhibition of ATX activity with small molecule 
inhibitor(s) attenuates the house mite-induced airway hyperresponsiveness in mice 
[111]; however, it has shown no effect on the collagen deposition in murine model 
of bleomycin-induced pulmonary fibrosis [110]. The opposing roles of LPA in dif-
ferent lung pathologies suggest a complex role of LPA/LPAR signaling in the lung 
cells. LPA in the airway bronchial epithelial cells tightens the epithelial barrier 
[112] via modulation of the PKC δ- and PKC ζ-mediated E-cadherin accumulation 
at the cell–cell junctions, and cytoskeletal rearrangement of cortactin [113]. In the 
endothelium, LPA has been shown to reduce permeability and stabilize the barrier 
function [79, 114] but to induce the EC death due to the altered redox environment 
[115]. LPAR1 seems to play a key role in LPA-mediated lung inflammatory 
responses. Inhibition or downregulation of LPAR1 attenuates the LPS-induced lung 
inflammation [116], and bleomycin-mediated pulmonary fibrosis in mice [117]. In 
contrast to the in  vivo studies, inhibition of LPAR1 with an antagonist AM996 
in  vitro causes the activation of Rho/Rho kinase, MLC-phosphorylation, and 
increased permeability. Some of these discrepancies could be due to the differential 
expression of LPARs, differences in the interactions of various LPA molecular spe-
cies with their receptors [118, 119], and spatiotemporal generation of LPA in cells 
[120]. Further evaluation of LPA and LPARs in the endothelial barrier integrity is 
necessary to characterize the role of LPA in vascular permeability in human lung 
pathologies.
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 Sphingolipids Modulate Endothelial Barrier Restoration 
and Integrity

Sphingolipids are essential components of the eukaryotic cell membranes, which 
regulate the cellular functions such as apoptosis, senescence, proliferation, and 
motility by signaling through receptors and binding to target proteins. Metabolism 
of the sphingolipids is altered in several human pathologies and recent evidence 
suggests that sphingolipid metabolites such as sphingosine, ceramide, S1P, and 
Δ2-hexadecenal derived from the enzymatic action of sphingsine-1-phosphate lyase 
(S1P lyase) play a key role in the pathology of respiratory disorders [27]. 
Sphingomyelin (SM), the most abundant sphingolipid present in cells, is generated 
from serine and palmitoyl-CoA through the enzymatic action of serine palmitoyl-
transferase (SPT) to form 3-keto-dihydrosphingosine, which is rapidly reduced to 
dihydrosphingosine (sphinganine) catalyzed by ketosphinganine reductase [121]. 
Dihydrosphinganine is converted to dihydroceramide and then to ceramide by six 
ceramide synthase isoenzymes with varying fatty acid chain lengths ranging from 
C18:0 to C24:1 [122]. Ceramide is then channeled to complex sphingolipids such as 
SM and glycosphingolipids or converted to ceramide-1-phosphate. Mammalian 
cells cannot convert dihydrosphinganine to sphingosine; however, sphingosine is 
derived from ceramide catalyzed by ceramidase(s) [123]. In addition, ceramide can 
also be directly generated from SM by the action of acid or neutral sphingomyelin-
ase [124]. Sphingosine derived from ceramide is phosphorylated by sphingosine 
kinases (SPHK) 1 & 2 to S1P [125, 126]. S1P can be converted to sphingosine by 
S1P phosphatases or to Δ2-hexadecenal by S1P lyase, a pyridoxal phosphate- 
dependent enzyme localized in the endoplasmic reticulum (ER) membranes [127] 
and cell nucleus [128]. Ceramide metabolism is central to sphingolipid homeostasis 
and imbalance in ceramide metabolism could impact sphingolipidome and cell 
function [129].

 Ceramide in Endothelial Apoptosis and Permeability

Ceramide has been implicated in the pathogenesis of human diseases including can-
cer, lung disorders, atherosclerosis, and diabetes [130–132]. Ceramide stimulates 
apoptosis [133] in cells and elevated ceramide levels have been observed in the 
lungs of patients with emphysema [131]; however, opposing findings have been 
reported about ceramide levels in cystic fibrosis (CF) patients and in mouse model 
of CF where reduced ceramide levels correlated with defects in fatty acyl chain 
molecular species [134]. These contradicting results in CF may be due to differ-
ences in animal models used and/or limitation in detection of only selected species 
of ceramides by mass spectrometry. Increased acid sphingomyelinase (ASMase) 
activity or expression directly corelates with ceramide levels in pulmonary disor-
ders, including CF and COPD [135, 136]. Genetic knockdown of ASMase 
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normalizes ceramide levels, decreases inflammation and vascular permeability in 
cigarette smoke-induced emphysema [131], pulmonary fibrosis [137] and CF in 
mice [138]. ASMase deficiency also protects against the LPS-mediated endothelial 
apoptosis in mice by modulating ceramide levels [139]; however, ASMase-
dependent increase in ceramide decreases the platelet activating factor (PAF)-
mediated vascular permeability [140] without affecting apoptosis. The disparate 
effect of ceramide in LPS and PAF models of lung injury may be due to the differ-
ences in the fatty acid composition of ceramides generated by the stimulation of 
ASMase. Further, one can infer that endothelial apoptosis is an important mecha-
nism in inducing the increased vascular permeability in lung disorders. At present, 
there is no approved therapy to ameliorate the ceramide-induced endothelial perme-
ability. Recent study suggests that modulation of elongase-mediated elongation of 
very long-chain fatty acids protein 4 (ELOVL4) prevents diabetes-induced retinal 
vascular permeability by stabilizing the tight junctions [141, 142]. Further investi-
gation on the role of ELOVL4 is necessary to determine its efficacy in the endothe-
lial barrier protection during lung injury.

 S1P Metabolism and Cell Function

S1P, the simplest sphingophospholipid, is a natural constituent of plasma, biological 
fluids, and cells. The plasma levels of S1P are several folds higher (0.1–1.0 μM) 
compared to tissues (<0.1 μM) and most of the plasma S1P is bound to apoprotein 
M carrier of the high-density lipoprotein (HDL) (~60%) [142, 143]. Cellular S1P 
levels are regulated by its biosynthesis catalyzed by sphingosine kinase (SPHK)1 
and 2 and its catabolism mediated by S1P phosphatases (SPP) 1 and 2, S1P lyase, 
and lipid phosphate phosphatases [2, 125]. Compared to endothelial and epithelial 
cells, erythrocytes and platelets have much higher levels of intracellular S1P due to 
lack of S1P lyase [144, 145]. Intracellularly generated S1P is also transported from 
inside to outside by ABC transporters [146–149], and spinster homolog 2 (SPNS2) 
transporter [150, 151]. S1P is a potent angiogenic factor and lipid mediator involved 
in diverse cellular processes such as cell growth, and survival [152], motility [153, 
154], cytoskeletal organization [155], endothelial permeability [3], vascular tone 
[156], AJs [157] and tight junctions assembly [158], autophagy [159, 160], immune 
regulation [161–163], and morphogenesis [158]. These actions of S1P are due to its 
unique inside-out (extracellular), and intracellular signaling, highlighting its role as 
a signaling sphingolipid. Intracellularly, S1P is known to act as a second messenger 
and plays a role in calcium homeostasis, and more recently, S1P has been shown to 
bind to intracellular targets such as histone deacetylase 1/2 (HDAC1/2) [164–166] 
and human telomerase reverse transcriptase (hTERT) [167]. Further, release of S1P 
in the human lung ECs by photolysis of the caged S1P significantly enhances the 
barrier function, which is independent of S1P1, but is dependent on RAC1 [168]. 
Interestingly, S1P generated in the nucleus by the action of SPHK2 is shown to 
directly target HDAC1/2 and an integral component of the HDAC repressor 
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complex [164–166]. S1P has been identified as a missing co-factor required for the 
E3 ligase activity of the tumor necrosis factor (TNF) receptor-associated factor 2 
(TRAF2) [169].

 S1P and Endothelial Barrier Enhancement

Initial studies with infusion of platelet-rich medium to preserve vascular integrity in 
organ preparations show a reduction in pulmonary edema, and this barrier enhanc-
ing effect may be due to S1P [170]. Further studies both in vivo and in vitro have 
demonstrated the ability of S1P to promote both barrier enhancement and restora-
tion in the endothelium. In vivo, S1P infusion reduces the endotoxin-induced BAL 
fluid protein accumulation and alveolar edema in the murine and canine models of 
lung injury [171, 172]. Similarly, exogenously added S1P to EC monolayers 
increases the endothelial electrical resistance, which is rapid, and in a time- 
dependent fashion [155, 173]. S1P binds to high affinity G-protein-coupled recep-
tors S1P1-5 on the EC plasma membrane. Compelling studies with genetically 
engineered and endothelial-specific S1PR knockout mice show a definitive role of 
S1P1 as a barrier protective receptor against vascular leak induced by LPS, TNF-α, 
radiation, and ventilator-induced lung injury [171, 174, 175]. Consistent with the 
barrier-protective role of S1P1, the WT mice treated with an S1P1 inverse agonist, 
SB649146, reduces the S1P/SEW2871-induced barrier protection after the LPS 
challenge [176]. However, downregulation of the S1P3 expression with a specific 
siRNA has conferred significant protection against the LPS-induced barrier disrup-
tion and leakage, as compared with the WT mice, suggesting a barrier disruptive 
function of S1P3. In contrast to LPS-induced lung injury, genetic deletion or knock-
down of S1P1, S1P2, and S1P3 increases the susceptibility to lung injury in pre-
clinical murine model of radiation-induced lung injury [177], suggesting differential 
role for S1PRs in these two models of lung injury. This might be due to the differ-
ential transduction of signals via multimeric G proteins (Fig. 5).

Although infusion of S1P has proven to be beneficial against lung injury in the 
preclinical animal models [35, 39], a tight regulation of circulating S1P level needs 
to be maintained as elevated plasma S1P may exhibit side effects that are likely to 
limit the usefulness as a drug against the pulmonary leak. While the IV administra-
tion of S1P decreases severity of the ALI, the intratracheal administration of S1P 
produces pulmonary edema through disruption of the epithelial/endothelial barrier 
via the ligation of S1P1 or S1P3. In the human lung ECs, high concentration of S1P 
(>10 μM) disrupts the EC permeability through the ligation of S1P3, suggesting a 
limited therapeutic efficacy for S1P in the barrier enhancement [31]. S1P also 
exhibits other side effects such as cardiac toxicity (bradycardia) through the activa-
tion of S1P3 in the heart [66], stimulates the human airway and bronchial smooth 
muscle cell contraction [67], and increases the airway hyperresponsiveness in the 
allergen-challenged mice [68]. These limitations have led to the development of 
synthetic S1P analogs such as fingolimod (FTY720), FTY720-phosphate, 
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Fig. 5 Regulation of endothelial barrier function by HGF/S1P and LPS/Thrombin. Exposure of 
lung ECs to HGF or S1P enhances the barrier (left panel), while LPS or thrombin increases endo-
thelial permeability (right panel). HGF or S1P stimulates SPHK1 in ECs and increases S1P levels. 
Intracellularly generated S1P is transported via SPNS2 transporter to extracellular milieu where 
S1P binding to G protein-coupled S1P1 activates PLD2/RAC1/PI3K and induces a series of signal-
ing cascades, including cytoskeletal reorganization, the assembly of AJ and tight junction proteins, 
and the formation of focal adhesions that act together to enhance endothelial barrier function. 
However, challenge of lung ECs with LPS or thrombin reduces intracellular S1P levels by modula-
tion of SPHK1 activity. Decreased S1P levels induces actin stress fiber formation and disrupts the 
assembly of adherens junctions and tight junction and focal adhesion proteins, resulting in barrier 
disruption. Also, increase in ceramide levels modulates mitochondrial ROS production via paxillin 
tyrosine phosphorylation. Mito ROS can release cytochrome c from the mitochondria and induce 
apoptosis via activation of caspase 9/caspase 3 pathway. MitoROS can also activate NF-κB signal-
ing and induce pro-inflammatory cytokines release and inflammation. HGF, hepatocyte growth 
factor; S1P, sphingosine-1-phosphate; Sph, sphingosine; SPHK, sphingosine kinase 1; SPNS2, 
spinster homolog 2; S1P1, S1P receptor 1; PLD, phospholipase D; RAC1, Ras-related C3 botuli-
num toxin 1; PI3K, phosphatidylinositol 3-kinase; EC, endothelial cell; LPS, lipopolysaccharide; 
SM, sphingomyelin; SMase, sphingomyelinase; ROS, reactive oxygen species; TLR4, toll-like 
receptor 4

FTY720- Phosphonate, SEW2871, ozanimod, and siponimod, which have shown 
beneficial effects in preclinical animal models, and in vitro systems [2, 178].
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 The S1P Analogs FTY720 and FTY-720 Phosphonate 
Modulate Endothelial Barrier Integrity

FTY720 (2-amino-2-(2-[4-octylphenyl]ethyl)-1,3-propanediol) is a synthetic deriv-
ative of the fungal metabolite myriocin and exhibits immunosuppressive and 
barrier- enhancing properties both in vitro and in vivo [171, 179]. FTY720 and other 
analogs such as ozanimod and siponimod have been approved by FDA for treatment 
of multiple sclerosis, and therefore, offers a potential future therapeutic opportunity 
for inflammatory lung diseases. Studies in vitro demonstrate that FTY720 enhances 
EC barrier function, in part, via a novel S1P1R-independent mechanism that 
involves an alternative Gi-coupled receptor [180]. A single IP injection of FTY720 
significantly ameliorates the pulmonary leak and injury in mice 24 h after the LPS 
administration [171]. In vitro, lower doses of FTY720 enhance the endothelial bar-
rier function in the human umbilical vein ECs (HUVECs), while higher concentra-
tions of FTY720 induce irreversible barrier breakdown and apoptosis [181]. 
Similarly, low concentrations of FTY720 (0.1 mg/kg) reduce the lung permeability 
in mechanically ventilated mice. However, higher concentrations (2 mg/kg) increase 
the pulmonary leakage and apoptosis in ventilated mice, without affecting permea-
bility in the non-ventilated mice [181]. Similar to S1P, FTY720 induces bradycardia 
via S1PR3 [182], which may limit its therapeutic utility in patients with 
ALI. FTY720, as an immunosuppressant, induces lymphopenia via downregulation 
of the lymphocyte S1P1R signaling [183, 184], which may be detrimental to patients 
with ALI. Further, FTY720 significantly increases rates of dyspnea and decreases 
lung function (lower FEV1) via mechanism(s) like the S1P-induced airway hyper-
responsiveness. While at modest concentrations FTY720 is EC barrier-enhancing, 
the (S)- and (R)-FTY720 regioisomers potently disrupt the EC barrier integ-
rity [185].

Due to limitations of FTY720 as a therapeutic agent for ALI, explorations of 
several FTY720 analogs have revealed FTY720-phosphonate (TyS) as a novel agent 
that regulates the endothelial barrier permeability among several screened novel and 
synthetic analogues of FTY720 for their barrier-regulatory capacities. In vivo data 
demonstrate that TyS significantly reduces the LPS-, bleomycin-, and MRSA- 
induced vascular leak in three different murine models of inflammatory lung injury 
[177, 185–187]. The superior efficacy of TyS with less side effects could be attrib-
uted to its stability in vivo as it is not hydrolyzed by phosphatases and retention of 
S1P1 on the surface of the endothelium. These studies advance our understanding 
of S1P analogs as improved therapeutic tools for prevention and restoration of the 
vascular leak in various pulmonary disorders.
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 SPHK1 as Potential Intracellular Target in Facilitating 
Endothelial Barrier Restoration

Cellular S1P levels are regulated by the synthesis and degradation catalyzed by 
SPHK1/SPHK2 [188, 189], S1P lyase [190, 191], SPP phosphatases [192], and 
transport from the cell to outside by SPNS2/ABC/MFSD2B transporters [147, 193, 
194]. Modulation of these targets provides an opportunity to modulate intracellular 
S1P levels that could affect endothelial barrier function under normal and inflam-
matory conditions. The role of SPHK1- and SPHk2-derived S1P in lung inflamma-
tory injury and recovery is dependent on the lung cell type, nature of insult, duration 
of insult, and animal model. Deletion of Sphk1 or Sphk2 in mice has no effect on 
endotoxin-mediated inflammatory responses and neutrophil function; however, 
knockdown of Sphk2, but not Sphk1, accelerates bacterial lung infection [195]. 
Inhibition of SPHK1 activity with N,N-dimethylsphingosine attenuates lung perme-
ability, indicating an inflammatory role of SPHK1 [196]. However, total knockdown 
of Sphk1 (Sphk1−/−) in mice accentuates the LPS-induced lung injury and edema 
compared to the WT controls, whereas overexpression of hSphk1 in Sphk1−/− lung 
protects the mice from lung inflammation and injury [197]. Similarly, in RILI 
model, deletion of Sphk1exacerbates the radiation-induced lung inflammation 
[177], suggesting an anti-inflammatory role of SPHK1/S1P signaling axis in the 
endothelial barrier function. Interestingly, in other models of lung injury such as 
hyperoxia [25], pulmonary hypertension [198], and pulmonary fibrosis [24, 199], 
Sphk1 deletion or inhibition of SPHK1 activity with SPHK1 inhibitor PF543 has 
been shown to be beneficial, indicating an inflammatory role of SPHK1/S1P signal-
ing [27, 103, 200]. In many pulmonary disorders, SPHK2 seems to have no major 
role to play in the development of lung inflammation and injury; however, in the 
bacterial lung infection model, SPHK2-dependent S1P generation seems to regulate 
the lung inflammatory injury. Genetic deletion of Sphk2, but not Sphk1, attenuates 
the Pseudomonas aeruginosa-mediated lung inflammation and pulmonary edema, 
which involves SPHK2 activation and generation of S1P in the alveolar epithelial 
and EC nuclei, thus providing evidence for the pro-inflammatory function of SPHK2 
[165]. Thus, targeting SPHK1 or SPHK2 may offer a therapeutic approach in main-
taining or enhancing the endothelial barrier during various lung pathologies to 
reduce the pulmonary edema.

 S1P Lyase Targeting Promotes Endothelial Barrier Integrity

S1P lyase-catalyzed hydrolysis of S1P to hexadecenal and ethanolamine phosphate 
represents an important metabolic step in regulating the intracellular S1P levels 
[154, 159, 190]. Inhibition or deletion of SGPL1 enhances the intracellular S1P 
levels that may stabilize the endothelial barrier function. A role for S1P lyase and 
intracellularly generated S1P in the LPS-induced ALI has been demonstrated 
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in vivo and in vitro. Intratracheal instillation of LPS to mice enhances the lung S1P 
lyase expression, decreases S1P concentrations in lung tissue, and induces lung 
injury [20]. Partial deletion of Sgpl1 in mice (Sgpl1+/− mice) has increased S1P 
concentrations in the lung tissue and BAL fluid, with reduced lung injury and 
inflammation in response to the LPS challenge [20]. Furthermore, reducing S1P 
lyase activity by oral administration of THI shows a direct correlation between ele-
vated S1P concentrations in the lung tissue and BAL fluid and reduced concentra-
tions of neutrophils and IL-6 in mice receiving LPS intratracheally. Further, in vitro 
treatment of human lung microvascular ECs with LPS results in the reduced con-
centrations of intracellular S1P and increased mRNA and protein expression of S1P 
lyase and downregulation of Sgpl1 expression by small interfering RNA (siRNA) 
increases S1P concentration in the cells and medium, which has attenuated the LPS- 
mediated phosphorylation of p38-MAPK and inhibitor of kB (I-kB) and has 
decreased IL-6 secretion. Also, S1P lyase siRNA treatment of lung ECs attenuates 
the LPS-induced endothelial barrier disruption by inducing the activation and redis-
tribution of RAC1 to the cell periphery [20]. Similarly, knockdown of Sgpl1 in 
human cerebral microvascular EC cell line HCMEC3 modulates barrier integrity in 
a dual manner. Under basal condition, Sgpl1 knockdown destabilizes the EC barrier 
integrity but in an inflammatory setting, Sgpl1 knockdown has conferred the protec-
tion from the pro-inflammatory cytokine-mediated permeability change [201]. 
Thus, targeting S1P lyase using a small molecule inhibitor might be a novel approach 
to enhance the cellular S1P levels and modulate the endothelial barrier restoration 
during lung injury. However, excess accumulation of S1P in cells and plasma causes 
lung inflammation and injury as seen in the Sgpl1−/− mice [202], and further evalu-
ation of partial inhibition of S1P lyase with inhibitor(s) is necessary in preclinical 
animal models of lung injury.

 S1P Transporter SPNS2 Regulates Lamellipodia Formation 
and Endothelial Barrier Function

The paradigm of inside-out signaling by S1P [203] requires export of intracellularly 
generated S1P out of cells to signal via its GPCRs either in an autocrine or paracrine 
manner. Three S1P transporters, namely ABC, SPNS2, and MFSD2B, have been 
described and SPNS2 is highly expressed in the lung ECs [193]. EC knockdown of 
SPNS2 reduces the circulating S1P to the same extent as the global knockout with 
similar lymphopenic effects [193, 204]. SPNS2 also regulates the inflammation and 
development of adaptive immune responses in various pathologies. There is evi-
dence for a regulatory function of SPNS2 in the endothelial barrier function. The 
Spns2 mRNA expression has been downregulated in the HUVECs exposed to a 
mixture of LPS, IL-1β, and TNF-α [205]. The Spns2-deficient mice have exhibited 
pulmonary edema and lung ECs isolated from Spns2 knockout mice show increased 
permeability, which contributes to the EC barrier disruption. Studies carried out 
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with human lung microvascular ECs further support a novel role for SPNS2  in 
annealing of AJs and barrier restoration. Downregulation of SPNS2 with siRNA 
attenuates the thrombin-induced redistribution of VE-cadherin to the AJs of the 
HLMVECs, suggesting a requirement of the inside-out S1P signaling for barrier 
restoration. Loss of the Spns2 expression also blocks the VE-cadherin dephosphory-
lation at Y658 in response to thrombin. VE-cadherin dephosphorylation by VE-PTPμ 
[206] or PTPN14 [94] is necessary for the redistribution of VE-cadherin back to the 
AJs as part of the recovery process. A role for SPNS2 in the HGF-mediated lamel-
lipodia formation has been demonstrated. HGF signaling via its receptor, C-Met, 
stimulates lamellipodia formation and cell motility of lung ECs through the  SPHK1/
S1P/SPNS2 signaling axis [33]. Further studies are necessary to unravel 
mechanism(s) of SPNS2-mediated regulation of endothelial barrier.

 Mechanisms of S1P- and HGF-Mediated Endothelial 
Barrier Restoration

Endothelial barrier integrity is a balance between two competing forces that include 
the intracellular contraction and adhesive cell–cell and cell matrix tethering. The 
actin microfilament is a critical determinant of EC adhesion and tight junctions; 
however, actin is also responsible for the generation of tensile intracellular forces 
via an actomyosin motor, which results in the EC barrier disruption. The actin rear-
rangement is driven by a coordinated activation of calcium/calmodulin dependent 
myosin light chain kinase (MLCK) and Rho Kinase, and together MLCK and Rho 
activity affect the MLC phosphorylation and actin polymerization that regulate the 
contractile or relaxed phenotype of the ECs [3, 120]. On the other hand, barrier 
enhancing agents such as S1P, FTY720, FTY720-phosphonate (Tys), and HGF 
enhance the endothelial barrier integrity by stimulating lamellipodia formation at 
cell periphery, which are critical for resealing of endothelial gaps and restoration of 
adherens and tight junctions [207–209]. However, barrier disrupting agents such as 
thrombin or LPS induce the actin stress fiber formation via calcium/calmodulin 
phosphorylation of non-muscle EC MLCK, activation of Rho, MLC phosphoryla-
tion, and VE-cadherin phosphorylation that disrupt the assembly of AJs and tight 
junctions and focal adhesion proteins, causing the barrier disruption.

Mechanisms of S1P-, and HGF-mediated regulation of endothelial barrier 
enhancement have been investigated in  vitro in the lung ECs. Human lung ECs 
express S1P1 and S1P3 with the S1P1 signaling coupled to Gi and Rac1 activation 
whereas the S1P3 signaling is coupled to Gi, Gq/11, and G12/13 pathways that 
activate Rho to a greater extent as compared to Rac1 [2, 155, 176, 210, 211]. S1P 
ligation of S1P1 stimulates the Rac1-mediated translocation and co-localization of 
cortactin and non-muscle MLCK, MLC phosphorylation, and cortical actin forma-
tion to enhance the barrier function [29]. Recent evidence shows that S1P-induced 
activation and recruitment of phosphoinositide 3-kinase (PI3K) and TIAM1/RAC1 
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to the caveolin-enriched microdomains (CEM) is necessary for the α-actinin medi-
ated cortical actin rearrangement and endothelial barrier enhancement [212]. 
Additionally, integrin β4 (ITGB4) recruited to the CEM forms a complex with 
S1P1  in lung ECs and downregulation of ITGB4 expression reduces the S1P- 
induced barrier enhancement [213]. These results support a role for S1P1 and 
ITGB4 complexes in the CEM for enhanced barrier function and vascular integrity. 
Coronin, an actin-binding protein, has been identified as critical co-factor for 
cofilin-dependent signaling pathways. S1P stimulated coronin 1B phosphorylation 
and enhanced co-localization with cortactin at lamellipodia and chemotaxis of lung 
ECs, which is PLD2-, PKC-, and Rac-dependent [214]. Additionally, HGF stimu-
lates the c-MET phosphorylation at Y1003, Y1313, Y1234, Y1235, Y1349, and 
Ser985 and enhances lamellipodia formation via the PI3K/AKT signal transduction 
[28]. Further, in addition to the PI3K/AKT pathway, other distinct mechanisms such 
as the microtubule-independent TIAM1 activation and microtubule- and activated 
protein C (APC)-dependent activation of Asef, a novel RAC activator, in the HGF-
induced endothelial barrier enhancement has been reported [215–217]. Additionally, 
IQGAP1, an effector of RAC1 and CDC42, has been identified as a key regulator of 
actin-cytoskeleton dynamics, thereby regulating the lamellipodia formation, and 
barrier protection [218]. HGF- and S1P-mediated lamellipodia formation and bar-
rier enhancement has been shown to be PI3K-dependent in the lung ECs. HGF-
stimulated tyrosine phosphorylation of c-MET potentiates the lamellipodia 
formation via PI3K and AKT activation [28]. Inhibition of PI3K with LY294002 
attenuates the Akt phosphorylation and suppresses the lamellipodia formation and 
EC migration, implicating the involvement of PI3K in the endothelial barrier 
enhancement. Mechanism(s) of HGF- and S1P-mediated activation of PI3K is 
unclear, but might involve PLD/PA signaling in the Chinese hamster ovary cells 
[219]. HGF stimulates S1P production in the HLMVECs by activation of SPHK1 
[33] and enhances the co-localization of SPHK1/p-SPHK1 with actin/cortactin in 
the lamellipodia and downregulation of SPHK1 or inhibition of SPHK1 activity 
with a SPHK1-specific inhibitor, PF-543, attenuates the HGF-induced lamellipodia 
formation. In addition, downregulation of SPNS2 also suppresses the HGF-induced 
lamellipodia formation and EC migration, suggesting a key role for the “inside-out” 
S1P signaling [33]. The interdependence between the HGF-c-MET signaling and 
S1P has been further evidenced by knocking of S1P1, but not S1P2 or S1P3, which 
abolishes the lamellipodia formation in the HLMVECs. In addition to SPHK1, 
mammalian cells also express the second isoenzyme of SPHK, namely SPHK2; 
however, it appears that blocking SPHK2 with an inhibitor or downregulation of 
Sphk2 with siRNA has no effect on the HGF-induced lamellipodia formation [33]. 
The crosstalk between the HGF/c-Met and SPHK1/S1P/SPNS2/S1P1 signaling axis 
in the HGF-mediated lamellipodia formation and endothelial barrier enhancement 
provides potential interaction between the receptor tyrosine kinase and G-protein- 
coupled receptors in regulating the EC barrier function (Fig. 6).
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Fig. 6 Crosstalk between HGF/c-MET and SPHK1/S1P/SPNS2/S1P1 signaling axis in lamellipo-
dia formation. HGF activation of its receptor c-Met initiates phosphorylation of ERK and Akt. 
Activation of ERK by HGF stimulates SPHK1 phosphorylation, which in turn converts sphingo-
sine into S1P.  HGF-mediated activation of PI3K/Akt pathway phosphorylates S1P transporter, 
SPNS2, which facilitates efflux of intracellular S1P to extracellular milieu. The secreted S1P binds 
to its G-protein-coupled receptor S1P1 to initiate downstream pathways of PLD, SRC, C-ABL, 
RAC1, and IQGAP1 mediating cortactin phosphorylation and stabilization. Mechanisms of 
OxPAPC-induced EC barrier protection: OxPAPC induces the activation of multiple signaling 
pathways that leads to the activation of Rap1 and Rac. The cytoskeletal remodeling facilitated by 
the cortical actin formation and assembly of tight junctions and adherens junctions proteins 
enhances lung endothelial barrier. In addition, EP4 receptor and lipoxin A4 also mediate the barrier 
protective effects of OxPAPC against LPS/TNFα-induced inflammation and lung injury in vitro 
and in vivo cortical actin and lamellipodia formation of lung ECs. This proposed model is a static 
model and does not convey the possibility that in a dynamic model, the interacting partners might 
function differently over time. MET, Mesenchymal-Epithelial transition factor; HGF, hepatocyte 
growth factor; ERK, extracellular signal regulated kinase; PI3K, phosphatidylinositol 3-kinase; 
AKT, protein kinase B; ABL, Abelson kinase; RAC, Ras-related C3 botulinum toxin substrate; 
IQGAP1, IQ motif containing GTPase activating protein 1
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 Mechanisms of FTY720- and FTY720-Phosphonate-Mediated 
Endothelial Barrier Enhancement

The mechanisms of FTY720-mediated EC barrier enhancement are unclear, but 
seem very different from the S1P signaling of EC barrier protection. FTY720 bar-
rier enhancement is independent of S1P1, changes in intracellular [Ca2+]i, RAC1 
activation, cortactin tyrosine phosphorylation, and cytoskeletal reorganization to 
cell periphery [180]. Further, phosphorylation of FTY720 to FTY720-P, not required 
for the EC barrier protection, is coupled to Gi, and requires signaling through the 
membrane lipid rafts. Also, FTY720-induced barrier enhancement is independent 
of adherens and tight junction proteins and inhibition of protein kinases has no 
effect on the FTY720-induced barrier enhancement [220]. Interestingly, FTY720 
increases c-ABL phosphorylation and tyrosine kinase activity and downregulation 
of c-ABL partly attenuates the barrier enhancement by FTY720. The downstream 
targets of c-ABL in FTY720-mediated barrier enhancement are yet to be identified; 
however, the role of focal adhesion proteins such as FAK and paxillin needs to be 
evaluated. Earlier study has shown that S1P and HGF stimulate c-ABL and paxillin 
tyrosine phosphorylation, and inhibiting c-ABL activity attenuated S1P-induced 
tyrosine phosphorylation of paxillin, lamellipodia formation, and barrier enhance-
ment, suggesting a plausible link between FTY720/C-ABL and FAK/paxillin in the 
EC barrier integrity [16]. FTY720 also reverses the vascular permeability increase 
mediated by Plasmodium falciparum [221].

Recent in vivo and in vitro studies show that FTY720-phophonate or Tysiponate 
(Tys) is a superior barrier enhancing agent as compared to FTY720. Tys adminis-
tered IP to the bleomycin-injured mice decreases pulmonary inflammation and leak 
in mice [186]. In vitro, Tys enhances the lung EC barrier function by preserving 
S1P1 expression and blocking β-arrestin recruitment, and ubiquitination and pro-
teosomal degradation of S1P1 [186]. The barrier protective role of Tys is also 
observed in the murine models of lung bacterial infection. In vivo intratracheal 
administration of live MRSA in mice causes significant vascular leakage and leuko-
cyte infiltration into the alveolar space, and pre- or post-treatment with Tys attenu-
ates the MRSA-induced lung permeability and levels of infiltrating neutrophils into 
lung alveolar space [187]. In vitro, Tys attenuates the heat-inactivated MRSA- or 
methicillin-resistant staphylococcal α-toxin-induced lung EC barrier disruption by 
reverting cytoskeletal rearrangement and VE-cadherin junctional disruption. 
Further, Tys inhibits the MRSA-induced Rho activation, MLC phosphorylation, IkB 
phosphorylation, and IL-6/IL-8 secretion [187]. These novel findings provide new 
insights into the Tys signaling and barrier protection in lung ECs (Fig. 7).
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Fig. 7 Signaling pathways of FTY720 and FTY720-phosphonate (TyS) in enhancing endothelial 
barrier function. Both FTY720 (left panel) and FTY720-phosphonate (TyS) (right panel) increase 
endothelial cell (EC) barrier function in vitro. FTY720 and Tys bind to S1P1, but differ in signaling 
pathways involved in barrier regulation. FTY720-phosphonate or Tys, similar to S1P, rapidly 
induces cytoskeletal reorganization, cortical actin stabilization, RAC1 activation, tightening of 
junctional proteins, and barrier enhancement. FTY720 (left panel) induced barrier enhancement 
through Gi and lipid raft-coupled signaling. However, no significant [Ca2+]i increase was observed 
in lung ECs, and no cytoskeletal rearrangement or cortical actin formation occurred during the 
time frame associated with maximal barrier effects. FTY720 stimulated c-ABL tyrosine kinase 
activity, but the downstream targets involved in barrier regulation are unclear. Recent studies indi-
cate that c-ABL, paxillin, and FAK signaling are necessary for optimal barrier enhancement, and 
focal adhesion complexes also appear to participate in this process after FTY720. FTY720- 
phosphonate failed to induce the ubiquitination and subsequent proteosomal degradation of 
barrier- promoting S1P1. EC barrier enhancement by FTY720 is slower in onset and may involve 
an alternative, but not yet identified, G protein-coupled receptor (GPCR) in addition to S1P1. EC, 
endothelial cell; Ub, ubiquitination; PXN, paxillin; FAK, focal adhesion kinase; GIT, G protein- 
coupled receptor kinase interactor–1; Tyr, tyrosine; c-ABL, Abelson tyrosine kinase

 Oxidized Phospholipids and Endothelial Barrier Protection

Oxidized phospholipids are primarily generated by the enzymatic and non- 
enzymatic peroxidation of the membrane phospholipids containing polyunsaturated 
fatty acids (PUFA) such as arachidonic, docosahexaenoic, and eicosapentanoic 
acids. Oxidized phospholipids (OxPLs) in OxLDL are a mixture of 
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1-palmitoyl-2-glutaroyl-sn-glycero-3-phosphocholine (PGPC) and 1-palmitoyl-
2-oxovaleroyl-sn-glycero-3-phosphocholine (POVPC) [222], which are pro- or 
anti-inflammatory. Early studies show that lipids like 1-palmitoyl-2-arachi-
donoyl-sn-glycero-3-phosphorylcholine (PAPC) undergo oxidation to OxPAPC, 
which reverse the barrier disruption mediated by thrombin, LPS, mechanical venti-
lation, and heat-inactivated Staphylococcus aureus [10, 223–225]. Signaling path-
ways involved in the OxPAPC-mediated barrier protection have been described in 
the human lung ECs [226, 227]. Barrier protective effects of OxPAPC are attenu-
ated by the inhibitors of small GTPases, PKA, PKC, and SRC, while MAPKs and 
PI3K have no role to play in the barrier protection [216, 223]. OxPAPC blocks the 
interaction of LPS with LPS-binding protein and CD14, but not the TNFα-induced 
activation of NF-κB [228]. OxPAPC also protects the endothelial barrier from 
thrombin-induced disruption and ventilator-induced vascular leakage [224]. Low 
dose OxPAPC (10 μg/ml) is barrier protective, whereas a high dose (100 μg/ml) is 
barrier disruptive and involves ROS and Src activation [229]. OxPAPC transactiva-
tion of S1P receptor plays a role in the barrier protective function. OxPAPC-
recruited S1P1 into the caveolin-enriched membrane microdomains lead to the 
activation of Akt and Rac1, and cytoskeletal reorganization leading to the endothe-
lial barrier enhancement [230]. These studies suggest a role for S1P1 in OxPAPC-
mediated barrier protective responses; however, further investigations are necessary 
to determine if OxPAPC activation of S1P1 is mediated by the intracellular S1P 
generation followed by the “inside-out” signaling through S1P transporter Spns2. 
The contribution of S1P2 and S1P3 in the OxPAPC-mediated enhancement of vas-
cular integrity needs further clarification. Direct binding of OxPAPC to the chaper-
one GRP78 associated with its cofactor HTJ-1 has been demonstrated to establish 
the beneficial effects [231]. Recently, a lipase, acyloxyacyl hydrolase (AOAH), 
which deacylates the two common OxPLs, 1-palmitoyl-2-glutaroyl-sn-  glycero-3-
phosphocholine (PGPC) and 1-palmitoyl-2-(5-oxovaleroyl)-sn-glycero- 3-
phosphocholine (POVPC) mitigates the acute lung injury [232, 233]. How AOAH 
regulation of the vascular ECs and barrier function is unclear. Understanding the 
prevalence of similar efficient endogenous clearance mechanisms, specific to the 
pro-inflammatory OxPL mediators, may offer clues towards their role in vascular 
leak and resolution of acute lung injury.

 Conclusion and Perspective

Disassembly of adherens junctions (AJs) of lung endothelial cell (EC) monolayers 
by edemagenic agents causes microvascular hyperpermeability and protein-rich 
pulmonary edema formation, and if uncorrected, it leads to the deterioration of lung 
gas exchange. These changes reflect the failure of the lung’s intrinsic homeostatic 
mechanisms, and as such, they are the hallmarks of acute respiratory distress syn-
drome (ARDS). Despite our current understanding of the multifaceted mechanisms 
regulating the vascular permeability, little is known about the molecular regulation 
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of endothelial barrier restoration following lung injury and edema. A number of 
lipid-derived mediators and signaling pathways have been identified to regulate the 
stabilization of tight junctions and AJs and formation of lamellipodia at the leading 
edge of ECs for repair and closure of the wound. It will be critical to characterize 
how the spatiotemporal generation of some of these lipid mediators regulates the 
lamellipodia formation and facilitates assembly of the AJ and tight junction proteins 
in the protrusions for endothelial barrier restoration. The future focus has to define 
and identify intracellular signaling mechanisms that regulate the formation of adhe-
sive contacts between the adjacent ECs via homotypic interaction of VE-cadherin in 
order to restore the lung endothelial barrier integrity. Recent studies also suggest the 
involvement of lamellipodin, a key protein component of lamellipodia in the stabi-
lization cortical actin; however, not much is known on lamellipodin and its regula-
tion of lamellipodia formation and the vascular endothelial barrier regulation.
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Hyperglycemic Oxoaldehyde (Glyoxal)-
Induced Vascular Endothelial Cell Damage 
Through Oxidative Stress Is Protected 
by Thiol Iron Chelator, 
Dimercaptosuccinic Acid – Role of Iron 
in Diabetic Vascular Endothelial 
Dysfunction

Travis O. Gurney, Patrick J. Oliver, Sean M. Sliman, Anita Yenigalla, 
Timothy D. Eubank, Drew M. Nassal, Jiaxing Miao, Jing Zhao, 
Thomas J. Hund, and Narasimham L. Parinandi

Abstract In diabetic patients, the vascular endothelium is susceptible to damage 
through carbonyl stress caused in part by elevated levels of the glucose-derived 
oxoaldehyde glyoxal. Here, we investigated our hypothesis that glyoxal mediates 
the cytotoxicity, cytoskeletal alterations, and barrier dysfunction through the reac-
tive oxygen species (ROS)-induced oxidative stress involving intracellular iron (Fe) 
and determined protection of the thiol heavy metal chelator, dimercaptosuccinic 
acid (DMSA) to establish role of iron in the glyoxal-induced damage of the bovine 
pulmonary ECs (BPAECs). Our results revealed that glyoxal induced cytotoxicity, 
mitochondrial dysfunction, loss of angiogenic potential, ROS generation, and loss 
of reduced glutathione (GSH) in a dose- (0.1, 0.5, and 1.0 mM) and time-dependent 
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(4, 6, 12, and 24 h) fashion in the BPAECs, which were all significantly attenuated 
by DMSA (5.0 mM) treatment. Glyoxal also induced barrier dysfunction (loss of 
trans-endothelial electrical resistance), enhanced transcellular permeability of dex-
tran, and caused cytoskeletal reorganization (actin stress fiber formation and rear-
rangement of cortactin, occludin, and ZO-1) in the BPAEC monolayers, which were 
all significantly attenuated by DMSA treatment. Exogenous iron (50 μM FeSO4) 
significantly enhanced the glyoxal-induced cytotoxicity and the ROS production in 
the BPAECs, which were all significantly attenuated by DMSA treatment. To sup-
port this, we visualized the intracellular chelatable iron in the ECs by fluorescence 
microscopy. Immunofluorescence microscopy revealed the glyoxal-induced forma-
tion of advanced glycation end products (AGEs) in the BPAECs, which was attenu-
ated by DMSA treatment. For the first time, this study revealed that the thiol heavy 
metal chelator, DMSA, protected against the vascular EC damage caused by the 
hyperglycemic oxoaldehyde AGE precursor through the action of iron and oxidative 
stress that culminates into diabetic vascular endothelial dysfunction.

Keywords Glyoxal · Hyperglycemic oxoaldehyde · AGEs · Advanced glycation 
end products · Diabetic vascular endothelial dysfunction · Iron · Reactive oxygen 
species · DMSA · Cytoskeletal reorganization

 Introduction

Hyperglycemia (elevated blood glucose levels) is becoming increasingly prevalent 
as a major public health concern worldwide. This can be attributed to the rampant 
increase in diabetes mellitus, a metabolic endocrine disorder characterized by the 
chronic state hyperglycemia. Diabetes mellitus is classified as either type 1, where 
the body is unable to produce insulin, or type 2, where the body loses its sensitivity 
to insulin [1]. While the severity of type 1 diabetes is not to be downplayed, recent 
epidemiological studies have shown a considerable elevation in the development of 
specifically type 2 diabetes due to increasingly poor diets and sedentary lifestyles. 
Diabetes mellitus is often associated with, and occasionally directly responsible for, 
several systemic complications, including the cardiovascular diseases (CVDs), neu-
rodegeneration, neuropathy, and nephropathy [1]. At the biochemical level, oxida-
tively modified sugar products (derived from endogenous glucose oxidation), 
known as the advanced glycation end products (AGEs), have been identified as 
possible culprits in the damaging effects of chronic state hyperglycemia. AGEs are 
ultimately produced as a result of the oxidative environment and glycoaldehydes, 
whose presence is increased drastically under hyperglycemic conditions [2].

It has been previously reported that high circulating levels of AGEs in diabetic 
patients are a direct result of the endogenous formation of AGE precursors, such as 
glyoxal, methylglyoxal, and 3-deoxyglucosone, through the Schiff-base and 
Amadori rearrangement [2]. However, it has been observed that exogenous AGEs, 
obtained from diet upon regular consumption, can also contribute directly to the 
increase in oxidative stress responsible for the harmful inflammation encountered in 
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diabetes mellitus [3]. Regardless, high levels of both AGEs and their precursors are 
highly damaging to the vasculature (both microvasculature and macro vessels) of 
the diabetic patients and are particularly toxic to the blood vessel endothelial cell 
(EC) layer [2]. AGEs can damage the vascular endothelium by cross-linking with 
proteins, which increase vascular rigidity and produce high levels of reactive oxy-
gen species (ROS), leading to cytotoxicity, barrier dysfunction, and cytoskeletal 
rearrangement [2]. The most common classes of drugs prescribed for management 
of diabetes are the biguanides (metformin), the thiazolidinediones (pioglitazone), 
and the sulfonylureas [4]. The primary action of these frequently prescribed drugs 
is either stimulating insulin release or decreasing insulin sensitivity. Few drugs have 
been designed to directly combat the adverse AGE-induced vascular damage in dia-
betes mellitus [4].

The role of iron in a myriad of human disease states is being reinvestigated as 
more is learned about its biochemical properties at the cellular level. Considering 
the highly oxidative environment presented by hyperglycemic conditions, studies 
are now being performed exploring the relevance of the role of iron in diabetes. 
Through the Fenton and Haber-Weiss reactions, iron can cycle rapidly through its 
oxidation states, resulting in the generation of hydroxyl radical (·OH) and superox-
ide (O2

−·), eventually depleting the endogenous ROS scavengers (antioxidants), 
such as reduced glutathione (GSH), the non-enzymatic cellular antioxidant and the 
enzymatic antioxidants catalase and superoxide dismutase (SOD) [5]. ROS buildup 
then causes damage through oxidative stress, hindering insulin production, gluco-
neogenesis, and the ability to use insulin, and subsequently aiding in the develop-
ment of diabetes. Pancreatic islet β-cells accrue more iron than other tissues and are 
therefore more susceptible to the effects of excessive iron storage, or iron overload 
[6]. This association between iron and diabetes is well documented, and it is believed 
that reducing iron overload can significantly improve diabetic conditions by increas-
ing insulin production and sensitivity [7]. Despite this, there have been very few 
studies on decreasing the levels or overload of iron in the diabetic patients.

Therefore, we focus on investigating the protective effects of established, widely 
used, and nontoxic, metal chelator drugs as we consider them to be candidates for 
combination therapy in future treatment protocols for the hyperglycemic (diabetic) 
vascular disorders. Our earlier study has demonstrated that the sugar-derived alde-
hyde, glyoxal, is formed during diabetes and causes endothelial dysfunction through 
cytotoxicity, barrier dysfunction, cytoskeletal alterations, leading ultimately to the 
inhibition of angiogenesis [2]. However, since iron overload has been associated 
with diabetic complications involving oxidative stress, in the current study, we 
hypothesized that glyoxal (Fig.  1) causes vascular endothelial damage through 
endogenous cellular iron dysregulation and subsequent redox alterations and oxida-
tive stress through elevated ROS generation. Additionally, we also hypothesized 
that the well-established, widely used, and nontoxic thiol (-SH)-containing heavy 
metal chelator, dimercaptosuccinic acid (DMSA) (Fig. 2), would be able to attenu-
ate the vascular EC damage caused by the hyperglycemic oxoaldehyde, glyoxal 
(that would lead to elevated levels of AGEs) through complexing with the endoge-
nous cellular iron, reducing oxidative stress, and normalizing the redox alterations.

Hyperglycemic Oxoaldehyde (Glyoxal)-Induced Vascular Endothelial Cell Damage…
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Fig. 1 Chemical structure 
of hyperglycemic 
sugar-derived oxoaldehyde, 
Glyoxal

Fig. 2 Chemical structure 
of thiol-containing heavy 
metal chelator, meso-2,3- 
Dimercaptosuccinic acid 
(DMSA)

In order to test our hypothesis, in the current study, we utilized our well- 
established bovine pulmonary artery EC (BPAEC) system and investigated the 
glyoxal- induced cytotoxicity, ROS formation, oxidative stress, thiol-redox altera-
tion, formation of AGEs, cytoskeletal rearrangement, and barrier dysfunction. We 
also utilized the widely used EC Matrigel tube formation assay with the vascular 
ECs and investigated the adverse actions of glyoxal on the in vitro angiogenesis. In 
addition, we also investigated the protective actions of DMSA on the glyoxal- 
induced EC dysfunctions and inhibition of angiogenesis. For the first time, results 
of the current study revealed that the hyperglycemic oxoaldehyde, glyoxal caused 
cytotoxicity, cytoskeletal reorganization, barrier dysfunction, formation of AGEs, 
and inhibition of angiogenesis in vascular ECs in vitro through ROS production, 
thiol-redox dysregulation, and oxidative stress involving endogenous cellular iron, 
which were all effectively attenuated by the thiol-containing heavy metal chela-
tor, DMSA.

 Materials and Methods

 Materials

Bovine pulmonary artery endothelial cells (BPAECs) (passage 2) were obtained 
from the Cell Applications Inc. (San Diego, CA). Fetal bovine serum (FBS), tryp-
sin, minimum essential medium (MEM), and non-essential amino acids were 
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obtained from the Gibco Invitrogen Corp. (Grand Island, NY). Glyoxal, meso-
2,3-dimercaptosuccinic acid (DMSA), ferrous sulfate, 2,2′-bipyridyl, N-acetyl-L-
cysteine (NAC), t-octylphenoxypolyethoxyethanol (Triton X-100), bovine serum 
albumin (BSA), 36.5% formaldehyde solution, 3-[4,5- dimethylthiazol-2-yl]-2, 
5-diphenyl tetrazolium bromide (MTT) assay kit and lactic acid dehydrogenase 
cytotoxicity assay (LDH) kit were obtained from the Sigma Chemical Co. (St. 
Louis, MO). [3H]-Thymidine was obtained from the American Radiolabeled 
Chemicals, Inc. (St. Louis, MO). Electrical cell impedance system (ECIS) electrode 
arrays were obtained from the Applied Biophysics (Troy, NY). AlexaFluor 488, 
AlexaFluor 568, 4′,6-diamidino-2-phenylindole dihydrochloride (DAPI), and rho-
damine–phalloidin were purchased from the Molecular Probes Invitrogen Co. 
(Carlsbad, CA). Mouse anti-ZO-1, anti-occludin, anti-cortactin antibodies were 
obtained from the Zymed Laboratories (San Francisco, CA). Polyoxyethylene sor-
bitan monolaurate (Tween-20) and 10x Tris-buffered saline (TBS) were obtained 
from the Bio-Rad Laboratories (Hercules, CA). Endothelial cell growth supplement 
was obtained from the Upstate Biotechnology (Lake Placid, NY, U.S.A.). Phen 
green SK (PGSK) diacetate and 6-carboxy-2,7- dichlorodihydroxyfluorescein diace-
tate dicarboxy methyl ester (DCFDA) and dihydroethidium (DHE) were purchased 
from the Molecular Probes (Eugene, OR, U.S.A.).

 Cell Culture

BPAECs were cultured in MEM supplemented with 10% FBS, non-essential amino 
acids, antibiotics, and endothelial cell growth supplement (factor) according to our 
published method as described previously [2]. Cells in culture were maintained at 
37 °C in a humidified environment of 5% CO2 – 95% air and grown to contact- 
inhibited monolayers with typical cobblestone morphology. When confluence was 
reached, cells were trypsinized and subcultured in T-75-cm2 flasks or 15.5-mm or 
35-mm tissue culture dishes. Confluent cells showed cobblestone morphology 
under light microscope and stained positive for Factor VIII. All experiments were 
conducted between 5 and 20 passages (70–95% confluence).

 Cell Treatment

Glyoxal was prepared by dissolving in PBS at 70 °C and then diluted to desired 
concentrations in MEM according to our earlier published method [2]. Other phar-
macological agents were prepared directly in MEM to desired concentrations. Cells 
were then treated with MEM or solutions prepared in MEM as desired under sterile 
conditions and incubated for the chosen lengths of time at 37 °C in a humidified 
environment of 5% CO2 – 95% air.

Hyperglycemic Oxoaldehyde (Glyoxal)-Induced Vascular Endothelial Cell Damage…
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 Cell Morphology Assay

Morphological changes in BPAECs grown in 35-mm sterile dishes up to 90% con-
fluence, following their exposure to different concentrations of glyoxal (0–1 mM) in 
absence or presence of chosen pharmacological agents (0–5.0 mM) in MEM for 
0–24 h at 37 °C in a humidified environment of 5% CO2 – 95% air, were examined 
according to our published method as an index of cytotoxicity [2]. Images of cell 
morphology were digitally captured with the Olympus 1 × 50 microscope at 20 X 
magnification.

 LDH Assay of Cytotoxicity

BPAECs were grown up to 90% confluence in sterile 15.5-mm dishes (24-well cul-
ture plates) and exposed to different concentrations of glyoxal (0–1.0  mM) in 
absence or presence of DMSA (0–5.0 mM) for 4–24 h. At the end of incubation, 
supernatant was removed, the experiment was terminated with 1 N HCl, and LDH 
release was determined spectrophotometrically according to the manufacturer’s rec-
ommendations (Sigma Chemical Co., St. Louis, MO) as described in our published 
method [2]. LDH activity was expressed as the difference in absorbance (Δ) between 
490 and 690 nm.

 MTT Assay of Cytotoxicity

BPAECs were grown up to 90% confluence in 15.5-mm dishes (24-well culture 
plate) and exposed to different concentrations of glyoxal (0–1.0 mM) in absence or 
presence of DMSA (0–5.0 mM) for 4–24 h. At the end of incubation, MTT solution 
(10% of culture volume) was added and incubated for 3–4  h, the solution was 
removed, and MTT solvent was added in an amount equal to original culture vol-
ume. Absorbance of the reduced MTT was measured according to the manufactur-
er’s recommendations (Sigma Chemical Co., St. Louis, MO) as described in our 
published method [2]. Extent of MTT reduction was expressed as the difference in 
absorbance (Δ) between 570 and 690 nm.

 [3H]-Thymidine Incorporation Assay for Cell Proliferation

BPAECs were grown to 60% confluence in 35-mm dishes. Complete medium was 
removed from the culture dishes and the treatment solutions were added to the 
dishes. The treatment medium was then removed and 1  mL of [3H]-thymidine 
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(1.0 μCi/mL) in MEM was added to each well and incubated for 24 h. After incuba-
tions, [3H]-thymidine was removed, and cells were washed twice with ice-cold 
PBS. Cells were then washed twice with 5% trichloroacetic acid (TCA) in distilled 
water. Washings of 5% TCA were then removed and the cells were treated with 
10.25 M NaOH (500 μL) for 30 min to solubilize the cells. The solubilized cell solu-
tion (400 μL) was transferred to the scintillation vials, followed by the addition of 
10 mL of scintillation cocktail, and then the [3H] radioactivity was counted in the 
Packard Tri-carb 2900TR Liquid Scintillation Counter, as described in our pub-
lished method [2]. Cell replication was expressed as DPM of [3H]-thymidine incor-
poration into cells/dish.

 Fluorescence Microscopy of Actin Stress Fibers

Formation of actin stress fibers as an index of endothelial cytoskeletal reorganiza-
tion was analyzed by confocal laser scanning microscopy (CLSM), as described in 
our published method [2]. BPAECs grown on sterile glass coverslips (90% conflu-
ence) were treated with different concentrations of glyoxal, DMSA, or glyoxal + 
DMSA following which they were rinsed twice with PBS and then fixed with 3.7% 
formaldehyde in PBS for 10 min at room temperature. The cells were then permea-
bilized with 0.5% Triton X-100 prepared in tris-buffered saline (TBS) containing 
0.01% Tween-20 (TBS-T) for 2 min. The cells were then washed four times with 
PBS and treated with 1% BSA in TBS-T for 1 h. Actin stress fibers were visualized 
by staining the cells with rhodamine–phalloidin (1:50 dilution) in 1% BSA in 
TBS-T for 1 h. The cells were then rinsed four times with PBS to remove excess 
stain, stained with 1% DAPI in PBS for 5 min to visualize the nuclei following 
which they were washed four times with PBS, mounted, and then examined under 
Zeiss LSM 510 Confocal/Multiphoton Microscope at 543-nm excitation and 565- 
nm emission at 63 X magnification. DAPI image acquisition was performed by 
2-photon Verdi V-10 Laser in IR spectrum with excitation at 750 nm. These images 
were captured digitally.

 Immunofluorescence Microscopy of ZO-1, Occludin, and AGEs

Tight junction protein reorganization and formation of AGEs were analyzed by con-
focal laser scanning microscopy (CLSM) according to our earlier published meth-
ods [2]. BPAECs grown on sterile glass coverslips (90% confluence) were treated 
with different concentrations of glyoxal, DMSA, or glyoxal + DMSA, then rinsed 
three times with PBS, and fixed with 3.7% formaldehyde in PBS for 10 min at room 
temperature. The cells were then rinsed three times with PBS and permeabilized 
with 0.25% Triton X-100 prepared in TBS containing 0.01% Tween-20 (TBS-T) for 
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5 min. The cells were then washed three times with TBS-T and treated with TBS-T 
containing 1% BSA blocking buffer for 30 min at room temperature. The cells were 
then incubated overnight at room temperature with the primary antibody [anti- 
ZO- 1, anti-Occludin, anti-Amadori antibodies (1:200 dilution)] in 1% BSA solution 
in TBS-T.  After rinsing three times with TBS-T, the cells were treated with 
AlexaFluor 488 (1:100 dilution) in 1% BSA in TBS-T for 1 h. For the visualization 
of nuclei, the cells were then stained with 1% DAPI in PBS for 5 min. Finally, the 
cells were washed three times with TBS-T, mounted, and examined under Zeiss 
LSM 510 Confocal/Multiphoton Microscope at 543  nm excitation and 600  nm 
emission at 63 X magnification. DAPI image acquisition performed by 2-photon 
Verdi-V10 laser in IR spectrum with excitation at 750 nm. The images were cap-
tured digitally.

 Immunofluorescence Confocal Microscopy of Cortactin

Rearrangement of cortical actin was analyzed by confocal laser scanning micros-
copy (CLSM). BPAECs grown on sterile glass coverslips (90% confluence) were 
treated with different concentrations of glyoxal, DMSA, or glyoxal + DMSA, then 
rinsed three times with PBS, and fixed with 3.7% formaldehyde in PBS for 10 min 
at room temperature. The cells were then rinsed three times with PBS and permea-
bilized with 0.25% Triton X-100 prepared in TBS containing 0.01% Tween-20 
(TBS-T) for 5 min. The cells were then washed three times with TBS-T and treated 
with TBS-T containing 1% BSA blocking buffer for 30 min at room temperature. 
The cells were then incubated overnight at room temperature with the primary anti-
body [anti-cortactin (1:100 dilution)] in 1% BSA solution in TBS-T. After rinsing 
three times with TBS-T, the cells were treated with AlexaFluor 568 (1:100 dilution) 
in 1% BSA in TBS-T for 1 h. Finally, the cells were washed three times with TBS-T, 
mounted, and examined under Zeiss LSM 510 Confocal/Multiphoton Microscope 
with 560  nm long pass filter at 63 X magnification. The images were captured 
digitally.

 Measurement of Transendothelial Cell Electrical 
Resistance (TER)

BPAECs were cultured in complete MEM on gold electrodes (Applied Biophysics 
Inc., Troy, NY) at 37  °C in a humidified atmosphere of 5% CO2 – 95% air and 
grown to contact-inhibited monolayer with typical cobblestone morphology. TER 
of the BPAEC monolayer cultured on the gold electrodes was measured on an elec-
tric cell substrate impedance-sensing system (ECIS; Applied Biophysics Inc., Troy, 
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N.Y.) according to our earlier published procedure following treatment of the cells 
with MEM containing the chosen concentrations of glyoxal, pharmacological agent 
(e.g., DMSA), or glyoxal + pharmacological agent in a humidified atmosphere of 
5% CO2 – 95% air at 37 °C [2]. The total endothelial electrical resistance, as mea-
sured across the EC monolayer, was determined by the combined resistance between 
the basal and/or cell matrix adhesion. TER measurements were done in duplicate 
and expressed as normalized resistance for each of the treatments.

 In Vitro Endothelial Cell Tube Formation Assay 
for Angiogenesis

In vitro angiogenesis assay was performed using our established Matrigel tube 
formation assay [2]. BPAECs were grown to 80% confluence in complete medium 
(10% FBS, nonessential amino acids, antibiotics, and growth factor) in two sepa-
rate flasks under a humidified 5% CO2 – 95% air environment at 37 °C. Both flasks 
of cells were starved in minimal media (MEM) at 37 °C under a humidified 5% 
CO2 – 95% air environment at 37 °C for 30 min following which DMSA in mini-
mal medium was added at a final concentration of 5.0 mM to one of the flasks and 
continued to incubate for an additional 45 min under a humidified 5% CO2 – 95% 
air environment at 37  °C.  During this time, 120  μL of growth factor-reduced 
Matrigel (BD Discovery Labware, Bedford, MA) was coated in the wells of a 
48-well culture plate and placed at 37 °C for 1 h to polymerize. The cells from both 
flasks were then trypsinized, centrifuged, washed, resuspended in minimal medium 
and counted. BPAECs (2 × 104) that were not pre-treated with DMSA were added 
to 1 mL of rich medium containing glyoxal at a final concentration of 1.0 mM and 
then immediately transferred to the Matrigel-coated plate (rich medium + glyoxal 
[1.0  mM]). BPAECs (2  ×  104) that were pretreated with DMSA were added to 
either 1  mL of minimal medium, or 1  mL of rich medium, or to 1  mL of rich 
medium supplemented with glyoxal (0–1.0 mM) or DMSA (5.0 mM) + glyoxal 
(0–1.0 mM). The cells were then allowed to incubate for 12 h at 37 °C under a 
humidified 5% CO2 – 95% air environment at 37 °C and subsequently analyzed for 
the formation of tubes connecting one colony to the next. At the termination of the 
experiment, the medium was removed, and the cells were fixed with 4% parafor-
maldehyde. Four digital images, under a Nikon light microscope at 40 X magnifi-
cation, were captured per well at the same location in each well and the tubes were 
counted in a blinded fashion. The data represent n  = 6 for each condition. The 
statistical analysis was performed using an ANOVA with SYSTAT12 software 
(San Jose, CA).
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 Reactive Oxygen Species (ROS) Determination by 
DCFDA Fluorescence

Formation of ROS in BPAECs in 35-mm dishes (5 × 105 cells/dish) was determined 
by 2′,7′-dichlorofluorescein (DCF) fluorescence in cells preloaded with 10  μM 
DCFDA for 30 min in complete MEM at 37 °C in a 5% CO2 – 95% air environment 
prior to exposure to glyoxal (0–1.0  mM) in absence or presence of DMSA 
(0–5.0 mM) for 2 h according to our earlier published method [8, 9]. After treat-
ment, the dishes containing the cells were either photographed using Olympus 
1 × 50 fluorescent microscope with FITC filter set, or the cells were detached with 
a Teflon cell scraper where medium containing cells was transferred to 1.5  mL 
microcentrifuge tubes and centrifuged at 8000  ×  g for 10  min. The supernatant 
medium was aspirated, and the cell pellet was washed twice with ice-cold phosphate- 
buffered saline (PBS). To prepare cell lysates, pellets were sonicated on ice with a 
probe sonicator at a setting of 2 for 15 s in 150 μL of ice-cold PBS. Fluorescence of 
oxidized DCF in cell lysates, an index of formation of ROS, was measured on a 
Bio- Tek Synergy HT fluorescent plate reader set at 490 nm excitation and 530 nm 
emission, respectively, using appropriate blanks. The extent of ROS formation was 
expressed as arbitrary fluorescence units.

 Superoxide (O2−) Determination by DHE Fluorescence

Generation of superoxide (O2
−·) in BPAECs was determined by DHE (dihydroethid-

ium) fluorescence according to our earlier published procedure [9]. BPAECs grown 
in 35-mm dishes were treated with different concentrations of glyoxal, DMSA, or 
glyoxal + DMSA for 2 h under a humidified 5% CO2 – 95% air environment at 
37 °C. After treatment, the cells were washed once with warm PBS and incubated 
with DHE (5.0 μM) in warm PBS for 30 min. After incubation, cells were washed 
once with warm PBS and examined under Zeiss LSM 510 Confocal/Multiphoton 
Microscope at 543 nm excitation with a 560 nm long pass filter at 10 X magnifica-
tion. These images were captured digitally. Fluorescent intensity was determined 
using the NIH sponsored program ImageJ.

 Reduced Glutathione (GSH) Determination

Intracellular soluble thiol-reduced glutathione (GSH) levels were determined using 
the GSH-Glo GSH assay kit. BPAECs grown to 100% confluence in 96 well plates 
under a humidified 5% CO2 – 95% air environment at 37 °C were treated with MEM 
alone or MEM containing desired concentrations of glyoxal for 12 h under a humid-
ified 5% CO2 – 95% air environment at 37 °C. Following incubation, intracellular 
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GSH levels were determined according to the manufacturer’s recommendations 
(Promega Corp. Madison, WI), as described in our earlier published method [10].

 FITC Paracellular Transport (Leak) Through the Endothelial 
Cell Monolayer

BPAECs were grown to 90–100% confluence in 22-mm dishes (12-well culture 
plate) on sterile inserts (0.4 μm) under a humidified 5% CO2 – 95% air environment 
at 37 °C and treated with phenol red-free MEM alone or MEM containing the cho-
sen concentrations of glyoxal and/or DMSA for 12–24 h. Following treatment, cells 
were washed with MEM (phenol red-free) and incubated for 1 h with 1 mg/mL fluo-
rescein isothiocyanate-dextran (FITC-dextran, 70 kDa) solution under a humidified 
5% CO2 – 95% air environment at 37 °C. At the end of the incubation period, the 
supernatant from the insert chamber was removed, and fluorescence was measured 
at 480 nm excitation and 530 nm emission which served as an index of paracellular 
transport of large molecular weight polymer of 70 kDa across the BPAEC mono-
layer that signifies the vascular endothelial leak.

 Visualization of Free (Labile) Chelatable Iron in BPAECs by 
Fluorescence Microscopy

The free, chelatable iron pool was analyzed by confocal laser scanning microscopy 
(CLSM) according to Petrat et al. [11, 12]. BPAECs were incubated with PG SK 
diacetate (20  μM) for 10  min. at room temperature and washed twice with 
PBS. Selected wells were then incubated with 2,2′-bipyridyl (5 mM) for 10 min at 
room temperature, washed twice with PBS, samples were mounted, and examined 
under Zeiss LSM 510 Confocal/Multiphoton Microscope with 500 nm excitation 
and 530 nm emission BP filter at 63 X magnification. The images were captured 
digitally. Fluorescent intensity was determined using the NIH sponsored pro-
gram ImageJ.

 Statistical Analysis

Standard deviation (S.D.) for each data point was calculated from triplicate sam-
ples. Data were subjected to one-way analysis of variance, and pair wise multiple 
comparisons was done by Dunnett’s method with p < 0.05, indicating significance 
using SigmaStat (Jandel Scientific, San Rafael, California). The statistical analysis 
of angiogenesis (endothelial tube formation assay) was performed using an ANOVA 
with SYSTAT12 software (San Jose, CA).
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 Results

 Glyoxal Induces Cytotoxicity to BPAECs as Evidenced by LDH 
Release by Cells

We first investigated the effects of glyoxal at physiologically relevant concentra-
tions on the healthy endothelium. We measured glyoxal-induced LDH release from 
the BPAECs as an assay for overall cell health and cytotoxicity. Increased LDH 
release was observed as early as 4–6 h post-treatment with high dose (1.0 mM) 
glyoxal (Fig.  3a and b). By 12–24  h of treatment, increased LDH release was 
observed with both moderate (0.5 mM) and high-dose (1.0 mM) glyoxal (Fig. 3c 
and d). Low-dose (0.1 mM) glyoxal did not have a significant effect on LDH release 
from BPAECs at any time point. These results show a dose- and time-dependent 
cytotoxicity in BPAECs induced by glyoxal treatment.

 DMSA Protects Against Glyoxal-Induced LDH Release 
by BPAECs

We hypothesized that iron plays a major role in the complications caused by AGEs 
and their precursors. Therefore, we investigated whether the thiol-containing heavy 
metal chelator, 2,3-dimercaptosuccinic acid (DMSA) would attenuate the glyoxal- 
induced LDH release by the BPAECs. The BPAECs were treated with MEM alone, 
MEM containing DMSA (1.0, 2.0, and 5.0  mM), MEM containing glyoxal 
(0.5 mM), and MEM-containing DMSA (1.0, 2.0, and 5.0 mM) + glyoxal (0.5 mM). 
Glyoxal (0.5 mM) caused a significant increase in the LDH release by cells at 12 h 
of treatment as compared to untreated control cells or cells co-incubated with gly-
oxal and DMSA (Fig.  4). These results clearly indicated that DMSA effectively 
protected the glyoxal-induced cytotoxicity as determined by the LDH release by 
the ECs.

 Glyoxal Inhibits MTT Reduction by BPAECs

Based on the observation that glyoxal induced significant cytotoxicity in the 
BPAECs, we investigated mitochondrial integrity as another index of cell health by 
determining the mitochondrial dehydrogenase-catalyzed MTT reduction in the 
BPAECs treated with glyoxal [2]. Glyoxal at the tested doses of 0.1, 0.5, and 
1.0 mM, caused a significant time- and dose-dependent inhibition of MTT reduction 
in the BPAECs at 4–24 h as compared to control cells (Fig. 5a–d). Also, the extent 
of glyoxal-induced inhibition of reduction of MTT by the BPAECs treated with 
glyoxal at 0.5 and 1.0 mM for longer periods of time (12 and 24 h) was significantly 
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Fig. 3 Glyoxal induces cytotoxicity to BPAECs as evidenced by LDH release by cells. BPAECs 
grown to 95% confluence in 15.5–mm dishes (24-well culture plate) were treated with MEM alone 
or MEM-containing glyoxal (0.1, 0.5, and 1.0 mM) for (a) 4 h, (b) 6 h, (c) 12 h, and (d) 24 h at 
37 °C in a humidified environment of 5% CO2 – 95% air. At the end of treatment, release of LDH 
(as an index of cytotoxicity) from the cells into medium was determined spectrophotometrically as 
described in the Materials and Methods. Data represent means ±S.D. of triplicate experiments 
conducted under identical conditions. *Significantly different at p < 0.05 as compared with the 
control cells treated with MEM alone

at the maximum (Fig. 5c and d). More strikingly, at the doses of 0.5 and 1.0 mM, 
glyoxal caused more than 90% of inhibition of MTT reduction in the BPAECs at 
24 h of treatment (Fig. 5d). These results clearly revealed that glyoxal caused drastic 
inhibition of MTT reduction in BPAECs suggesting the cytotoxicity of glyoxal in 
the ECs through interfering with the mitochondrial function.

 DMSA Protects Against Glyoxal-Induced Inhibition of MTT 
Reduction by BPAECs

We next investigated whether DMSA was able to protect mitochondrial function by 
preserving MTT reduction in the presence of glyoxal. BPAECs were treated with 
MEM alone, MEM containing DMSA (1.0, 2.0, and 5.0 mM), MEM containing 
glyoxal (0.5 mM), and MEM-containing DMSA (1.0, 2.0, and 5.0 mM) + glyoxal 
(0.5 mM). Glyoxal at a dose of 0.5 mM caused a significant and drastic decrease in 
MTT reduction by the BPAECs at 12 h of treatment as compared to control (Fig. 6). 
Cells co-incubated with glyoxal and DMSA showed a significant attenuation of the 
glyoxal-induced decline of MTT reduction in the BPAECs, suggesting the 
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Fig. 4 DMSA protects against glyoxal-induced LDH release by BPAECs. BPAECs grown to 95% 
confluence in 15.5-mm dishes (24-well culture plate) were treated with MEM alone, MEM con-
taining DMSA (1.0, 2.0, and 5.0 mM), MEM-containing glyoxal (0.5 mM) alone, and MEM con-
taining DMSA (1.0, 2.0, and 5.0  mM) + glyoxal (0.5  mM) for 12  h at 37  °C in a humidified 
environment of 5% CO2 – 95% air. At the end of treatment, release of LDH (as an index of cyto-
toxicity) from the cells was determined spectrophotometrically as described in Materials and 
Methods. Data represent means ±S.D. of triplicate experiments conducted under identical condi-
tions. *Significantly different at p < 0.05 as compared with the control cells treated with MEM 
alone. **Significantly different at p  <  0.05 as compared with the cells treated with MEM- 
containing glyoxal

protection of the inhibition of the mitochondrial dehydrogenase activity by DMSA 
in the BPAECs (Fig. 6).

 Glyoxal-Induced Cell Morphological Alterations Are Attenuated 
by DMSA in BPAECs

We next investigated the effects of glyoxal on cell morphology as another index of 
cytotoxicity. Consistent with our previous measures of cytotoxicity, glyoxal induced 
intense cell morphological alterations in the BPAECs in a dose- and time-dependent 
fashion at doses of 0.5 and 1.0 mM at 6, 12, and 24 h of treatment (Fig. 7). As evi-
denced from light microscopy, glyoxal-treated cells exhibited loss of normal elon-
gated cell morphology of ECs and appeared circular or rounded in a dose- and 
time-dependent fashion (Fig. 7). Importantly, DMSA at 5.0 mM dose protected the 
glyoxal (0.5  mM)-induced cell morphology alterations in BPAECs in a time- 
dependent manner (6, 12, and 24 h) (Fig. 8a). Our study also revealed that the well- 
established thiol-antioxidant, N-acetyl-L-cysteine (NAC) at 0.5, 1.0, and 5.0 mM 
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Fig. 5 Glyoxal inhibits MTT reduction by BPAECs. BPAECs grown to 95% confluence in 15.5- 
mm dishes (24-well culture plate) were treated with MEM alone or MEM-containing glyoxal (0.1, 
0.5, and 1.0 mM) for (a) 4 h, (b) 6 h, (c) 12 h, and (d) 24 h at 37 °C in a humidified environment 
of 5% CO2 – 95% air. At the end of treatment, MTT reduction (as an index of cell health and mito-
chondrial integrity) was determined spectrophotometrically as described in Materials and Methods. 
Data represent means ±S.D. of triplicate experiments conducted under identical conditions. 
*Significantly different at p < 0.05 as compared with the control cells treated with MEM alone

doses, effectively protected against the glyoxal (0.5 mM)-induced cell morphology 
alterations of ECs at 12 h of treatment (Fig. 8b). These results clearly demonstrated 
that the glucose-derived oxoaldehyde, glyoxal caused intense cell morphology 
alterations that were protected by the thiol-containing heavy metal chelator, DMSA 
in the ECs.

 DMSA Protects Against Glyoxal-Induced Inhibition of Cell 
Proliferation as Evidenced by Decrease in [3H]-Thymidine 
Incorporation in BPAECs

As a final measure of BPAEC function, we assessed the effects of glyoxal on BPAEC 
proliferation utilizing the well-established [3H]-thymidine incorporation assay. The 
results showed that BPAECs treated with glyoxal (0.1, 0.5, and 1.0 mM) for 12 h 
exhibited a significant decrease in cell proliferation (DNA synthesis), demonstrat-
ing that glyoxal suppressed the EC division in a dose-dependent fashion. 
Co-treatment with DMSA (5.0 mM), however, resulted in significant and effective 
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Fig. 6 DMSA protects against glyoxal-induced inhibition of MTT reduction by BPAECs. 
BPAECs grown to 95% confluence in 15.5-mm dishes (24-well culture plate) were treated with 
MEM alone, MEM containing DMSA (1.0, 2.0, and 5.0 mM), MEM-containing glyoxal (0.5 mM), 
and MEM containing DMSA (1.0, 2.0, and 5.0 mM) + glyoxal (0.5 mM) for 12 h at 37 °C in a 
humidified environment of 5% CO2 – 95% air. At the end of treatment, MTT reduction (as an index 
of cell health and mitochondrial integrity) was determined spectrophotometrically as described in 
Materials and Methods. Data represent means ±S.D. of triplicate experiments conducted under 
identical conditions. *Significantly different at p < 0.05 as compared with the control cells treated 
with MEM alone. **Significantly different at p < 0.05 as compared with the control cells treated 
with MEM-containing glyoxal

cell proliferation (DNA synthesis) as compared to the same in the glyoxal-treated 
cells alone, demonstrating that the thiol-containing heavy metal chelator, DMSA 
offered protection against glyoxal-induced inhibition of EC proliferation (Fig. 9a).

 DMSA Protects Against Glyoxal-Induced Inhibition of In Vitro 
Angiogenesis in BPAECs

Here, we investigated the action of glyoxal on the angiogenic potential (in vitro tube 
formation on Matrigel) of the BPAECs without or with the treatment of DMSA. As 
shown in Fig. 9b and c, glyoxal at doses of 0.5 and 1.0 mM drastically and signifi-
cantly inhibited the in vitro tube formation of the ECs, wherein the higher tested 
dose of glyoxal (1.0 mM) almost completely abolished the angiogenic potential of 
the BPAECs. DMSA at 5.0 mM dose effectively and significantly protected against 
the glyoxal-induced arrest of the in  vitro tube formation (angiogenesis) of the 
BPAECs (Fig. 9b and c).
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Fig. 7 Glyoxal induces cell morphological alterations in dose- and time-dependent fashion in 
BPAECs. BPAECs grown to 95% confluence in 35-mm dishes (6-well culture plate) were treated 
with MEM alone or MEM-containing glyoxal (0.1, 0.5, and 1.0 mM) for 6 h, 12 h, and 24 h at 
37 °C in a humidified environment of 5% CO2 – 95% air. At the end of treatment, cells were exam-
ined under light microscope at 20 X magnification as described in Materials and Methods. Each 
image is a representative picture obtained from three independent experiments conducted under 
identical conditions

 Glyoxal Induces ROS Formation in BPAECs Which Is 
Attenuated by DMSA

Our results show that glyoxal induced a wide range of functional deficits in BPAECs, 
which were at least partially mitigated by the thiol-containing heavy metal chelator. 
Based on these results, we hypothesized that the cytotoxic effects of glyoxal are 
mediated by iron-mediated redox cycling and ROS formation, which are attenuated 
by the redox heavy metal chelator, DMSA in the ECs. Therefore, we measured (i) 
total ROS production and (ii) superoxide formation in glyoxal-treated BPAECs +/− 
DMSA using fluorescent reporters DCFDA (ROS reporter) and DHE (superoxide 
reporter), respectively (REFs instead of explaining in next sentences). The results 
showed that glyoxal (0.1, 0.5, and 1.0 mM) caused a significant increase in ROS gen-
eration in the BPAECs in a dose-response manner at 2 h of treatment that was attenu-
ated by DMSA (5.0 mM) (Fig. 10a and b). Our experiments also revealed that glyoxal 
(0.5 mM) induced the formation of superoxide (O2

−·) that was effectively attenuated 
by DMSA (5.0 mM) in the BPAECs at 2 h of treatment (Fig. 10c). These results 
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Fig. 8 (a) DMSA protects against glyoxal-induced alterations of cell morphology in BPAECs. 
BPAECs grown to 95% confluence in 35-mm dishes (6-well culture plate) were treated with MEM 
alone, MEM containing DMSA (5.0 mM), MEM containing glyoxal (0.5 mM), and MEM contain-
ing DMSA (5.0 mM) + glyoxal (0.5 mM) for 6 h, 12 h, and 24 h at 37 °C in a humidified environ-
ment of 5% CO2 – 95% air. At the end of treatment, cells were examined under light microscope at 
20 X magnification as described in Materials and Methods. Each image is a representative picture 
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clearly indicated that glyoxal induced ROS and superoxide (O2
−·) formation in the 

BPAECs at an early time of insult that was attenuated by the thiol-containing heavy 
metal chelator, DMSA, implicating the role of iron (Fe) in redox cycling in the ECs.

 Glyoxal Causes Thiol-Redox Alteration Through GSH Depletion 
Which Is Attenuated by DMSA in BPAECs

GSH recruitment is the natural cellular response to scavenge intracellular ROS in a 
living cell system. Without this defense mechanism, ECs are susceptible to oxidant 
attack. Our earlier experiments of this study established that glyoxal induced a sig-
nificant and robust increase in the generation of cellular oxidant species (ROS and 
superoxide) in the BPAECs. We sought to determine whether glyoxal also altered 
the levels of reduced glutathione (GSH) to further compromise the cell’s resistance 
to oxidative stress. Glyoxal (0.1, 0.5, and 1.0 mM) caused significant and almost 
total loss of GSH at 8 h of treatment in a dose-dependent fashion which was signifi-
cantly and effectively attenuated by DMSA (5.0 mM), the thiol-containing heavy 
metal chelator (Fig. 11). This experiment clearly revealed that the hyperglycemic 
oxoaldehyde, glyoxal caused the cellular small molecule thiol-redox, GSH deple-
tion which was almost completely restored by DMSA.

 DMSA Protects Against Glyoxal-Induced Loss 
of Transendothelial Electrical Resistance (TER) 
in BPAEC Monolayer

We previously reported that glyoxal alters cell-to-cell adhesion and cell-to- 
substratum attachment in the EC monolayer to modulate EC barrier function and 
vascular leak [2]. We therefore investigated whether DMSA attenuates glyoxal-
induced EC monolayer perturbation (barrier dysfunction) using the Electric Cell 
Impedance Sensing (ECIS) to determine transendothelial resistance (TER) in a 
monolayer of BPAECs. Upon treatment with glyoxal (0.1, 0.5, and 1.0 mM) for 
20  h, the TER drastically decreased as compared to untreated control 
BPAECvmonolayers (Fig.  12a). DMSA (5.0  mM) effectively and completely 

Fig. 8 (continued) obtained from three independent experiments conducted under identical condi-
tions. (b) NAC protects against glyoxal-induced alterations of cell morphology in BPAECs. 
BPAECs grown to 95% confluence in 35-mm dishes (6-well culture plate) were treated with MEM 
alone, MEM containing NAC (0.5, 1.0, and 5.0 mM) alone, MEM containing glyoxal (0.5 mM) 
alone, and MEM containing NAC (0.5, 1.0, and 5.0 mM) + glyoxal (0.5 mM) for 12 at 37 °C in a 
humidified environment of 5% CO2 – 95% air. At the end of treatment, cells were examined under 
light microscope at 20 X magnification as described in Materials and Methods. Each image is a 
representative picture obtained from three independent experiments conducted under identical 
conditions
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Fig. 9 (a) DMSA protects against glyoxal-induced inhibition of cell proliferation as evidenced by 
decrease in [3H]-thymidine incorporation in BPAECs. BPAECs grown to 95% confluence in 
35-mm dishes (6-well culture plate) were treated with MEM alone, MEM containing DMSA   
(5.0 mM), MEM containing glyoxal (0.1, 0.5, and 1.0 mM), and MEM containing DMSA (5.0 mM) 
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restored the glyoxal- induced loss of TER to the extent exhibited by the control 
untreated BPAEC monolayer at 20 h of treatment (Fig. 12b). These results showed 
that the thiol- containing heavy metal chelator, DMSA effectively protected against 
the loss of TER and barrier dysfunction caused by the hyperglycemic oxoaldehyde, 
glyoxal implicating the role of redox and transition metal such as iron.

 DMSA Protects Against Glyoxal-Induced Paracellular 
Permeability (Leak) in BPAEC Monolayer

Barrier function (tightness of EC monolayer) is crucial for the paracellular gaps and 
leakiness of the EC monolayer. As our current ECIS experiments revealed that the 
glyoxal-induced loss of TER (as an index of EC barrier dysfunction) and its protec-
tion by DMSA, here we investigated whether the oxoaldehyde would cause paracel-
lular permeability (leak) of high molecular weight polymer (FITC-dextran of 
70 kDa) across the BPAEC. Glyoxal (0.5 mM) was observed to cause a significant 
increase in the paracellular permeability (leak) of FITC-dextran across the BPAEC 
monolayer at 12 and 24 h of treatment that was significantly and effectively attenu-
ated by DMSA (5.0 mM) (Fig. 13a and b). These results clearly revealed that the 
thiol-containing heavy metal chelator, DMSA effectively protected the hyperglyce-
mic oxoaldehyde-induced EC monolayer paracellular permeability, thus reverting 
the EC barrier dysfunction.

Fig. 9 (continued) + glyoxal (0.1, 0.5, and 1.0 mM) for 12 h at 37 °C in a humidified environment 
of 5% CO2 – 95% air. At the end of treatment, cells were labeled with [3H]-thymidine (1 μCi/mL) 
in complete BPAEC medium for 24 h. Cell replication at the end of the treatment was assayed by 
determining the [3H]-thymidine incorporated into the cells as described in Materials and Methods. 
Data represent means ±S.D. of triplicate experiments conducted under identical conditions. 
*Significantly different at p < 0.05 as compared with the control cells treated with MEM alone. 
**Significantly different at p  <  0.05 as compared with the cells treated with MEM-containing 
glyoxal. (b, c) DMSA protects against glyoxal-induced inhibition of in  vitro angiogenesis in 
BPAECs. BPAECs were grown up to 80% confluence in complete medium in two separate flasks. 
Both flasks of cells were starved in minimal medium (MEM) at 37 °C for 30 min and following 
that DMSA (5 mM) in MEM was added to one of the flasks and continued to incubate for an addi-
tional 45 min. The cells from both flasks were then added to the Matrigel-coated plates and then 
treated with 1.0 mL of minimal medium alone, 1.0 mL of rich medium supplemented with glyoxal 
(0.5 and 1 mM) alone, 1.0 mL of rich medium supplemented with DMSA (5.0 mM) alone, and 
1  mL of rich medium supplemented with DMSA (5.0  mM) and glyoxal (0.5 and 1.0  mM). 
Following that, the cells were incubated for 12 h at 37 °C and then examined for the formation of 
tubes connecting in adjacent colonies. The medium was then aspirated, and cells were fixed with 
4% paraformaldehyde. Four digital images (b) were captured per well at the same location in each 
well and the tubes were counted in a blinded fashion (c) under a Nikon light microscope at 40 X 
magnification. The data represent mean ±S.D. of samples for each condition. *Significantly differ-
ent at p  <  0.05 as compared with the control cells treated with minimal medium alone. 
**Significantly different at p < 0.05 as compared with the cells treated with rich medium contain-
ing glyoxal alone. The statistical analysis was performed using an ANOVA with SYSTAT12 soft-
ware (San Jose, CA)
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Fig. 10 Glyoxal induces ROS formation in BPAECs which is attenuated by DMSA. BPAECs 
grown to 95% confluence in 35-mm dishes (6-well culture plate) were preloaded with either 
DCFDA (10.0 μM/dish for 30 min in complete medium) or DHE (5.0 μM/dish for 30 min in com-
plete medium), following which the fluorophores were removed and the cells were treated with
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 DMSA Protects Glyoxal-Induced Cytoskeletal Rearrangement 
in BPAECs

Oxidants are known to cause cytoskeletal rearrangement in vascular ECs upstream 
of the EC monolayer barrier dysfunction and vascular endothelial leak/paracellular 
permeability. Also, earlier we have reported that the glucose-derived oxoaldehyde, 
glyoxal induces cytoskeletal rearrangement in the vascular ECs [2]. The intense 
barrier dysfunction (both decline in the TER and increase in paracellular leak) 

Fig. 10 (continued) MEM alone, MEM containing DMSA (5.0 mM), MEM containing glyoxal 
(0.1, 0.5, and 1.0 mM), and MEM containing DMSA (5.0 mM) + glyoxal (0.1, 0.5, and 1.0 mM) 
for 2 h at 37 °C in a humidified environment of 5% CO2 – 95% air. At the end of treatment, (a) 
images were captured digitally with Olympus 1 × 50 fluorescence microscope to visualize the DCF 
fluorescence as an index of ROS formation, and (b) quantification of intracellular ROS production 
by determining the fluorescence of oxidized DCF spectrofluorimetrically as described in Materials 
and Methods. (c) Intracellular DHE fluorescence, as an index of superoxide formation, was exam-
ined on Olympus 1 × 50 fluorescence microscope and images were captured digitally as described 
in Materials and Methods. Data represent mean ±S.D. of triplicate experiments conducted under 
identical conditions. *Significantly different at p < 0.05 as compared with the control cells treated 
with MEM alone. **Significantly different at p < 0.05 as compared with the cells treated with 
MEM containing glyoxal. Each image is a representative of three different images captured from 
triplicate samples for each experimental condition
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Fig. 11 Glyoxal causes thiol-redox alteration through GSH depletion, which is attenuated by 
DMSA in BPAECs. BPAECs grown to 100% confluent in 96-well sterile plates were treated with 
MEM alone, MEM containing DMSA (5.0 mM), MEM containing glyoxal (0.1, 0.5, and 1.0 mM), 
and MEM containing DMSA (5.0 mM) + glyoxal (0.1, 0.5, and 1.0 mM) for 8 h at 37 °C in a 
humidified environment of 5% CO2 – 95% air. At the end of treatment, the intracellular GSH con-
centrations were determined by the GSH-Glo chemiluminescence assay as described in Materials 
and Methods. Data represent mean ±S.D. of triplicate experiments conducted under identical con-
ditions. *Significantly different at p < 0.05 as compared with the control cells treated with MEM 
alone. **Significantly different at p  <  0.05 as compared with the cells treated with MEM- 
containing glyoxal
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Fig. 12 DMSA protects against glyoxal-induced loss of transendothelial electrical resistance 
(TER) in BPAEC monolayer. BPAEC monolayers were cultured in complete MEM on sterile ECIS 
gold electrodes and treated with (a) MEM alone and MEM containing glyoxal (0.1, 0.5, and 
1.0 mM), and (b) MEM alone, MEM containing DMSA (5.0 mM) alone, MEM containing glyoxal 
(0.5 mM) alone, and MEM containing DMSA (5.0 mM) + glyoxal (0.5 mM) for 20 h in a humidi-
fied atmosphere of 5% CO2 – 95% air at 37 °C following which the TER was measured continu-
ously on electrical cell impedance system (ECIS) as described in Materials and Methods. Each 
tracing is a representative of the normalized resistance values of two (duplicate) independent 
experiments conducted under identical conditions

induced by glyoxal in the BPAEC monolayer and its protection by DMSA as 
observed in our earlier experiments initiated these experiments to determine whether 
DMSA would protect the glyoxal-induced cytoskeletal rearrangements in BPAECs, 
including the actin stress fiber formation and rearrangement/redistribution of the 
cytoskeletal proteins such as cortactin, ZO-1, and occludin. Results of these experi-
ments revealed that glyoxal (0.1, 0.5, and 1.0 mM), in a dose-dependent manner at 
4 h of treatment, caused actin stress fiber formation indicative of the actin cytoskel-
etal rearrangement (Fig. 14a and b), intense cortactin reorganization/redistribution 
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Fig. 13 DMSA protects against glyoxal-induced paracellular permeability (leak) in BPAEC 
monolayer. BPAECs grown to 100% confluence in 22-mm dishes (12-well culture plate) were 
treated with MEM alone, MEM containing DMSA (5.0 mM), MEM containing glyoxal (0.5 mM), 
and MEM containing DMSA (5.0 mM) + glyoxal (0.5 mM) for (a) 12 h and (b) 24 h at 37 °C in a 
humidified environment of 5% CO2 – 95% air. At the end of treatment, FITC fluorescence (as an 
index of EC leak of FITC-tagged dextran of 70 kDa mol. wt.) at 480 nm excitation and 530 nm 
emission was determined spectrofluorimetrically as described in Materials and Methods. Data 
represent means ±S.D. of triplicate experiments conducted under identical conditions. 
*Significantly different at p < 0.05 as compared with the control cells treated with MEM alone. 
**Significantly different at p < 0.05 as compared with the cells treated with MEM-containing glyoxal

(Fig. 14c and d), loss of ZO-1 (Fig. 14e and f), and loss of occludin (Fig. 14g and 
h), all of which were significantly and affectively attenuated by DMSA (5.0 mM). 
These results clearly showed that the hyperglycemic oxoaldehyde, glyoxal caused 
the EC cytoskeletal reorganization that was effectively protected by the thiol- 
containing heavy metal chelator, DMSA.
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Fig. 14 DMSA protects glyoxal-induced cytoskeletal rearrangement in BPAECs. BPAECs grown 
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 DMSA Protects Against Glyoxal-Mediated Formation of AGEs 
in BPAECs

Sugar-derived hyperglycemic oxoaldehydes such as glyoxal and methylglyoxal are 
known to cause formation of the advanced glycation end products (AGEs), and we 
have reported earlier that glyoxal causes AGE formation in the vascular ECs [2]. 
Having this as the premise, here we investigated whether DMSA would attenuate 
the glyoxal-mediated formation of AGEs in BPAECs. As shown in Fig. 15a, glyoxal 
(0.5 and 1.0 mM) significantly caused an intense formation of AGEs in BPAECs at 
4 h of treatment that apparently was completely attenuated by DMSA (5.0 mM) 
treatment (Fig. 15a and b). This experiment clearly established that the oxoalde-
hyde, glyoxal mediated the formation of AGEs which was blocked by the thiol- 
containing heavy metal chelator, DMSA.

 Iron (Fe2+) Exacerbates Glyoxal-Induced Cytotoxicity and ROS 
Formation in BPAECs

Earlier experiments of the current study clearly revealed that the thiol-containing 
heavy metal chelator, DMSA effectively attenuated the glyoxal-induced cytotoxic-
ity, redox dysregulation, ROS formation, oxidative stress, and barrier dysfunction in 
the BPAECs, suggesting role of the redox-active transition metal such as iron (Fe). 
Therefore, here we investigated whether low concentrations of exogenously added 
iron as iron (II) sulfate (FeSO4) would affect the glyoxal-induced cytotoxicity and 
ROS formation in the BPAECs. The results revealed that FeSO4 (50 μM) signifi-
cantly exacerbated the glyoxal (0.1 and 0.5 mM)-induced LDH release (Fig. 16a) 
and decrease in MTT reduction (Fig. 16b) at 12 h of treatment. Furthermore, the 
results showed that FeSO4 (50  μM) significantly and intensely enhanced the 

Fig. 14 (continued) to 95% confluence grown on sterile glass coverslips in sterile 35-mm dishes 
(6-well culture plates) were treated with MEM alone, MEM containing DMSA (5.0 mM), MEM 
containing glyoxal (0.1, 0.5, and 1.0 mM), and MEM containing DMSA (5.0 mM) + glyoxal (0.1, 
0.5, and 1.0 mM) for 4 h at 37 °C in a humidified environment of 5% CO2 – 95% air. At the end of 
treatment, cells were fixed and stained for (a, b): actin stress fibers/DAPI; (c, d): cortactin; (e, f) 
ZO-1; and (g, h) occludin as described in Materials and Methods. Each image is a representative 
picture obtained from three independent experiments conducted under identical conditions. The 
fluorescence images of the cytoskeletal elements were captured on the Zeiss LSM 510 Confocal/
Multiphoton fluorescence microscope at 63 X magnification as described in Materials and Methods. 
The fluorescence intensities were obtained from the captured images at the respective excitation and 
emission wavelengths for each of the cytoskeletal elements examined for each experimental condi-
tion and plotted graphically. Data represent means ±S.D. of triplicate experiments conducted under 
identical conditions. *Significantly different at p < 0.05 as compared with the control cells treated 
with MEM alone. **Significantly different at p < 0.05 as compared with the cells treated with MEM 
containing glyoxal
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glyoxal- induced ROS formation (intracellular DCF fluorescence) in a dose-depen-
dent fashion (0.1, 0.5, and 1.0 mM) at 1 h of treatment as compared to same in the 
untreated control BPAECs and BPAECs treated with glyoxal alone (Fig. 16c). These 
results strikingly established that a low concentration of iron (Fe2+) at 50 μM exac-
erbated the glyoxal-induced cytotoxicity and ROS formation (oxidative stress) syn-
ergistically, suggesting the redox-active role of iron (II) therein.

 Determination of Chelatable Iron (Fe) Availability in BLMVECs

Since all the preceding experiments clearly revealed that the thiol-containing 
heavy metal chelator, DMSA effectively attenuated the glyoxal-induced cytotox-
icity, ROS production, thiol-redox dysregulation, cytoskeletal reorganization, 
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Fig. 15 DMSA protects against glyoxal-mediated formation of AGEs in BPAECs. BPAECs 
grown to 95% confluence grown on sterile glass coverslips in sterile 35-mm dishes (6-well culture 
plates) were treated with MEM alone, MEM containing DMSA (5.0 mM), MEM containing gly-
oxal (0.1, 0.5, and 1.0  mM), and MEM containing DMSA (5.0  mM) + glyoxal (0.1, 0.5, and 
1.0 mM) for 4 h at 37 °C in a humidified environment of 5% CO2 – 95% air. At the end of treat-
ment, cells were fixed and stained for AGE antiserum (Anti-Amadori) as described in Materials 
and Methods. Fluorescence images were captured with intensities on Zeiss LSM 510 
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and paracellular permeability in the BPAECs indicating the role of iron (Fe) 
therein, here we determined the intracellular chelatable iron availability in the 
BPAECs by the fluorescence microscopy, utilizing the iron-specific fluorophore 
PG SK in conjunction with 2,2′-dipyridyl (dequencher) as described in the mate-
rials and methods. The results clearly revealed intense fluorescence of the intra-
cellular chelatable iron (Fe) pool in the untreated ECs at basal level indicating 
the availability of intracellular iron for the redox reactions in BPAECs 
(Fig. 17a and b).

 Discussion

Diabetes cases are on the rise globally, and subsequently, the rates of hyperglycemia 
are increasing rapidly. Hyperglycemia is the primary cause of major diabetic com-
plications and is connected to both micro- and macrovascular diseases, including 
retinopathy, nephropathy, coronary heart disease, and stroke [2]. Since insulin is 
essential by cells for the absorption of glucose, insulin deficiencies found in both 
type 1 and type 2 diabetic patients lead to hyperglycemia. The hyperglycemic con-
ditions lead to an increased production of both AGE precursors and ultimately 
AGEs, which have recently been linked primarily to vascular complications. 
Glyoxal is the precursor to an estimated 40–50% of AGEs, and it can form adducts 
with DNA- and RNA-causing mutations and has been proven to cause cytotoxicity 
and oxidative stress [2]. The current study is focused on the effect of the AGE pre-
cursor, glyoxal, which is formed in excess under hyperglycemic conditions, on vas-
cular ECs.

The current study showed that the AGE precursor glyoxal has a wide range of 
adverse effects on BPAEC function, including morphological changes, ROS pro-
duction, membrane permeability, and cytoskeleton rearrangement, while also 
decreasing mitochondrial activity, DNA synthesis, ROS scavenger levels, and 
cell barrier function. Importantly, we found that the heavy metal chelator dimer-
captosuccinic acid (DMSA) was able to successfully attenuate all the adverse 
effects brought on by glyoxal, while exogenous Fe exacerbated glyoxal-
induced damage.

Fig. 15 (continued) Confocal/Multiphoton Microscope at 543 nm excitation and 600 nm emission 
under 63 X magnification (a). Each image is a representative picture selected from three indepen-
dent experiments conducted under identical conditions. The fluorescence intensities were obtained 
from the captured images at the respective excitation and emission wavelengths for each of the 
cytoskeletal elements examined for each experimental condition and plotted graphically (b). Data 
represent means ±S.D. of triplicate experiments conducted under identical conditions. 
*Significantly different at p < 0.05 as compared with the control cells treated with MEM alone. 
**Significantly different at p  <  0.05 as compared with the cells treated with MEM contain-
ing glyoxal
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Fig. 16 Iron (Fe2+) exacerbates glyoxal-induced cytotoxicity and ROS formation in BPAECs. 
BPAECs grown to 95% confluence in sterile 15.5-mm dishes (24-well culture plates) were treated 
with MEM alone, MEM containing glyoxal (0.1 and 0.5 mM), MEM containing FeSO4 (50 μM), 
and MEM-containing glyoxal (0.1 and 0.5 mM) + FeSO4 (50 μM) for 12 h at 37 °C in a humidified 
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There is natural ROS production and scavenging that accompanies many bio-
chemical processes, particularly those involved in metabolism. Oxidative stress, 
however, occurs when either too much ROS are produced or not enough are scav-
enged. Oxidative stress has been shown to cause β cell dysfunction and insulin 
resistance, further promoting hyperglycemia [13, 14]. Therefore, AGEs can be one 
of the primary sources of excessive ROS production and oxidative stress pre- 
diabetes, and since AGEs are produced through various oxidation and glycation 
reactions, their production is further increased in diabetics from the higher serum 
glucose concentrations and oxidative stress. Additionally, it has recently been shown 
that AGEs can be obtained from poor diet, and about one-tenth of AGEs in foods are 
absorbed and added to circulating levels [13]. It has also been shown that diet high 
in AGEs had greater damaging impact on vascular functionality compared to diet 
low in AGEs [15].

AGE formation occurs when a saccharide (for example, glucose, fructose, or 
pentose) makes nonenzymatic posttranslational modifications to a macromole-
cule (including lipids, proteins, or nucleic acid). This process, under normal 
physiological conditions, is relatively slow and occurs in three stages via the 
Maillard reaction. First, Schiff bases are formed slowly. Then, unstable AGE pre-
cursors are generated. Last, irreversible AGEs are produced. Additionally, AGEs 
can bond with metals like Cu2+ or Fe2+ to catalyze the rapid generation of ROS 
[15]. AGEs can damage protein structure and, subsequently, function, generally 
in the extracellular matrix, causing cell differentiation, impairing migration and 
adhesion, and potentially cell death. One of the most detrimental effects of dia-
betic hyperglycemia is vascular damage, which may occur as a result of AGE 
formation [13]. Diabetic vasculopathy is associated with multiple cardiovascular 
diseases. This can be a result of AGEs cross- linking with extracellular proteins as 
well as AGEs binding to cellular AGE receptors (RAGE) [2, 13]. Increases in 
oxidative stress, inflammation, and endothelial dysfunction can occur when AGEs 
bind to cellular RAGEs [15]. Elevated AGE levels in diabetic patients have been 
shown to cause endothelial (the lining that surrounds bodily cavities, organs, and 

Fig. 16 (continued) environment of 5% CO2 – 95% air. At the end of treatment, (a) release of LDH 
from cells into medium (as an index of cytotoxicity) and (b) MTT reduction (as an index of cell 
health and mitochondrial activity) were determined spectrophotometrically as described in 
Materials and Methods. BPAECs grown to 95% confluence in 35-mm dishes (6-well culture 
plates) were preloaded with 10 μM DCFDA and then treated with MEM alone, MEM containing 
glyoxal (0.1, 0.5, and 1 mM), MEM containing FeSO4 (50 μM), and MEM-containing glyoxal 
(0.1, 0.5, and 1 mM) + FeSO4 (50 μM) for 1 h at 37 °C in a humidified environment of 5% CO2 – 
95% air. At the end of treatment, (c) intracellular ROS production was determined by measuring 
the fluorescence of oxidized DCF spectrophotometrically as described in Materials and methods. 
Data represent mean ±S.D. of triplicate experiments conducted under identical conditions. 
$Significantly different at p < 0.05 as compared with the control cells treated with MEM alone. 
*Significantly different at p < 0.05 as compared with the control cells treated with MEM alone. 
**Significantly different at p < 0.05 as compared to the cells treated with MEM containing gly-
oxal alone
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Fig. 17 Determination of chelatable iron (Fe) availability in BLMVECs. BPAECs grown to 95% 
confluence grown in 35-mm dishes (6-well culture plate) on glass coverslips were analyzed to 
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structures, including blood vessels) dysfunction [16]. Vascular endothelium is 
vital to maintaining the vascular integrity and is responsible for barrier function, 
clotting, angiogenesis, leukocyte function, and vasoconstriction and dilation, 
which regulate the properties and function of blood and blood vessel, including 
the regulation of blood pressure [2]. Since AGEs have greater affinity to bind to 
protein macromolecules, circulating AGEs can damage the vascular endothelial 
cells (ECs) upon interaction with the endothelial barrier by increasing oxidative 
stress [2]. The RAGE receptor is involved in immunity pathophysiology; activa-
tion of a RAGE by an AGE can induce several immune dysfunction responses, 
including increasing proinflammatory cytokines production and oxidative 
stress [15].

Methylglyoxal, another AGE precursor, has been shown to contribute to the 
development of diabetic cardiomyopathy. Under hyperglycemic conditions, methyl-
glyoxal is overproduced as a byproduct of glycolysis. The subsequent buildup of 
methylglyoxal leads to vascular damage, cytotoxicity, inflammation, and EC dys-
function [17]. A study by Sotokawauchi et al. showed that increased fructose levels 
directly increased AGE production and likely induce damage to ECs, as fructose 
reacts ten times faster with proteins to form AGEs compared to glucose [18]. There 
have been studies that indicate protecting against AGEs can mitigate EC damage [2, 
19, 20]. Sliman et  al. showed that aminoguanidine can protect against glyoxal- 
induced EC dysfunction and damage [2]. Additionally, Sun et al. demonstrated that 
curcumin can inhibit the formation of AGEs and decrease oxidative stress from 
methylglyoxal [19]. Additionally, there is evidence to support low levels of the anti-
oxidant vitamin B6 can increase AGE production and that supplementation may 
mitigate those effects [20].

Iron is a crucial component of many bodily processes, including cell growth, 
oxygen transport, DNA synthesis, electron transport, metabolism, etc. [21] Recent 
studies have indicated that iron overload can play a role in the development of 
diabetes and diabetic complications [22–24]. Iron levels are mainly controlled by 
absorption from dietary sources. The liver stores iron as ferritin and regulates that 
storage via the hormone hepcidin; hepcidin, when secreted, decreases intestinal 
absorption of iron [21, 25]. Iron has two stable oxidation states, Fe2+ and Fe3+, and 

Fig. 17 (continued) visualize and quantify chelatable intracellular iron pool by fluorescence 
microscopy. At the end of incubation, cells were fixed and stained for determination of free iron as 
described in Materials and Methods. BPAECs were incubated with PG SK diacetate (20 μM) for 
10 min. at room temperature and washed twice with PBS. Selected wells were then incubated with 
2,2′-bipyridyl (5 mM) for 10 min at room temperature, washed twice with PBS, samples were 
mounted, and examined under Zeiss LSM 510 Confocal/Multiphoton Microscope with 500 nm 
excitation and 530 nm emission at 63 X magnification. The images were captured digitally (a). 
Fluorescence intensities were determined using the NIH sponsored program ImageJ and plotted 
(b). Each image is a representative picture chosen from the independent experiment conducted 
under identical conditions. *Significantly different at p < 0.05 as compared with the negative con-
trol cells treated. **Significantly different at p  <  0.05 as compared to the cells treated with 
2,2′-bipyridyl alone
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acts as an electron donor and electron acceptor, respectively, during biochemical 
reactions. However, this cycling can generate ROS byproducts [5]. Under normal 
physiological conditions, natural scavengers may remove these byproducts without 
damage; however, under hyperglycemia, iron overload may cause excessive ROS 
production and increased oxidative stress. There is a plethora of studies that have 
linked iron overload to the development of type 2 diabetes [5]. Iron overload can 
result in inhibition of glucose functionality by hindering insulin secretion and sig-
naling and increasing insulin resistance [21]. Conversely, iron deficiency can also 
impact glucose levels, especially in diabetic patients, supporting the concept that 
the body requires a specific range of iron to optimally function [26]. This is sup-
ported by several studies [5], including one by Mirlohi et al. that demonstrated that 
patients with iron overload were positively correlated with significantly increased 
blood glucose levels, serum AGE levels, total ROS, and oxidative stress [27]. 
Additionally, studies have shown that excessive dietary intake of iron, such as 
through red meat consumption, especially in diabetic patients, has a direct correla-
tion with increased iron levels and insulin dysfunction, elevated glucose levels, and 
oxidative stress [5, 28]. Iron overload in hyperglycemic conditions can potentially 
increase the formation of AGEs through Fenton reactions and ROS formation. 
Under hyperglycemia, iron-binding proteins may be glycated during the formation 
of AGEs, which releases additional free iron, ultimately creating a positive feed-
back loop [5].

Dimercaptosuccinic acid is a heavy metal chelator, typically used to treat metal 
poisoning. Chelation occurs when an organic compound bonds with a metal 
(forming a chelate). Heavy metals can have harmful effects, including toxicity. 
Therefore, a chelator is used so the metal will bond with it instead, and the metal 
loses its biochemical properties and is excreted [29]. In the current study, we 
observed that treatment with glyoxal significantly damaged BPAECs on several 
fronts. Glyoxal increased cytotoxicity, ROS production, cell morphology changes, 
decreased cellular integrity and mitochondrial activity, depleted GSH, and 
induced cytoskeleton rearrangement. Since studies support our belief that iron 
plays a significant role in the oxidative stress and other mechanisms that lead to 
the BPAEC damage, we hypothesized that using DMSA to scavenge free iron 
would mitigate the destructive capability of glyoxal (Fig. 18). The present study 
demonstrated that treatment with DMSA successfully attenuated all the adverse 
cellular effects. Treating with DMSA alone did not produce any significant impact 
compared to the control. DMSA, or a similar heavy metal chelator, with its dem-
onstrated ability to protect the integrity and function of the endothelial cells 
against the iron and AGE attack, has the potential for use within treatment for 
diabetic vascular endothelial disorders.
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Fig. 18 Proposed mechanism of DMSA protection against glyoxal-induced cytotoxicity, cyto-
skeletal rearrangement, and barrier dysfunction through oxidative stress involving iron in vascular 
ECs. Hyperglycemia causes glucose oxidation leading to the formation of oxoaldehydes (e.g., 
glyoxal and methylglyoxal) which either (1) directly and/or (2) indirectly (through formation of 
Schiff-base adducts and AGEs) cause altered cell signaling and intracellular iron (Fe) pools. The 
altered intracellular iron (Fe) is redox-active and causes the generation of ROS and altered thiol- 
redox pools leading to elevated oxidative stress, which causes cytotoxicity, impaired cell division, 
loss of angiogenic potential, cytoskeletal alterations, EC barrier dysfunction, and paracellular 
hyperpermeability of the EC monolayer. The thiol-containing heavy metal chelating drug, DMSA, 
effectively protects against the hyperglycemic oxoaldehyde-induced vascular EC damage, cyto-
skeletal alterations, and barrier dysfunction suggesting the role of intracellular iron in mediation of 
cellular oxidant injury which could culminate into diabetic vascular dysfunction/damage

Acknowledgements Support from the Division of the Pulmonary, Critical Care, and Sleep 
Medicine, Department of Medicine, and the Heart & Lung Research Institute of the Ohio State 
University Wexner Medical Center is appreciated. Funding to Jing Zhao (1R01HL151513 and 
R01GM115389-01) and Thomas J. Hund (R01HL156652 and R01HL135096) are acknowledged.

References

1. Blake R, Trounce IA. Mitochondrial dysfunction and complications associated with diabetes. 
Biochim Biophys Acta. 2014;1840(4):1404–12.

2. Sliman SM, Eubank TD, Kotha SR, Kuppusamy ML, Sherwani SI, Butler ES, Kuppusamy 
P, Roy S, Marsh CB, Stern DM, Parinandi NL. Hyperglycemic oxoaldehyde, glyoxal, causes 
barrier dysfunction, cytoskeletal alterations, and inhibition of angiogenesis in vascular endo-

Hyperglycemic Oxoaldehyde (Glyoxal)-Induced Vascular Endothelial Cell Damage…



522

thelial cells: aminoguanidine protection. Mol Cell Biochem. 2010;333(1–2):9–26. https://doi.
org/10.1007/s11010- 009- 0199- x.

3. Vlassara H, Uribarri J. Advanced glycation end products (AGE) and diabetes: cause, effect, or 
both? Curr Diab Rep. 2014;14(1):453. https://doi.org/10.1007/s11892- 013- 0453- 1.

4. Prabhakar PK, Kumar A, Doble M. Combination therapy: a new strategy to manage diabe-
tes and its complications. Phytomedicine. 2014;21(2):123–30. https://doi.org/10.1016/j.
phymed.2013.08.020.

5. Liu Q, Sun L, Tan Y, Wang G, Lin X, Cai L. Role of iron deficiency and overload in the patho-
genesis of diabetes and diabetic complications. Curr Med Chem. 2009;16(1):113–29. https://
doi.org/10.2174/092986709787002862.

6. Liu J, Li Q, Yang Y, Ma L. Iron metabolism and type 2 diabetes mellitus: a meta-analysis and 
systematic review. J Diabetes Investig. 2020;11(4):946–55. https://doi.org/10.1111/jdi.13216.

7. Simcox JA, McClain DA. Iron and diabetes risk. Cell Metab. 2013;17(3):329–41. https://doi.
org/10.1016/j.cmet.2013.02.007.

8. Varadharaj S, Watkins T, Cardounel AJ, Garcia JG, Zweier JL, Kuppusamy P, Natarajan V, 
Parinandi NL.  Vitamin C-induced loss of redox-dependent viability in lung microvascular 
endothelial cells. Antioxid Redox Signal. 2005;7(1–2):287–300. https://doi.org/10.1089/
ars.2005.7.287. PMID: 15650416.

9. Parinandi NL, Kleinberg MA, Usatyuk PV, Cummings RJ, Pennathur A, Cardounel AJ, Zweier 
JL, Garcia JG, Natarajan V.  Hyperoxia-induced NAD(P)H oxidase activation and regula-
tion by MAP kinases in human lung endothelial cells. Am J Physiol Lung Cell Mol Physiol. 
2003;284(1):L26–38. https://doi.org/10.1152/ajplung.00123.2002. Epub 2002 Jul 26.

10. Patel RB, Kotha SR, Sauers LA, Malireddy S, Gurney TO, Gupta NN, Elton TS, Magalang UJ, 
Marsh CB, Haley BE, Parinandi NL. Thiol-redox antioxidants protect against lung vascular 
endothelial cytoskeletal alterations caused by pulmonary fibrosis inducer, bleomycin: compar-
ison between classical thiol-protectant, N-acetyl-L-cysteine, and novel thiol antioxidant, N,N'-
bis-2-mercaptoethyl isophthalamide. Toxicol Mech Methods. 2012;22(5):383–96. https://doi.
org/10.3109/15376516.2012.673089.

11. Petrat F, Rauen U, de Groot H.  Determination of the chelatable iron pool of isolated rat 
hepatocytes by digital fluorescence microscopy using the fluorescent probe, phen green 
SK. Hepatology. 1999;29(4):1171–9. https://doi.org/10.1002/hep.510290435.

12. Petrat F, de Groot H, Rauen U.  Determination of the chelatable iron pool of single intact 
cells by laser scanning microscopy. Arch Biochem Biophys. 2000;376(1):74–81. https://doi.
org/10.1006/abbi.2000.1711.

13. Nowotny K, Jung T, Höhn A, Weber D, Grune T.  Advanced glycation end products and 
oxidative stress in type 2 diabetes mellitus. Biomol Ther. 2015;5(1):194–222. https://doi.
org/10.3390/biom5010194.

14. Papachristoforou E, Lambadiari V, Maratou E, Makrilakis K. Association of glycemic indi-
ces (hyperglycemia, glucose variability, and hypoglycemia) with oxidative stress and diabetic 
complications. J Diabetes Res. 2020;2020:7489795. https://doi.org/10.1155/2020/7489795.

15. Shen CY, Lu CH, Wu CH, Li KJ, Kuo YM, Hsieh SC, Yu CL. The development of Maillard 
reaction, and advanced glycation end product (AGE)-receptor for AGE (RAGE) signaling 
inhibitors as novel therapeutic strategies for patients with AGE-related diseases. Molecules 
(Basel, Switzerland). 2020;25(23):5591. https://doi.org/10.3390/molecules25235591.

16. Tan KC, Chow WS, Ai VH, Metz C, Bucala R, Lam KS. Advanced glycation end products 
and endothelial dysfunction in type 2 diabetes. Diabetes Care. 2002;25(6):1055–9. https://doi.
org/10.2337/diacare.25.6.1055.

17. Vulesevic B, McNeill B, Giacco F, Maeda K, Blackburn NJ, Brownlee M, Milne RW, Suuronen 
EJ. Methylglyoxal-induced endothelial cell loss and inflammation contribute to the develop-
ment of diabetic cardiomyopathy. Diabetes. 2016;65(6):1699–713. https://doi.org/10.2337/
db15- 0568.

T. O. Gurney et al.

https://doi.org/10.1007/s11010-009-0199-x
https://doi.org/10.1007/s11010-009-0199-x
https://doi.org/10.1007/s11892-013-0453-1
https://doi.org/10.1016/j.phymed.2013.08.020
https://doi.org/10.1016/j.phymed.2013.08.020
https://doi.org/10.2174/092986709787002862
https://doi.org/10.2174/092986709787002862
https://doi.org/10.1111/jdi.13216
https://doi.org/10.1016/j.cmet.2013.02.007
https://doi.org/10.1016/j.cmet.2013.02.007
https://doi.org/10.1089/ars.2005.7.287
https://doi.org/10.1089/ars.2005.7.287
https://doi.org/10.1152/ajplung.00123.2002
https://doi.org/10.3109/15376516.2012.673089
https://doi.org/10.3109/15376516.2012.673089
https://doi.org/10.1002/hep.510290435
https://doi.org/10.1006/abbi.2000.1711
https://doi.org/10.1006/abbi.2000.1711
https://doi.org/10.3390/biom5010194
https://doi.org/10.3390/biom5010194
https://doi.org/10.1155/2020/7489795
https://doi.org/10.3390/molecules25235591
https://doi.org/10.2337/diacare.25.6.1055
https://doi.org/10.2337/diacare.25.6.1055
https://doi.org/10.2337/db15-0568
https://doi.org/10.2337/db15-0568


523

18. Sotokawauchi A, Matsui T, Higashimoto Y, Yamagishi SI.  Fructose causes endothelial cell 
damage via activation of advanced glycation end products-receptor system. Diab Vasc Dis Res. 
2019;16(6):556–61. https://doi.org/10.1177/1479164119866390.

19. Sun YP, Gu JF, Tan XB, Wang CF, Jia XB, Feng L, Liu JP. Curcumin inhibits advanced glyca-
tion end product-induced oxidative stress and inflammatory responses in endothelial cell dam-
age via trapping methylglyoxal. Mol Med Rep. 2016;13(2):1475–86. https://doi.org/10.3892/
mmr.2015.4725.

20. Mascolo E, Vernì F. Vitamin B6 and diabetes: relationship and molecular mechanisms. Int J 
Mol Sci. 2020;21(10):3669. https://doi.org/10.3390/ijms21103669.

21. Fernández-Real JM, McClain D, Manco M.  Mechanisms linking glucose homeostasis 
and iron metabolism toward the onset and progression of type 2 diabetes. Diabetes Care. 
2015;38(11):2169–76. https://doi.org/10.2337/dc14- 3082.

22. Rajpathak SN, Crandall JP, Wylie-Rosett J, Kabat GC, Rohan TE, Hu FB. The role of iron 
in type 2 diabetes in humans. Biochim Biophys Acta. 2009;1790(7):671–81. https://doi.
org/10.1016/j.bbagen.2008.04.005.

23. Swaminathan S, Fonseca VA, Alam MG, Shah SV. The role of iron in diabetes and its compli-
cations. Diabetes Care. 2007;30(7):1926–33. https://doi.org/10.2337/dc06- 2625.

24. Beutler E, Hoffbrand AV, Cook JD. Iron deficiency and overload. Hematology Am Soc Hematol 
Educ Program. 2003;2003(1):40–61. https://doi.org/10.1182/asheducation- 2003.1.40.

25. Zhang C, Rawal S. Dietary iron intake, iron status, and gestational diabetes. Am J Clin Nutr. 
2017;106(Suppl 6):1672S–80S. https://doi.org/10.3945/ajcn.117.156034.

26. Soliman AT, De Sanctis V, Yassin M, Soliman N. Iron deficiency anemia and glucose metabo-
lism. Acta Biomed. 2017;88(1):112–8. https://doi.org/10.23750/abm.v88i1.6049.

27. Mirlohi MS, Yaghooti H, Shirali S, Aminasnafi A, Olapour S. Increased levels of advanced 
glycation end products positively correlate with iron overload and oxidative stress markers in 
patients with β-thalassemia major. Ann Hematol. 2018;97(4):679–84. https://doi.org/10.1007/
s00277- 017- 3223- 3.

28. Misra R, Balagopal P, Raj S, Patel TG. Red meat consumption (heme iron intake) and risk 
for diabetes and comorbidities? Curr Diab Rep. 2018;18(11):100. https://doi.org/10.1007/
s11892- 018- 1071- 8.

29. Sears ME. Chelation: harnessing and enhancing heavy metal detoxification – a review. Sci 
World J. 2013;2013:219840. https://doi.org/10.1155/2013/219840.

Hyperglycemic Oxoaldehyde (Glyoxal)-Induced Vascular Endothelial Cell Damage…

https://doi.org/10.1177/1479164119866390
https://doi.org/10.3892/mmr.2015.4725
https://doi.org/10.3892/mmr.2015.4725
https://doi.org/10.3390/ijms21103669
https://doi.org/10.2337/dc14-3082
https://doi.org/10.1016/j.bbagen.2008.04.005
https://doi.org/10.1016/j.bbagen.2008.04.005
https://doi.org/10.2337/dc06-2625
https://doi.org/10.1182/asheducation-2003.1.40
https://doi.org/10.3945/ajcn.117.156034
https://doi.org/10.23750/abm.v88i1.6049
https://doi.org/10.1007/s00277-017-3223-3
https://doi.org/10.1007/s00277-017-3223-3
https://doi.org/10.1007/s11892-018-1071-8
https://doi.org/10.1007/s11892-018-1071-8
https://doi.org/10.1155/2013/219840


525

A
Advanced glycation end product (AGE), 

486–488, 491, 496, 511, 514–515, 
517, 519–521

AMPK, 122, 125, 126, 132, 134, 205, 206
Ankyrins, 45, 47–52, 55
Annealing of gaps, 454
Arrhythmias, 6, 8–18, 23, 26, 41, 47, 51–53, 

56, 74, 76, 77, 85, 86, 113, 127–130, 
134, 136–143, 147–151, 155, 156, 
176–178, 181, 184, 185, 188, 203, 
260–275, 289, 297, 303, 326, 329, 332, 
333, 335, 420

Atheronals A and B, 216
Atherosclerosis, 135, 142, 154, 215, 239, 244, 

260, 269, 270, 344, 349, 351–354, 356, 
357, 369–375, 457

Atrial fibrillation (AF), 9, 10, 12, 18, 52, 69, 
70, 74, 75, 113, 114, 118, 120, 122, 
127, 128, 131, 139–141, 143, 148, 155, 
176, 183, 185–190, 260, 262–273, 
275, 420

Autonomic, 323, 335

B
Barrier restoration, 446–450, 454, 463, 464, 470

C
Ca2+/calmodulin-dependent protein kinase II 

(CaMKII), 48, 50, 51, 57, 134, 188
Calcium, 6, 40–57, 72–74, 122, 125, 127, 129, 

130, 134, 136, 141, 142, 155, 187, 188, 
245, 249–251, 264, 295–297, 301, 302, 

305, 312, 368, 370, 415, 431, 437, 
454, 464

Calcium homeostasis, 41, 46, 49, 
51–52, 72, 458

Calcium signaling, 40–42, 44–46, 
48–50, 52–57

Cardiac bridging integrator 1 (cBIN1), 
42–47, 55

Cardiac dysfunction, 13, 82, 113–115, 124, 
132, 137, 149–150, 157, 199, 202, 205, 
206, 244, 246

Cardiac electrophysiology, 260–262, 275, 330
Cardiac fibrosis, 52, 144, 183, 206, 269
Cardiomyocyte (CM), 40–57, 72, 76, 77, 84, 

113, 117–130, 132–134, 136, 141–145, 
149–150, 152–155, 180, 181, 185–187, 
198, 201–203, 206, 215–231, 245, 250, 
251, 260–267, 269–272, 275, 289, 290, 
296, 301–303, 305, 307, 308, 310, 311, 
325, 327–332, 335, 416, 420

Cardio-oncology, 158
Cardiotoxicities, 112, 113, 116–122, 124, 125, 

134, 136–143, 146–158, 249
Cardiovascular disease (CVD), 49, 51, 57, 69, 

70, 77, 123, 136, 154, 156, 176, 177, 
183, 185–189, 199, 238, 239, 245, 
247–249, 251, 260, 265, 271, 275, 289, 
335, 344, 345, 347, 350–355, 369, 373, 
375, 381, 383, 384, 401, 420, 486, 517

Caveolae, 42, 46, 47, 53–57, 327
Cell-cell communication, 411–420
Cell culture, 155, 215, 217, 218, 312, 386, 389
Chimeric antigen receptor T-cell (CAR-T) 

therapy, 112, 131
Cholesterol-lowering drugs, 383, 384, 401

Index

© The Editor(s) (if applicable) and The Author(s), under exclusive license to 
Springer Nature Switzerland AG 2022 
N. L. Parinandi, T. J. Hund (eds.), Cardiovascular Signaling in Health and 
Disease, https://doi.org/10.1007/978-3-031-08309-9

https://doi.org/10.1007/978-3-031-08309-9


526

c-KIT, 113, 117–122, 124–125, 133, 137
Coronary artery disease (CAD), 135, 176, 199, 

275, 344, 345, 351–354, 381
Cytoskeletal reorganization, 452, 460, 

467–469, 488, 491, 509, 513

D
Diabetic vascular endothelial 

dysfunction, 486–521
Dimercaptosuccinic acid (DMSA), 485–521
Diphenyleneiodonium chloride (DPI), 217
Disease modeling, 295

E
Edema, 8, 156, 430, 431, 446, 459, 462, 463, 

469, 470
Eicosanoids, 242–244, 247, 251
Endothelial cell (EC), 26, 40–44, 47, 48, 52, 

55, 56, 113, 121, 123, 126, 133, 135, 
142, 215, 245, 246, 248, 265, 290, 294, 
305, 329, 352, 385, 391, 403, 405, 
412–420, 430–438, 446, 448, 449, 
452–456, 459–469, 486–521

F
Fission, 198–206
Fusion, 198–206

G
Gap junctions, 14, 78, 181, 189, 263, 291, 

294, 302, 327, 413, 414, 420
Glyoxal, 369, 486–521

H
Heart failure (HF), 6, 8–17, 19–26, 46–49, 51, 

52, 56, 57, 69, 70, 73–75, 77, 79–81, 
83–86, 113, 114, 117–122, 127, 
130–133, 136–141, 144–146, 148–151, 
153, 154, 157, 176–178, 181–190, 199, 
202–204, 206, 239, 260, 268, 269, 274, 
289, 290, 305, 307, 310, 325, 327, 329, 
351, 417

Heart rate (HR), 7, 41, 52, 184, 323, 326, 328, 
329, 332, 333

Hearts, 6–10, 14, 19, 20, 22–25, 40, 42, 44, 
46–52, 56, 69–71, 73, 76, 79–87, 118, 
124, 126, 128–133, 136, 152–155, 176, 
178–185, 187–191, 200–205, 238, 239, 
244, 246, 248–250, 260, 262, 271, 

289–292, 294–299, 302, 305, 307, 308, 
310, 312, 324, 325, 327, 329–335, 344, 
368, 381, 401, 412, 416, 420, 430, 459, 
515, 521

Hepatocyte growth factor (HGF), 447, 452, 
460, 464–467

High density lipoprotein (HDL), 344–349, 
352, 354, 356, 357, 370–375, 458

High-density lipoprotein-associated 
cholesterol (HDL-C), 344, 
347–349, 351–357

Hyperglycemic oxoaldehydes, 487, 488, 503, 
505, 509, 511

I
Immune checkpoint inhibitor (ICI), 112–115, 

131, 137–147, 150, 151
In vitro models, 295, 302, 308, 312
Inflammasomes, 260–275
Iron, 216, 486–521

K
Kinase-phosphatase  

balance, 176–177

L
Lipid-derived mediators, 446, 447, 470
Lysophosphatidic acid (LPA), 385, 405, 430, 

432–438, 450–452, 456

M
Microdomains, 40–57, 190, 465, 469
Mitochondria, 73, 79–81, 83, 122, 132, 

198–206, 217, 221, 231, 243, 261, 272, 
273, 384, 398, 460

Mitochondrial dynamics proteins, 198, 202, 
204, 205

Mitochondrial electron transport system 
(ETS), 216

Mitogen-activated protein kinase (MAPK), 56, 
69–72, 74–87, 154, 200, 229, 231, 245, 
300, 403, 405, 456, 469

Myocardial fibrosis, 189, 246, 289–312
Myofibroblast, 270, 291–293

N
NADPH oxidase system (NOS), 213–231
NLR family pyrin domain containing 3 

(NLRP3), 260, 264–275

Index



527

O
Octadecanoids, 242, 244, 247, 251
Oxidized phospholipids, 447, 468
Oxylipins, 239–242, 244–251
Oxysterols, 215, 231, 369

P
Pannexins, 413–415, 420
Paracrine signaling, 123, 291, 294, 302, 

308, 420
Parasympathetic, 184, 323–325, 328–334
Phosphatidic acid (PA), 381–406, 433, 447, 

449–452, 454–456, 465
Phosphatidic acid signaling, 449, 450
Phospholipase D (PLD), 381–406, 437, 

449–452, 460, 465, 466
Plaque regression, 356, 370, 375
Platelet derived growth factor receptor 

(PDGFR), 113, 118–120, 122–124, 
126, 129

Polyunsaturated fatty acid (PUFA), 239–242, 
244, 245, 247, 468

Prostanoids, 243, 244, 251, 447
Protein phosphatase 1 (PP1), 76, 176
Protein phosphatase 2A (PP2A), 45, 48, 

50–52, 142, 143, 176–186, 
188–190, 261

Protein phosphatase 2B (PP2B), 176

R
Reactive oxygen species (ROS), 126, 131, 

134, 150, 198, 199, 215, 265, 328, 369, 
374, 403, 405, 451, 460, 487, 494

Reverse cholesterol transport (RCT), 344, 345, 
347–353, 356, 357, 370–375

S
Scavenger receptor BI (SR-BI), 345, 347–349, 

353, 354, 374
Signal pathways, 436
Skeletal muscle cells, 205, 381–406
Sphingosine-1-phosphate (S1P), 447, 460
Statins, 114, 136, 345, 346, 355–357, 370, 

383–389, 391, 393, 395, 397–399, 401, 
403, 405, 406

Stress, 8, 13, 17, 41, 44, 47, 49, 53–57, 69–71, 
75, 77–87, 115, 117–119, 123, 125, 
127, 133, 134, 151, 187, 199, 203, 204, 
215–231, 245–247, 249, 268, 269, 273, 
292, 371, 375, 399, 417, 432, 437, 452, 
460, 464, 486–521

Sympathetic, 7, 41, 44, 46, 47, 53–57, 251, 
270, 323–325, 327–334

T
Tissue engineering, 295, 297, 308
Transverse tubule (TT), 7, 19–26, 41–49, 54
T-tubules, 41–44, 46–50, 53–56, 73, 75, 142, 

180, 189
Tyrosine kinase inhibitor (TKI), 112–137, 140, 

143, 145, 452

V
Vascular endothelial growth factor receptor 

(VEGFR), 113, 118, 121–123, 125, 
127, 131, 132, 135, 137

Vascular endothelium, 238, 239, 243, 246, 
251, 412–420, 430, 487, 519

Vascular permeability, 123, 152, 154, 446, 
456, 458, 467, 469

Index


	Preface on the Current Trends in Cardiovascular Signaling in Health and Disease
	Calcium- and Stress-Dependent Signaling in Cardiac Myocytes
	Reactive Oxygen Species and Lipid Signaling in Cardiac Myocytes
	Inflammatory Signaling, Fibrosis, and Cardiac Function
	Neural Regulation of Cardiac Rhythm
	Reverse Cholesterol Transport in Atherosclerotic Cardiovascular Disease
	Progression of the Atherosclerotic Plaque Regression
	Role of Bioactive Lipid, Phosphatidic Acid in Statin-Induced Myotoxicity
	Cell-to-Cell Communication in the Vascular Endothelium
	The Bioactive Phospholipid, Lysophosphatidic Acid Regulates Vascular Endothelial Barrier Integrity
	Role of Lipid Mediators in Regulation of Vascular Endothelial Barrier Integrity and Function
	Role of Iron in Diabetic Vascular Endothelial Dysfunction

	Acknowledgments
	Contents
	Authors Biography
	Part I: Cardiac Signaling
	Calcium-Dependent Signaling in Cardiac Myocytes
	Introduction
	Physiology
	Pathophysiology
	Heart Failure
	Arrhythmias

	Ca-Dependent CaMKII Signaling in the Cardiac Myocyte
	Background
	Ca-Dependent CaMKII Signaling in Cardiac Myocyte Function and Disease
	CaMKII Structure and Ca-Dependent Activation
	Posttranslational Modifications of CaMKII as Novel Mechanisms of Cardiac Disease

	Cardiac Myocyte Remodeling and Ultrastructural Change
	Background
	Ultrastructural (T-Tubule) Remodeling
	RyR Remodeling
	Consequence of Structural Remodeling on Spatiotemporal Factors of Ca Release
	Potential Treatments

	Conclusions and Research Frontiers
	Spatial and Temporal Heterogeneity of Ca-Dependent Signaling
	Considerations for Therapy

	References

	Organization of Ca2+ Signaling Microdomains in Cardiac Myocytes
	Introduction
	Calcium Signaling in Cardiomyocytes
	Calcium Signaling Microdomains in Cardiomyocytes
	TT/jSR Microdomains in Systolic and Diastolic Calcium Handling
	Organization of cBIN1 and JP2 Microdomains at TT/jSR Membrane
	Calcium Signaling at the cBIN1 and Other TT/jSR Microdomains
	TT/jSR Microdomains, Calcium Signaling, and Heart Failure

	Ankyrin-Spectrin Microdomains in Calcium Signaling
	Organization of Ankyrin B-βII Spectrin Microdomains
	Ankyrin-Spectrin Microdomain-Regulated Calcium Signaling
	Ankyrin-Spectrin Microdomains in Cardiovascular Diseases

	Caveolae Microdomains in Calcium Signaling and Stress Response
	Organization of Caveolae Microdomains in Cardiomyocytes
	Caveolae-Related Organization of Calcium Signaling
	Caveolae, Calcium Signaling, and Disease


	Conclusions and Future Perspectives
	References

	Stress Kinase Signaling in Cardiac Myocytes
	Introduction
	Stress Kinase MAPK Signaling in the Heart
	JNK
	P38
	ERK

	MAPKs and Calcium Homeostasis in Myocytes
	Normal and Abnormal Calcium (Ca2+) Signaling in Myocytes
	MAPKs in Stress-Evoked Ca2+ Mishandling in Myocytes
	MAPKs and Ca Handling Proteins in Myocytes

	MAPKs and Molecular Remodeling in Myocytes
	MAPKs and Gene Regulation in Myocytes
	MAPKs and Apoptotic Signaling Pathways in Stress-Exposed Myocytes
	JNK and Apoptotic Signaling Pathways in Myocytes
	p38 and Apoptotic Signaling Pathways in Myocytes
	ERK and Apoptotic Signaling Pathways in Myocytes


	Dynamic Relationships of MAPKs in Pathological Cardiac Remodeling in Stressed Hearts
	MAPKs and Therapeutic Potentials
	References

	Intracellular Cardiac Signaling Pathways Altered by Cancer Therapies
	Part I: Introduction
	Tyrosine Kinase Inhibitor Therapy
	Immune Checkpoint Therapy
	CAR T-Cell Therapy

	Part II: Tyrosine Kinases Inhibitor Therapy
	Tyrosine Kinase Signaling
	Abnormal Tyrosine Kinase Activity and Signaling in Cancer
	Tyrosine Kinase Inhibitors
	Tyrosine Kinase Receptors and Cardiomyopathy
	VEGF/VEGFR Signaling
	PDGF/ PDGFR Signaling
	c-KIT Signaling

	TKI-Induced Cardiovascular Dysfunction
	Hypertension
	Arrhythmias
	TKIs and Ion Homeostasis
	TKI-Mediated Potassium Ion Channel Dysfunction
	TKI Dysregulation of Calcium-Mediated Signaling
	TKIs and Sodium Channels: An Unexplored Territory

	TKIs and Heart Failure
	TKIs and Thromboembolism
	Monitoring and Treatment of TKI-Induced Cardiotoxicity


	Part III: Immune Checkpoint Inhibitors
	T-Cell Activation and Regulation
	Mechanisms of ICI-Mediated Cardiac Disorders
	Arrhythmias
	Myocarditis and Pericarditis
	Heart Failure

	Monitoring and Treatment of ICI-Associated Cardiotoxicity

	Part IV: CAR T-Cell Immunotherapy
	CAR T-Cell Mechanism of Action
	Proposed Mechanisms of Cardiotoxicity in CAR T-Cell Therapy
	JAK/STAT Signaling Pathway
	IL-6
	TNFα
	Interleukin 1
	Off-Target Affects

	Monitoring of CAR T-Cell Associated Cardiotoxicity
	Current and Proposed Treatments for CAR T-Cell-Induced Cardiotoxicity

	References

	Protein Phosphatase Signaling in Cardiac Myocytes
	Introduction
	The Kinase-Phosphatase Axis
	Protein Phosphatase Families and Genetics
	Localization and Binding Partners of Protein Phosphatases
	Mouse Models
	Protein Phosphatases in Cardiovascular Disease
	PP1 in Cardiovascular Disease
	PP2A in Cardiovascular Disease
	PP2B in Cardiovascular Disease

	Conclusions and Future Directions
	References

	Metabolic Regulation of Mitochondrial Dynamics and Cardiac Function
	Mitochondrial Dynamics: Fusion and Fission Events
	Diabetes-Related Cardiac Ischemia and Reperfusion Injury
	Diabetes-Related Cardiac Chronic Remodeling, Hypertrophy, and Failure

	Metabolic Control of Mitochondrial Dynamics: The Role of AMPK
	Concluding Remarks
	References

	NADPH Oxidase System Mediates Cholesterol Secoaldehyde-Induced Oxidative Stress and Cytotoxicity in H9c2 Cardiomyocytes
	Introduction
	Materials and Methods
	Chemicals, H9c2 Cardiomyocytes, and Cell Culture Supplies
	Synthesis of Cholesterol Secoaldehyde
	Cell Culture and Treatments
	Cell Proliferation and Metabolism
	Trypan Blue Exclusion Assay
	Measurement of Intracellular Peroxides
	Measurement of Hydrogen Peroxide
	Thiobarbituric Acid-Reactive Substances (TBARs)
	Measurement of Reduced Glutathione Levels
	Assay of Superoxide Dismutase Activity
	Measurement of Mitochondrial Transmembrane Potential
	Western Blot Analysis
	Statistical Analysis

	Results
	Apocynin Exacerbates While DPI Reduces the ChSeco-Induced Cytotoxic Response in H9c2 Cardiomyocytes
	NOS Inhibitors Attenuate the Formation of Peroxide or Peroxide-Like Substances in ChSeco-Exposed H9c2 Cardiomyocytes
	Apocynin Lowers the GSH Levels in ChSeco-Exposed Cardiomyocytes
	Apocynin But Not DPI Enhances the ChSeco-Induced Activation of SOD Activity in H9c2 Cardiomyocytes
	Apocynin and DPI Pretreatment in H9c2 Cardiomyocytes Reduces TBARs Formed in Response to the Exposure of ChSeco
	ChSeco-Induced Loss in Mitochondrial Transmembrane Potential Is Reversed by Pretreatments with Apocynin and DPI
	ChSeco-Induced Overexpression of pp38 and pSAPK in H9c2 Cardiomyocytes Is Mitigated by Pretreatments with Apo and DPI

	Discussion
	Conclusion
	References

	Lipid Mediators in Cardiovascular Physiology and Disease
	Introduction
	Lipid Mediators
	Oxylipins
	PUFA Reservoirs
	Oxylipin Synthesis
	Cyclooxygenase-Derived Oxylipins
	Lipoxygenase-Derived Oxylipins
	Cytochrome P450-Derived Oxylipins
	Conclusion and Future Perspectives
	References

	Cardiac Inflammasome and Arrhythmia
	Introduction
	Cardiac Electrophysiology
	Pathophysiology of AF
	Inflammasome Signaling
	Cardiac Inflammasome Signaling and Arrhythmogenesis
	Inflammasome-Mediated Pathogenesis of AF
	Nlrp3 Inflammasome Links AF Risk Factors to Atrial Arrhythmogenesis
	Nodal Signaling Points of Nlrp3 Activation

	Therapeutic Potential of Targeting the Cardiac NLRP3 Inflammasome
	Summary and Future Perspectives
	References

	Myocardial Fibrosis: Cell Signaling and In Vitro Modeling
	Introduction
	The Normal Myocardium
	Myocardial Fibrosis
	Modeling Myocardial Fibrosis
	Mechanotransduction
	Cell-Cell and Cell-ECM Interactions
	Pro-Fibrotic Soluble Mediators
	Conclusion
	References

	Neural Regulation of Cardiac Rhythm
	Introduction
	Neuronal Anatomy and Organization
	Cardiac Responses to Neurochemicals
	Adrenergic Signaling
	Muscarinic Signaling
	Co-transmission

	In vitro Models to Study Neural Regulation of Cardiac Rhythm
	Co-cultures
	Isolated Heart and Tissue Preparations

	Conclusions
	References


	Part II: Vascular Signaling
	Mechanisms of Lipoproteins and Reverse Cholesterol Transport in Atherosclerotic Cardiovascular Disease
	Introduction
	Lipoproteins Involved in Cholesterol Transport
	The Reverse Cholesterol Transport Pathway
	Mechanisms of Diseases Associated with Atherosclerotic CVD
	Genetic Predisposition to Cholesterol-Driven Cardiovascular Disease
	Therapeutic Approaches Targeting Lipoproteins
	LDL-C-Targeted Therapies
	HDL-C-Targeted Therapies

	References

	Atherosclerotic Plaque Regression: Future Perspective
	Introduction
	Development of Atherosclerotic Plaque and Formation of Primary Oxidation Products
	Role of Protein Carbonyls in Atherosclerotic Plaque Progression
	Factors Affecting Plaque Regression
	Increasing HDL Cholesterol
	Reverse Cholesterol Transport
	Plaque Regression: Current Approaches
	Increasing the Efflux of Cholesterol From Macrophages
	Increasing Transport of Cholesterol From Macrophages Through the Plasma to the Liver
	Increasing Uptake of Cholesterol by the Liver for Metabolism and Excretion

	Carbonyls Scavengers
	.Conclusion
	References

	Role of Bioactive Lipid, Phosphatidic Acid, in Hypercholesterolemia Drug-Induced Myotoxicity: Statin-Induced Phospholipase D (PLD) Lipid Signaling in Skeletal Muscle Cells
	Introduction
	Cardiovascular Disease
	Cholesterol and Cardiovascular Diseases
	Statins as the Endogenous Cholesterol-Lowering Drugs
	Lipid Signaling and Statin-Induced Myotoxicity or Myalgia

	Materials and Methods
	Materials
	In Vitro Cell Culture
	Assay of Phospholipase D (PLD) Activation
	Lactate Dehydrogenase (LDH) Release Assay of Cytotoxicity
	MTT Cell Proliferation Assay
	Cellular Morphology
	Cholesterol Determination
	Phospholipase D1 (PLD1) Phosphorylation Visualization by Confocal Immunofluorescence Microscopy
	Preparation of Solutions Containing Pharmacological Agents for Treatment of Cells
	Statistical Analysis

	Results
	Discussion
	References

	Cell-Cell Communication in the Vascular Endothelium
	Structural/Signaling Components
	Tight Junctions
	Gap Junctions
	Pannexin Channels
	Purinergic Signaling in Endothelial Cells
	Ca2+ Signaling

	Transmembrane Ca2+ Channels
	Intracellular Ca2+ Channels
	A Look Ahead

	Conclusion
	References

	Lysophosphatidic Acid Regulates Endothelial Barrier Integrity
	Introduction
	Vascular Endothelial Hyperpermeability in Diseases
	EC Cell–Cell Junctions Regulate EC Barrier Integrity
	Rho Family of GTPases Regulate EC Barrier Integrity
	LPA Production
	LPARs’ Expression in Endothelial Cells
	LPA in Endothelial Barrier Function in Lungs
	LPA in Endothelial Barrier Function in BBB
	LPA in Endothelial Barrier Function in Other Systems
	Molecular Mechanisms of LPA-Modulated Barrier Function
	Summary
	References

	Regulation of Vascular Endothelial Barrier Integrity and Function by Lipid-Derived Mediators
	Introduction
	Modulation of Endothelial Barrier Restoration by Barrier-enhancing Agents
	Prostaglandins and Leukotrienes in Endothelial Barrier Integrity
	Phospholipase D/Phosphatidic Acid Signaling and Endothelial Barrier Integrity
	Phosphatidic Acid Induces Endothelial Permeability
	Phospholipase D2 Facilitates Restoration of Endothelial Barrier Function In Vivo

	Central Role of VE-Cadherin Trafficking to Nascent Adherens Junctions (AJs) in Restoring Endothelial Barrier Integrity
	PLD2/PA Signaling Facilitates Endothelial Barrier Restoration by Enhancing VE-Cadherin Dephosphorylation Via Tyrosine-Protein Phosphatase Non-Receptor Type 14 (PTPN14)
	PLD2 Modulates Cortactin Phosphorylation in Formation of Lamellipodia, Resealing of AJ Barrier, and Restoration of Lung Vascular Barrier Integrity
	Lysophosphatidic Acid/LPARs in Endothelial Barrier Regulation
	Sphingolipids Modulate Endothelial Barrier Restoration and Integrity
	Ceramide in Endothelial Apoptosis and Permeability
	S1P Metabolism and Cell Function
	S1P and Endothelial Barrier Enhancement
	The S1P Analogs FTY720 and FTY-720 Phosphonate Modulate Endothelial Barrier Integrity
	SPHK1 as Potential Intracellular Target in Facilitating Endothelial Barrier Restoration
	S1P Lyase Targeting Promotes Endothelial Barrier Integrity
	S1P Transporter SPNS2 Regulates Lamellipodia Formation and Endothelial Barrier Function
	Mechanisms of S1P- and HGF-Mediated Endothelial Barrier Restoration
	Mechanisms of FTY720- and FTY720-Phosphonate-Mediated Endothelial Barrier Enhancement
	Oxidized Phospholipids and Endothelial Barrier Protection
	Conclusion and Perspective
	References

	Hyperglycemic Oxoaldehyde (Glyoxal)-Induced Vascular Endothelial Cell Damage Through Oxidative Stress Is Protected by Thiol Iron Chelator, Dimercaptosuccinic Acid – Role of Iron in Diabetic Vascular Endothelial Dysfunction
	Introduction
	Materials and Methods
	Materials
	Cell Culture
	Cell Treatment
	Cell Morphology Assay
	LDH Assay of Cytotoxicity
	MTT Assay of Cytotoxicity
	[3H]-Thymidine Incorporation Assay for Cell Proliferation
	Fluorescence Microscopy of Actin Stress Fibers
	Immunofluorescence Microscopy of ZO-1, Occludin, and AGEs
	Immunofluorescence Confocal Microscopy of Cortactin
	Measurement of Transendothelial Cell Electrical Resistance (TER)
	In Vitro Endothelial Cell Tube Formation Assay for Angiogenesis
	Reactive Oxygen Species (ROS) Determination by DCFDA Fluorescence
	Superoxide (O2−) Determination by DHE Fluorescence
	Reduced Glutathione (GSH) Determination
	FITC Paracellular Transport (Leak) Through the Endothelial Cell Monolayer
	Visualization of Free (Labile) Chelatable Iron in BPAECs by Fluorescence Microscopy
	Statistical Analysis

	Results
	Glyoxal Induces Cytotoxicity to BPAECs as Evidenced by LDH Release by Cells
	DMSA Protects Against Glyoxal-Induced LDH Release by BPAECs
	Glyoxal Inhibits MTT Reduction by BPAECs
	DMSA Protects Against Glyoxal-Induced Inhibition of MTT Reduction by BPAECs
	Glyoxal-Induced Cell Morphological Alterations Are Attenuated by DMSA in BPAECs
	DMSA Protects Against Glyoxal-Induced Inhibition of Cell Proliferation as Evidenced by Decrease in [3H]-Thymidine Incorporation in BPAECs
	DMSA Protects Against Glyoxal-Induced Inhibition of In Vitro Angiogenesis in BPAECs
	Glyoxal Induces ROS Formation in BPAECs Which Is Attenuated by DMSA
	Glyoxal Causes Thiol-Redox Alteration Through GSH Depletion Which Is Attenuated by DMSA in BPAECs
	DMSA Protects Against Glyoxal-Induced Loss of Transendothelial Electrical Resistance (TER) in BPAEC Monolayer
	DMSA Protects Against Glyoxal-Induced Paracellular Permeability (Leak) in BPAEC Monolayer
	DMSA Protects Glyoxal-Induced Cytoskeletal Rearrangement in BPAECs
	DMSA Protects Against Glyoxal-Mediated Formation of AGEs in BPAECs
	Iron (Fe2+) Exacerbates Glyoxal-Induced Cytotoxicity and ROS Formation in BPAECs
	Determination of Chelatable Iron (Fe) Availability in BLMVECs

	Discussion
	References


	Index

