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  AMPK    5’ AMP-activated protein kinase   
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  14      Stress Proteins and the Adaptive 
Response of the Heart 

           Theodora     Tzanavari       and     Katia     P.     Karalis     

    Abstract  

  Stressors may be major contributors to cardiovascular disease. The sys-
temic adaptive response to stressors, referred as “stress response”, is pri-
marily mediated by the activation of the hypothalamic-pituitary-adrenal 
(HPA) axis and the catecholaminergic system. At the cellular level, cardio-
myocytes have developed various mechanisms to counterbalance stressors 
affecting their contractile, metabolic and other functions. These mecha-
nisms include remodeling and activation of the fetal gene program. Here 
we describe the fundamentals of the stress response, we review the implica-
tions of stressors such as oxidative, endoplasmic and metabolic on heart 
function and we discuss the effects of specifi c hormonal mediators of the 
stress response in heart function. We particularly refer to the cardiovascular 
effects of Corticotropin Releasing Hormone and its related peptides in sup-
porting the adaptive response, a potentially therapeutic strategy to over-
come stressors threatening homeostasis and driving disease development.  
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  IGF-1    Insulin-like growth factor 1   
  iPLA 2     Calcium insensitive phospholipase A 2    
  IκBK    IκB kinase   
  JNK    jun N-terminal kinase   
  K ATP     ATP-sensitive potassium channel   
  MAPK    Mitogen activated protein kinase   
  MCPIP    Monocyte chemoattractant protein- 

induced protein   
  MI    Myocardial infarction   
  MPTP    Mitochondrial permeability transition 

pore   
  mROS    Mitochondrial ROS   
  NFκB    Nuclear factor κ light-chain enhancer 

of activated B cells   
  PGC1α    Peroxisome proliferator-activated 

receptor gamma coactivator 1-alpha   
  PI3K    Phosphoinositide-3-kinase   
  PKCε    Protein kinase C epsilon   
  REM    Remodeling   
  ROS    Reactive oxygen species   
  SNS    Sympathetic nervous system   
  SOCE    Store-operated Ca 2+  entry   
  STIM1    Stromal interaction molecule 1   
  UCN    Urocortin   
  UPR    Unfolded protein response   

14.1          Introduction: Defi nition 
of Stress 

 Living organisms survive by maintaining a com-
plex dynamic and harmonious equilibrium, or 
homeostasis, that is constantly challenged by 
intrinsic or extrinsic disturbing forces or stress-
ors. In this context, stress may be defi ned as a 
‘state of disharmony, or threatened homeostasis’. 
Although minimum at normal levels, stress is an 
important part of normal daily life, as it enables 
the organism to cope with changes in the environ-
ment. However, excess stress, either physical or 
psychological, is a cause of harm [ 1 ]. 

 As already described in Chap.   6    , Hans Selye, 
who was the fi rst to defi ne stress, conceived the 
General Adaptation Syndrome, as “the non- 
specifi c response by the body to any demand”, 
physical or psychological [ 2 ]. The General 
Adaptation Syndrome represents a “chronologi-
cal development of the stress response to stressors 

when their action is prolonged”. It consists of an 
initial “alarm reaction” or “shock” phase, a sec-
ond “resistance” phase and a fi nal “exhaustion” 
phase. According to Selye, during the second 
phase the body is allowed to compensate and 
restore homeostasis. In addition, Selye distin-
guished eustress (healthy stress) from distress 
(pathogenic stress). Distress resulting from an 
excessive or inappropriate response to a stressor 
can lead to stress-induced maladies [ 3 ]. The adap-
tive responses can be either specifi c to the stressor 
or nonspecifi c. Along these lines, Chrousos and 
Gold described the activity of the stress system as 
a sigmoidal dose-response curve with stressor 
potency and stress response related in a nonlinear 
manner. This concept can be  modifi ed to show 
stressor potency as an independent variable and 
the stress response as the dependent variable. The 
activity of the stress response will need a thresh-
old to be activated, beyond which a quasilinear 
relationship commences. As expected, beyond a 
given point, the activity of the stress response 
does not increase despite further increase in 
stressor potency. This dose-response sigmoid 
curve is individual-specifi c [ 4 ]. The latter is the 
core of the theory of “allostasis”, which is defi ned 
as the “stability obtained through changes”. This 
concept which was developed by Sterling and 
Eyer refers to the active processes via which the 
body responds to daily events to maintain homeo-
stasis [ 5 ]. The concept of allostasis suggests that 
when an organism is threatened, effector systems 
are activated to promote adaptation to a new equi-
librium, rather than a return to the previous, no-
longer-existing condition. Various allostatic 
mechanisms may be triggered by any given condi-
tion. Depending on the actual mechanisms trig-
gered some sort of adaptation will be affected; 
this is the allostatic load to which the organism is 
submitted. Under normal conditions, allostasis is 
the mechanism that protects the body, promotes 
improved health and guarantees survival. When 
the allostatic load is excessively strong or lasts for 
a long period, it becomes allostatic overload, with 
the continued activation of the effector systems, 
which is extremely harmful, resulting in maladap-
tation and the appearance of stress related dis-
eases [ 4 ]. Stress increases the susceptibility of the 
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body to infection, autoimmune diseases, chronic 
fatigue syndrome, psychiatric illnesses, cancer, 
and chronic diseases. Depending on the individ-
ual situation and predisposition, stress can be a 
major contributor to the development of cardio-
vascular disorders (CVD), such as  ischemic  heart 
disease, arrhythmia and sudden death [ 6 ].  

14.2    Hormonal Regulation 
of the Adaptive Response 

 The stress system is organized into central, 
peripheral, and cellular systems within a network 
of anatomical regions that work together to keep 
the body both informed and ready to react to 
encountered changes in either external or internal 
cellular environments [ 1 ]. The hypothalamic-
pituitary- adrenal (HPA) axis and the sympathetic 
nervous system (SNS) constitute the main effec-
tor pathways of the stress system [ 7 ,  8 ]. 

 The HPA axis is the principal endocrine axis 
regulating the stress response [ 4 ]. Stressors of dif-
ferent origins activate the hypothalamic 
corticotropin- releasing hormone (CRH), which 
stimulates pituitary ACTH secretion and fi nally 
release of glucocorticoid from the adrenal gland 
[ 9 ]. In parallel, the catecholaminergic system is 
activated both at the locus coeruleus and the adre-
nal medulla, leading in the release of norepineph-
rine and epinephrine. The HPA axis operates via 
forward positive feedback system, so that follow-
ing its activation, glucocorticoid, the end-product 
of its activation, exerts negative feedback on CRH 
and ACTH. CRH has anxiogenic properties and 
coordinates the adaptive, behavioral, and physical 
changes that occur during stress. Glucocorticoid, 
the fi nal mediator of the HPA axis, plays a crucial 
role in mounting the adaptive response to stress 
and are crucial for the appropriate termination of 
every stress response. Glucocorticoid, via their 
receptors, act on positive or negative glucocorti-
coid responsive elements (GREs) to activate or 
suppress the expression of various genes, which 
are either directly or indirectly implicated in vital 
metabolic pathways [ 10 ,  11 ]. Cortisol, the pri-
mary glucocorticoid in humans, is continuously 
secreted by the adrenal cortex and its release 

increases signifi cantly during environmental 
stressors [ 12 ]. 

 The SNS, the other principal effector compo-
nent of the stress system, provides a mechanism 
which allows rapid regulation of vital functions, 
such as cardiovascular, respiratory, gastrointesti-
nal, renal, and endocrine functions [ 13 ,  14 ]. 
Cytokines, in particular IL-6, are potent activa-
tors of the central stress response, forming a 
feedback loop through which the immune/infl am-
matory system communicates with the brain [ 15 ]. 

 When stress, which moderates the proteome of 
the cytosol, endoplasmic reticulum (ER) and 
mitochondria, is sensed in one tissue, it can 
 activate responses in different tissues in a non- 
autonomous way. This way, mechanisms that pro-
tect against and mechanisms that promote disease 
progression rely on coordination and communica-
tion between cells and tissues. The control of 
intercellular communication and cell- autonomous 
regulation is subject to neuroendocrine regulation 
through HPA activation. Chronic activation of the 
stress system, together with its associated cata-
bolic, anti-reproductive, antigrowth and immuno-
suppressive effects, may prove detrimental for the 
organism. A cellular stress response may thus 
develop into a systemic stress response through 
activation of the hypothalamic- pituitary-adrenal 
(HPA) axis and release of glucocorticoid. Results 
of chronic stress include behavioral changes 
affecting physical activity and dietary habits lead-
ing to weight gain and the metabolic syndrome, 
and thus to abnormalities of glucose and lipid 
metabolism [ 16 ], induction of chronic hypercorti-
solemia that can in the long run cause visceral fat 
accumulation, decreased lean body mass, and 
insulin resistance [ 17 ,  18 ], and increased sympa-
thoadrenal system activity. The latter contributes 
to impaired glucose tolerance and to increased 
risk for acute cardiovascular events [ 19 ].  

14.3    Stress and Cardiovascular 
Disease 

 The concept of stress being involved as risk fac-
tor for CVD dates back more than 100 years ago 
and has been thoroughly investigated using a 
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combination of epidemiological, mechanistic, 
psychophysiological experiments and clinical 
studies. Adaptation to stressors is an integral part 
of cardiovascular physiology, whereas stress can 
be a major contributor in the development of car-
diovascular disorders, such as ischemic heart dis-
ease, arrhythmia and sudden death [ 6 ]. Chronic 
stress, either at early life or adulthood, has been 
associated with a 40–60 % excess risk of cardio-
vascular disorder [ 20 ]. 

 Cardiomyocytes have developed various 
mechanisms to deal with stressors affecting their 
contractile performance and/or energy supply. 
The success of these mechanisms depends to a 
large extent on the nature and duration of the 
stress. At the cellular level, stress results in 
adverse rearrangement of cytoskeletal structures, 
a process known as remodeling (REM), together 
with the accumulation of dysfunctional mitochon-
dria and ER. Success or failure of these cellular 
adaptive mechanisms, which will be discussed in 
detail in the following paragraphs, may lead to 
repair of the injury or propagation of the damage 
often progressing to heart failure (HF). 

14.3.1    Cardiomyocyte Remodeling 
in Response to Stress 

 At the cellular level, REM causes stress to the 
cardiomyocyte as a whole, by altering energy 
metabolism, the structure of the contractile appa-
ratus and the cytoskeleton. Thus, cardiomyocytes 
lose the characteristics of mature (differentiated) 
cardiomyocytes and re-express genes from 
embryonic or fetal developmental stages REM is 
intimately connected to cellular dedifferentia-
tion. It has been proposed that by dedifferentia-
tion or sarcomeric disassembly, cardiomyocytes 
gain resistance to altered metabolic and/or 
hypoxic stress [ 21 – 24 ]. Dedifferentiation pro-
vides cardiomyocytes with a plasticity which 
allows the myocardium to cope much better with 
hypoxia-induced or overload-induced cell death, 
preventing the progression from compensated 
hypertrophy to HF [ 25 ]. Parallel activation of the 
fetal gene program is characterized by the up- 
regulation of early cardiac-specifi c transcription 

factors, including MEF2c, NFAT, GATA and 
Nkx2.5 [ 26 ], as well as the stem cell markers 
c-kit, Runx1 and Dab2. Numerous other genes, 
including destrin, a-SM-actin, the natriuretic 
peptides ANP and BNP, smooth-muscle actin 
(ACTN1), moiesin, and oncostatin M (OSM) are 
also re-expressed. The fetal gene program also 
shows induced expression of ER chaperones such 
as BiP/GRP78, GRP94 and calreticulin during 
early development, and also triggers signifi cant 
changes in metabolic programs [ 27 ]. These 
changes are also described in Chap.   17    . 

 In diseased states, compensatory REM is 
accompanied by certain maladaptive processes 
including infl ammatory infi ltration, increased 
interstitial connective tissue (increasing the oxy-
gen diffusion distance and wall stiffness), reduc-
tion of cardiomyocyte cell contacts, and apoptotic 
cell death, eventually reducing the ventricular 
ejection capacity [ 28 – 30 ]. The degree of cardio-
myocyte degeneration and loss of differentiation 
markers can be correlated with the extent of 
infl ammatory infi ltration [ 23 ,  31 ]. 

 Myocyte dedifferentiation, including loss of 
myoglobin, reduces oxygen-dependent genera-
tion of ATP, but maintains the ability of heart cells 
to generate energy by glycolysis. Cardiac REM 
and metabolic adaptation are closely intercon-
nected, as refl ected by the characteristic switch 
from fatty acid oxidation to glucose utilization in 
stressed cardiomyocytes. Interestingly, although 
changes in mitochondrial metabolism seem ini-
tially benefi cial to sustain contractility and sur-
vival, increasing evidence suggests that metabolic 
reprogramming might eventually result in mito-
chondrial dysfunction and cardiac failure [ 32 ]. 

 A good method to study and understand com-
pensatory REM in animal models is cardiac isch-
emia, as it comprises response mechanisms 
caused by the lack of oxygen and includes sec-
ondary infl ammatory infi ltration. Importantly, 
REM affects both ischemic and non-ischemic 
regions of the ventricle leading to changes in 
chamber size, shape and function. Smaller dam-
ages may only lead to hypertrophy of remaining 
cardiomyocytes in order to normalize wall stress, 
while large infarcts cause signifi cant changes in 
heart architecture [ 33 – 35 ].  
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14.3.2    Cardiomyocytes 
and Oxidative Stress 

 The accumulation of dysfunctional mitochondria 
is characteristic of a wide spectrum of cardiac 
diseases. Mitochondria are important cellular 
energy components. In addition to producing 
energy through respiration, mitochondria regu-
late cellular metabolism and produce reactive 
oxygen species (ROS) through electron transport 
chains (ETCs). Although the adrenergic system 
plays a central role in stress signaling and stress 
is often associated with increased production of 
ROS, ROS overproduction generates oxidative 
stress, a key part of various common pathological 
conditions, including the metabolic syndrome 
and numerous cardiovascular diseases, such as 
coronary artery disease, heart failure, left ven-
tricular hypertrophy, diabetic cardiomyopathy 
and hyperkinetic arrhythmias. 

 ROS are reactive chemical units involving two 
main categories: (a) free radicals such as super-
oxide (O 2  − ), hydroxyl (OH) and nitric oxide 
(NO); and (b) non-radical derivatives of O 2  such 
as hydrogen peroxide (H 2 O 2 ) and peroxynitrate 
(ONOO − ) [ 36 ]. Under normal conditions, ROS 
control several physiological processes, includ-
ing host defense, hormone biosynthesis, fertiliza-
tion and cell signaling. Oxidative stress causes 
protein, lipid and DNA damage leading to cellu-
lar dysfunction. Excessive O 2  −  may decrease 
nitric oxide (NO) availability, leading to endothe-
lial dysfunction and endothelium-dependent 
vasodilation decrease [ 37 ]; while oxidative pro-
tein modifi cation may result in the formation of 
nitrotyrosine that represents a powerful and 
autonomous marker of cardiovascular diseases. 
O 2  −  is also implicated in the generation of oxi-
dized LDL, a key initiator of atherosclerosis 
(ATH) [ 38 ]. 

 ROS can cause posttranslational protein modi-
fi cations to regulate signaling pathways. Redox 
modifi cations may affect mitochondrial function 
either directly or indirectly by acting on media-
tors involved in most mitochondrial activities. 
For example, STAT3 seems to preserve ETC 
activity by preventing ROS leakage at complex 
I. In mice, cardiac-specifi c deletion of STAT3 

results in the development of cardiac  infl ammatory 
fi brosis, dilated cardiomyopathy and heart failure 
with advancing age; while lack of STAT3 elimi-
nates the cardioprotective effects of ischemic 
preconditioning, contrary to its overexpression in 
cardiomyocytes, which protects mice against 
doxorubicin toxicity that involves mitochondrial 
dysfunction [ 39 ]. Expression of a recombinant 
form of STAT3 that targets mitochondria and 
lacks the DNA-binding domain protected the 
heart from ischemic damage by decreasing mito-
chondrial ROS (mROS) production and attenuat-
ing cytochrome c release in a model of ischemia. 
mROS is of a dual nature. Very high quantities of 
mROS directly damage proteins, lipids and 
nucleic acids. Lower levels, however, function as 
signaling molecules to adapt to stress, and even 
lower amounts of mROS are required for normal 
cell function. For example, mROS are involved in 
cardioprotective preconditioning pathways, and 
antioxidants render ischemic preconditioning 
ineffective [ 40 ]. 

 Emerging evidence points to the role of 
NAPDH oxidase (NOX) family of enzymes, 
a major source of ROS in both metabolic and 
cardiovascular dysfunction [ 41 ]. As very well 
established, β-adrenergic signaling is markedly 
attenuated in conditions such as heart failure, with 
downregulation and desensitization of the recep-
tors and their uncoupling from adenylyl cyclase. 
Transgenic activation of β 2 - adrenoreceptor leads 
to elevation of NADPH oxidase activity, with 
greater ROS production and p38 MAPK phos-
phorylation. Inhibition of NADPH oxidase or 
ROS signifi cantly reduces the p38 MAPK sig-
naling cascade. βAR stimulation antagonizes 
the protective effect of the Akt pathway through 
inhibition of hypoxia-inducible factor 1-alpha 
(Hif1a) and Sirt1 induction, key elements in 
cell survival [ 42 ].  Sirtuins , a family of seven 
highly conserved class III histone deacetylases 
that regulate a wide range of cellular processes, 
such as transcription, infl ammation, apoptosis, 
and aging [ 43 ], are involved in modulating the 
cellular stress response directly by deacetylation 
of some factors. Lately, the role of Sirt1 (also 
called NAD +  – dependent protein deacetylase) 
as the most important factor in the pathway of 
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mitochondrial biogenesis and a key regulator of 
cellular defense and survival has been recognized 
[ 44 ]. Sirt1 increases cellular stress resistance, by 
induction of insulin sensitivity, decrease in cir-
culating free fatty acids and insulin-like growth 
factor 1 (IGF-1), induction of 5’ AMP-activated 
protein kinase (AMPK) and peroxisome pro-
liferator-activated receptor gamma coactivator 
1-alpha (PGC1a) activity, and mitochondrial 
genesis. Resveratrol, a therapeutic agent and an 
activator of SIRT1, suppresses ROS production 
and induces the expression of the mitochondrial 
protein NDUFA13 [ 45 ,  46 ].  

14.3.3    Endoplasmic Reticulum 
Stress 

 The endoplasmic reticulum (ER) is an intracel-
lular organelle with major contribution to pro-
tein synthesis and metabolism of nutrients and 
toxic metabolic products. ER stress developing 
in states of overwhelming load of the ER is 
associated with a variety of states such as oxida-
tive stress, ROS production, viral infection, 
environmental toxins, heat, drugs, infl ammatory 
cytokines, lipotoxicity, Ca 2+  depletion, meta-
bolic starvation and aging. ER stress has been 
also identifi ed as a key contributor in the patho-
genesis of cardiac and vascular diseases [ 27 , 
 47 – 50 ]. Tight control of metabolic homeostasis 
that is necessary for normal function of all tis-
sues is particularly important for the cardiac tis-
sue and involves Ca 2+,  K + , Na + , Cl − , oxygen, 
glucose, amino acids, and fatty acids. Disruption 
of metabolic homeostasis can lead to ER stress. 
For example, disruption of Ca 2+  homeostasis is 
directly responsible for ER stress and activation 
of cardiac REM, leading to cardiac hypertrophy. 
Cardiomyocytes monitor Ca 2+  homeostasis in 
regard to excitation-contraction versus ER stress 
by, at least in part, the regulation of store- 
operated Ca 2+  entry (SOCE) and an ER 
membrane- associated Ca 2+  sensor, stromal 
interaction molecule 1 (STIM1) [ 51 ]. In rats, 
SOCE is abundant in neonatal cardiomyocytes, 
while it is absent in adult cardiomyocytes [ 52 ], 
correlating with STIM1 mRNA and protein 

expression. Stress- triggered STIM1 re-expres-
sion and consequent SOCE activation are criti-
cal elements in the upstream, Ca 2+  -dependent 
control of pathological cardiac hypertrophy 
[ 52 ]. In states of thoracic aortic constriction 
(TAC) and in neonatal cardiomyocytes under 
induced hypetrophy, STIM1 protein and mRNA 
levels are signifi cantly increased. The above is 
an example of the molecular pathways mediat-
ing mobilization of Ca 2+  -signaling molecules 
and pathways and their interconnection to the 
preservation of ER function, all contributing to 
support normal cardiac function in normal and 
adverse conditions. 

 There is a constant, interactive relation 
between active infl ammation and ER stress, 
underlying a spectrum of diseases with insulin 
resistance the most widely studied [ 53 ]. Increase 
of the unfolded protein response (UPR), ROS 
production, Ca 2+  release from the ER, and the 
activation of the nuclear factor κ light-chain 
enhancer of activated B cells (NF-κB) and of 
Jun N-terminal kinase (JNK) can trigger the 
infl ammatory response associated with ATH 
and CVD [ 54 – 56 ]. Briefl y, upon tissue damage, 
infl ammatory cells such as neutrophils and mac-
rophages are recruited to the site of damage, ini-
tiating infl ammatory cytokine production and 
ROS generation, protein folding disruption and 
ER stress triggering. When ER stress is pro-
longed, NF-κB initiates apoptosis, thereby shift-
ing the outcome of the compensatory mechanism 
from an adaptive to a maladaptive one. NF-κB 
activation is initiated via the action of IκB 
kinase (IκBK), which phosphorylates and inac-
tivates IκB-α. Its inactivation in turn results in 
NF-κB nuclear translocation and in the expres-
sion of infl ammation- related genes, such as 
those encoding the potent infl ammatory cyto-
kines TNFα and IL-6 [ 54 ,  56 ]. Specifi c to car-
diomyocytes, NFκB deletion promotes an 
adaptive response to ER stress, whereas once 
NFκB is activated, cardiomyocytes undergo 
infl ammation, fi brosis and apoptosis. The angio-
genic factor MCP-1 is linked to infl ammation 
and the activation of autophagy in the heart. 
During chronic infl ammation, increased MCP-1 
expression induces oxidative stress by upregu-
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lating monocyte chemoattractant protein-
induced protein (MCPIP), a novel zinc fi nger 
protein, which causes oxidative stress via iNOS 
activation and ROS production, followed by the 
induction of ER stress-responsive genes and 
autophagy [ 57 ]. Gene-silencing experiments 
have demonstrated that MCPIP reduction 
decreases MCP-1 induced cell death in cardiac 
myoblasts. MCP-1 recruits monocytes and dif-
ferentiates monocytic lineage cells into 
endothelium- like cells, thus promoting vascular 
growth and angiogenesis [ 58 ]. 

 ER stress is highly associated with various 
CVD. Myocardial infarction (MI) provides a 
classic example; it results in severe complica-
tions associated with hypoxia and fuel starva-
tion in the muscle tissue, generation of a buildup 
of misfolded protein, and thus disruption of ER 
homeostasis and generation of ER stress. 
Furthermore, during ischemia, ER stress results 
in the degeneration of cardiac myocytes and 
over time in cell death. However, if precondi-
tioning, such as mild heat stress, is applied, 
damage may be prevented, most possibly due to 
the activation of an adaptive coping response, 
consequently limiting the amount of damage 
generated during the subsequent insult. 
Similarly, hypertension or aortic construction or 
stenosis, also resulting in pressure overload, 
induce ER stress. The list of CVD implicating 
ER stress is growing rapidly. Congenital dilated 
cardiomyopathy (CDCM) is linked to a muta-
tion in the KDEL receptor, which leads to a 
buildup of misfolded proteins and results in ER 
stress [ 59 ]. Reports show that disruptions in the 
excitation-contraction coupling, with abnormal 
Ca 2+  homeostasis, result in ER stress and con-
gestive HF. Atherosclerosis results from the 
accumulation of misfolded proteins due to the 
oxidation of lipids, the upregulation of  homo-
cysteine  in vascular cells, and inclusion of large 
amounts of cholesterol esters in macrophages. 
ER stress may also play a role in  cardiac amy-
loidosis . It is thus obvious that ER stress and 
CVD are intimately intertwined and therefore 
therapeutic interventions to cope with ER stress 
provide a promising venue in the fi ght against 
detrimental chronic diseases [ 60 ].  

14.3.4    Effects of the Hormonal 
Mediators of the Stress 
Response in the Cardiovascular 
System 

 HPA axis is the principal endocrine axis regulat-
ing the stress response. Stressors of different ori-
gins activate the hypothalamic CRH, which 
stimulates pituitary ACTH secretion and fi nally 
release of glucocorticoid from the adrenal gland. 
In parallel, the catecholaminergic system is acti-
vated both at the locus coeruleus and peripheral 
sites leading to the release of norepinephrine and 
epinephrine. The HPA axis operates via forward 
positive feedback system, while the end-product, 
glucocorticoid exerts negative feedback regula-
tion of CRH and ACTH. All different compo-
nents of the HPA axis affect, directly or indirectly, 
heart function and may precipitate disease devel-
opment. A summary of HPA axis and CRH regu-
lation is shown in Fig.  14.1 . Below, we give a 
brief summary of the effects of glucocorticoid 
and the CRH family of peptides in the regulation 
of cardiovascular function.

14.3.4.1      Glucocorticoid 
 Cardiomyocytes participate actively in the adap-
tive stress response via initiating a cascade of 
pathways to secure homeostasis. Failure to do so, 
results in extensive tissue damage, disease devel-
opment and eventually HF. Glucocorticoid act by 
synchronizing the metabolic, autonomic, psycho-
logical, hemostatic and cardiovascular compo-
nents of the stress response via its multiple 
tissue-specifi c genomic and non-genomic effects. 
These actions facilitate the vascular and meta-
bolic effects of other stress hormones, such as 
catecholamines, glucagon and angiotensin-II, 
through stimulation of α1 adrenergic and angio-
tensin II receptor expression, and increase in the 
affi nity and binding capacity of β-adrenergic 
receptors. In parallel, glucocorticoid suppresses 
associated processes such as infl ammation, cel-
lular proliferation and tissue repair processes. 
Finally, glucocorticoid prepare the organism for 
prolonged nutritional deprivation by facilitating 
proteolysis and support development of insulin 
resistance at the muscle level, while inducing 
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gluconeogenesis and lipolysis. This pleiotropic 
action of glucocorticoid may be harmful for the 
cardiovascular system because of increased blood 
pressure and insulin resistance. Corticosteroid 
excess is associated with adverse cardiovascular 
outcomes. Patients with Cushings’s syndrome 
and primary aldosteronism, two conditions char-
acterized by glucocorticoid excess and inappro-
priately high aldosterone production respectively, 
have increased risk for CVD. Prior to treatment 
of Cushing’s syndrome, it has not been uncom-
mon for patients to experience early death from 
MI or stroke. In animal models, excess glucocor-
ticoid can induce ATH. In humans, it has been 
suggested that corticosteroid-treated patients 
with rheumatoid arthritis and lupus erythemato-
sus develop signifi cantly more ATH than those 
not treated with steroids and the risk of ATH is 
related to the cumulative dose of corticosteroid. 
There have also been cases of adverse outcomes 

of steroid-dependent rheumatoid arthritis patients 
treated with thrombolytic agents for acute MI, 
possibly due to increased risk of myocardial rup-
ture. However, there has been no consensus on 
the proposed adverse effects of glucocorticoid 
given acutely in MI [ 61 ]. 

 On the other hand, glucocorticoid defi ciency 
may result in hypotension, weight loss, hypogly-
cemia and death, particularly during stress; 
while glucocorticoid excess can lead to hyper-
tension, insulin resistance, hyperglycemia and 
weight gain [ 62 – 64 ]. The vascular effects of glu-
cocorticoid seem to be achieved by enhancing 
adrenergic stimulation, angiotensin II and possi-
bly endothelin-1. Glucocorticoid upregulate 
angiotensin II type I receptor expression and α1 
adrenergic receptors in rat vascular smooth mus-
cle cells and potentiate the vasoconstrictive 
actions of angiotensin-II and norepinephrine in 
animals [ 65 ]  

  Fig. 14.1    HPA axis is the principal endocrine axis regulat-
ing the stress response. Stressors of different origins acti-
vate the hypothalamic CRH, which stimulates pituitary 
ACTH secretion and fi nally release of glucocorticoid from 
the adrenal gland. The HPA axis operates via forward posi-
tive feedback system, while the end-product, glucocorti-

coid exerts negative feedback regulation of CRH and 
ACTH. In addition to its expression in the central nervous 
system, several functions in peripheral sites have been iden-
tifi ed. Genetic ablation of CRH ( Crh  knockout,  Crh−/−  
mouse) in the heart negatively affects cardiac function, 
through the  Erk1/2 ,  Akt  and  NFκB  signaling pathways       
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14.3.4.2    Crh and CRH-Related 
 In addition to its expression in the central ner-
vous system, CRH has been identifi ed in periph-
eral sites with functions not completely elucidated 
yet. So far, a dual, both anti- and pro- proinfl am-
matory role for peripheral CRH has been identi-
fi ed. Its signifi cant expression in infl amed human 
and rodent tissues due to the corresponding neu-
trophil and polymorphonuclear cell accumula-
tion has been shown [ 66 ], and its effects have 
been confi rmed in transgenic animal models [ 67 –
 70 ]. Angiogenic effects of CRH, both  in vivo  and 
 in vitro,  have been shown [ 71 ,  72 ]. 

 CRH belongs to an extended family of CRH- 
related peptides, which includes urocortins 
(UCN) (I, II and III). These peptides share sig-
nifi cant homology with CRH, while they all bind 
the same family of receptors (CRHR1 and 
CRHR2), with CRH and UCN I binding both 
receptors, although with different affi nities, and 
UCN II and III binding CRHR2 exclusively. 
UCNs and CRHRs are also widely expressed in a 
variety of tissues. CRH receptors belong to the 
G-protein coupled receptors (GPCRs) family and 
upon activation stimulate various intracellular 
pathways, in a time- and tissue-dependent man-
ner. Expression of both CRHRs and UCN have 
been identifi ed in the endothelium and the heart 
with CRHR2 robustly [ 73 ] and CRHR1 mini-
mally if at all expressed [ 74 ]. Activation of 
phosphoinositide- 3-kinase (PI3K)/Akt (protein 
kinase B/Akt) and mitogen-activated protein 
kinases (MAPK) in endothelial cells by CRHR2 
links its expression with specifi c biological 
effects, while protective effects in cardiomyo-
cytes during experimental ischemia have been 
shown [ 75 ,  76 ]. Furthermore we have recently 
found stimulation of VEGF by CRH via 
CRHR2 in endothelial cells [ 72 ,  77 ]. 

 Cardioprotective effects of UCNs have been 
well documented in several experimental sys-
tems. In general, urocortins exhibit potent vaso-
dilatory effects in arteries of different species 
through regulation of intracellular Ca 2+  levels, 
increase heart contractility and evoke positive 
inotropic and lusitropic effects. More specifi cally, 
UCNs protect the heart from ischemia and reper-
fusion injury via improvement of  post- ischemic 

cardiac  performance, such as cardiac contractil-
ity, prevention from Ca 2+  overload and reduction 
of cardiac cell death. These effects involve the 
activation of several signaling pathways targeting 
both cytoplasmic and mitochondrial processes. In 
particular UCN1, by initially binding to GPCRs, 
initiates the activation of PI3K, protein kinase A 
(PKA), Akt, protein kinase C (PKC) and MAPKs. 
Activation of these kinase pathways alters the 
activity of various channels including the mito-
chondrial permeability transition pore (MPTP), 
which is involved in the induction of cell death 
[ 78 ,  79 ], as described in Sects.   15.2.1     and   15.2.2    . 
Apart from their acute effects, UCNs exert more 
prolonged, modulatory actions, such as transcrip-
tional and translational effects on mitochondrial 
ATP-sensitive potassium channel (K ATP ), calcium 
insensitive phospholipase A 2  (iPLA 2 ) and protein 
kinase C epsilon (PKCε), all three involved in car-
dioprotection [ 80 – 84 ]. UCN1 acts via a p42/p44 
MAPK (Erk1/2)-dependent signaling pathway 
in protecting both  in vitro  primary cell models 
and  ex vivo  and  in vivo  rodent heart from reper-
fusion injury. Erk1/2 phosphorylation and acti-
vation is mediated by the MAP kinase MEK1/2 
following UCN1 treatment; while its inhibition 
disrupts UCN1-mediated cardioprotection [ 85 , 
 86 ]. PI3K and its downstream effector Akt are 
crucial for UCN-stimulated increase in survival 
of cardiomyocytes [ 87 ]. Both MEK1/2 and PI3K 
are responsible for preventing pro-caspases -9 
and -3 from being cleaved into their active forms 
[ 88 ,  89 ]. UCN2 and UCN3 also act through the 
PI3K pathway [ 75 ]. In addition to the protective 
effects, UCN treatment of both neonatal and adult 
rat cardiomyocytes stimulates the secretion of 
atrial natriuretic peptide (ANP) and brain natri-
uretic peptide (BNP), both of which are mark-
ers of hypertrophy [ 90 ,  91 ]. Another signifi cant 
contribution of UCN1-mediated cardioprotection 
involves  de novo  protein synthesis. For example, 
expression of the cardioprotective heat shock pro-
tein 90 (HSP90) has been reported to be induced 
by UCN1, a specifi c effect blocked by the MK1/2 
inhibitor PD98059 [ 92 ]. The expression of car-
diotrophin-1 (CT-1), an additional cardioprotec-
tive peptide, is also increased upon exposure of 
cells to UCN 1 [ 93 ]. 
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 Based on the above experimental evidence for 
the cardioprotective role of urocortins and on the 
reported role of CRH on various peripheral sites, 
a possible role for CRH in the cardiac adaptive 
response to stressors has recently been explored 
by our group. The absence of CRH in mice leads 
to low levels of ACTH and corticosterone and a 
blunted HPA response. Thus, CRH regulates 
adrenal function as well as responses to stress 
mediated via the HPA axis. Genetic ablation of 
CRH ( Crh -knockout,  Crh−/− , mice) leads to 
inability of the cardiovascular system to cope 
with a mild stressor, resulting in death. Similar to 
those described for UCNs, signaling pathways 
involved in this process, include Erk1/2, Akt, and 
AMPK.  Crh  deletion also results in increased 
infi ltration of the heart tissue with infl ammatory 
cells and apoptosis. Metabolic dysregulation evi-
dent by signifi cantly compromised ability for 
fatty acid oxidation may underlie, at least, the lat-
ter, and possibly drive the compromised function 
of the  Crh−/−  heart [ 94 ].    

   Conclusion 

 Heart is a tissue where different pathways 
activated by various stressors convey and alter 
its functions, often resulting in remodeling, 
chronic infl ammation, metabolic dysfunction 
and ultimately, heart failure. Given the active 
participation of the heart in the adaptive 
response to stressors, and the effects of spe-
cifi c mediators of the adaptive response on 
these processes, the possibility they represent 
promising targets for novel therapeutic 
schemes is raised. New models taking into 
account the contribution of these factors at 
both the cell and systemic responses and pro-
posing novel therapeutic strategies need to be 
validated.     
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