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Abstract

It is well-established that cardiovascular disease continues to represent a growing health problem
and significant effort has been made to elucidate the underlying mechanisms. In this review, we
report on past and recent high impact publications in the field of intracrine network signaling,
focusing specifically on opioids and their interrelation with key modulators of the cardiovascular
system and the onset of related disease. We present an overview of studies outlining the scope of
cardiovascular and cerebrovascular processes that are affected by opioids, including heart function,
ischemia, reperfusion, and blood flow. Specific emphasis is placed on the importance of dynorphin
molecules in cerebrovascular and cardiovascular regulation. Evidence suggests that excessive or
insufficient dynorphin could make an important contribution to cardiovascular physiology, yet
numerous paradoxical observations frequently impede a clear understanding of the role of
dynorphin. Thus, we argue that dynorphin-mediated signaling events for which an immediate
regulatory effect is disputed should not be dismissed as unimportant, as they may play a role in
cross-talk with other signaling networks. Finally, we consider the most recent evidence on the role
of dynorphin during cardiovascular-related inflammation and on the potential value of endogenous
and exogenous inhibitors of kappa-opioid receptor, a major dynorphin A receptor, to limit or
prevent cardiovascular disease and its related sequelae.
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1. INTRODUCTION

The components of the cardiovascular (CV) system are tightly-controlled and adapt quite
rapidly to chemical fluctuations within circulation to ensure cellular survival. This
malleability is mediated through four signaling networks, namely autocrine, paracrine,
intracrine, and neurotransmitter signaling. This intricate network of signal transduction
exchange occurs between the cells of four different tissues, namely the nervous system, renal
system, vascular endothelial cells, and cardiac muscle. Among these tissues,
neurotransmitters along with intracrine signaling factors, are involved in many mechanical
and chemical processes such as muscle contraction, heart rate (HR), as well as water and
electrolyte regulation. Irreversible interruption of this signaling network promotes CV tissue
damage and disease progression.

CV disease is an inflammatory disorder, with secondary renal dysfunction, vascular
compromise, and central nervous system compensation for the vascular and cardiac
aberrations, or a combination of any of these disorders. CV disease is characterized by pro-
and anti-oxidant mechanisms [1], pro- and antiangiogenic factors [2], fluid imbalance [3, 4],
disorders of acid-base balance [5], and sympathetic/-parasympathetic tone imbalance [6, 7].
Although much is known regarding the interactions of these aforementioned tissues with
various physiological systems, such as immune components and the nervous system during
normal CV responses, their function in CV diseases is not well-understood. High blood
pressure (BP) promotes the development of coronary artery disease, stroke, and heart failure,
but mechanistic intricacies have yet to be documented. Numerous neuropeptides are
implicated in the CV system [8, 9], including dynorphin-dependent signaling, which is the
focus of this review. Understanding the mechanisms by which neuropeptides, such as
dynorphins, influence CV function is critical for understanding the molecular origin of heart
failure and for developing novel treatment strategies. This review focuses on whether our
current understanding of dynorphins supports the existence of a causal relationship between
altered dynorphins and changes in cardiovascular function. We explore the specific
interrelation between dynorphin with (1) the cerebrovascular system (cerebral blood flow),
(2) blood pressure effects (hypertension, heart rate, endothelial, and plasma catecholamines),
(3) heart function, (4) heart failure (coronary artery disease and myocardial infarction), (5)
arrhythmia, (6) inflammation, and (7) stroke. We, therefore, thoroughly review the most
seminal works conducted some twenty years ago and most recent literature pertaining to the
role of dynorphin going from one extreme of the CV spectrum, BP regulation, to the other
end of spectrum, cardiomyogenic differentiation.

2. SYNTHESIS AND METABOLISM OF DYNORPHIN

Dynorphin was described by Goldstein and colleagues who reported the opioid nature of the
peptide [10]. In humans, the prodynorphin (pDyn) gene is composed of four exons that can
exist up to 10 kb from each other [11-13]. The 5’ end of exon 3 and 3’ end of exon 4 encode
the entire preprodynorphin sequence [12]. The 254 amino acid preprodynorphin, a
biologically inactive precursor, is converted to pDyn by signal peptidases, which remove the
20 amino acid signal peptide from its N-terminus. Dynorphin is synthesized as a component
of pDyn [12], while the remaining opioid peptides are produced as components of two
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distinct precursors known as proopiomelanocortin and proenkephalin. The full details of the
synthesis and secretion of dynorphins are beyond the scope of this review and the reader is
directed towards a more comprehensive review of this process [12].

pDyn, a polypeptide 234 amino acids in length, undergoes proteolytic cleavages to yield
several opioid peptides among which are two extended forms of dynorphin-B, known as big
dynorphin (consisting of both dynorphin A and dynorphin-B) comprised of 32 amino acids,
and a leumorphin, comprised of 31 amino acids [12]. Big dynorphin is proteolytically-
processed to yield dynorphin A of 17 amino acid residues, a definitive hormone product
(Fig. 1). In peripheral circulation, both dynorphin A and dynorphin-B undergo further
proteolytic cleavage to yield N- and C-terminal fragments [14], such as dynorphin A (1-13)
(Dyn-A1_13), dynorphin A (1-8) (Dyn-A1_g) and dynorphin-B (1-13) (Dyn-B1_13,
Rimorphin), which retain biological activity (Figure 1). There is extensive sequence
homology at the N-termini of these two hormones.

2.1. Pharmacokinetics.

Recent evidence shows that endogenous dynorphins affect the CV system (Table 1).
Dynorphin is present in blood at physiological conditions ranging from 0.1-1.5 nM [15-17].
The degradation rate of dynorphin A in the peripheral blood is 40 pmol/min/ul [18].
Dynorphin half-life in plasma is reported to be less than 1 min [19] or to range between 0.5-
4 minutes [20].

3. PHARMACOLOGY OF DYNORPHIN

Dynorphin A, dynorphin-B, and big dynorphin act on the human kappa opioid receptor
(KOP) [12]. Albeit, dynorphin-B has a lower affinity for human KOP compared to
dynorphin A and big dynorphin. In large part due to the basic residues found in the C-
terminus, dynorphin A binds the KOP with high-selectivity in physiological concentration
[21], but at a high concentration, dynorphin A also exhibits affinity for non-opioid receptors
such as bradykinin B2 (B») receptors [22], inducing pain. However, the blockade of BK-
induced, B2-mediated receptor activation by dynorphin has significant implications for the
role of dynorphin in the regulation of hypertension and inflammation. The reader is directed
to recent reviews for more detailed information on opioid binding receptor function [23, 24].

4. PHYSIOLOGY OF DYNORPHINS IN THE CV SYSTEM

4.1. Mechanisms of Dynorphin Control of CV Response

In the past four decades, various regulatory mechanisms of dynorphin-mediated signaling
have been elucidated in human disease states, including stress, obesity, pain, and addiction.

It is only in recent years, that dynorphins have emerged as potential key players in CV
disease. Ventura and colleagues [25, 26] performed numerous studies detailing the effects of
pDyn localization, and pathways mediating pDyn upregulation in normal and
cardiomyopathic myocytes [25, 26], and rat ventricular cardiomyocytes [27]. In support,
increased levels of dynorphin in plasma and ventricular tissue are observed following heart
transplantation [28]. This observation suggests that functionally pDyn is enhanced within the
heart under physiological and pathophysiological conditions. It is presently unclear how pDn
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contributes to this disease. KOP is shown to be localized to the nuclei and sarcoplasmic
reticulum of cardiomyocytes [25]. Dynorphin-B-induced activation of the isolated nuclei
results in elevated opioid peptide gene transcription [25]. Cardiomyogenic differentiation
has been described for numerous progenitor cell types. A recent study finds that KOP and
delta-opioid receptors (DOP) expression are elevated during mouse embryonic stem cell
differentiation [29]. Furthermore, dynorphin-mediated KOP activation causes an increase in
the contractility of cardiomyocytes. Dynorphin is reportedly expressed within the atria and
ventricles of the heart [15]. Notably, its content is not influenced by unilateral vagotomy
[15], supporting its potential physiological role in cardiac tissues. Thus, a local dynorphin-
mediated KOP pathway signaling may have an impact on cardiac remodeling and tissues.
However, physiological roles being mediated v7athe CNS and PNS cannot be yet ruled out
given evidence for indirect modulation of dynorphin A via pre-synaptic dopaminergic
receptors on cardiac tissues [30]. The complexity of dynorphin-mediated signaling has been
associated with numerous neuromediators identified as being co-expressed with dynorphin
and involved in the control of cardiac and vascular function [31, 32]. Thus, collective
experimental evidence shows an intriguing relationship among the cardiac tissues, the
microenvironment of the cardiomyogenic lineage, and dynorphin as it pertains to CV
function.

4.2. Physiology and Function

During the last two decades, an increasing number of research groups have focused on the
expression and function of dynorphin signaling processes in the heart in order to understand
how dynorphin physiology was intertwined with other known major biological processes.
Studies of KOP using rat ventricular cardiomyocytes have revealed its presence in the T-
tubule with Cav1.2 channels, plasma membrane, sarcoplasmic reticulum with ryanodine
receptors, and mitochondria [33]. The T-tubule is part of the cell membrane containing
numerous ion channels that play a critical role in excitation-contraction coupling in
cardiomyocytes [34]. Evidence revealed that the synthesis of the pDyn gene involved protein
kinase C-a following the activation of KOP by Dyn-B4_13 [35]. Bian and colleagues [36]
began to suggest that KOP-opioid stimulation of PKC also decreases cAMP levels in
isolated ventricular myocytes. Increased dynorphin was associated with abnormal heart
rhythm. There is limited information on the effect of dynorphin on abnormal heart rhythm
and currently, only two studies on dynorphin-induced abnormal heart rhythm have been
reported. The primary cause of KOP-induced abnormal heart rhythm is found to be due to an
increase in PKC-dependent, Na*/H* antiporter function coupled to ATPase activity, which is
argued to be congruent with secondary elevations in Na* and Ca?* [37, 38]; (Fig. 2).
Dumont and colleagues [39] demonstrated that fragments of Dyn-A;_;3 can inhibit the
ouabain binding site on Na*/K* ATPase and inhibit Na* uptake in cardiomyocytes affecting
the membrane voltage of the cell. Thus, the dynorphin-induced cardiac abnormal heart
rhythm is a KOP-independent mechanism. While these studies show that the dynorphin-
mediated signaling pathways are important for the heart function, the impact that a change in
cardiac dynorphin expression and function may have on the cardiac contractility in humans,
is well worth revisiting.
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4.3. Pharmacology

The relationship between isoprenaline treatment and increased lipid peroxidation and
antioxidant enzymes (GSH, SOD, and catalase) has been established in rat tissues [40].
Dynorphin treatment caused a reduction in GSH levels in isolated rat hearts [41]. Evidence
also demonstrated that U50488 reduced the isoprenaline-increased Ca?* current flow
through voltage-gated Ca?* channels in the sarcoplasmic reticulum [42]. All effects of
U50488 were abolished by nor-Binaltorphimine (nor-BNI) [42]. Investigations were
therefore performed to determine isoprenaline-induced lipid peroxidation influences on
antioxidant enzyme levels and to provide mechanistic evidence that linked increased
catecholamines to a dynorphin-dependent pathway in cardiomyocytes [43]. U50488 was
capable of reducing lipid peroxidation and depletion of antioxidant enzymes in isoprenaline-
mediated cardiac hypertrophy (Fig. 2A); [43]. Moreover, isoprenaline treatment caused an
increase in myocardial fibrosis beneath the endocardium, as evidenced by increases in Type |
and Type I11 collagen and fibronectin in the left ventricles, which could be reduced by
U50488 treatment [42]. The U50488 reduction in fibrosis following isoprenaline treatment
was later confirmed by a second study [43]. These studies indicate experimental evidence of
the dynorphin-mediated signaling are crucially involved in numerous physiological
processes in the CV system including tissue remodeling and protection against sympathetic
over-activation (Fig. 2A).

4.4. Dynorphin and Fetal Development

It is now widely accepted that there is a critical window of vulnerability in which fetal
development is heavily influenced by environmental stress [44] and disease risk [45], but the
fetal heart has limited ability to respond to stress via sympathetic stimulation in gestation
[46]. Dynorphin and KOP are both proclaimed to have a role in gestational vascularization
in the brain (Fig. 3) [47]. Given that Leu-enkephalin from the adrenal gland concentration
increases with each passing month of fetal development [48], it was suggested that the
adrenal gland could contribute to CV development during the first two months of fetal
development [48] and that adrenal enkephalins might play a modulatory role for circulating
catecholamines in fetal development [48]. This implicates dynorphin playing a significant
role because Leu-enkepalin and pDyn are formed from the same precursor molecule, ACTH
[11]. Evidence shows that norepinephrine and epinephrine can increase HR and BP in fetal
sheep [49], which are necessary for fetal survival [50], and KOP agonism is cardioprotective
in neonatal hearts [42]. Dynorphin decreases the expression of the VEGF receptors, FLK1
and NRP [47]. The need to confirm the influence of dynorphin on VEGF receptor
expression cannot be understated given that NRP1 influences the development of the
sympathetic nervous system throughout gestation [51]. Together with other reports
demonstrating dynorphin may have a role in cardiomyocyte differentiation [52, 53] and glial
cell proliferation [54], Dynorphin has a potential physiological role in fetal development that
could be modulated by maternal stressors.
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5. GENETIC INFLUENCES

5.1. pDyn Mutation is not an Independent Predictor of CV Disease

Although physiological complexity exists, genetic defects in dynorphin [55] that are
observed in mice can inform its role in human disease states, beyond its well-recognized
involvement in pain and addiction. These genetic defects include elevated expression due to
alterations in carboxypeptidase [56] and prohormone convertase activities, a lack of the
transcriptional repressor, Downstream Regulatory Element Antagonistic Modulator
(DREAM,; [57], or epigenetic modifications.

Mice that carry the mutation, R212W, in pDyn (pDyn R212W) show increased levels of
mutant dynorphin A expression without any change in dynorphin-B. The pDyn R212W
mouse exhibits many clinical features of spinocerebellar ataxia type 23 (SCA23) [58, 59].
Although pDyn is expressed in myocardial tissues [27], patients with SCA23 [60] or pDyn
R212W mice do not present with abnormalities in autonomic function or cardiomyocyte
function. However, SCA 23 is a very rare form of the SCAL1 autosomal dominant and is
diagnosed in a small number of cases worldwide. Further investigations are required to
address whether the pDyn R212W mice exhibit heart defects. Needless to say, the focus of
research has been on pDyn and its neuropeptides that are expressed in the brain, particularly
those neurons involved in motor neuron disease. But, it remains unclear as to how the
mutation of pDyn, which is expressed in the brain and the peripheral tissues, affects only
selected tissues. Although the experimental study of pDyn R212W mice provides significant
insight into the role of dynorphin in the CNS pathways regulating glutamatergic signaling, it
should not discourage the careful use of pDyn R212W mice which can serve as an important
genetic tool to study the role of pDyn and its neuropeptides in the heart and other tissues.
For instance, dynorphin A regulates alpha-cell glucagon secretion [61], which plays a
critical role in the regulation of glycaemia and ensuing glucose homeostasis. Further careful
characterization of pDyn R212W mice might contribute toward the understanding of various
pathways associated with dynorphin-mediated signaling.

KOP is encoded by the opioid receptor kappa 1 (OPRKZI) gene, which is located on
chromosome 8g11.2. Several single nucleotide polymorphism (SNP) and insertion/deletion
of nucleotides upstream of the translational start site in OPRK1 of KOP have been reported
for the human [62]. Although the SNPs are associated with alcohol dependence, the
phenotypes, CV or otherwise, of these SNPs and insertion/deletion have not been
investigated.

5.2. Other Biological Processes

In knockout studies, pDyn knockout mice had increased sympathetic activation, decreased
IGF-1, T4, and free fatty acids (Fig. 2A), which can have a negative effect on the body’s
function. Dynorphin-knockout mice exhibited increased fatty acid oxidation and
corresponding reductions in adiposity. Evidence indicates that Dyn-A4_17 administration
causes an increase in total free fatty acids and nor-BNI reduces Dyn-A;_;7-induced motor
dysfunction [63]. Importantly, recent studies suggest that IGF-1 is cardioprotective by
inhibiting Na*/H* exchanger activity via phosphorylation at Ser648 of the exchanger [64]
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and T3 aids in early-phase CV angiogenic sprouting after ischemia/reperfusion (I/R) through
angiopoietin-1 and VEGF upregulation [65]; (Fig. 2A). Previous research has shown that
thyroxin (T4, a precursor of T3) induces a decrease in liver tissue glutathione (GSH) leading
to increased liver I/R-induced damage [66]. Of interest, propylthiouracil (an antithyroid
agent) reverses severe skin scald injury-induced GSH reduction [67], while increasing GSH
concentration at the end of reperfusion [66]. Hypothyroid hearts are less vulnerable to I/R
injury [68]. It is tempting to speculate that dynorphin-knockout mice, exhibiting reduced
thyroid hormone, would be protected from I/R injury (Fig. 2). Most recently, T3 is found to
stimulate the expression of AT2R/MAS1-ACE?2 in an in vivo myocardial I/R model using
rats [69]. The outcome of the aforementioned studies is that dynorphin signaling is
important in the CV system. Since the removal of pDyn is not lethal, one may argue that
pDyn is not critical to the CV system. As opposed to studies in genetically altered mice, the
roles of dynorphins on CV function is mainly extrapolated from the studies of the effects of
pharmacological inhibition of KOP. The findings of the above studies provide an opportunity
to explore the complex and intriguing relationship among IGF-1, T4, free fatty acids and
dynorphin as it relates to many CV-related organs including brain, heart, kidney, and liver.

6. DYNORPHIN IN CV SYSTEMIC DISEASE

6.1. Dynorphins and Blood Pressure Regulation

Herein, we divide our discussion into two parts: the first sub-section being devoted to the
role of dynorphin in the blood vessels of the brain and its cardiovascular consequences, and
the second part dedicated to the blood vessels residing outside of the brain.

6.1.1. Modulatory Role for Dynorphins at the Level of Central Nervous
System—The coordinated interactions between the autonomic nervous system (ANS) and
the sensory system appear to modulate cerebrovascular tone under pathological condition
[70, 71]. Moreover, many endogenous paracrine and intracrine peptide hormones can also
specifically modify this coordinated interactive state. Notable examples are peptides of the
renin-angiotensin system (RAS), kallikrein-kinin system (KKS), endothelin, and
corticotropin-releasing factor (CRF).

Attempts to determine the mechanisms of action for dynorphin on cerebral vasculature are
complicated due to its interactions with several different proteins, the heterogeneity of
neurovascular unit cell population, species dependency of its receptor [72], and the
individual patterns of hemodynamic alteration under BP regulation [73]. Over the last three
decades, the possibility that dynorphin is involved in ANS/sensory system/paracrine and
intracrine peptide hormones axes has been examined [74].

Evidence suggests dynorphin can suppress one of the vasoconstriction pathways [75]
depending on the particular blood vessel or vascular bed studied [76]. Dynorphin plays a
role as an endogenous hypotensive peptide in healthy rats [77] and those that undergo
subsequent bradycardia [78]. Notably, dynorphin modulates sympathetic activity via
stimulation of atrial natriuretic factor [79], which can reduce BP in hypertensive subjects. In
addition, dynorphin appears to control urine flow (/.e. diuresis) by acting at KOP [80]. A
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dramatic and sustained increase in dynorphin level might interfere with non-reabsorbed
solute used to treat polyuria associated with diabetes mellitus.

To date, although angiotensin 2 converting enzyme, a major protease of the RAS, is capable
of hydrolyzing Dyn-A_13 [81], the interaction between endogenous opioids and the RAS is
unclear. Positive and negative relationships have been reported, and some reports argue for
no relationship at all [82]. But the question remains as to whether dynorphin-mediated
signaling possesses some degree of physiologically important CV activity that is simply too
low to quantify by the methods used so far. Ang Il and aldosterone can act in the brain to
increase sympathetic outflow and ensuing hypertension. Ang Il has been reported to increase
the expression of the pDyn gene in porcine [82, 83] and Ang Il treated cells decrease the
release of aldosterone in the presence of a KOP receptor agonist [83], which may be due to
non-specific binding of the KOP receptor agonist to the Ang Il receptor, angiotensin type 1
receptor (AT1R). KOP antagonists surprisingly reduce BP elevation by interfering with Ang
I1-induced vasoconstriction in the brain [75]. Studies reported that KOP receptor antagonism
by MR 2266 had a partial inhibitory effect on Ang II’s actions on HR and diastolic BP [75,
82]. Of particular interest is how dynorphin signaling/RAS interactions may affect the
development or progression of hypertension and its potential complications.

Dynorphin may play a pivotal role in the development of hypertension and is known to exert
a critical role in patients with chronic hypertension. Patients with severe hypertension
demonstrate both plasma opioid and catecholamines (norepinephrine, epinephrine)
elevations [84]. Interestingly, an earlier study on the role of dynorphin in hypertensive
patients with pheochromocytoma indicates that opioids [85], including Dyn-A;_13, can
suppress the secretion of catecholamines [86]. It is the inhibition of the opioid receptors that
induce hypertension [85]. Under a stressful situation, the body releases epinephrine, which
causes an increase in HR and raises BP. Although the association between stress and
hypertension is not well-established, dynorphin A-mediated pathways may be a key player
in the hypertension-stress relationship [87].

Dynorphins exhibit a high level of control by acting in the central nervous system (CNS) to
offset the increases in CRF-induced cardiac function. The intracerebroventricular
administration of Dyn-Aq_17, but not Dyn-A;_13, is capable of attenuating CRF-induced
elevations of mean arterial pressure (MAP), HR, and plasma catecholamine levels in
conscious unrestrained rats [88]. It is shown that if Dyn;_g is administered into the
hippocampal formation, it results in a decrease in BP with no effect on HR in conscious
hypertensive and normotensive rats [89]. The combination of Dyn;_;7 and CRF did not
result in a surge of norepinephrine or epinephrine levels as was observed in groups treated
with CRF alone [88]. Moreover, there is a reciprocal release action between CRF and
dynorphin A [90, 91] within the hypothalamus. CRF-induced corticotropin-releasing factor
2b (CRF2p) activation causes cerebrovascular vasodilation leading to increased cerebral
blood flow in a dose-dependent manner [92]. Urocortins are members of the CRF peptide
family, which contribute to cerebrovasculature and vasohumoral function in cardiac-
normative and - diseased states (in addition to their well-recognized role in the
hypothalamopituitary-adrenal stress axis; [93]. Urocortin 2 is found to be a vasoactive and
cardioprotective peptide. It induces vasorelaxation by activating CRF2p receptors located in
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the intracerebral arterioles [92]. Since CRF is an endogenous trigger of dynorphin A, the
balance between overproduction or reduced degradation of endogenous CRF and dynorphin
A in favor of vasodilation could be a major factor in their vasodilatory action and the extent
of vasodilation during sever prolonged ischemia in animals.

Dynorphin is present in human cerebral perivascular nerves [94], which carry out similar
roles to cerebrovascular functions. Dynorphin B, in particular, is expressed in human blood
vessels [95]. Although dynorphin A does not alter vessel tone /n vitro, it inhibits the release
of neurotransmitters from afferent and sympathetic axons which could influence the
autonomic functions of the vasculature [95]. Studies have been carried out to establish
whether dynorphin has a protective role after BP increases. Dynorphin appears to exert its
vasodilatory effect during the normotensive phase, though it induces vasoconstriction during
hypotension in the cerebrovasculature [96]. This intriguing observation has been the subject
of little additional research.

Studies support a modulatory role for dynorphins at the level of CNS, which subsequently
affect vascular reactivity. Dyn;_;3 induces vasodilation v/a acting on the presynaptic
neuronal NF-xB/p65 KOP [97]. Dynorphin A-mediated KOP activation sustains the
contraction of rat cerebral arteries [94]. The KOP antagonist, nor-BNI [89], and Gjj,
antagonist, pertussis toxin, fail to completely abolish dynorphin-dependent vasoconstriction
[94]. Des-Tyr! dynorphin (2-13), a non-KOP agonist, also exerts vasoconstrictive actions;
however, nor-BNI fails to prevent des-Tyr! dynorphin (2—13)-induced vasoconstriction.
These data imply the importance of the Tyr residue at the amino terminus of the Dyn_13
peptide as a determinant of the capability of dynorphin A to activate KOP and regulate
cerebral arteries [94]. Dynorphin A has also been reported to be localized in the adventitia
layer of the middle cerebral artery and the basilar artery [94]. The basilar artery and middle
cerebral artery have both been reported to demonstrate dose-dependent increases in
contraction after administration of Dyn;_q3 and Dyn4_y7, with the former having larger
effects at 10 uM in the basilar artery and the latter having larger effects in the middle
cerebral artery [94]. Dynorphin-B exerted negligible effects on contraction in both the
basilar and middle cerebral artery [94]. Local interaction of dynorphin with the
noncerebrovasculture may also be an important variable that influences cerebrovascular
reactivity [94]. Taken together, dynorphin-mediated signaling plays an important role in the
cerebral circulation and contraction function.

6.1.2. Modulatory Role for Dynorphins at Vessels Residing Outside the Brain
—The extant literature reveals a complex picture of dynorphin’s role in systemic BP
regulation. The importance of dynorphins in the control of CV function emerged from the
1983 empirical study examining the effects of dynorphins on BP [98]. Dynorphin;_;3 caused
a 60 mmHg drop in MAP [98]. The drop in pressure only occurred upon intracisternal
administration, with no changes reported upon intravenous administration. The modulation
of dynorphin-mediated reduction in blood flow by vascular aminopeptidase (s) cannot be
ignored in animals with intravenous injection of dynorphin with absolute certainty. Further
investigation is required to confirm the potential acute pressor action of dynorphin via
intravenous administration. However, the results of the above study suggested that the
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hemodynamic consequences may occur as a result of interference with the ANS, the master
circuit in the regulation of systemic BP, by the intracisternal administration of dynorphin.

The physiological function of dynorphin in the peripheral vasculature has not been
thoroughly investigated. Dynorphin appears to decrease vascular reactivity through
endothelial mechanisms. KOP receptor mRNA is expressed in the endothelial cells. Studies
have documented the effects of KOP receptor agonism in the endothelium [47]. Tian and
collaborators [99] demonstrated that KOP agonism via U50488 rescued pathological
symptoms of hyperlipidemia associated with aortic endothelial cell morphology. In a well-
designed experiment, dynorphin-KOP signaling was shown to be involved in vascular
development, in particular in endothelial differentiation and proper vascular pathfinding
processes [47].

Despite over a decade of research into the mystery of dynorphin interactions with CV
function, a key question remains unresolved: how does dynorphin contribute to
hypertension? U50488H decreases the left ventricular systolic pressure in hamsters
subjected to untreated chronic hypertension [100]. Herein, we review the recent findings
describing the potential cross-talk between dynorphins and major local autocrine/paracrine
factors known to control smooth muscle contraction. The intimate interaction between RAS
(a system well-known for its regulation of BP and fluid homeostasis), endothelin-1 (ET-1, a
paracrine regulator), and dynorphin for protection against Ang Il-induced constriction may
provide possible explanations to the above question. ET-1 is involved in the development of
fibrosis [101]. Like dynorphin, the ET-1 level is upregulated in CSF following fluid
percussion injury [102]. ET-1 receptor antagonists partially restore dynorphin-induced
vasodilation after such injury. Naloxone, a non-selective and competitive opioid receptor
antagonist, is found to be ineffective in blocking metorphamide-induced ET-1 release
suggesting that these effects occur via opioid receptor-independent mechanisms.
Metorphamide, an opioid with a high affinity for MOP [~50% less affinity to KOP and
negligible activity at DOP; [103]], promotes the release of ET-1 in aortic endothelial cell
culture [104]. Examining the dynorphin-ET-1 relationship /7 vivo may provide important
clues as to how these interactions occur and whether dynorphin-ET-1 signaling in the
peripheral vasculature influences systemic hemodynamics. It is presently unclear whether
dynorphins function influences peripheral vasculature.

6.1.3. Dynorphin and Heart Failure—Patients with advanced heart failure are
generally treated with opioids to alleviate breathlessness and unload the heart [100].
Evidence suggests that pDyn gene expression may be involved in controlling heart function
vig autocrine- or paracrine-dependent mechanisms [105]. The presence of dynorphin in
postganglionic sympathetic nerve fibers innervating coronary blood vessels and
cardiomyocytes have been reported [106].

Dynorphin appears to aid in an ensuing fall in BP and maintaining cardiovascular activities
both centrally and locally under pathological conditions such as heart failure, myocardial
infarction (MI) and acute respiratory failure [107]. In a model of congestive heart failure,
KOP and pDyn expression in the left ventricle were increased compared with the control
[33]. All congestive heart failure rats presented with dilated hearts and severe systolic and
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diastolic dysfunction [33]. While, KOP mRNA expression is low in the heart [108], a rat
model of renovascular hypertension (2K1C rats) exhibits increased KOP, along with
heterodimerization of apelin receptors and KOP, leading to altered cardiac inotropic effects
[109].

The functional behavior of dynorphin changes with the severity of heart failure. [110].
Recent evidence suggests that the KOP agonist is an anti-infarct agent and its effect is
mediated via ERK1/2 [111]. Dynorphin stimulates the release of an atrial natriuretic factor
in patients with acute heart failure, but it attenuates this factor in patients with severe heart
failure [79]. This observation indicates that dynorphin not only has the ability to switch
biological activities in physiological conditions versus pathological conditions, as in fluid
percussion injury, but also that the biological roles of dynorphin can switch in a disease state
manner (acute vs severe). These data suggest new avenues for research targeting the primary
mechanism through which dynorphin signaling influences heart and the development of
heart failure. For instance, the physiological significance of dynorphin-mediated signaling in
the animal model of coronary artery occlusion that compromises coronary blood flow,
promotes vascular endothelial dysfunction, and thrombus formation must be investigated in
order to determine whether altered dynorphin is indicator or causal in the genesis of the
heart failure.

6.1.4. Dynorphin and Cardiac Arrhythmia—Ischemia influences the level of
dynorphin in the non-preconditioned heart [112]. This observation is in line with the notion
that the dynorphin-mediated KOP signaling pathway is involved in I/R arrhythmia (Fig. 2B).
In support, MR2266, a KOP antagonist, reduced arrhythmia [112]. U50488 has been
reported to act on ventricular myocytes by two separate pathways; a CAMP-dependent
pathway and a phospholipase Cdiacylglycerol pathway. At 1 pmol/L, U50488 decreased
noradrenaline-cAMP stimulation [113]. Exposure of the heart to U50488 (50 umol/L)
caused IP3-dependent arrhythmias [113]. This observation is in accord with evidence that
dynorphin-induced cardiac arrhythmias are concentration-dependent [114]. In the same
study, the arrhythmia surprisingly appears to be triggered by myocardial cAMP. The above
studies suggest that caution should be exercised when IP3 formation alone is elevated, which
can have deleterious effects on heart. Dynorphin is also capable of potentiating epinephrine-
induced arrhythmias through CNS mechanisms [115], which might be due to Ca2* overload
(Fig. 3). A previous study also demonstrated that a combination of dynorphin and
epinephrine can markedly influence the severity of arrhythmia [116]. In contrast, U-62066 (a
selective agonist of KOP) protected rats from epinephrine-induced arrhythmias (Table 2;
[117]). In addition, dynorphin potentiated digitoxin-induced arrhythmia in guinea pigs [118].
However, KOP knockout mice exhibited a decrease in triglyceride synthesis in the liver and
reduced malonyl-CoA [119]. Although the exact mechanism(s) by which the malonyl-CoA
is altered in the KOP knockout mice are not clear, the control of malonyl-CoA levels, a
major inhibitor of mitochondrial fatty acid uptake, is considered important in heart disease
[120, 121]. Chronic elevation of fatty acid oxidation is a major contributor to the severity of
ischemic heart disease. Evidence suggests that improved fatty acid suppression or reduction
in myocardial fatty acid uptake may improve myocardial ischemia tolerance in human type 2
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diabetes mellitus [122]. The reduction in malonyl-CoA is linked to an increase in fatty acid
oxidation rates during reperfusion of ischemic hearts [123].

Although the literature suggests that dynorphin-mediated KOP signaling may have a role in
treating arrhythmia, this conclusion is based on agonist and antagonist activity at KOP. It
would be of interest to determine whether such function can be detected in dynorphin
overexpression models and/or address the tissue-specific functions of KOP by creating
conditional KOP null alleles.

6.1.5. Dynorphin-mediated Effects to Inflammation-induced Cardiac Injury—
Ischemic cardiac injury initiates the activation of toll-like receptor (TLR)-mediated innate
immune response and increases the chemokine levels as well as cytokine synthesis in the
infarcted heart [124]. Inflammation and the recruitment and infiltration of inflammatory
cells are intertwined with Ml in order to bring about infarct healing, angiogenesis, and
ventricular remodeling [124].

The role, if any, that dynorphins play in inflammation has not been well-documented in the
pathophysiology of heart disease. White blood cell (WBC) count is altered during infection-,
toxin-, or drug-induced inflammation (Fig. 4). Increased WBC count is a strong predictor of
coronary risk in patients with and without coronary heart disease (CHD; [125] independent
of the traditional risk factors that include diabetes, hypertension, dyslipidemia, and obesity.

KOP expression increases in LPS-stimulated monocytes [126]. Dynorphins exert anti-
inflammatory effects partly by inhibiting NF-xB/p65 nuclear translocation in LPS-
stimulated THP1 monocytes [126]. Dyny_q7, Dynq_g, Dyn4_7, and Dyny_g, or U50488,
decrease NF-xB/p65 nuclear expression [126]. Further, selective Dyn metabolites reduce the
expression of proinflammatory cytokines, including IL-1p and TNF-a [126]. However,
others are reported to increase TNF-a release [127].

Myocardial opioid peptides appear to exert key roles in the cascade of signaling pathways
that regulate the heart [109]. Evidence indicates that myocardial opioid-mediated receptor
activation inhibits cardiac excitation-contraction coupling and protects the heart against
hypoxia and ischemic injury, independent of enkephalin release [128]. Nor-BNI
pretreatment increases dynorphin levels following myocardial stunning (transient ischemia;
[129]). The detrimental effects and beneficial role of opioid-mediated KOP activation may
be attributable to the concentration of endogenous dynorphin, stimulating exogenous
opioids, or functional diversity in the response of inflammatory cells.

The immune responses of dynorphin are not limited to monocyte-derived immune cells.
Dynorphin effects in the immune system have been reported in many types of immune cells
[refer to [18]]. Importantly, U50488 suppresses IL-6, IL-1p and TNF-a production in
macrophages and decreases monocyte chemotaxis. Under pathological conditions, such as
HIV, dynorphin A can stimulate TNF-a and IL-6, which were blocked by nor-BNI [18].
Interruption of dynorphin-dependent signalling may be beneficial for the treatment of
inflammation, which is common for heart disease as well as stroke patients.
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U50488 has been shown to be cardio-protective against reactive oxygen species (ROS)-
mediated damage (106); supporting the notion that dynorphin can confer protection against
ROS in some tissues, but not others. Alternatively, at lower concentrations than those
investigated previously (106), dynorphin may not be cardioprotective and may contribute to
ROS-induced cardiac damage. These findings are relevant to a number of CV-related
pathologies given that ROS plays a role in hypertension, cardiomyopathy, cardiac
hypertrophy [130] and promotes inflammation by activation of NF-xB and advanced
glycation end products that stimulate cytokine monocytes to release TNF-a in prediabetic
patients [131]. The anti-inflammatory and/or pro-inflammatory properties of dynorphins
need to be elucidated and currently represent an understudied therapeutic target.

6.1.6. Dynorphin and Stroke—The endogenous dynorphin peptides are implicated in
the pathogenesis of stroke [132, 133]. Dynorphin A reduces cerebral ischemic injury [134].
Evidence supports a neuroprotective role for dynorphin in stroke [135]. Dynorphin is
increased transiently in the ipsilateral central nucleus of the amygdala following a stroke that
may mediate the CV complications [136]. Dynorphin A decreases infarct volume following
a local brain I/R injury, which can be attenuated by a KOP antagonist [134]. Most patients
with ischemic stroke experience blockage of the middle cerebral artery. The mouse model of
middle cerebral artery occlusion exhibits a decrease in Purkinje cell number [137]. As
mentioned earlier, similar neuron defects are observed in mice with targeted pDyn mutation,
pDyn R212W A petter understanding of the mechanisms of dynorphin using pDyn R212W
mice would not only highlight its importance in cerebrovascular physiology and cerebral
circulation, but it would enable us to realize its therapeutic potential in the treatment of
ischemic stroke. Further studies will be necessary to unveil whether the mutated pDyn may
lead to a loss of protection from stroke in the context of SCA23. Additional studies of the
post-ischemic pathophysiology of each endogenous dynorphin peptide using current models
of stroke (for instance using endovascular trapping techniques) may provide a rational basis
for establishing the role of dynorphins in stroke.

CONCLUSION

Understanding the biology of the dynorphin-mediated signaling in the CV system is a
challenging scientific problem with numerous clinical relevance. We are now aware of the
presence of a dynorphin-mediated signaling network in the various tissues within the CV
system, which raises the question as to the function of dynorphins in regulating/modulating
the response of the cell or tissue in which it is found. Under physiological condition,
dynorphin functions include control of cardiac regulation, modulation of the flow of blood
through the cerebral arteries, and modulation of inflammatory mediators in inflammatory
cells. The peripheral dynorphin-mediated signaling may have a protective function against
CV risk. Under pathological conditions, there is a strong association between elevated
dynorphin function in cardiac tissues and heart failure. KOP expression changes in the
model of congestive heart failure and that of renovascular hypertension. KOP agonists have
recently been implicated in renal protection against ischemic injury. Collectively, dynorphins
have physiological functions in the cerebrovasculature and the CV tissues. We should no
longer consider dynorphins to be only for neurons.
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During the last three decades, a large number of studies have focused on dynorphins and
their role in the CV system of small animals. The use of small-animal models in the field of
dynorphins has been historically important in helping investigators understand the biological
and physiological roles of dynorphins in CV regulation. This approach has laid a strong
foundation for our conceptual understanding of the expression and function of dynorphins
within the CV system. Clinical issues related to dynorphin excess or dynorphin deficiency in
humans have been under-investigated. Given the experimental limitations inherent to clinical
work, a thorough understanding of the physiology and pathology of dynorphins in
appropriate large-animal models [138] could bridge the gap between basic science findings
and clinical observation. Large animals more resemble the human CV system with a high
percentage of genetic conservation which is necessary to translate data to human children,
adults, or the elderly. For instance, the pig heart resembles the young human heart which
lacks anastomosis; a feature not present in small-animal models. Likewise, elderly or
diabetic patients often experience myocardial infarction and myocardial cells generally
recover if the infarct zone is adequately perfused by collateral circulation. Like the aged
human heart, the canine heart has the innate ability to promote collateral growth. The canine
heart further resembles the contractility of the adult human heart, supporting its utility in the
assessment of cardiomyopathy. The dynorphin-mediated signaling research in large animals
will provide opportunities to learn a great deal about dynorphins. The use of higher-order
animal models can further translate these findings to human disease states. Despite the
limitations of working with large animals (horse, cow, dog, pig), their suitability in
expanding our knowledge of CV function, including interactions with conserved genes that
contribute to multifactorial disease states, cannot be understated [139]. As such, translation
to large-animal models presents as the next step to study dynorphins in a “human-like” CV
organ to further elucidate their role in normative CV function and CV disease.
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LIST OF ABBREVIATIONS

ANS Autonomic nervous system

Ccv Cardiovascular

CRF corticotropin-releasing factor
Dyn-A1_13 Dynorphin A (1-13)

Dyn-A1_13 Dynorphin A (1-8)

Dyn-Bi_13 Dynorphin B (1-13), Rimorphin
Dyn-Ai_17 Dynorphin B (1-17)

IGF-1 Insulin-like growth factor-1

I/IR ischemia/reperfusion
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KOP Kappa opioid receptor
Nor-BNI nor-Binaltorphimine
OPRK1 opioid receptor kappa 1
pDyn Prodynorphin
SNP Single nucleotide polymorphism
SCA1l spinocerebellar ataxia type 1
SCAZ23 spinocerebellar ataxia type 23
T3 Triiodothyronine
T4 Thyroid hormone thyroxine
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Fig. (1). Metabolism of dynorphin peptides.

The enzymes known to convert the dynorphin peptides have been curated from primary
literatures and shown within the arrows. All Dyn molecules contain the Leucine-enkephalin
sequence (Y-G-G-F-L), but diverge on remaining residues. CPB; carboxypeptidase B, Dyn;
dynorphin, PC1; prohormone convertase 1; PC2; prohormone convertase 2.
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Fig. (2).

!
Arrhythmias

Schematic interpretation of the importance of dynorphins under physiological and
pathophysiological processes in the cardiovascular system. Dynorphin fragments (Dyn A 1-
17, Dyn A 1-13, and Dyn B 1-13) are involved in the regulation of tissues within the CV
system. Panel A. Dynorphin A is cardioprotective. Dyn A 1-17 and Dyn A 1-13 dampen the
sympathetic-induced increases in blood pressure and heart rate. Dyn deficient mice exhibit
increased sympathetic activation. Lack of Dyn causes reduced IGF-1, T4, and free fatty acid
levels. IGF-1 is capable of inhibiting Na*/H* antiporter. Thus, increased IGF-1 may increase

the development of heart failure v/a uncontrolled Na*/H* antiporter hyperactivity-mediated
increased calcium transient. Increased T4 protects cardiac tissue following I/R injury. Panel
B. Arrhythmogenic signaling of dynorphins. Once a threshold is reached (30-50 pM),
dynorphins induce arrhythmias through PKC- and IP3 - dependent mechanisms. Lastly,

inhibition of Na*/K* ATPase by Dyn leads to arrhythmias via intracellular calcium
mobilization and activation of PKC -dependent Ca?* signaling pathway. The flow of

physiological changes that require further investigations are shown in dashed arrows. BP;
blood pressure, CRH; corticotropic-releasing hormone, Epi; epinephrine, FFAS; free fatty
acids, HR; heart rate, IGF-1; insulin-like growth factor 1, IP3; NE; norepinephrine, PKC;
protein kinase C, SER; sarco/endoplasmic reticulum-associated calcium storage organelle,

T4; thyroxine.
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Fig. (3). Schematic depiction of the importance of dynorphins during cardiovascular
development.

CRF, master stress hormone, is capable of elevating MAP and heart rate via noradrenergic
sympathetic nervous outflow as well as serving as angiogenic stimulator in fetal endothelial
cells through production of vascular endothelial growth factor (VEGF). Dyn B appears to be
involved in embryonic cardiogenesis and catecholamines have been shown to maintain fetal
heart rate survival Dynorphin A appears to be a modulator of both noradrenergic
sympathetic nervous outflow and VEGF signaling.
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Fig. (4). Dynorphins and cardiac inflammation.
Inflammation is controlled by multiple factors that could include environmental toxins,

medications, parasite, bacteria or viral infection, Inflammation-induced cytokine production
can cause cardiac remodeling and heart disease through increased monocyte and pro-
macrophage activation. During inflammation, there is an increase in the synthesis and
release of Dyn. Released Dyn modulates macrophage-mediated cytotoxicity avoiding
arrhythmogenesis and eliciting cardioprotective effects.
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