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ABSTRACT

Little attention is paid to the coronary microvasculature when treating acute myocardial infarction (MI).
Microvascular obstruction (MVO) contributes to ischemia-reperfusion injury, which hampers distal blood
flow to the myocardium despite recanalization of the culprit epicardial vessel. One of the mechanisms
behind reperfusion injury is MVO due to persistent vasoconstrictor tone during reperfusion. Arginine
vasopressin (AVP) is a hormone with prominent vasoactive effects on the coronary microvessels. Its levels
are elevated as part of a stress response triggered by MI, which was shown to exert vasoconstrictive
effects on the coronary arteries in preclinical models, mainly in the nonepicardial vessels of the
microcirculation. Circulating AVP levels are up to 100-fold higher in MI and do not immediately decrease
to baseline levels on reperfusion. This results in the so called coronary slow flow phenomenon and
mediates ischemia-reperfusion injury. Recently, the C-terminal fragment of preprovasopressin, copeptin,
has emerged as a surrogate biomarker for AVP, as it is more stable in the circulation. Multiple studies
have shown the predictive value of both AVP and copeptin with regards to long-term prognoses of MI
patients. We propose that both AVP and copeptin have more than just a predictive value but also play
a role in the pathophysiology of adverse outcome post-MI. Therefore, the treatment of choice for MI
should not only focus on the epicardial vessel but also on targeting MVO that might pre-exist or might
directly follow reperfusion. This mandates a clinical trial with an AVP-receptor antagonist in patients with
acute MI undergoing reperfusion therapy.

Introduction Cardiovascular disease re- to salvage a viable myocardium, limit an in-

mains the top cause of mortality worldwide
with estimated 17.9 million deaths in 2016,
coronary artery disease being the single larg-
est contributor. Acute coronary artery disease
manifests with plaque rupture as an acute cor-
onary syndrome, with ST-segment elevation
myocardial infarction (STEMI) being the most
serious manifestation due to complete coronary
artery obstruction and extensive myocardial
ischemia as a result. Prolonged ischemia may
result in irreversible myocardial damage; thus,
the treatment of choice is aimed at reopening
the occluded coronary artery to achieve myo-
cardial reperfusion. Primary percutaneous cor-
onary intervention (PCI) is the first-line strat-
egy, involving reopening of the artery and plac-
ing a stent.? Primary PCI is intentionally used
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farct size, and preserve systolic function. Yet,
damage to the heart can still occur following
reperfusion, which is known as ischemia-re-
perfusion injury.’ Therefore, myocardial re-
perfusion still comes at a cost despite restora-
tion of blood flow.

The pathogenesis of ischemia-reperfusion
injury is thought to be multifactorial. Factors
include distal embolization, endothelial dam-
age, leukocyte infiltration and plugging, reac-
tive oxygen species production, sarcoplasmic
reticulum dysfunction, the opening of the mi-
tochondrial permeability transition pore, cell
swelling, and others.>* Together with these
factors, microvascular obstruction (MVO)
also plays a role in ischemia-reperfusion in-
jury. It involves impaired vasodilation, thus



increasing the likelihood of neutrophil plug-
ging and microembolization.?

Microvascular obstruction in ischemia-reper-
fusion injury Coronary angiography allows
a visualization of larger conductive epicardial
coronary arteries. However, the coronary arte-
rial system not only consists of conductive ves-
sels but also of smaller microvessels, which get
little attention and are often neglected in daily
practice. This is most likely because the micro-
vasculature of the heart is not easy to visualize
and is difficult to access (diameter <300 um).>®
In a considerable proportion of patients with
STEMI (30%-40%), recanalization of the epi-
cardial coronary artery does not necessarily cor-
respond to reperfusion of the myocardium.”®
This condition is known as slow flow (with its
extreme form called no-reflow) and is defined
as inadequate myocardial perfusion without
evident angiographic obstruction, with a pos-
sible involvement of sustained MVO.%" Failure
to completely reperfuse the myocardium in pa-
tients with STEMI is common yet often goes un-
noticed due to the lack of a sensitive microvascu-
lar evaluation method." Clinical presentations
of this phenomenon include the lack of improve-
ment in cardiac function postreperfusion, chest
pain following recanalization, and reduced re-
flow (measured as thrombolysis in myocardial
infarction grade <2 flow) after primary PCL3%"
Microvascular obstruction augments isch-
emia-reperfusion injury by causing slow flow
and is associated with a larger infarct size and
lower left ventricular ejection fraction.>® Car-
rick et al" measured the index of microvascu-
lar resistance (IMR) at the end of primary PCI
in 283 patients with STEMI and found that
an IMR higher than 40 was closely associated
with MVO. A normal value was generally consid-
ered to be less than 25. Furthermore, in a mul-
tivariate analysis, the level of IMR was associ-
ated with deleterious left ventricular changes
and poor long-term clinical outcomes follow-
ing STEMI (ie, a 4-fold increase in heart failure
or all-cause mortality rates)." The authors also
concluded that IMR was superior for risk strati-
fying patients with myocardial reperfusion fail-
ure.'" In line with that, Fearon et al®” also discov-
ered that IMR at the time of STEMI could pre-
dict the extent of myocardial damage. Patients
with an IMR of more than 40 had a higher rate of
death or heart failure at 1 year than those with
an IMR of 40 or lower (17.1% vs 6.6%; P = 0.027).
In patients with high IMR, the hazard ratio for
death and heart failure was 4.3 and 2.2, respec-
tively.”® These findings strengthen the impor-
tance of assessing microvascular dysfunction
in predicting the outcome after STEMI thera-
py. Therefore, the treatment of choice for myo-
cardial infarction (MI) should not only aim to
restore epicardial blood flow but also to target
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MVO that might pre-exist or might directly fol-
low reperfusion.

Initially, MVO was widely considered as
a manifestation of ischemia-reperfusion in-
jury subsequent to STEMI reperfusion. It had
been postulated that reperfusion contributed
to MVO through embolization of debris." How-
ever, Khan et al'* examined the MVO phenom-
enon using cardiac magnetic resonance in 94
patients with STEMI with and without reper-
fusion therapies (ie, primary PCI, thrombolysis,
and rescue PCI). They found that the occurrence
of MVO was comparable across all groups—ir-
respective of a recanalization mode—includ-
ing the nonreperfused group. The authors con-
cluded that MVO was primarily related to isch-
emic time and was not exclusive to reperfu-
sion therapy." This clearly demonstrates that
MVO may develop during MI independent of
reperfusion therapy and is rather a sign of ex-
tensive microvascular and myocardial damage,
eventually promoting even further ischemia-
reperfusion injury.

Understanding the mechanisms of slow flow is
pertinent to the management of this condition.
One factor that is proposed to contribute to MVO
is a persistent vasoconstrictor tone after revascu-
larization. The ability to dilate (ie, the percentage
of diameter expansion) was found to be inversely
related to the initial diameter: coronary arteri-
oles were able to dilate to a greater magnitude—
percentagewise—compared with the smaller ar-
teries.” Also in that study, small coronary ar-
terioles did not dilate maximally during hypo-
perfusion. Therefore, these vessels are the site
of persistent vasomotor tone in the subepicar-
dial microcirculation during coronary insuffi-
ciency.” In other words, microvessels are stiff-
er and more prone to be under the influence of
a vasoconstrictor. This finding is in accordance
with that of Quillen et al,’® who reported that
an ischemic condition brings about mild altera-
tions of coronary microvascular reactivity, and,
if followed by reperfusion, progresses to a more
marked impairment of coronary microvessel re-
sponses. In contrast, the ability of larger epicar-
dial coronary arteries to dilate is relatively re-
fractory after exposition to ischemia with or
without reperfusion.'®

Studies have shown that arginine vasopressin
(AVP) has a constrictive effect on the coronary
artery microvasculature.”® A multitude of stud-
ies have indicated that AVP is a potent coronary
vasoconstrictor able to produce an MI-like state
characterized by coronary venous oxygen desat-
uration, myocardial lactate production and ac-
cumulation, and, finally, reduced cardiac func-
tion.” This ability of AVP appears to be dose de-
pendent. Ischemic electrocardiographic chang-
es post-AVP treatment have also been reported,
which further supports the coronary vasocon-
strictive effect of AVP."”
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Arginine vasopressin Arginine vasopres-
sin is a hormone that is produced in the su-
praoptic and paraventricular nuclei of the hy-
pothalamus and stored in the posterior pitu-
itary gland or neurohypophysis.? It is a potent
vasoconstrictor,?' but it is more widely known
as the main regulator of overall water balance,
keeping blood osmolality in the normal range
of 275 to 290 mOsm/kg.?? Thus, a rise in plas-
ma osmolality is the main stimulus for the re-
lease of this hormone, already at a level above
~280 mOsm/kg.2? The magnocellular neurons in
the supraoptic nucleus become directly depo-
larized by hypertonic conditions (hence releas-
ing more AVP) and vice versa in hypotonicity.?*
Arginine vasopressin then migrates to the pos-
terior pituitary, along the supraoptic—hypoph-
yseal tract, where it finally enters the system-
ic circulation.?

In addition, AVP is also involved in stress
response.’! Stress is defined as a nonspecif-
ic body response to any factor that disturbs
homoeostasis.A stress response is assimilated
by the hypothalamus and manifests as an in-
tegrated neurohormonal activation.”’ The ma-
jor neural response to a stressful situation in-
volves sympathetic nervous system activation.
The predominant hormonal response during
stress involves adrenocorticotropic hormone
(ACTH), which is released from the anterior
pituitary gland in response to stimulation by
corticotropin-releasing hormone. Almost any

1 Osmolality

Hypothalamus

Pituitary gland

type of a stressful situation (eg, physical stress,
neurogenic stress, tissue damage, pain) results
in a marked and immediate increase of ACTH
levels.?® Thus, ACTH is a well-known stress hor-
mone. Another hormone that is simultaneously
released during stress response is AVP. Together
with catecholamines, AVP helps sustain blood
pressure (BP) during stress. In acute conditions
such as hemorrhage, circulatory arrest, sepsis,
and surgery, circulating AVP levels increase.?
The third signal for AVP release is a change in
extracellular fluid volume. Input signals are sent
by low-pressure sensing atrial volume receptors
located in the left atrium and pulmonary arteries,
which respond to pressure-induced stretch.??
Atrial volume receptor firing to the nucleus trac-
tus solitarius (and then to the hypothalamus)
inhibits AVP release. The firing decreases dur-
ing a reduction of extracellular fluid volume
(eg, during major hemorrhage).?”’ In cases of hy-
povolemia, BP drops significantly in the atri-
um. This causes AVP release, which leads to wa-
ter retention in the kidneys in order to preserve
blood volume. The release of AVP is also affect-
ed by hypotension-sensitive arterial barorecep-
tors (eg, in congestive heart failure) (FiGure 1).25:%°

Arginine vasopressinin the circulation The physio-
logic concentration of AVP ranges from 1 to 5 pg/
ml.3% At this level, it achieves the ability to main-
tain body fluid homoeostasis. This level of AVP
is below its vasoactive range (it only has a minor

| Arterial pressure

Hypothalamus

Pituitary gland

AvpP T

FIGURE1 The 3 pathways to stimulate arginine vasopressin (AVP) secretion from the posterior pituitary gland, including stress response, elevated blood
osmolality, and major blood pressure drap; 1, increased levels; |, reduced levels; +, positive stimulation

Abbreviations: ACTH, adrenocorticotropic hormone

9210

KARDIOLOGIA POLSKA  2019; 77 (10)



role in BP maintenance despite its vasoconstric-
tive properties).?>*' Higher plasma concentrations
(>50 pg/ml) are required to bring about its vaso-
constrictive effect and raise BP in healthy indi-
viduals.?? Under normal conditions, AVP is of mi-
nor importance for the maintenance of BP.33 It
can increase peripheral vascular resistance, but
BP would not be raised because the pressor ef-
fect of AVP would be buffered by a normal baro-
receptor reflex.?*? Therefore, it serves as a back-
up mechanism in the setting of impaired auto-
nomic nervous system (such as vasovagal syn-
cope, pure autonomic failure) or impaired baro-
receptor reflex (such as during septic shock).?3%

Due to the vasopressor effect of AVP, the use
of this agent as a potentially interesting alter-
native therapy for vasodilatory shock states is
starting to emerge.?* Studies have shown that
infusion of low-dose AVP in patients with va-
sodilatory shock reduces the need for norepi-
nephrine administration, sustains BP and car-
diac output, and also decreases pulmonary resis-
tance.’® A combined infusion of AVP (4 units per
hour) and norepinephrine (adjusted to maintain
amean arterial pressure of 70 mm Hg or higher)
was able to restore vascular tone in vasodilato-
ry shock treatment.’’ Vasodilatory shock states
include septic shock, postcardiopulmonary by-
pass shock, phosphodiesterase inhibition shock,
hemodynamic instability in organ donors, and
an irreversible phase of volume-treated hemor-
rhagic shock.3

In acute conditions, AVP levels can rise dra-
matically (ie, up to >500 pg/mlin severe hemor-
rhage and >450 pg/ml in cardiac arrest).”®3? As
MI disturbs homoeostasis, it may act as a stress-
or that may be one of the stimuli for AVP release,
because this hormone is involved in stress re-
sponse. Thus, AVP levels are very likely to be
elevated during MI. Recently, Roy et al*® dem-
onstrated an increase in the activity of cardi-
ac sympathetic nerves and AVP-secreting neu-
rons induced by MI in an animal model. Nota-
bly elevated plasma AVP levels have also been
documented in patients with evolving MI."” As
mentioned previously, at high concentrations,
AVP shows its vasoconstrictor effects. It was
reported that coronary vasoconstriction can
occur when serum AVP levels range between
10 and 1000 pg/ml.”

Arginine vasopressin and coronary vasculature in
myocardial infarction In the post-MI period,
AVP may have some detrimental effects. Al-
though the systemic vasoconstriction by AVP
can appear to be important in BP maintenance,
the resulting coronary vasoconstriction would
offer no homeostatic advantage.

Increased blood levels of AVP in dogs (from
amean [SD] 3.9 [0.9] pg/ml to 14.7 [4.6] pg/ml)
were found to impair ventricular contraction and
decrease stroke volume.* This negative inotropic
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effect may correlate with the finding that AVP

has the ability to produce coronary vasocon-
striction.*?*? This can exacerbate the already

compromised coronary perfusion, thus increas-
ing the infarct size and disturbing cardiac func-
tion. Arginine vasopressin was found to selec-
tively have more effect on the microvasculature

of the coronary arteries than on larger vessels

in both healthy and ischemic settings.”'® More-
over, AVP was demonstrated to have a stronger
constricting effect in parts where the ratio of
oxygen supply to oxygen demand was relative-
ly high (resembling postreperfusion in vivo).”

Moreover, AVP administration in a normoxic rat

heart was shown to constrict the coronary ar-
teries, reduce coronary perfusion, depress car-
diac function via a reduction of oxygen supply,
and increase lactate production. This constrict-
ing effect was weakened during hypoxia. How-
ever, when hypoxia was discontinued—thus re-
sembling reperfusion—a significant reduction

in coronary flow was observed.” If one would

translate this effect to human patients with MI,
itis conceivable that AVP release in response to

myocardial ischemia would cause vasoconstric-
tion in the coronary microvasculature distal to

the recanalized occlusion of the epicardial ves-
sel. This, in turn, could enhance or trigger isch-
emia-reperfusion injury.

However, there is some ambiguity in pre-
dicting the effect of AVP under ischemic condi-
tions in humans. Both coronary vasoconstric-
tion and vasodilation have been demonstrated
post-AVP treatment in experimental models.
One study described an increase of myocardi-
al blood flow under a low dose of AVP due to in-
creased systemic perfusion pressure and selec-
tive coronary vasodilation.’” Another study as-
sessed the effect of a bolus AVP injection into
the left descending artery in pigs, and AVP was
shown to significantly increase the vessel di-
ameter.’® Preclinical studies evaluated the ef-
fect of low-dose AVP in animal models of cardi-
ac arrest.’® They found an improvement in car-
diac contractility, yet they concluded that this
positive inotropic effect may probably be medi-
ated by increased coronary perfusion pressure
as opposed to vessel dilation. This contradic-
tory feature not shared by other vasoconstric-
tor agents might be explained if we looked into
the different receptors of AVP, as explained be-
low. The net effect of vasoconstriction or vaso-
dilation produced by AVP depends on the densi-
ty of different AVP receptors in the vascular bed
studied in the experimental models, and most
likely also on the dose of AVP.

Since the effect of AVP on coronary vessels is
dose dependent, progressive vasoconstriction
was observed with increasing AVP concentra-
tions.*® At low dose, this hormone may seem to
exert a “net positive inotropic effect.”** However,
Forrest et al?® found that AVP levels that cause
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minimal effects in healthy individuals may gen-
erate a marked pressor action in acute conditions.
Indrambarya et al* observed that low-dose AVP

administration (0.04 U/min) in mice after MI

and reperfusion had adverse effects, which in-
cluded depressed cardiac contractility and in-
creased mortality. Again, this heightened sensi-
tivity can be explained by receptor changes that

occur during different heart conditions. The net

effect of AVP on cardiac function in a stress con-
dition will depend on the AVP concentration as

well as on the coronary perfusion pressure, cor-
onary vascular tone, and selective activation of
certain receptor types.

Although animal and in vitro studies suggest
that AVP may promote a negative inotropic ef-
fect and coronary vasoconstriction, clinical stud-
ies of low-dose AVP administration have not re-
ported any adverse cardiac effects so far.*® All in
all, AVP levels, sensitivity, and its effect on cor-
onary vasculature in MI and reperfusion are yet
to be discovered. Increased AVP levels, when cou-
pled with heightened sensitivity of coronary ar-
tery microcirculation, may result in MVO in MI
and reperfusion.

Copeptin In the blood circulation, AVP is un-
stable and mainly bound to platelets. It is rap-
idly cleared, making its measurement difficult
and seldom accurate.***® Arginine vasopressin
originates from a large precursor called pre-
provasopressin, which is produced in the hy-
pothalamus®* and axonally transported to
the neurohypophysis.** Copeptin, a 39-amino
acid glycopeptide, is the C-terminal fragment of

1aa 20aa 28aa 32aa

Signal Avp Neurophysin II

preprovasopressin,*** which is cosecreted—in
an equimolar amount—with AVP into the circu-
lation following cleavage in the neurohypophy-
sis. Thus, copeptin can act as a surrogate bio-
marker for AVP and its levels reflect AVP pro-
duction. The secretion of copeptin and AVP is
similar to that of C-peptide and insulin (FIGURE2).

Unlike AVP with its short half-life of 5 to
20 minutes,*’ copeptin is much more stable
in the circulation, with its half-life of 82 min-
utes.”' This was also confirmed by our own find-
ing of copeptin’s half-life of 90 minutes (unpub-
lished data). Copeptin can remain stable ex vivo
even for days after blood withdrawal at room
temperature, 46474 making it readily measur-
able in plasma or serum.? As reliable plasma
AVP quantification is technically challenging
and time consuming, valid AVP assays are un-
common.?> More than 90% of circulating AVP is
bound to platelets, resulting in either under- or
overestimation of AVP levels.”? Another advan-
tage of copeptin measurement is that its con-
centrations remain unaltered by exogenous AVP
therapy, thus enabling the assessment of its en-
dogenous production.”” Therefore, the measure-
ment of copeptin is likely to be more accurate
than that of AVP.

Normal AVP levels vary between 1 and 5
pg/ml (equivalent to 0.9-4.6 pmol/l), and co-
peptin levels in healthy individuals range be-
tween 1.0 and 4.4 pmol/1.%5 It was reported that
both AVP and copeptin correlated with plasma
osmolality in healthy individuals (r = 0.77 and
r = 0.49, respectively). The same study also re-
vealed a close correlation of AVP and copeptin

124aa 1226aa 164aa

Copeptin

Preprovasopressin
E

Endoplasmic reticulum
Golgi apparatus

Secretory granules

Stimulus for secretion —>l

£
Q
o
S AVP
L
E
=
=
Not stable

‘ Tracer antibody

Very stable ex vivo—Target for biomarker of AVP release

FIGURE 2 Schematic presentation of the peptide precursor of arginine vasopressin (AVP) that undergoes several processes
through endoplasmic reticulum and golgi apparatus prior to becoming mature proteins that are stored in secretory granules.
Upon stimulation, the granules release the contents into the circulation. Copeptin, which is coreleased with AVP, is more stable
following blood withdrawal. Thus, it is more favorable to measure AVP through copeptin. Numbers denote the number of amino
acids (aa) present in each part.
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concentrations (r = 0.8).23 Apart from the hy-
perosmolar states, increased copeptin levels
were also found on nonosmotic stimulation that
increases AVP levels (ie, 79.5 pmol/l in sepsis,
171.5 pmol/lin septic shock, 269 pmol/l in hem-
orrhagic shock, 88 pmol/l in systemic inflam-
matory response syndrome, etc).*>**>° After MI,
plasma copeptin levels were the highest on ad-
mission and reached a plateau at days 3 to 5.4
Slagman et al*® showed that copeptin levels in-
creased right after spontaneous MI (highest
at admission) and decreased gradually within
12 to 36 hours. In a different study, the copeptin
concentration was found to be highest within 4
hours of symptom onset.’’ In patients undergo-
ing transcoronary ablation of septal hypertro-
phy as the equivalent of MI induction, the medi-
an copeptin concentration was significantly el-
evated at 30 minutes postablation (16.0 pmol/l;
interquartile range [IQR], 13.4-20.2 pmol/l),
peaked at 90 minutes (31.9 pmol/]; IQR, 16.4—
117.1 pmol/1), and returned to baseline after
24 hours (8.2 pmol/l; IQR, 6.3-10.1 pmol/1).8
The cutoff value for copeptin to exclude MI was
proposed at 14 pmol/1.°

When combined with cardiac troponins, co-
peptin has shown to provide additional diagnos-
tic sensitivity for early discrimination of acute
MI.>% The median copeptin levels in patients
with acute coronary syndrome without infarc-
tion was lower compared with those with MI.%¢
Due to the distinct temporal pattern of copeptin
release, it provides a diagnostic aid especially in
the first 3 hours of symptom onset, when cardi-
ac troponin levels have not yet increased.’®5">°
In an experimental study on pigs, increased cir-
culating copeptin levels were related to changes
in mean arterial pressure, that is, animals with
high values showed a reduction in mean arteri-
al pressure as a consequence of MI.50

In the post-MI period (days 2-5), copeptin lev-
els were found to be associated with myocardi-
al remodeling and heart failure in survivors of
MI.** High circulating copeptin levels had a pre-
dictive value for the outcome of advanced heart
failure after MI1.” Copeptin levels were higher in
patients who died or were readmitted with heart
failure in comparison with MI survivors (median,
18.5 pmol/l vs 6.5 pmol/]; P <0.0005).”? The pre-
dictive value of copeptin was found superior to
that of clinical variables, left ventricular ejection
fraction, and major cardiovascular risk factors.*®
Patients with MI with copeptin values above
the median level (10.4 pmol/]) demonstrated
alarger infarct area (r = 0.388, P = 0.004 at base-
line and r = 0.385, P = 0.011 at 4-month follow-
-up) and lower left ventricular ejection fraction
(r = -0.484, P <0.001 at baseline and r = -0.461,
P <0.001 at 4-month follow-up).t! This is support-
ed by another study that found a positive cor-
relation between plasma copeptin concentra-
tions and the infarct size (r = 0.96, P <0.0001).>8
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Furthermore, copeptin levels on admission were
found to independently predict the final infarct
size in a multivariate analysis.*® Copeptin levels
were also assessed in other populations, includ-
ing 1195 stable ambulatory patients with type 2
diabetes.®? In a 10-year follow-up, copeptin levels
were associated with cardiovascular death (haz-
ard ratio, 1.17; 95% CI, 0.99-1.39; P = 0.068) and
all-cause mortality (hazard ratio, 1.22; 95% CI,
1.09-1.36; P = 0.001). This association was found
to be independent after adjustment for various
confounders. The median baseline copeptin lev-
els in survivors were lower compared with those
who had died of cardiovascular causes and of
all causes (4.9 pmol/I [IQR, 3.0-8.5 pmol/1] vs
7.9 pmol/1 [IQR, 3.9-13.8 pmol/1] vs 7.3 pmol/1
[IQR, 3.7-13.0 pmol/1], P <0.0001).52

Given the similarities between copeptin and
AVP and the stability of copeptin, it is more fa-
vorable to measure AVP concentrations from this
surrogate biomarker. A sensitive sandwich im-
munoassay for the measurement of copeptin in
human serum or plasma has been developed.?®
The assay utilizes 2 polyclonal antibodies to
the amino acid sequence 132-164 of preprova-
sopressin in the C-terminal region of the precur-
sor: one antibody is bound to polystyrene tubes
and the other is labeled with acridinium ester
for chemiluminescence detection.*

Cardiac synthesis of arginine vasopressin
Initially, AVP was thought to be exclusively pro-
duced in the hypothalamus. However, in one
animal study, Hupf et al®® discovered AVP pro-
duction in the rat heart after left ventricular
pressure overload. Arginine vasopressin mRNA
and peptide were detectable following 60 min-
utes of elevated wall stress. Thus, AVP can be
expressed by the heart independent of central
production in response to an insult to the heart.
Boeckel et al’! analyzed local cardiac copeptin
release by using a transcoronary gradient mod-
el in patients with acute MI. Transcoronary gra-
dient model data were calculated by comparing
blood samples withdrawn from the aortic bulb
and the coronary venous sinus. Although they
discovered a significant increase of copeptin lev-
els in the systemic circulation, they did not ob-
tain a positive gradient for copeptin, suggest-
ing no significant production of copeptin in
the heart. However, further studies are need-
ed to confirm this finding.

Arginine vasopressin receptor Arginine
vasopressin exerts its actions through several
AVP G-protein-coupled receptors?*3': receptor
la (AVPR1a), receptor 1b (AVPR1Db, also known
as receptor 3), receptor 2 (AVPR2), oxytocin sub-
types (OTR), and P, purinergic receptors (P,R).
The AVPR1a receptor is located predominantly
in vascular smooth muscle cells3'465; AVPR1b, in
the anterior pituitary; and AVPR2, in the distal
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FIGURE 3  Arginine vasopressin receptor Ta (AVPR1a) is a G-protein coupled receptor. Upon activation by arginine vasopressin
(AVP), Gq protein a subunit (Gaq) stimulates phospholipase C (PLC) to hydrolyze phosphatidylinositol 4,5-biphosphate (PIP,),
thereby increasing cytosolic calcium ion (Ca?*) levels and mediating cell contraction.

Abbreviations: ADP, adenosine diphosphate; ATP, adenosine triphosphate; CaM, calmodulin; ER, endoplasmic reticulum; GDP,
guanosine diphosphate; GTP, guanosine triphosphate; IP;, inositol triphosphate; MLCK, myosin light-chain kinase; P, phosphate

tubules and collecting ducts of the kidneys.?' Oxy-
tocin subtypes are present in high density in the

vascular endothelium,” while P,Rs are expressed

on the cardiac endothelium.?

Upon binding to AVPR1a, the peripheral and
coronary vessels undergo vasoconstriction.?
In arteriolar smooth muscle cells, stimulation
of AVPR1a leads to an increase in ionized cal-
cium in the cytoplasm via the phosphatidyl-
-inositol-bisphosphonate cascade.?*3® In addi-
tion to smooth muscle cells, AVP can also in-
crease intracellular calcium levels in cardiac my-
ocytes through AVPR1a (FiGURe3).5¢

The pressor effect of AVP was eliminated in
AVPR1a-/-mice,’"" indicating that AVP-induced
vasoconstriction is mediated through AVPR1a.
As mentioned previously, the vasoconstrictive
action of AVP is more marked in acute condi-
tions.” This heightened sensitivity was found in
patients with MI, whose coronary arteries, espe-
cially the arterial microvessels, were shown to
have an increased vasoconstrictive response to
AVP after ischemia in comparison with the con-
trol group.?® Indrambarya et al® also observed
that low-dose AVP administration (0.04 U/min)
had minimal effects on baseline mice hearts but
exerted adverse effects on mice hearts after re-
perfusion of MI. This ischemia-induced cardiac
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sensitization to AVP might be caused by upreg-
ulation of AVPR1a. Human platelets also seem
to express AVPR1a, which upon stimulation pro-
motes aggregation by increasing intracellular
calcium,? thus favoring ischemia-reperfusion
injury. However, the thrombotic response ap-
pears to vary among individuals due to the het-
erogeneity and polymorphism among AVPR1a
receptors of human platelets.?

The most abundant AVP receptor in the heart
appears to be AVPR1a.” However, P,Rs have
also been shown recently to be expressed on
the cardiac endothelium, where AVP can exert
its cardiac effects.? An intracoronary infusion
of AVP in combination with dextran produced
coronary vasoconstriction and negative inotro-
py in isolated perfused guinea pig hearts.These
outcomes were inhibited by AVPR1a and P,R
antagonists.?* Therefore, the vasopressor effect
of AVP on the heart can be mediated by more
than 1 receptor type.

Another AVP receptor of interest is the OTR.
It has equal affinity for both AVP and oxyto-
cin; thus, it is considered to be nonselective.?
These receptors abound on the vascular endo-
thelium to mediate nitric oxide—dependent
vasodilation.?*® This finding might explain
the seemingly contradictory actions of AVP in



the heart: coronary vasoconstriction vs vaso-
dilation as well as a positive vs negative inotro-
pic effect. A discrepancy in response to AVP be-
tween the “normal” and stressed heart has been
reported (ie, vasoconstriction in the normoxic
state and vasodilation during hypoxia, as men-
tioned earlier).® Thus, the activity and density
of OTR vs AVPR1a and P,R in MI and reperfu-
sion are yet to be elucidated. Recently, OTR has
been discovered in the heart, and, upon stimula-
tion, it facilitated the release of atrial natriuret-
ic peptide (ANP).?* The release of ANP by AVP
seems to be affected by hemodynamic changes,
as only pressor doses of AVP generated an im-
mediate increase in plasma ANP levels.*

Arginine vasopressin in cardiovascular dis-
eases Rohlaetal’ revealed a predictive value
of osmolality on admission for death outcome
in patients with acute coronary syndrome un-
dergoing PCI. They found that patients with os-
molality greater than 292 mOsm/kg on admis-
sion had a 2.8-fold increased risk of in-hospital
mortality. The same level of osmolality on ad-
mission was also associated with higher death
rates after 30 days and 1 year. They also report-
ed a study which found that the mean osmolal-
ity on admission and maximum osmolality lev-
els were significantly higher among MI patients
who died after 3 months in comparison with sur-
vivors.”? At first, the rationale for their hypothe-
sis was that osmolality would be directly affected
by blood glucose and blood urea nitrogen levels.
Later, they concluded that this parameter was
independent of the presence of diabetes and re-
nal impairment.’’ This may suggest the role of
AVP—activated by high osmolality—in bring-
ing about detrimental effects. The AVP level ap-
proximately 1 month after MI was also indepen-
dently associated with adverse long-term cardio-
vascular outcomes, including heart failure, re-
current MI, and death.%

Francis et al®® observed elevated AVP levels
in patients with heart failure and left ventric-
ular dysfunction after MI, suggesting some as-
sociation with adverse cardiovascular outcomes.
They also reported elevated AVP levels in pa-
tients with asymptomatic left ventricular dys-
function when compared with controls, where-
as patients with symptomatic mild-to-moderate
heart failure had even higher AVP levels.5® On
the other hand, elevated levels of AVP might lead
to an increase in ANP levels in heart failure.®
Moreover, AVP levels were not shown to corre-
late with serum sodium levels or cardiac index.”
This lack of correlation indicates the possibility
of an impaired osmotic regulatory mechanism
in cardiovascular diseases.”

Arginine vasopressin antagonist Current-
ly there are 2 AVP antagonists: conivaptan and
tolvaptan. Conivaptan is a combined AVPR1a
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and AVPR2 antagonist, whereas tolvaptan is
an AVPR2 antagonist. Therapy with AVP recep-
tor antagonists has been recommended to reduce
cardiac afterload in patients with congestive
heart failure.3® Creager et al (as quoted in Udel-
son et al®®) studied patients with heart failure
undergoing short-term therapy with an AVPR1a
antagonist and found a reduction in system-
ic vascular resistance and an increase in cardi-
ac output. In a randomized placebo-controlled
trial, Udelson et al®® found that conivaptan had
favorable hemodynamic and renal effects in pa-
tients with heart failure: a reduction in system-
ic vascular resistance with an increase in cardiac
output as well as an increase in diuresis. Hemo-
dynamic effects of conivaptan were also evalu-
ated in a study of patients with heart failure in
New York Heart Association functional class III
or IV.”? Conivaptan administration was associ-
ated with a significant reduction in pulmonary
capillary wedge pressure and right atrial pres-
sure as well as an increase in urine output. No
serious adverse outcomes or drug-related deaths
occurred. Administration of the AVP antagonist
in rat hearts after hypoxia and AVP infusion
resulted in a significant increase in coronary
flow, eliminating the AVP-mediated cardiac ef-
fects of contractile function.”” Pretreatment with
a specific AVPR1a antagonist abolished the coro-
nary vasoconstrictor effect and contractility re-
sponses.’® Furthermore, Zeynalov et al’”® evalu-
ated the effect of an AVP receptor antagonist
in an experimental mice model of stroke. They
found that continuous infusion of conivaptan,
but not tolvaptan, resulted in a favorable hemo-
dynamic outcome as it reduced brain edema and
blood-brain barrier disruption. The AVPR1a in-
hibition after subarachnoid hemorrhage led to
improvements in regional cerebral blood flow.”3
Looking at the above results, the hemodynam-
ically altering agent—which is the point of in-
terest in MI—is conivaptan. As a dual AVPR1a
and AVPR2 blocker, conivaptan is able to regu-
late both vascular tone and urine output at the
same time. Conivaptan is a nonpeptide combined
AVPR1a andAVPR2 antagonist.”” It is the first AVP
receptor antagonist to be approved in the United
States, and it is currently indicated for the treat-
ment of euvolemic hyponatremia (<135 mEq/1).”?
For that condition, conivaptan is administered as
a 20 mg intravenous bolus over 30 minutes (load-
ing dose), followed by a continuous infusion of
20 mg over 24 hours for up to 4 days.””? Howev-
er, Udelson et al®® administered a single intrave-
nous dose of 20 to 40 mg in patients with heart
failure. Apart from its intravenous preparation,
Ghali et al”* found that oral conivaptan (40 and
80 mg/dl) was well tolerated and efficacious in
correcting serum sodium levels in hyponatremia.

Conclusions Arginine vasopressin is released
into the circulation as part of stress response
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triggered by MI. This is most likely attribut-
able to increased hypothalamic AVP expres-
sion, in contrast to the local cardiac AVP sys-
tem. Arginine vasopressin, most likely at high-
er (nonphysiologic) concentrations, can exert
vasoconstrictive effects on the coronary arter-
ies in preclinical models, mainly in the nonepi-
cardial vessels of the microcirculation. Circu-
lating AVP levels are up to 100-fold higher in
MI and do not immediately return to baseline
levels upon reperfusion. This may contribute to
the slow flow phenomenon and mediate isch-
emia-reperfusion injury. Ischemia-induced car-
diac sensitization to AVP from the upregula-
tion of AVPR1a or P,R expression needs to be
evaluated in future studies. We suggest that
both AVP and copeptin have more than just
a predictive value and that they are involved in
the pathophysiology of adverse outcome post

Hypothalamus
Stress response regulator

Supraoptic and paraventricular nucleus

Posterior pituitary

Arginine vasopressin

PP~ Coepin |

f AvPR1a, PR

MI causes homeostasis
disturbance (stressor)

Vasoconstriction of
coronary artery

microvasculature I-Rinjury

Local
Avp
production

FIGURE4 Hypothesis summary. Myocardial infarction (MI) acts as a stressor, which is sensed by
the brain. The hypothalamus serves as a stress response regulator. In response to stress,

the supraoptic and paraventricular nuclei of the hypothalamus increase the expression of arginine
vasopressin (AVP), with a subsequent release from the posterior pituitary gland. AVP is cosecreted
with copeptin. In turn, AVP brings about a detrimental effect to the coronary artery
microvasculature by binding to AVP receptor 1a (AVPR1a) or P, purinergic receptors (P,R), which get
upregulated during ML This mediates further ischemia-reperfusion (I-R) injury despite
recanalization. Furthermore, we hypothesize that MI could activate local AVP production, which
results in additional vasoconstrictive effect in the coronary artery microvasculature. The resulting
cinjury can cause further disturbance.

Abbreviations: VSMC, vascular smooth muscle cell
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MI. This mandates a clinical trial with conivap-
tan, an AVP-receptor antagonist, in patients
with acute myocardial infarction undergoing
reperfusion therapy (FIGURE 4).
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