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Adrenomedullin (AM) is an endogenous peptide mainly secreted from endothelial cells, which has multiple physi-
ological actions such as anti-inflammation, vasodilation, vascular permeability regulation and angiogenesis. Blood
AM levels are upregulated in a variety of pathological states including sepsis, severe COVID-19, acute ischemic
stroke and vascular cognitive impairment with white matter changes, likely serving as a compensatory biologi-
cal defense response against infection and ischemia. AM is currently being tested in clinical trials for ulcerative
colitis, Crohn’s disease, severe COVID-19 for its anti-inflammatory properties and in ischemic stroke for its addi-
tional angiogenic action. AM has been proposed as a therapeutic option for vascular cognitive impairment as its
arteriogenic and angiogenic properties are thought to contribute to a slowing of cognitive decline in mice after
chronic cerebral hypoperfusion. As AM promotes differentiation of oligodendrocyte precursor cells into mature
oligodendrocytes under hypoxic conditions, AM could also be used in the treatment of CADASIL, where reduced
oxygen delivery is thought to lead to the death of hypoxia-prone oligodendrocytes. AM therefore holds poten-
tial as an innovative therapeutic drug, which may regenerate blood vessels, while controlling inflammation in

cerebrovascular diseases.

Introduction

Advances in acute stroke therapies, such as intravenous tissue plas-
minogen activator and endovascular treatment, have resulted in im-
proved vessel recanalization rate of 70-80%, benefitting many patients
after ischemic stroke. However, according to recent global burden of dis-
ease data on stroke, in 2013 there were 25.7 million stroke survivors,
6.5 million deaths from stroke, 113 million DALYs due to stroke, and
10.3 million new strokes. Stroke is also the main cause of becoming
bedridden, dementia and death [1]. The treatment of acute stroke poses
two major issues; firstly, how to resolve tissue damage resulting from
acute stroke and, secondly, how to alleviate long-term stroke-associated
effects such as vascular cognitive impairment. Despite considerable en-
thusiasm and investment from the pharmaceutical industry, clinical tri-
als of many drugs for many cardiovascular diseases, including stroke,
have been unsuccessful [2]. Nevertheless, several natural endogenously-
occurring peptides or peptidomimetics, synthesized by the human body
in the evolutionary process, have been approved and used in clinics,
as components of ‘pre-built’ drugs [3]. These include tissue plasmino-
gen activator for ischemic stroke and anti-natriuretic peptide for chronic
heart failure. In addition to the model pre-built drug, insulin, glucagon-
like peptide-1 has recently been used in the treatment of diabetes melli-
tus, one of the most important risk factors of stroke [4]. In this review,
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adrenomedullin (AM), which has shown promising pleiotropic proper-
ties and has been suggested as a future possible treatment for a variety of
diseases, including ischemic stroke and vascular cognitive impairment,
will be examined.

Biochemical features of adrenomedullin

AM is a 52-amino acid vasoactive peptide containing a disulfide bond
discovered in human pheochromocytoma tissue and coded by a gene on
human chromosome 11 [5,6]. Expression of the AM gene is regulated by
hypoxia, inflammatory stimuli and shear stress (Fig. 1) and has consen-
sus sequences for binding sites of transcription factors, which include
hypoxia-inducible factor-1, nuclear factor for interleukin-6 expression
and shear stress responsive element in its promoter region [6]. AM is
widely biosynthesized and secreted, not only in the adrenal medulla,
but also the cardiovascular system, including cerebral endothelial cells
[7].

AM exerts bioactivity by binding to a heterodimer receptor com-
posed of the calcitonin receptor-like receptor (CLR) and receptor
activity-modifying protein type 2 (RAMP2) or 3 (RAMP3), named AM1
and AM2 receptors, respectively [8]. Upregulation of AM by hypoxia or
sheer stress has various physiologically-active effects such as vasodila-
tion, vascular permeability regulation, suppression of vascular endothe-
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Fig. 1. Signaling pathway of adrenomedullin
(AM) in cells forming the blood-brain barrier.
AM binds to a heterodimer receptor composed
of the calcitonin receptor-like receptor (CLR)
and receptor activity-modifying protein type
2 (RAMP2) or 3 (RAMP3), termed AM1 and

Proinflammatory cytokine

AM2 receptors, respectively. Upregulation of
AM in endothelial cells by hypoxic-ischemic
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injury, shear stress, or proinflammatory cy-
tokines induces angiogenesis through activa-
tion of Akt, MAPK, and FAK in an autocrine
manner. AM directly binds to AM receptors
on vascular smooth muscle cells (SMCs) and
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lium apoptosis / oxidative stress, regulation of vascular smooth mus-
cle growth and angiogenesis [9,10]. These effects are mediated by ac-
tivation of phosphatidylinositol 3-kinase (PI3K)/Akt, mitogen-activated
protein kinase/extracellular signal-regulated kinase 1/2 and focal adhe-
sion kinase in endothelial cells, or by activation of PI3K/Akt and other
signaling pathways in vascular smooth muscle cells (Fig. 1). AM also
has anti-inflammatory effects by directly stimulating AM receptors in
immune cells [11].

AM in infectious disease

Blood AM concentration is markedly increased in patients with sepsis
as the AM gene possesses a binding site for nuclear factor for interleukin
6 expression in its promoter region, which mediates inflammatory stim-
uli [6]. The relationship of AM with infection and inflammation has
thus attracted attention in recent years. Administration of AM to septic
mice models reduces plasma inflammatory cytokine levels and improves
hemodynamics [11]. AM has been shown to play a key role in reducing
vascular (hyper) permeability and promoting endothelial stability and
integrity following severe infection [12]. Accordingly, AM expression
has been found to be higher in more severe respiratory infections, in-
cluding COVID-19, indicating AM is associated with COVID-19-induced
endothelitis [13]. Clinical trials of AM are thus currently undergoing in
patients with COVID-19.

AM in inflammatory disease

The strong anti-inflammatory effects of AM has led researchers to
study whether AM is effective in intractable ulcerative colitis or Crohn’s
disease [14-16]. AM induces anti-inflammatory effects through stim-
ulation of AM receptors in immune cells, which increase intracellular
cAMP concentrations and activate of protein kinase A, suppressing pro-
inflammatory, and upregulating anti-inflammatory, cytokine transcrip-
tion [11].

—
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’ Oligodendrogenesis | kinase; FAK, focal adhesion kinase; IP3, inositol
triphosphate; MEK, mitogen-activated protein
kinase; NO, nitric oxide; PI3K, phosphatidyli-
nositol 3-kinase; PKA, protein kinase A; PKG,

protein kinase G.

AM as a biomarker of cerebrovascular diseases

Blood concentration of AM is proportional to the severity of cere-
brovascular lesions [17]. Indeed, overexpression of the AM gene has
been detected in stroke patients and is associated with stroke sever-
ity [18]. Because of the short (22-minute) half-life of AM [19], midre-
gional pro-adrenomedullin (MR-proAM), a non-functional precursor of
AM, has also been used as an indicator of AM production [20]. Plasma
MR-proAM levels were significantly higher in patients with unfavorable,
compared to favorable, outcomes after ischemic stroke [21]. MR-proAM
levels were significantly increased in patients with acute penetrating
artery territory infarction, where symptoms were worsening [22], sug-
gesting AM serves as an indicator of microcirculatory failure. Accord-
ingly, Kuriyama et al. found MR-proAM levels to be associated with pro-
gression of deep white matter lesions [23]. The odds ratio for high MR-
proAM levels was 3.08 (95% confidence interval: 1.49-5.17) in groups
with Fazekas grade 3 on brain MRI, suggesting high MR-proAM levels
are an independent risk factor for deep white matter lesions. Moreover, a
significant inverse correlation was observed between MR-proAM levels
and cognitive test scores, suggesting MR-proAM could act as a serum
biomarker for vascular cognitive impairment. Interestingly, the same
group reported five SNPs of AM receptor genes, consisting of 1 SNP of
RAMP2 and 4 SNPs of CLR, are associated with stroke [24].

AM for treatment of cerebrovascular diseases

The efficacy of AM administration as a therapeutic agent has been
demonstrated in various animal models of cerebrovascular disorders.
AM overexpression or administration has been shown to reduce infarct
size in a middle cerebral artery (MCA) occlusion model, which reca-
pitulates acute cerebral ischemia [25]. Furthermore, Miyamoto et al.
reported a decrease in ischemic tolerance in heterozygous AM knock-
out (AM +/-) mice [26]. Consistent with these findings, heterozygous
RAMP2 knockout mice showed greater reductions in neurons than wild-
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type mice, together with slower recovery of cerebral blood flow in
acute ischemia induced by MCA occlusion [27]. These findings sug-
gest AM is an important endogenous peptide that promotes the biologi-
cal defense response against cerebral ischemia through the AM-RAMP2
system. In addition, AM suppressed neuronal loss and reactive oxy-
gen species levels in a rat model of transient bilateral common carotid
artery occlusion and reperfusion [28]. Brain levels of malondialdehyde,
a marker of oxidative stress, were lower, while superoxide dismutase
and glutathione peroxidase antioxidant enzyme activity was higher in
rats receiving AM, compared to those not. Nevertheless, when AM was
conditionally knocked out from endothelial cells, mice exhibited less
ischemia-induced brain damage. One plausible mechanism behind this
phenomenon is the decreased expression of adhesion molecules, such as
Mcam and the proinflammatory mediator Len2, in conditional knockout
mice [29]. In this context, AM may therefore have a harmful effect in
the endothelium but a neuroprotective effect when administered system-
ically [29]. In addition, intracerebroventricular injection of AM results
in an increase in ischemic injury [30]. The effects of AM may thus be
context- and/or cell type-dependent.

Importantly, AM has been shown to be effective in chronic cerebral
hypoperfusion. AM exerts a tissue-protective effect, through angiogene-
sis and suppression of microglial activation, in mice with chronic cere-
bral hypoperfusion induced by bilateral common carotid artery stenosis
[31]. In this study, AM was shown to upregulate brain vascular endothe-
lial growth factor (VEGF) and basic fibroblast growth factor (bFGF) ex-
pression, specifically in the hypoperfused, but not normoperfused, brain.
Accordingly, increased AM has been shown to trigger a feedback system
downregulating RAMP2, in the normoperfused, but not hypoperfused,
brain [31,32]. The context-specific properties of AM may thus be use-
ful when applied to cerebrovascular diseases as its signaling operates in
hypoperfused tissue only. In addition, heterozygous RAMP2 knockout
mice have demonstrated enhanced neuronal loss, along with less com-
pensatory capillary growth, after chronic cerebral hypoperfusion [27].
Taken together, these results suggest AM regulates two key growth fac-
tors involved in angiogenesis, VEGF and bFGF, in the AM-RAMP2 sig-
naling pathway, making AM an important peptide in facilitating the bi-
ological defense response against cerebral oligemia and ischemia.

Effects of AM in cultured cells

AM promotes capillary tube formation of cultured endothelium in
vitro, whereas VEGF neutralization abolishes these effects. The upregula-
tion of VEGF and bFGF by AM is thought to be mediated through the AM
receptor and PI3K pathway [32]. PI3K phosphorylates Akt, which then
activates endothelial nitric oxide synthase in endothelial cells, subse-
quently leading to activation of an endothelium-dependent cyclic GMP-
dependent kinase pathway in vascular smooth vascular cells (VSMCs)
[33]. Alternatively, AM can bind directly to AM receptors on VSMCs
and activate the cAMP/protein kinase A or PI3K/Akt pathway, causing
vasorelaxation via the endothelium-independent pathway [33]. Activa-
tion of such endothelial-dependent and endothelial-independent path-
ways synergistically improve blood perfusion in ischemic tissue [10].

AM exerts its role in cells other than endothelial and VSMCs, promot-
ing differentiation of oligodendrocyte precursor cells (OPC) into myelin-
basic-protein-expressing oligodendrocytes under pathological condi-
tions in vitro. AM treatment increases Akt phosphorylation in OPC cul-
tures and PI3K/Akt inhibitor blocked AM-induced OPC differentiation
[34], suggesting that AM preserves white matter integrity through the
PI3K/Akt signaling pathway.

Clinical application of AM into cardiovascular diseases

AM safety may become an issue for clinical application in cardio-
vascular diseases. Blood pressure fluctuations associated with vasodi-
lation in the acute phase of cerebral infarction may lead to worsen-
ing of cerebral infarction and complications associated with angiogen-
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esis. However, a Phase 1 clinical trial has demonstrated AM to be safe
and clinically-tolerable when administered intravenously [35]. All 24
subjects in the single-dose test with continuous 12-h infusion (placebo,
3 ng/kg/min AM, 9 ng/kg/min AM, or 15 ng/kg/min AM; n = 6 each)
completed the study. Of 12 subjects in the 8 h per day for 7 days (placebo
or 15 ng/Kg/min) multiple-dosing test, one from the AM group with-
drew due to headache. However, no serious AEs were reported. Hemo-
dynamic parameters, such as blood pressure and pulse rate, were well
maintained in all subjects.

Since AM is an endogenous substance, its antigenicity is low and
its safety guaranteed. In addition, AM has already been administered
in clinical trials in inflammatory bowel disease [14], congestive heart
failure [9], acute myocardial infarction [36] and old cerebral infarc-
tion (personal communications with Prof. Kitamura), with no major ad-
verse events recorded. Based on this evidence, an investigator-initiated,
double-blind, placebo-controlled, randomized clinical trial, the AMFIS
trial (JRCT ID: jJRCT2051190092) for acute cerebral infarction, has com-
menced at a dose of 9 ng/kg/min AM [37]. AM is expected to be an in-
novative therapeutic drug in the regeneration blood vessels, while con-
trolling inflammation, in the acute phase of cerebral infarction.

Clinical application of AM into vascular cognitive impairment

The effects of AM may also be felt in an important stroke-related co-
morbidity, vascular cognitive impairment (VCI). Neuronal atrophy re-
sulting from vascular damage in both the temporal and frontal lobes
may underlie VCI [38]; therefore, a strategy restoring cerebral blood
flow to such regions may hold promise. AM could prove an ideal drug
for VCI as it promotes arteriogenesis through arterial dilatation and an-
giogenesis through capillary outgrowth [31]. In addition, AM may in-
hibit microglial activation and inflammation observed in VCI [39], as
inflammation underlies blood brain barrier disruption and white matter
damage in VCI [40]. Such pleiotropic actions of AM may warrant further
examination in clinical trials in VCI.

Another target disease of AM could be a hereditary type of VCI
caused by NOTCH3 mutations, cerebral autosomal dominant arteriopa-
thy with subcortical infarcts and leukoencephalopathy (CADASIL). Spo-
radic VCI and CADASIL share underlying mechanisms such as blood-
brain barrier disruption and white matter changes [41]. In addition, ge-
netic and clinical studies have shown that CADASIL may be underdiag-
nosed in patients with mild clinical or radiological phenotypes [42,43].
In CADASIL, increased NOTCHS3 activity mediates pathological changes
in the structure of cerebral arteries, leading to a reduction in maximal
dilator capacity of cerebral arteries and cerebral blood flow [44]. Since
NOTCHS3 is specifically expressed in mural cells among mature somatic
cells, impaired cerebral autoregulation in CADASIL is thought to arise
from dysfunctional mural cells (e.g. vascular smooth muscle cells and
pericytes). However, a recent study has shown pericyte coverage loss
and blood brain barrier leakage is not a consistent feature of white mat-
ter lesions in CADASIL [45]. Instead, this study suggests reduced oxygen
delivery in CADASIL may lead to the death of hypoxia-sensitive oligo-
dendrocytes. Consistent with this notion, NOTCH3 has been shown to
be essential for oligodendrocyte development in zebrafish, and NOTCH3
mutants with abnormal myelination show transient reduction in OPCs
[46]. In other words, impaired oligodendrogenesis and myelination may
be a primary and direct effect of the NOTCH3 mutation in CADASIL.
Given AM promotes in vitro differentiation of OPCs, even under hypoxic
conditions [34], it may compensate for the death of oligodendrocytes
through its direct effect on OPCs and resultant increase in the phos-
phorylated Akt cell survival signal [34] (Fig. 1). Thus, AM may have
at least triple sites of action on components of the neuro-glial-vascular
unit consisting of vessels, microglia and oligodendrocytes [47,48]
or, more specifically, on the white matter oligovascular unit [49]
(Fig. 2).

Disruptions in cell-cell interactions in the oligovascular unit may
lead to vascular cognitive impairment [50]. One example is an abnormal
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Fig. 2. Schematic diagram of the interactions between major cellular compo-
nents within the brain white matter (WM).

WM microvessels are associated with astrocytes, oligodendrocyte precursor cells
(OPCs), microglia/macrophages and pericytes. The gliovascular unit of the WM
is formed by astrocyte end feet juxtaposed to the WM endothelium. Glial and
endothelial cells functionally interact with each other in a paracrine manner. To-
gether with astrocytes, pericytes are important players within the gliovascular
unit and modulate vessel diameter. The oligovascular niche is formed by OPCs
and the endothelium, where an exchange of soluble signals (e.g. trophic factors
such as adrenomedullin (AM) or chemical messengers) plays an important role
in sustaining oligodendrocyte homeostasis and WM integrity. Microglial pro-
cesses are closely associated with the brain endothelium in a fraction of cerebral
microvessels and patrol vasculature in the central nervous system.

interactions between pericytes and endothelial cells in CADASIL [51].
Direct effects of AM on endothelial and mural cells, the two major com-
ponents of the oligovascular unit, may lead to hemodynamic stability
through facilitated angiogenesis and vasodilation (Fig. 1). OPCs and en-
dothelium contribute to the oligovascular unit, where an exchange of
soluble signals plays an important role in sustaining oligodendrocyte
homeostasis and WM integrity [49]. In addition, OPCs and pericytes di-
rectly adhere to, and communicate with each other, via basal lamina
in their proliferation and differentiation [52]. Such effects may be fa-
cilitated via the AM-induced PI3K-Akt signaling cascade (Fig. 1) [34].
Clinical trials are planned for AM in CADASIL, which currently has no
treatment to prevent clinical deterioration. Lomerizine hydrochloride,
a calcium channel blocker with smooth muscle relaxing activity, has
been suggested to be effective in CADASIL through its vasodilatory effect
[53], with similar expectations for AM. However, the above-mentioned
direct effects of AM on endothelial cells and OPCs may distinguish AM
from vasodilators in the treatment of CADASIL.

Limitations of AM, when applied to chronic diseases, such as VCI,
include a short half-life and hypotensive effects. Hypotensive effects are
generally mild: even high doses of AM only induce approximately a 10%
reduction of systolic blood pressure [31]. As a non-hypotensive dose of
AM has been shown to be effective in animal models of acute stroke
[25] and chronic cerebral hypoperfusion [31], low doses (9 ng/Kg/min)
have been used in clinical trials for acute ischemic stroke [37]. In ad-
dition, PEGylated AM has been reported to have a longer half-life and
significantly smaller blood pressure-lowering effect in rats, compared
with native AM [54]. Though AM should only be administered intra-
venously, PEGylated AM may be injected subcutaneously [55]. Future
research on this promising endogenous peptide is imperative to meet
the needs for effective treatment of VCI.
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Conclusions

Based on its angiogenic and anti-inflammatory properties, clinical
trials of AM are now taking place in patients with inflammatory bowel
disease, COVID-19 and acute ischemic stroke, with more in VCI planned.
Furthermore, the oligodendrogenetic properties of AM may offer ad-
ditional benefits in CADASIL, which features inherent impairments in
oligo-vascular unit function.
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