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Vasoactive peptides constitute a heterogenous family of media-
tors exerting various physiological functions, mostly studied for
their vasotropic effects and role as peripheral neurotransmit-
ters/neuromodulators, mainly involved in nociceptive transmission
modulation. They have been divided into vasodilatory or vaso-
constrictive peptides, according to their predominant effects on
vascular tone. Recent research has shown in the Central Nervous
System effects as transmitters and “growth factor-like” signals.
Therefore, deregulation of their signaling systems has been thought
to play a role in neural cell death and in the pathogenesis of
neurodegenerative disorders, including Alzheimer's disease, since
these peptides can regulate neuronal stress signaling, survival
cascades, synaptic plasticity. This review considers evidence about
the implication of neuropeptide systems in Alzheimer's disease
while focusing mainly on calcitonin gene-related peptide-alpha.
In vitro and in vivo studies have shown potential implications in its
pathogenesis. It has been possibly proposed as a neuroprotective
agent, considering not only its pleiotropic actions on blood vessels,
neurovascular coupling, energy metabolism, but also its potential
actions on neuronal, glial, and immune system stress signaling,
which might also derive from its structural homology to amylin.
Amylin signaling is thought to be disrupted in Alzheimer's disease,
and amylin itself takes part in the composition of senile plaques.
Calcitonin gene-related peptide-containing systems seem more
closely related to Alzheimer's disease pathogenesis than other
neuropeptidergic systems, and their regulation might represent an
interesting mechanism in developing novel therapeutic approaches.
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1. Alzheimer’s disease: pathogenesis and
current therapeutic options

This review highlights the potential roles of vasoactive
peptides in the pathogenesis of Alzheimer’s disease (AD). It
is a complex neurodegenerative disease whose most promi-
nent features, on a neuropathological basis, are thought to be
atrophy and neuron loss as well as the accumulation in sev-

eral cortical areas of pathologic elements like senile plaques,
mainly composed of amyloid-beta 1–42 and amylin, and neu-
rofibrillary tangles, mainly composed of hyperphosphory-
lated tau [1, 2].

The precise etiology of this disease remains elusive, al-
beit its pathogenesis has been extensively studied in several
different animal models, which summarize various biologi-
cal aspects and processes occurring during the disease con-
tinuum [3–5]. Numerous biochemical events occur during
disease progression, leading to disruption of neuronal and
glial housekeeping processes, from lipid signaling [6] to one-
carbonmetabolism imbalance [7–9], energy metabolism, mi-
tochondrial energy and free radical production [10], calcium
homeostasis [11], ultimately resulting in synaptic network
failure, which is thought to be responsible for the develop-
ment of cognitive impairment [12–14]. The disease processes
are not thought to be exclusively confined within neurons,
since various in vitro and in vivo studies have highlighted the
importance of glial and microglial housekeeping and signal-
ing processes [15], as well as their interaction with neurons,
in shaping the events leading to the progression of the dis-
ease and the development of dementia. Other mechanisms,
which have been thought to play a role in the disease contin-
uum are inflammation of the central nervous system (CNS)
[16], immune system and vascular dysfunction [17].

Given the neuropathological aspects, the neurotoxicity
observed both in vitro and in vivo by various amyloid isoforms,
and considering the monogenic forms of this disease, which
are caused by mutation of genes involved in amyloid pre-
cursor protein (APP) processing (APP, presenilin 1 [PSEN1],
presenilin 2 [PSEN2]) [18], much effort has beenmade to elu-
cidate possible mechanisms linking amyloid processing dys-
function, amyloid and tau accumulation to the development
of dementia. Considering data from human neuropatholog-
ical studies and the paramount importance of amyloid and
tau accumulation in animal models of the disease, the amy-
loid hypothesis was formulated, implying as the major cul-
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prit for the development of dementia, the neurotoxic prop-
erties of accumulated senile plaques and neurofibrillary tan-
gles, which over time spread progressively to involve wide
areas of the cerebral cortex [19]. In sporadic forms of the dis-
ease, data from genomic studies have highlighted an associa-
tion between genetic loci involved in inflammation, immune
response, vesicle and endosome cycling, lipid signaling, cy-
toskeletal assembly, and susceptibility to disease development
[15, 18]. Therefore, it was theorized that the amyloid cascade
triggers the recruitment of othermechanisms over time, such
as astroglial and microglial dysfunction, inflammation, neu-
rovascular dysfunction, impairment in growth factor signal-
ing and loss of blood-brain barrier (BBB) integrity [20], lead-
ing to impaired brain energy metabolism and synaptic fail-
ure. Recent studies have also highlighted a potential associa-
tion between gut dysbiosis and AD progression since the gut
microbiome regulates inflammation andmicroglia activation
within the CNS. Sodium oligomannate, a drug acting on the
gut microbiome, was approved in China in 2019 as a treat-
ment for AD [3, 21–24].

Animal studies reproducing the neuropathological aspects
of amyloidopathy and tauopathy have stressed the impor-
tance of amyloid-beta and tau removal as potential therapeu-
tic approaches [25]. Amyloid-plaque targeted therapies have
yielded encouraging results in animal models. In contrast, in
human subjects they have been shown to bind and demol-
ish amyloid plaques effectively, while conflicting results have
been obtained about their effectiveness on cognitive impair-
ment [26, 27].

Despite the conflicting evidence, in June 2021, ad-
ucanumab, a monoclonal antibody targeting insoluble
amyloid-beta fibrils, was approved for use in AD patients
in the United States. A possible explanation of the hetero-
geneous results of human trials might depend on the fact
that those drugs might be maximally effective in a presymp-
tomatic phase since AD begins to develop several decades
before symptom onset. However, the DIAN-TU-001
trial, investigating the effectiveness of gantenerumab and
solanezumab, monoclonal antibodies targeting mainly senile
plaques and amyloid-beta oligomers (ABOs), in symptomatic
and presymptomatic autosomal dominant AD mutation
carriers has failed to meet its clinical efficacy endpoints. It
has been stopped before its completion [28].

These observations, as well as a not perfectly consistent
correspondence between the entity of neuropathological in-
volvement and cognitive impairment, as well as the frequent
observation of tau deposition in the absence of amyloid depo-
sition in areas of degeneration and atrophy, have led to recon-
sider various aspects of the amyloid hypothesis under a wider
perspective. In fact, since other varieties of amyloid-beta,
such as ABOs, show an accumulation profile more consistent
with hyperphosphorylated tau aggregates, their pathogenic
role is being studied with an increasing interest [19, 29].
Considering the observed heterogeneity in progression, it
could be reasonable to assume that many other processes

might concurrently influence phenotypic progression during
disease development, besides neuronal and glial loss. As for
symptoms, they are thought to bemore closely related to neu-
rotransmission and energy failure within the CNS [30].

Fast neurotransmission, represented by excitatory and in-
hibitory amino acids (glutamate and gamma-aminobutyric
acid-GABA), has been extensively studied in various disease
models. In AD, excitotoxic phenomena are thought to occur.
Drugs, such as memantine, which are thought to ameliorate
abnormal glutamatergic signaling, have elicited a moderate,
albeit temporary, symptom relief [31–33].

2. Vasoactive peptides in AD: overview
CNS neuropeptide signaling has received less attention

than fast neurotransmission. Among these neuropeptides,
vasoactive peptides, which can be distinguished in vasodila-
tory (for instance, brain natriuretic peptide, substance P,
calcitonin gene-related peptide) or vasoconstrictors (for in-
stance, endothelin-1) according to their preponderant vas-
cular effects, are being increasingly recognized, due to their
pleiotropic actions on vascular physiology, inflammation,
immune homeostasis, as well as their neurotransmitter role
in both the central and peripheral nervous system (PNS), as
possibly implied in the disease processes [34]. As neuro-
transmitters, neuropeptides are thought to be released from
large dense-core vesicles (LDCV) and act on wider ranges
and time scales than amino acid neurotransmitters; their re-
cycling steps are not as well characterized as for fast neuro-
transmitters, although active reuptake processes have been
hypothesized [35, 36]. Among their effects on neurotrans-
mission, some neuropeptides have been found to regulate
monoaminergic circuits, such as pituitary adenylate cyclase-
activating polypeptide (PACAP), neurotensin and calcitonin
gene-related peptide (CGRP) [37–39]. Vasoactive neuropep-
tides are linked to neurotransmission modulation and synap-
tic plasticity and possess growth-factor secretagogue proper-
ties, while also exerting complex regulatory effects on inflam-
mation and immune cell activation and secretion cascades.

Among the possible mechanisms underlying the poten-
tial pathogenic role of neuropeptides in AD, balance between
vasodilatory and vasoconstrictor signals might play a role.
Amyloid-beta 1–42 has been shown to engage with nanomo-
lar affinity several cell membrane targets, including alfa-1
adrenoceptors, acting as a central as well as a peripheral vaso-
constrictor [40, 41]. Endothelin-1, which is a potent vaso-
constrictor, has been shown to disrupt hippocampal protein
synthesis and to produce memory impairment in mice [42].
Neuropeptides with pronounced vasodilatory effects such as
vasoactive intestinal peptide (VIP), PACAP, neuropeptide Y,
substance P, neurotensin and orexin-1, have been studied
both in vitro and in vivo and have been shown to ameliorate
amyloid toxicity, regulate hippocampal plasticity and influ-
ence AD pathology by recruitingmultiple intracellularmech-
anisms. Suchmechanisms, including non-amyloidogenic and
Aβ-degrading cascades activation, neurotrophin production,
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Fig. 1. Synopsis of potential neuroprotectivemechanisms exerted by calcitonin gene-related peptide (CGRP) and vasodilatory neuropeptides on
Alzheimer’s disease (AD) pathogenesis.

neuronal glucose uptake increase, antiapoptotic pathway
(such as NF-κB, PI3K-Akt, MAPK, Jak-STAT, ERK1/2

phosphorylation) upregulation, endoplasmic reticulum stress
and autophagy inhibition, LTP and potassium channel ac-
tivity modulation, have emerged as possible neuropeptides’
downstream effectors in AD [43].

Among these, VIP and PACAP have been studied most
thoroughly in neurodegenerative diseases and have been
linked to AD and Parkinson’s Disease pathogenesis [44–46].
PACAP has also been linked to a potential pathogenetic role
due to its effects on immune cell polarization and signaling in
Multiple Sclerosis animal models [47]. Altogether, consider-
ing their effects, these neuropeptides, as mentioned earlier,
are being considered as potential therapeutic targets in neu-
rodegenerative conditions. Despite this, CGRP has received
less attention in this regard, although existing data point to a
possible link with AD pathogenesis [38].

3. CGRP: general physiology and influence on
AD pathogenesis

CGRP, existing in two isoforms, alpha and beta, encoded
by different genes (CALCA and CALCB), has been associ-
ated since its discovery, together with substance P, to a cru-
cial role in sensory and nociceptive neurotransmission and in
the pathophysiology of migraine [48, 49]. Its functions in the
CNS have been less thoroughly studied, though it is a widely
distributed ubiquitary peptide in the CNS [50].

It belongs to a family of neuropeptides which comprises
adrenomedullin, amylin, intermedin and calcitonin [51]. It
exerts its effects by activating its receptor, which belongs

to the superfamily of transmembrane G protein-coupled re-
ceptors [52]. Its signal transduction mechanisms have been
found in multiple experimental contexts to recruit different
cascades, giving rise to the hypothesis of tissue-specific sig-
naling [53]. Apart from its canonical receptor, which is a het-
eromeric protein made from the assembly of the calcitonin-
like receptor (CLR) and receptor activity-modifying protein
1 (RAMP1), CGRP-alpha is thought to be able to activate,
with high affinity, type 1A amylin receptors, while on the
other hand adrenomedullin might exhibit a low affinity to-
wards CGRP receptors [54].

Gs signaling, starting cAMP-dependent cascades, is
thought to be the preponderant signal transduction pathway
of the CGRP receptor; furthermore, CGRP receptors may
also associatewith an accessory subunit named receptor com-
ponent protein (RCP) [51, 55, 56].

In the CNS, CGRP-alpha producing neurons and CGRP
receptors are widely distributed, although their territories do
not overlap. CGRP receptor synthesis is considered to be
quantitatively predominant in subcortical structures. These
findings appear in line with data on neuropeptide synthesis
and expression since neuropeptide synthesis and release are
not thought to be confined only to synaptic specializations
and are also thought to play a modulating role on synaptic
activity through “volume transmission”, which can take place
on longer distances than fast synaptic transmission [35, 57].

As for general neuropeptide biology, albeit the conserved
and shared pleiotropic actions, CGRPmight hold a privileged
position in AD pathogenesis if a few experimental observa-
tions are considered.
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CGRP-alpha is released in response to various stressful
stimuli and favors neuronal survival in several cell injury
models, such as brain ischemia-reperfusion injury. There-
fore, it has been defined as a possible mediator of ischemic
preconditioning [58]; furthermore, in relation to its potent
vasodilatory activity, it is thought to be protective against
cerebral vasospasm (Fig. 1) [59].

AD is increasingly recognized as a disease linked to vas-
cular dysfunction, inflammation and immune dysfunction;
recent studies also indicate a potential association with mi-
graine [22, 60, 61]. CGRP-alpha represents a pleiotropic
agent which might exhibit context-dependent differential ef-
fects on immune activation. It appears as a potent pro-
inflammatory agent in the PNS, where it drives neurogenic
inflammation and stimulates growth factor production in
glial elements, such as in migraine [62, 63].

On the other hand, it might also stimulate complex re-
sponses in dendritic cells, where appears to regulate TLR
signaling dampening cytokine production [64]. It seems to
play a similar anti-inflammatory role in the CNS, where in-
trathecal injection of CGRP can ameliorate disease pheno-
type in animal models of Multiple Sclerosis [65]. Vasoactive
peptides, including CGRP-alpha, are regarded as regulators
of gut microbiome composition, as they possess natural an-
tibacterial properties, which are thought to derive from their
cationic physical-chemical properties [66, 67].

CGRP-alpha has been found to benefit synaptic plasticity,
mainly through the induction of cAMP-dependent pathways
[68]. It has also been found to stimulate hippocampal neu-
rogenesis and angiogenesis [38]. These observations have
strengthened the notion that itmight be involved in cognitive
and mood disorders [69]. Data coming from experiments on
intracerebroventricular injection in murine models have as-
sociated CGRP-alpha release to profound behavioral changes
deriving from an influence on monoaminergic projections
[70]. CGRP-alpha in cerebral spinal fluid (CSF) in human
subjects appears to be produced in loco and independently
from plasma levels, as CGRP might not efficiently cross the
BBB in physiological conditions [71]. Increased CGRP-alpha
CSF concentration has been detected in depressed subjects,
while decreasedCGRP-alphaCSF concentration has been de-
tected in a small cohort of subjects affected by degenerative
dementias (AD or frontotemporal dementia). A possible ex-
planation for their finding is that CGRP-alpha CSF concen-
tration might reflect brain atrophy. However, the possibility
that it might reflect upstream neurodegenerative progress or
synaptic dysfunction has not been ruled out yet [72, 73].

Donepezil, a reversible acetylcholinesterase inhibitor and
one of the drugs approved to treat AD symptoms, has been
found to increase hippocampal neurogenesis and angiogen-
esis. This effect is abolished in CGRP-alpha knockout mice
[74].

From an anatomical perspective, it should also be con-
sidered that the parabrachial nucleus, containing CGRP pro-
ducing neurons, sends projections to cholinergic basal nuclei,

whose functioning is impaired in AD; furthermore, CGRP-
alpha is thought to exert a modulatory action on central nico-
tinic receptors [75, 76].

In a recent study by Na and colleagues, 5xFAD mice were
treated with olcegepant, a CGRPalpha-receptor antagonist;
treated mice showed an amelioration of the disease pheno-
type, especially if treatment was started at a younger age [77].
The observation of an age-dependent effect might, in the
first place, speculatively point to a potentially differential in-
volvement of CGRPergic circuits in the early phases of the
disease. Disruption of the BBB, which appears in humans
to increase with worsening cognition, might have partially
driven the observed effect, and plasma CGRP itself might
help preserve BBB integrity [62, 78]. Furthermore, being
structurally related to amylin and mediating high-affinity ac-
tivation of AMY 1A receptors, it could be speculated that
blocking CGRP receptors might reinforce amylin signaling
through a “spill-over”mechanism. It is not yet possible to rule
out this hypothesis since direct CGRP-alpha blockade has not
been so far tested in AD animal models.

CGRP does not appear to act only on neurons but also reg-
ulates glial activation and signaling processeswithin the brain
since knockout mice for CGRP show larger ischemic lesions
and increased astroglial activation and inflammation [58].
Amylin has been found, as well, to ameliorate proinflamma-
tory cross-talk between glial elements [79]. The tight rela-
tionship betweenCGRP andAmylin strengthens the hypoth-
esis of a role of the former in AD pathogenesis since amylin
takes part in amyloid plaques’ composition, has been found
to exert protective actions in various experimental models of
AD and is also implied in amyloid-beta clearance [80]. On
the other hand, both Amylin and CGRP are tightly linked to
brain and systemic energy metabolism regulation, exocrine
pancreas secretion, insulin signaling, feeding behavior, and
satiety. They have thus been implied inType II DiabetesMel-
litus pathogenesis [81, 82].

CGRP, amylin and amyloid-beta also share some of their
degradation pathways. CGRP and amyloid-beta can be
metabolized by neprilysin, angiotensin-converting enzyme
(ACE), endothelin converting enzymes (ECE) and insulin-
degrading enzyme (IDE), while amylin is degraded mainly by
IDE [83, 84]. CGRP, along with amylin, might thus serve a
role in modulating the effects of amyloid-beta and tau on the
nerve and glial cells and the inflammatory reactions in the
nearby environment. From a wider perspective, CGRP, be-
ing one of the most potent vasodilators known, might also be
implied in the maintenance of neurovascular unit integrity
and cerebral autoregulation, in addition to preserving BBB
integrity.

4. Concluding remarks
CGRP-alpha represents a pleiotropic ubiquitary media-

tor involved in various physiological processes. Despite the
analogies, as for general physiologic and potential neuropro-
tective properties, with several neuropeptides, data from cel-
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lular studies, animal models and anatomical and biomarker
human studies seem to pinpoint a possible complex role in
AD pathogenesis, which derives from the combination of cy-
toprotective, antiapoptotic actions, with its vasodilatory, va-
soprotective and immunoregulatory properties as well as its
role as a neurotransmitter.

This wealth of functions, as well as the complexity of
its receptor transduction cascades, might perhaps underlie
tissue-specific signaling. These features define it as an inter-
esting molecule that might impact several processes within
the disease continuum, albeit downstream of the primary
cause, therefore defining it as a possible candidate for ther-
apeutic purposes.
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