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Abstract

Acromegaly is an endocrine disorder due to the excess production of growth hormone (GH) from the anterior pituitary
gland after closed epiphyseal growth plates. Acromegaly is mainly caused by benign GH-secreting pituitary adenoma. Acute
ischemic stroke (AILS) is one of the most common cardiovascular complications. It ranks second after ischemic heart disease
(IHD) as a cause of disability and death in high-income countries globally. Thus, this review aimed to elucidate the possible
link between acromegaly and the development of AIS. The local effects of acromegaly in the development of AIS are related
to the development of pituitary adenoma and associated surgical and radiotherapies. Pituitary adenoma triggers the devel-
opment of AIS through different mechanisms, particularly aneurysmal formation, associated thrombosis, and alteration of
cerebral microcirculation. Cardiovascular complications and mortality were higher in patients with pituitary adenoma. The
systemic effect of acromegaly-induced cardio—metabolic disorders may increase the risk for the development of AIS. Addi-
tionally, acromegaly contributes to the development of endothelial dysfunction (ED), inflammatory and oxidative stress, and
induction of thrombosis that increases the risk for the development of AIS. Moreover, activated signaling pathways, including
activator of transcription 3 (STAT3), nuclear factor kappa B (NF-xB), nod-like receptor pyrin 3 (NLRP3) inflammasome,
and mitogen-activated protein kinase (MAPK) in acromegaly may induce systemic inflammation with the development of
cardiovascular complications mainly AIS. Taken together, acromegaly triggers the development of AIS through local and
systemic effects by inducing the formation of a cerebral vessel aneurysm, the release of pro-inflammatory cytokines, the
development of oxidative stress, ED, and thrombosis correspondingly.
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MAPK Mitogen-activated protein kinase
IFNy Interferon Gamma
Introduction

Acromegaly is an endocrine disorder due to excess growth
hormone (GH) production from the anterior pituitary gland
after epiphyseal growth plates have closed [1]. The patho-
physiology of acromegaly is summarized in Fig. 1. Acro-
megaly is mainly caused in about 98% by benign pituitary
adenoma [1]. 2% of acromegaly is caused by excessive extra-
pituitary production of GH, as in adrenal, pancreatic, and
lung tumors [2]. It affects 3 per 50,000 with equal incidence
in both sexes [3, 4].

Acromegaly was first REPORTED by the French Neu-
rologist Pierre Marie in 1886 to describe the clinical features
of two patients observed at the Pitié-Salpetriere Hospital
in Paris. However, Pierre Marie was not the first physician
to give a full record of the clinical picture of acromegaly;
others had preceded him, like the Dutch physician Johannes
Wier [5]. After Marie, pituitary enlargement was noted in
almost all patients with acromegaly. Subsequently, it was
discovered that pituitary hyper-function caused by a pitui-
tary tumor was the main cause of acromegaly. The cause of
acromegaly could be further determined after discovering
GH and insulin-like growth factor I (IGF-I) and demonstrat-
ing an association with GH hypersecretion and elevated cir-
culating IGF-I [6].

The majority of pituitary tumors are sporadic, and
more than half have no identified genetic cause. However,

Fig. 1 The pathophysiology of
acromegaly
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in somatotroph cells, genetic abnormalities in proteins
involved in the cyclic AMP pathway (such as GNAS, AIP,
GPR101, and PRKAR1A) contribute to increasing AMP
signaling, which leads to increased GH expression and
cell proliferation. Familial pituitary tumors are rare and
constitute approximately 5% of all pituitary adenomas.
Multiple endocrine neoplasia type 1, multiple endocrine
neoplasia type 4, familial isolated pituitary adenoma, and
Carney complex, as well as the sporadic germline mosaic
disorder and McCune-Albright disease, are among famil-
ial syndromes that predispose to pituitary hyperplasia and
neoplasia, causing acromegaly or gigantism [7]. A rare
genetic syndrome, X-linked acrogigantism, has also been
recently implicated in early-onset childhood gigantism [7,
8].

Expansion of pituitary adenoma compresses the optic
nerve and other brain tissues leading to visual disturbances,
hormonal disorders, headache, impotence, and enlargement
of the hand and feet. The main symptoms and signs of acro-
megaly are enlargement of feet, hands, jaws, forehead, and
nose. Other features of acromegaly are thick skin, joint pain,
and deepening of voice [9].

In general, signs and symptoms of acromegaly develop
insidiously and are unnoticed for many years. However,
more than 70% of patients present with pituitary macroad-
enoma at the time of diagnosis, and more than 90% present
with complications due to the diagnostic delay [10]. Head-
ache, coarse facial features, acral growth, and sweating/oily
skin are the most frequent presenting complaints. The most
common comorbidities are diabetes mellitus, hypertension,
sleep apnea, hypogonadism, and cardiomyopathy [11, 12].
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Mutations and genetic deregulation within the pituitary
affect the cellular chemical signals and subsequent divi-
sion and proliferation of pituitary cells [11, 13]. Moreover,
aryl hydrocarbon receptor (AHR) polymorphism is associ-
ated with the development and progression of acromegaly.
A case—control study that involved 70 patients with acro-
megaly and 157 sex and aged-matched controls showed that
the rs2066853 polymorphism was detected in 18 acromeg-
alic patients and 9 healthy controls (P <0.001) [13]. There-
fore, AHR gene rs2066853 polymorphism is more common
in acromegalic patients than in healthy individuals and is
linked with increased disease severity. As well, functional
alterations of genetic derangements may associate with
early-onset acromegaly. Deletion in CDKNIB 5'-UTR region
was recognized in an acromegalic patient that developed a
growth hormone-secreting pituitary adenoma during child-
hood [14].

Diagnosis of acromegaly is performed by measuring GH
and IGF-1; besides, imaging studies like brain computed
tomography (CT) scan and magnetic resonance tomography
imaging (MRI) were used to show the size and extension
of pituitary adenomas [15]. The biochemical diagnosis of
acromegaly is traditionally based on over-secreted GH and
IGF-1 levels. However, in normal healthy individuals, the
levels of circulating GH secreted from the pituitary fluctu-
ate greatly throughout the day owing to the pulsatile nature
of GH production [15]. Maximum secretion of GH occurs
at night in accordance with sleep stages. The value of GH
usually ranges between 0.1 and 0.2 pg/L and 5-30 pg/L
during the secretory bursts, and these values overlap with
the values observed in acromegaly patients. A random GH
value < 0.04 pg/L with a normal level of IGF-1 excludes the
diagnosis. Therefore, determining the GH level is of minimal
diagnostic utility in acromegaly. Instead, GH level < 0.4 ng/
mL in an oral glucose tolerance test is the gold standard
for diagnosis. In normal individuals, the GH nadir value
during an oral glucose tolerance test (OGTT) is undetect-
able as secretion is suppressed, but the value is very high in
acromegaly patients owing to the lack of suppression [15].

Pituitary surgery is the first-line treatment option (trans
sphenoidal surgery is the primary therapy in most patients),
followed by medical treatment, including somatostatin ana-
logs, dopamine agonists, and GH receptor antagonists [16].
In addition, radiation therapy is recommended in the setting
of residual tumor mass following surgery, and if medical
therapy is unavailable, unsuccessful, or not tolerated [15,
16].

High levels of GH and IGF-1 are associated with mortal-
ity in patients with acromegaly [17]. In addition, acromeg-
aly patients are at high risk for developing congestive heart
failure and atrial fibrillation in a time-dependent manner
[18]. A recent retrospective study confirmed the association
between acromegaly and the incidence of cardiovascular

complications like congestive heart failure and atrial fibril-
lation [18]. Data from the German Acromegaly Registry
Center showed that the incidence of cardiovascular com-
plications in patients with acromegaly did not differ signifi-
cantly from that of the general population. Acromegaly is
also associated with established risk factors for cardiovas-
cular diseases, such as hypertension, diabetes, and dyslipi-
demia [19]. A meta-analysis of 16 studies in 2008 showed
that acromegaly is associated with an overall 72% increase in
mortality compared with the general population [20].

AIS is regarded as one of the most common cardiovascu-
lar complications of systemic hypertension and thrombotic
disorders [21]. Hypertension and thrombotic disorders are
often recognized as complications of acromegaly [12]. Thus,
this review aimed to elucidate the possible link between
acromegaly and the development of AIS.

Acute ischemic stroke overview

AIS ranks second, following ischemic heart disease (IHD)
as a cause of disability and death in high-income countries
globally [22]. The incidence of AIS varies among countries;
it increases exponentially with age. About 80% of stroke is
caused by AIS, whereas 20% of it is caused by intra-cerebral
hemorrhage [22]. The poor clinical outcomes in AIS patients
are correlated with cardiometabolic risk factors like infarct
size, hypertension, IHD, and diabetes mellitus [23]. AIS is
principally caused by atherosclerosis, rupture of atheroscle-
rotic plaque, and associated thrombosis of cerebral vascula-
tures, leading to brain ischemia, infarction, and propagation
of peri-infarct inflammation with induction development of
neuroinflammation [24]. AIS-induced neuroinflammation
triggers neuronal injury and axonal degeneration (Fig. 2)
[25].

Neuronal injury in the infarcted core provokes the release
of pro-inflammatory cytokines with the propagation of oxi-
dative stress, vasculitis, and derangement of the blood—brain
barrier (BBB) [26]. Markedly, BBB is an important part
of neurovascular units containing tight junctions, different
ions, and proteins that promote brain function and physi-
ology [27]. Disruption of BBB is a principal pathological
hallmark in AIS that is dysregulated by inflammatory mod-
ulators, matrix metalloproteinases (MMPs), and oxidative
pathways [28]. Interruption of BBB worsens AIS injury
with the propensity for transformation to hemorrhagic stroke
[29]. In AIS, activated macrophages and microglia lead to
the disturbance of neurotransmitters and the development
of neuroinflammation. AIS-induced neuroinflammation is
propagated via the release of interleukins (IL-1f), IL-6,
IL-8, and tumor necrosis factors (TNF-a) as well as activa-
tion of inflammatory signaling pathways like nuclear factor
kappa B (NF-xB) [29]. These changes promote apoptosis
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Fig.2 The pathophysiology of
acute ischemic stroke
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and neuroinflammation. Remarkably, neuronal injury and
associated neuroinflammation disrupt the neuronal cyclic
adenosine monophosphate (cAMP) system which is impor-
tant for the expression of phosphodiesterase enzyme type
1 (PDEI) and brain-derived neurotrophic factor (BDNF)
[30]. Furthermore, insulin resistance, diabetes mellitus, and
hypertension secondary to acromegaly predispose to devel-
oping AIS. Cardiometabolic disorders and dysregulation of
adipocytokines also augment AIS risk.

Taken together, AIS, in addition to causing brain neuronal
injury, may exacerbate the development of neuroinflamma-
tion and excitotoxicity with disruption of neuronal ionic
pumps.

Acromegaly and risk of AIS
Local effects of pituitary adenoma

The local effects of acromegaly in the development of AIS
are related to pituitary adenoma development, which affects
brain integrity of brain circulation [31]. A population-based
study from Korea involving 31,898 patients with pituitary
adenoma illustrated that cardiovascular complications and
mortality were higher among patients with pituitary ade-
noma [31]. Similarly, the incidence of AIS in patients with
pituitary adenoma was augmented [31]. Thus, patients with
pituitary adenoma must take AIS preventive measures to
decrease mortality risk. However, a retrospective review
comprising 544 patients, 347 patients with prolactinoma,
and 197 patients with non-functional pituitary adenoma
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(NFPA) showed that prolactinoma and NFPA were not
increasing the risk of AIS [32]. Of interest, different stud-
ies implicate prolactin in the pathogenesis of AIS [33, 34].
Prolactin has been recognized as a potent platelet aggrega-
tion co-activator and postulated as an additional risk fac-
tor for arterial and venous thrombosis. Administration of
antipsychotics appears to be related to an increased risk of
venous thromboembolism and cerebrovascular by increasing
the release of prolactin [34]. In addition, increased prolactin
concentration is significantly linked with augmentation of
platelet P-selectin in patients with transient ischemic attack
[33]. These consequences proposed that patients with high
prolactin levels after AIS may have a worse prognosis.
Even though AIS and hemorrhagic stroke may result
from the development of a cerebral aneurysm [35], pitui-
tary adenoma is not associated with the development of an
aneurysm in brain circulation [36]. However, Habibi et al.
[37], in a case study, observed that pituitary adenoma may
coexist with an aneurysm in the posterior brain circulation
causing hemorrhagic stroke and AIS during trans sphenoidal
surgery. Thus, neuroimaging of brain circulation before the
surgical intervention of pituitary adenoma would be help-
ful to rule out vascular anomalies in the brain vasculatures
[37]. Besides, a neuroimaging study in a 52-year-old patient
with pituitary adenoma detected an aneurysm of the internal
carotid artery [38]. It has been shown that pituitary adenoma
is linked with developing a cerebral aneurysm. Notably,
Wakai et al. [39] analyzed 95 patients with pituitary ade-
noma and revealed that the incidence of the cerebral aneu-
rysm was 7.45% which was higher than other brain tumors.
Similarly, an angiographic study that included 150 verified
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pituitary adenomas showed that pituitary adenoma secret-
ing GH was linked with developing an aneurysm by about
13.8% [40].

The association between pituitary adenoma secreting GH
and the development of cerebral aneurysms is related to the
progression of arteriosclerosis and cerebral degenerative
changes due to prolonged exposure to GH [41]. Besides,
local inflammatory/circulatory mediators released from
pituitary adenoma may induce structural changes through
modulation of arterial collagen metabolism with the pro-
motion formation of the aneurysm [38]. A previous retro-
spective study conducted by Pant et al. [36] illustrated that
pituitary adenoma is associated with 5.4% of intracranial
aneurysms, 97% of them present in the anterior circulation,
and 12% located in different parts of cerebral circulation.
Different studies confirmed that the aneurysm of cerebral
circulation may induce the development of AIS by inter-
rupting cerebral blood flow [42, 43]. Of interest, the cerebral
aneurysm may act as a nidus for thrombosis and the develop-
ment of ipsilateral AIS due to hemodynamic and endothelial
alterations [42, 44]. A systematic review revealed a potential
link between acromegaly and endothelial dysfunction (ED),
which increases cardiovascular risk factors and vascular
anomalies [44]. However, a case—control study that included
2116 patients with AIS showed no association between cer-
ebral aneurysms and AIS [42].

Nonetheless, many clinical studies confirmed that plate-
let and clotting factor over-activations are associated with
thrombosis within cerebral aneurysms [45, 46]. Further-
more, expansion of pituitary adenoma is associated with
hypoperfusion and ischemic changes in the brain's tempo-
ral lobe by direct compression of regional blood flow [47].
A single photon emission computed tomography (SPECT)
study demonstrated that temporal lobe blood flow was
reduced in patients with pituitary adenoma compared to
healthy controls [47].

These findings highlighted that pituitary adenoma may
trigger the development of AIS through different mecha-
nisms, particularly aneurysmal formation, associated throm-
bosis, and alteration of cerebral microcirculation.

Management of pituitary adenoma by surgical or radio-
therapy techniques may increase the risk of AIS develop-
ment [48]. Eseonus et al. [49] revealed that trans sphenoidal
surgery for pituitary adenoma may cause cerebral vasos-
pasm and progression of AIS. A retrospective case report
confirmed that post-operative hemorrhage and cerebrospi-
nal fluid (CSF) leakage could be the possible causes for the
development of cerebral vasospasm and propagation of AIS
[49]. In addition, pituitary apoplexy following AIS may
induce cerebral vasospasm and ischemia [50].

Remarkably, radiotherapy for pituitary adenoma may
accelerate the progression of AIS due to cerebral vascu-
lopathy [48]. A cohort study included 462 patients with

pituitary adenoma, 236 of them treated with radiotherapy,
and disclosed that radiotherapy used in the management of
pituitary adenoma was correlated with the risk of AIS more
significantly compared to the general population [51]. A sys-
tematic review comprising 11 studies including 4394 irradi-
ated patients with pituitary adenoma illustrated that the risk
of AIS was 6.7% [52]. Long-term follow-up of irradiated
patients with pituitary adenoma revealed that the risk of AIS
was elevated threefold [52]. However, corrections of many
confounders confirmed the insignificant difference between
radiated and non-radiated patients with pituitary adenoma
for risk of AIS [52]. The relative risk for developing AIS fol-
lowing irradiation of pituitary adenoma is 4.11% [53]. Sub-
analysis performed by Van et al. [54] observed that the risk
for AIS progression following pituitary adenoma irradiation
was higher threefold, mainly in men patients. The under-
lying causes for developing AIS following radiotherapy of
pituitary adenoma could be related to the vascular injury of
surrounding vessels [55]. Radiation-induced vascular injury
is mediated by the induction expression of pro-inflammatory
cytokines and hypoxia-inducible genes with the develop-
ment of endothelial loss [55]. These pathological changes
trigger thromboembolic events and the development of AIS
[54]. Interestingly, the type of radiotherapy and follow-up
time may affect the incidence and prevalence of AIS after
irradiation of pituitary adenoma [52].

These findings suggest that local effects of pituitary
adenoma and associated surgical and radiotherapies may
increase the risk for the development of AIS.

Systemic effects of acromegaly

High circulating GH levels in acromegaly may predispose
to the development of AIS. Following the diagnosis of acro-
megaly, irrespective of lifestyle and treatment types, are
regarded as predictors for the progression of cardiovascular
events. Systemic cardio metabolic disorders like hyperten-
sion, diabetes mellitus, and dyslipidemia are higher in acro-
megaly patients than in general. These predisposing factors
are concerned with the induction of AIS. Notably, higher
concentrations of GH and IGF-1 in acromegaly increase the
risk of cardiovascular complications. Excess GH level is
associated with the development of IHD, glucose intoler-
ance and diabetes mellitus, whereas a higher concentration
of IGF-1 is linked with the development of cardiomyopa-
thy and AIS. Besides, increasing GH levels in acromegaly
augments intramuscular deposition of adipose tissue, which
impairs glucose sensitivity and the propagation of cardio-
metabolic disorders [56].

Notoriously, patients with active acromegaly had a higher
rate of classical and non-classical cardiovascular risk factors,
which may explain the association between acromegaly and
cardiovascular events, including AIS [57]. A case—control
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study involved 50 patients with active acromegaly, 12
patients with controlled acromegaly, and 36 healthy control
subjects. This study demonstrated that in comparison with
controlled acromegaly and healthy subjects, patients with
active acromegaly had higher values of cholesterol, triglyc-
eride, low-density lipoprotein (LDL), very low-density lipo-
protein (VLDL), fibrinogen, protein S, and fasting blood glu-
cose [57]. Remarkably, strict control of acromegaly may not
prevent the progression of subclinical atherosclerosis [58].
Thus, excess GH/IGF-1 is not the main driver of subclinical
atherosclerosis in acromegaly patients. Therefore, appro-
priate therapy and control of acromegaly may not reverse
the abnormality of vasculature structure [58]. A case—con-
trol study observed that the prevalence of carotid athero-
sclerotic plaques and intima-media thickness was similar
in both controlled and active acromegaly patients (30% vs.
22%, P=0.53) [58]. Therefore, other factors like lifestyle,
diet, and physical activity than GH/IGF-1 levels may play a
role in the development of cerebrovascular diseases, mainly
AIS, in patients with acromegaly. These verdicts indicated
that acromegaly-induced cardio metabolic disorders may
increase the risk for the development of AIS, even in con-
trolled patients.

Acromegaly and thrombosis

Hypersecretion of GH and IGF-1 in acromegaly increases
cardiovascular complications, morbidity, and mortality due
to coagulation activation and fibrinolytic system impair-
ments [59]. Of note, fibrinolysis inhibitors and plasma tis-
sue factor pathway inhibitors are dysregulated in patients
with active acromegaly [59]. A case—control study involved
22 patients with active acromegaly and 22 matched healthy
controls showed that fibrinogen, antithrombin III, tissue
plasminogen inhibitor 1, and plasminogen activator inhibitor
1 (PAI-1) were increased, while protein S and plasma tissue
factor pathway inhibitor were reduced in active acromegaly
patients compared with controls [59]. Thus, active acro-
megaly is associated with a hypofibrinolytic and hyperco-
agulable state which augments the risk of AIS development.
Chuang et al. [60] reported that fibrinogen was regarded
as an independent predictor for the development of AIS.
Likewise, augmentation of fibrinogen level and reduction of
antithrombin III are correlated with the risk of AIS develop-
ment [61]. A prospective study of AIS patients illustrated
that fibrinogen and thrombin-antithrombin III levels were
increased in AIS patients compared with non-stroke patients
[61]. However, high sensitive C reactive protein (CRP)
and D-dimer were increased in a small proportion of AIS
patients with large vessel infarction [61]. These manifesta-
tions pointed out those focal neurological deficits in AIS
patients are positively correlated with fibrinogen levels

@ Springer

and negatively correlated with antithrombin III. Mendoza
et al. [62] reported a case of intracardiac thrombus with the
development of cardiometabolic AIS in patients with pitui-
tary adenoma. Congestive heart failure and cardiomyopathy
induced by high circulating GH in pituitary adenoma pre-
dispose to the development of intracardiac thrombus [62].
In addition, acromegaly patients may present with massive
pulmonary embolism due to the hypercoagulability state
[63]. Hypercoagulability state in acromegaly is caused by
platelet activation, hyperfibrinogenemia, and reduction of
proteins C and S [63].

Indeed, plasma thrombin-activatable fibrinolysis inhibitor
(TAFI) antigen and homocysteine serum levels are increased
in patients with active acromegaly that augments cardiomet-
abolic events, including AIS [64]. Thus, acromegaly has an
increased tendency to thrombosis and coagulation disorders
with the development of cerebrovascular complications [65].
A case—control study comprising 39 patients with active
acromegaly compared to 35 healthy controls illustrated that
fibrinogen level was increased, whereas proteins C and S
were reduced in patients with active acromegaly compared to
the controls [65]. Also, a positive correlation exists between
GH/IGF-1 levels and fibrinogen levels in active acromegaly
[44]. Moreover, excess morbidity and mortality observed
in patients with acromegaly are not only due to the impair-
ment of the fibrinolytic system but also due to many other
factors. In particular, diabetes and cardiovascular diseases
are important determinants of mortality and may also impact
cerebrovascular diseases [66]. An observational, matched
cohort study conducted by Esposito et al. [66] involving
patients with acromegaly between 1987 and 2020 showed
that the development of diabetes in patients with acromegaly
was linked with a higher risk for cardiovascular morbidity
and mortality.

Moreover, acromegaly is associated with the develop-
ment of oxidative stress and ED which are the underlying
mechanism for the progression of atherosclerosis and car-
diovascular events [44, 67]. Different studies illustrated that
functional and morphological vascular changes are mainly
related to high GH/IGF-1 levels independent of the con-
ventional risk factors. GH excess leads to ED with direct
and detrimental effects on the vascular wall [68, 69]. A pro-
spective study involving 15 patients with active acromegaly
compared to 15 matched healthy controls revealed that bio-
markers of ED and oxidative stress and reduced endothelial
nitric oxide (NO) are increased and correlated with GH/IGF
levels [67]. Acromegaly is associated with increased lev-
els of oxidative stress coupled with diminished antioxidant
capacity and endothelial dysfunction indicated by decreased
NO levels [67]. Besides, ED and persistent inflammation
are developed in patients with active acromegaly leading
to oxidative stress [68]. A cross-sectional study comprising
71 patients with active acromegaly and 41 matched healthy
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controls showed that vascular inflammation and ED media-
tors were increased compared to the controls. However,
despite active therapy, these biomarkers were not mitigated.
Thus, persistent inflammation and ED in active acromegaly
contribute to cardiovascular complications, including AIS
[70]. Particularly, oxidative stress, inflammation, and ED are
associated with the increasing development of thrombosis
[71]. There is positive loop interaction between ED, inflam-
matory mediators, and oxidative stress, causing thrombosis
and cardiovascular complications [71]. Different studies
confirmed the association between ED, inflammatory and
oxidative stress with the development of AIS [72, 73].

These findings suggest that ED, inflammatory and oxida-
tive stress, and induction of thrombosis may increase the risk
for the development of AIS (Fig. 3).

Acromegaly and inflammatory pathways

It has been shown that acromegaly is associated with the
induction of various inflammatory signaling pathways [74].
For example, GH excess triggers the activation of signal
transducer and activator of transcription 3 (STAT3) and
Janus kinase (JAK) in the development of hepatocellular
carcinoma [74]. Inhibition of the STAT3 pathway prevents
the detrimental effects of GH on insulin sensitivity in mice
[75]. Besides, the STAT3 pathway is augmented in AIS,
causing apoptosis and neuronal injury. Inhibition of this
pathway by L-carnosine attenuates inflammatory disorders
in experimental rats with AIS [75].

Moreover, AIS-induced neuroinflammation is propa-
gated by releasing IL-1f, IL-6, IL-8, and TNF-a and acti-
vating inflammatory signaling pathways like NF-kB [76].
These changes promote apoptosis and neuroinflammation.
NF-«B enhances cerebral vasoconstriction and thrombosis
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Fig.3 Acromegaly and thrombosis: Hypersecretion of growth hor-
mone (GH) and insulin-like growth factor I (IGF-I) in acromegaly is
associated with the development of inflammatory, oxidative stress,
and endothelial dysfunction (ED) together with induction of thrombo-
sis may increase the risk for the development of acute ischemic stroke
(AIS)

with further deterioration of AIS. In acromegaly, the pro-
inflammatory phenotype with higher NF-kB activation,
mainly in uncontrolled patients, is predominant and linked
with cardiovascular complications [77, 78]. Treatment of
acromegaly partially reverses pro-inflammatory complica-
tions and systemic inflammation [77]. NF-xB is exaggerated
in active acromegaly by the effect of IGF-1; thus, inhibi-
tion of IGF-1 by octreotide inhibits NF-kB expression with
attenuation of systemic inflammation [79]. A prospective
study demonstrated that pro-inflammatory cytokines and
adhesion molecules like E-selectin and vascular cell adhe-
sion molecules 1 (VCAM-1) were increased in patients with
active acromegaly compared to controlled acromegaly [77].
Therefore, un-reversed and persistent systemic inflammation
in patients with active acromegaly may increase the risk of
AIS and other cardiovascular complications. A prospective
study involving 31 patients with active acromegaly com-
pared to 25 healthy controls showed that TNF-a, IL-6, and
activin-A were elevated in patients with active acromegaly
compared to controls [80]. Targeting inflammatory signaling
in acromegaly can attenuate but not prevent the development
of cardiovascular derangements.

Furthermore, nod-like receptor pyrin 3 (NLRP3) inflam-
masome is an integral inflammatory signaling pathway
involved in the pathogenesis of AIS and related neuroin-
flammation. Inhibition of NLRP3 inflammasome by ephed-
rine reduces infarct size and release of pro-inflammatory
cytokines in rats. Besides, in vitro and in vivo findings
revealed that NF-xB and mitogen-activated protein kinase
(MAPK) is engaged with the activation of NLRP3 inflam-
masome during the pathogenesis of AIS [81]. Interestingly,
MAPK and NF-«B are pivotal in expressing NLRP3 inflam-
masome in cortical neurons under ischemic/hypoxic condi-
tions [81]. It has been shown that NF-kB growth-promoting
effects appear to be facilitated by GH and IGF-1. These
stimulatory effects of GH and IGF-1 on NF-kB activity are
supported by observational evidence in humans; a number
of individuals carrying mutations that alter NF-kB function
exhibit growth failure and GH insensitivity [82]. A previ-
ous experimental study demonstrated that GH increases lung
NF-«B activation and lung microvascular injury induced by
lipopolysaccharide in rats [83].

On the other side, GH regulates the expression of differ-
ent inflammatory signaling pathways through the activation
of GH receptors. For example, a recent study by Wolters
et al. [84] observed that GH deficiency or excess triggers
an inflammatory process through activation expression of
macrophage NLRP3 inflammasome [84]. Circulating IGF-1
inhibits GH secretion via direct negative feedback on the
pituitary and also indirectly via stimulating hypothalamic
somatostatin secretion [85].

Interestingly, IGF-1 excess also leads to overexpres-
sion of cell adhesion molecules, which possess several
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Fig.4 Acromegaly and inflam-
matory pathways: Growth hor-
mone (GH) excess triggers the
activation of signal transducer
and activator of transcription 3
(STAT3), Janus kinase (JAK),
nuclear factor kappa B (NF-
«B), nod-like receptor pyrin 3
(NLRP3) and mitogen-activated
protein kinase (MAPK) in
acromegaly leading to systemic
inflammation with the develop-
ment of cardiovascular compli-
cations mainly acute ischemic
stroke

Systemic
inflammation

Cardiovascular
complications
mainly

Pituitary ,
adenoma /
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pro-inflammatory properties, a feature of microvascular
inflammation leading to ED. IGF-1 excess is assumed to be
a complementary pathogenic factor for ED, implying that
initial endothelial damage by oxidized LDL or shear stress
is mandatory for initiating IGF-1 attenuated endothelial
damage via its mitogenic properties [86]. Taken together,
microvascular inflammation and early atherosclerotic
changes, especially ED, are more prevalent in acromegaly
compared to healthy controls and are only partly reversible
with disease control. Additional factors present that may
contribute to ED in acromegaly patients are cardiovascular
comorbidities as hypertension and metabolic disturbances,
concomitant hormonal disturbances such as hypogonadism,
increased levels of pro-inflammatory cytokines and expres-
sion of adhesion molecules, disturbed endothelial repair
mechanisms, and vascular alterations caused by the prolif-
eration of vascular smooth muscle cells [84].

Therefore, the depletion of GH receptors attenuates and
protects against the development of age-mediated immune
senescence and NLRP3 inflammasome stimulation [87].
Deletion of GH-R prevented macrophage-driven age-related
inflammasome activation in response to NLRP3 ligands.
Also, it increased the preservation of naive T cells, even
in advanced age and with higher interferon Gamma (IFNy)
secretion from effector cells. The mechanism of inflamma-
some inhibition is linked to the autocrine somatotropic axis
as ablation of IGF1R in macrophages lowered the NLRP3
inflammasome activation [87]. Similarly, inhibition of mac-
rophage IGF-1 receptors abolishes NLRP3 inflammasome
activation and release of pro-inflammatory cytokines [86].
Thus, targeting the somatotropic axis in macrophages could
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be a pathway for preventing GH/IGF-1-induced inflamma-
tion [84, 86]. Furthermore, dysregulated GH activates the
MAPK signaling pathway and S6 kinase in 3T3-F442A
preadipocytes [88]. Anderson et al. [88] proposed that
GH may increase inflammatory reactions by activating the
MAPK pathway.

Together with these findings, activated signaling path-
ways, including STAT3, NF-xB, NLRP3 inflammasome,
and MAPK in acromegaly, may induce systemic inflamma-
tion with the development of cardiovascular complications,
mainly AIS (Fig. 4).

Conclusion

There is a potential link between acromegaly and the inci-
dence of AIS due to acromegaly-induced hypertension,
cardiometabolic disorders, inflammatory disorders, oxida-
tive stress, and thrombotic complications. Local and sys-
temic effects of pituitary adenoma affect brain integrity of
brain circulation and systemic inflammatory complications,
respectively. This review revealed that acromegaly triggers
the development of AIS through local and systemic effects
by inducing the formation of a cerebral vessel aneurysm,
releasing pro-inflammatory cytokines, and developing oxi-
dative stress, ED, and thrombosis correspondingly. However,
this review cannot give a final sold conclusion concerning
the link between acromegaly and the development of AIS.
Herein, preclinical and clinical studies are warranted in this
regard.
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