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Abstract Acromegaly is associated with an enhanced
mortality, with cardiovascular and respiratory complica-
tions representing not only the most frequent comorbidi-
ties but also two of the main causes of deaths, whereas a
minor role is played by metabolic complications, and par-
ticularly diabetes mellitus. The most prevalent cardiovas-
cular complications of acromegaly include a cardiomyopa-
thy, characterized by cardiac hypertrophy and diastolic and
systolic dysfunction together with arterial hypertension,
cardiac rhythm disorders and valve diseases, as well as vas-
cular endothelial dysfunction. Biochemical control of acro-
megaly significantly improves cardiovascular disease, albeit
completely recovering to normal mainly in young patients
with short disease duration. Respiratory complications,
represented mainly by sleep-breathing disorders, particu-
larly sleep apnea, and respiratory insufficiency, frequently
occur at the early stage of the disease and, although their
severity decreases with disease control, this improvement
does not often change the indication for a specific therapy
directed to improve respiratory function. Metabolic compli-
cations, including glucose and lipid disorders, are variably
reported in acromegaly. Treatments of acromegaly may
influence glucose metabolism, and the presence of diabetes
mellitus in acromegaly may affect the choice of treatments,
so that glucose homeostasis is worth being monitored dur-
ing the entire course of the disease. Early diagnosis and
prompt treatment of acromegaly, aimed at obtaining a strict
control of hormone excess, are the best strategy to limit the
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development or reverse the complications and prevent the
premature mortality.

Keywords Acromegaly - Cardiomyopathy - Sleep apnea -
Metabolic syndrome - Pituitary surgery - Medical therapy

Introduction

The most common complications associated with acro-
megaly include cardiovascular, respiratory and metabolic
comorbidities that are among the main clinical conditions
responsible for the increase of mortality associated with the
disease [1-5].

Cardiovascular disease represents the most preva-
lent comorbidity, accounting for up to 80% of complica-
tions, in patients with acromegaly, and has historically
reported to contribute to nearly 50% of deaths [6]. How-
ever, according to a recent 20-year follow-up study [7],
causes of death in patients with acromegaly progressively
shifted from 44% cardiovascular and 28% neoplastic
during the first decade, to 23% cardiovascular and 35%
neoplastic during the second decade. Similarly, a retro-
spective study [8] has demonstrated that the most com-
mon cause of mortality in acromegaly was malignancy,
followed by cardiovascular diseases, with no significant
impact of metabolic disorders [8]. Therefore, nowa-
days, cardiovascular disease represents the most fre-
quent comorbidity and still represents one of the most
important cause of death in acromegaly. Cardiovascular
disease associated with acromegaly is mainly character-
ized by a cardiac damage, represented by a typical car-
diomyopathy, which progressively develops during the
disease course, with a minor impact of vascular damage,
which may worsen the cardiac disease and increase the
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cardiovascular risk associated with the disease. Systemic
arterial hypertension affects approximately one-third of
patients with acromegaly [2—4]. Acromegalic cardiomyo-
pathy is characterized by concentric biventricular hyper-
trophy, mainly involving the left ventricle (LV), in 80%,
with consequent diastolic dysfunction in 44% of patients
with acromegaly [1-5], whereas rhythm disorders [9]
and valve diseases [10] affect 48% and 75% of patients,
respectively, and progressive systolic dysfunction occurs
after a long period, followed by cardiac failure in about
10% of patients [3]. The combination of these cardiac
complications configures the peculiar acromegalic car-
diomyopathy [1-5].

Respiratory disorders represent the second relevant
comorbidity in patients with acromegaly, accounting for up
to 80% of complications and contribute to 25% of deaths
with a respiratory mortality that appears to be three-fold
higher than in normal population [4, 11-13]. The respira-
tory disorders associated with acromegaly are a conse-
quence of anatomical and functional changes involving the
entire respiratory system; these include sleep breathing dis-
orders, mainly sleep apnea, with a prevalence of 20-80%,
and respiratory insufficiency with a prevalence of 30-80%
[4]. The respiratory disorders complicate the cardiovascular
disease and increase the cardiovascular risk associated with
acromegaly.

Metabolic complications, mainly disorders of glu-
cose and lipid metabolism, are frequently associated with
acromegaly and represent adjunctive risk factors for the
increased cardiovascular mortality [4]. However, a recent
study demonstrated that such metabolic complications have
a negligible impact on mortality in acromegaly [8]. The
disorders of glucose metabolism include diabetes mellitus
(DM), impaired glucose tolerance (IGT) and impaired fast-
ing glucose (IFG). The prevalence of these disorders of glu-
cose homeostasis are still unclear, widely differing among
studies and ranging from 19% to 56% for DM [4], from 6%
to 45% for IGT [14—19] and from 7% to 22% for IFG [14,
16, 19, 20]. DM may develop early in patients with acro-
megaly and more than 20% of naive patients may have DM
at diagnosis of the disease [21, 22]. The disorders of lipid
metabolism mainly include decrease in HDL-cholesterol,
with a prevalence ranging from 33% and 40%, and hypertri-
glyceridemia [14, 16, 18], with a prevalence ranging from
39% to 47%, respectively [14, 16], whereas the incidence of
hypercholesterolemia is similar to general population [4].

Disease control, represented by the normalization of
hormone secretion, induced by either pituitary surgery
or medical therapy, improves comorbidities and restores
the mortality in the majority of cases achieving hormone
control.

The current review discusses current and emerging
pathophysiological, clinical and prognostic aspects of the

most important comorbidities, including cardiovascu-
lar, respiratory and metabolic complications occurring in
patients with acromegaly.

Cardiovascular complications

Acromegaly is associated with a typical cardiomyopathy,
characterized by biventricular hypertrophy, mainly involv-
ing the LV, in 80%, and consequent diastolic dysfunction,
in 44% of patients with active disease [1-5]; hyperten-
sion, valvulopathies, arrhythmias, and vascular endothelial
dysfunction represent additional relevant cardiovascular
complications, which, together with the respiratory and
metabolic complications, contribute to the development
of cardiac disease and the increase in cardiovascular risk
in acromegaly. The pathogenesis of acromegalic cardio-
myopathy includes either a direct action of GH and IGF-I
excess on the heart, or indirect mechanisms by which GH
and IGF-I excess induces hypertension and disorders of
glucose and lipid metabolism, resulting in cardiac glu-
cotoxicity and lipotoxicity and cardiac remodelling and
hypertrophy [23, 24]. Evidence collected in animal and
human models supported the role of GH and IGF-I in deter-
mining direct changes in cardiac muscle. GH and IGF-I
receptors are expressed and IGF-I is synthesized directly in
cardiomyocytes [25-27]. In animal models, GH and IGF-I
increase myocardial contractility and induce a hypertrophic
response of the heart [28-30] and GH stimulates cardiac
myocytes to re-enter the cell cycle, increasing the number
of cardiac myocytes [31]. The pathogenesis of acromegalic
cardiomyopathy has been proposed to develop after three
steps [4]. The early phase, which is reversible, is character-
ized by initial cardiac hypertrophy, with increase of heart
rate and systolic output, altogether configuring the hyper-
kinetic syndrome [4, 32]. In the middle phase of untreated
or uncontrolled disease, cardiac hypertrophy becomes more
evident, and signs of diastolic dysfunction with the appear-
ance of systolic dysfunction on effort [4]. In the end-stage
of untreated or uncontrolled disease, cardiac damage may
include systolic dysfunction at rest and heart failure until
the development of dilative cardiomyopathy, which is not
reversible even with the treatment of the disease [2, 4, 23].
At diagnosis, cardiac hypertrophy is a common feature in
patients with acromegaly, mainly in those with a long dis-
ease history [30, 31]. Acromegalic heart has thickened
walls but rarely enlarged chambers [33, 34]. At histology,
the most relevant abnormalities are interstitial fibrosis,
increased extra-cellular collagen deposition, myofibrillar
derangement, and areas of monocyte necrosis and lympho-
mononuclear infiltration, gradually impairing the whole
organ architecture [35-38]. Different echocardiographic
studies have confirmed histological findings, reporting
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cardiac fibrosis to be common in the acromegalic heart [39,
40], however, recently cardiac fibrosis has been found to be
totally absent [39] or very rare [40] in patients with active
acromegaly evaluated by cardiac magnetic resonance imag-
ing. Coexistence of cardiovascular comorbidities, including
hypertension, valvulopathy, arrhythmias, together with vas-
cular endothelial dysfunction and disorders of glucose and
lipid metabolism, may worsen cardiomyopathy [41].

Hypertension is one of the most common cardiovascular
comorbidities in acromegaly, with an avarage prevalence of
approximately 35%, ranging from 18% to 60%, according
to a meta-analysis [42]. Pathogenic mechanisms responsi-
ble for hypertension in acromegaly are yet to be fully eluci-
dated, but the chronic exposure to GH and IGF-I excess has
been suggested to act directly in the kidneys by exerting a
potential antidiuretic and antinatriuretic effect [43], or indi-
rectly by leading to the expansion of plasma volume and
increasing responsiveness to angiotensin action and conse-
quently increasing peripheral resistance [42]. Additionally,
insulin resistance associated with the disease, may stimu-
late renal sodium reabsorption, contributing to the increase
in blood pressure and the development of hypertension in
acromegaly [44].

Valvulopathy is a common feature of acromegalic car-
diomyopathy. Cardiac valvulopathy affects 75% of patients
at the time of diagnosis [10]. This complication is a con-
sequence of the dysregulation of extracellular matrix and
the deposition of collagen and mucopolysaccharides at the
level of valvular leaflets [45, 46], promoting leaflet disar-
ray, valve ring fragility and valve regurgitation, with mitral
and aortic being the most frequently affected valves [10, 47,
48]. In addition, aortic ectasia, was more frequently found
in patients with acromegaly compared with controls, with
aortic diameter correlating with LV mass, and patients with
aortic ectasia presenting with greater cardiac hypertrophy
compared with patients without aortic ectasia [49-51].

Arrhythmias frequently characterize the acromegalic
cardiomyopathy. Cardiac arrhythmias affects up to nearly
90% of patients with active disease [52, 53]. This com-
plication is consequence of the interstitial fibrosis, myofi-
brillar derangement and cardiac hypertrophy, contributing
to induce anatomical changes in cardiomyocytes possibly
leading to abnormalities in cardiac conduction [9, 52].
Recently, a 24-h Holter and cardiac magnetic resonance
study, reporting arrhythmias in up to 89% of patients with
acromegaly, described different types of arrhythmias: iso-
lated and paired ventricular ectopy was found in 71% and
21%, isolated and paired supraventricular ectopy in 89%
and 39%, non-sustained ventricular tachycardia in 11%
and non-sustained supraventricular tachycardia in 46% of
patients, respectively, without clinically relevant arrhyth-
mias [53]. Acromegaly may also be associated with a
peculiar rhythm abnormality, namely LV dyssynchronicity,
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defined as the loss of the simultaneous peak contraction of
corresponding cardiac segments, even independently from
typical predictors of cardiovascular disease, therefore sug-
gesting a potential direct effect of hormonal excess on car-
diac synchronicity [54].

The most striking functional disturbance in acromegalic
cardiomyopathy is the diastolic dysfunction, manifested
by inadequate ventricular filling capacity, as mainly dem-
onstrated by the decrease of early (E) to late or atrial (A)
peak velocities ratio (E/A) and the prolongation of the iso-
volumetric relaxation time (IVRT) [4, 23]. LV hypertro-
phy rarely leads to systolic dysfunction until heart failure
in approximately 10% of acromegalic patients [2, 4], par-
ticularly in the end-stage of acromegalic cardiomyopathy in
patients with untreated or uncontrolled disease [4]. The rel-
ative risk to develop systolic dysfunction has been demon-
strated to be higher in patients with acromegaly compared
with control subjects [55].

Disease duration plays a pivotal role in the determina-
tion of acromegalic cardiomyopathy, since it is correlated
with the prevalence of hypertension [55], DM [4, 56]
and cardiac complications, including valvulopathy [10],
arrhythmias [47, 48], diastolic and systolic dysfunction
[55], suggesting a potential cumulative effect of the expo-
sure to chronic hormone excess.

Vascular disease has been described in acromegaly,
although it seems to exert a relatively minor role in the
determination of cardiovascular disease. The most common
vascular damage described in acromegaly is the vascular
endothelial dysfunction; although endothelial dysfunction,
together with oxidative stress, represents the main under-
lying mechanism of atherosclerosis, a clear-cut vascular
atherosclerosis represents a controversial finding in acro-
megaly. In an animal model, a vessel-specific deterioration
of endothelial function, initially caused by increased oxi-
dative stress, has been ascribed directly to hormone excess
[57]. In patients with acromegaly a decrease in nitric oxide,
expression of an increased level of oxidative stress, has
been reported [58, 59], as well as an increase of endothe-
lin-1, a biomarker of endothelial dysfunction [60], confirm-
ing the presence of a predisposition to atherosclerosis [60].
The presence of endothelial dysfunction in acromegaly is
testified by the evidence at the brachial artery that flow-
mediated dilatation is decreased in patients as compared to
controls [61]. Endothelial dysfunction has been found asso-
ciated with a hypertrophic remodeling of the subcutane-
ous blood vessels from gluteal fat biopsies of acromegalic
patients [62]. Moreover, aortic stiffness has been reported
significantly higher, whereas aortic strain and distensibil-
ity significantly decreased in patients with active disease
as compared to controls [63]. Interestingly, the study of the
peripheral microcirculation showed a significantly lower
capillary number and length and a significantly higher
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number of tortuous loops and meandering capillaries in
patients as compared to controls [64]. Beyond the evidence
of the vascular endothelial dysfunction, and the vascular
remodelling and dysfunction, data on vascular atheroscle-
rosis in acromegaly are controversial. Some studies have
found an increased carotid intima-media thickness (IMT)
in patients as compared to controls [65-67], whereas some
other studies reported a similar prevalence of increased cor-
onary or carotid IMT and atherosclerosis between patients
and controls [68-70]. Noteworthy, the risk of atheroscle-
rosis in acromegaly has been associated with the coexist-
ence of different classical cardiovascular risk factors, such
as smoking habits, sleep apnea, insulin resistance, dyslipi-
demia and obesity, rather than to the direct chronic expo-
sure to hormone excess [70]. Figure 1 shows the impact
of GH and IGF-I excess on the cardiovascular system in
acromegaly.

Control of acromegaly, induced by either pituitary
surgery or medical therapy with conventional somatosta-
tin receptor ligands (SRL), or the GH-receptor antago-
nist pegvisomant (PEG) improves cardiac structure and
performance [2-4, 71], as well vascular damage [72].
Successful surgery has been shown to significantly
improve hypertension, cardiac hypertrophy, diastolic or
systolic dysfunction [17], and endothelial dysfunction
[73]. In patients receiving SRL, LV hypertrophy rapidly
reduces following hormone normalization [18, 74-77],
and the improvement in diastolic and systolic dysfunc-
tion occurs in those achieving hormone excess control
[78]. Persistence of uncontrolled acromegaly has been

reported associated with further impairment of cardiac
performance [78], and recovery from LV hypertrophy
or diastolic and systolic dysfunction seemed to depend
not only on the correction of hormone excess but also
on patient age [17, 70], disease duration [18, 70], and
the control of metabolic comorbidities [18]. In fact, the
achievement of disease control induced by 12-month
SRL treatment has been shown to normalize LV mass
in 100% of young and in 50% of middle-aged patients
[18], and ejection fraction response at peak exercise in
80% of young and in 50% of middle-aged patients [18].
Twelve months first-line treatment with SRL or surgery
induced similar improvement in LV hypertrophy and
diastolic function, whereas systolic function was more
evidently improved in patients treated with SRL than
in patients treated by surgery [17]. First-line treatment
with SRL for 5 years induces a significant improvement
in the prevalence of hypertension, LV hypertrophy, dias-
tolic and systolic dysfunction, arrhythmias and lipid
profile [74], and a slight decrease in the prevalence of
the impairment of glucose metabolism [75]. In patients
resistant or poorly responders to SRL and converted to
PEG monotherapy, IGF-I normalization results in the
improvement of blood pressure in hypertensive patients
[79], reduction of arrhythmias [80], and amelioration of
vascular endothelial dysfunction at carotid and brachial
arteries [81]. Long-term PEG monotherapy has been
demonstrated to improve acromegalic cardiomyopathy,
by decreasing cardiac hypertrophy and enhancing dias-
tolic and systolic function [82]. Recent evidence has

Cardiac hypertrophy
Hyperkinetic syndrome
Diastolic dysfunction

Risk
Factors

Endothelial dysfunction
Increased vascular IMT

Systolic dysfunction
Rhythm disorders
Valve disease

Insulin resistance
Diabetes mellitus
Dyslipidemia
Arterial hypertension

Coronary arteropathy

Fig. 1 Effects of GH and IGF-I excess on the cardiovascular system.
Cardiac effects of GH and IGF-I hypersecretion (left) include car-
diac hypertrophy, hyperkinetic syndrome, diastolic and systolic dys-
function, arrhythmias and valvulopathy. Moreover, hormonal excess
leads to vascular endothelial dysfunction and increased intima media

thickness (IMT), mainly of carotid and coronary arteries, so induc-
ing a direct vascular damage (right). Additional risk factors, includ-
ing systemic arterial hypertension, insulin resistance and disorders
of glucose and lipid metabolism, further contribute to cardiovascular
disease in acromegalic patients (middle)
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also demonstrated SRL and PEG combined treatment to
exert a beneficial effect on acromegalic cardiomyopathy
[83]. Long-term PEG addition to SRL has been found to
improve cardiac mass and diastolic function in acromeg-
alic patients resistant to SRL [83]. However, cardiovas-
cular complications, mainly including LV hypertrophy
[17], cardiac performance at exercise [18] and vascu-
lar endothelial dysfunction [72], may persist even after
the achievement of disease control, particularly in 50%
of middle-age patients and long disease duration [18],
therefore straightening the importance of early diagnosis
and prompt treatment of hormone excess, and monitor-
ing cardiac structure and function even in patients cured
from acromegaly.

In conclusion, acromegaly is associated with a typi-
cal cardiomyopathy, mainly characterized by cardiac
hypertrophy and diastolic dysfunction, and more rarely
systolic dysfunction; this cardiomyopathy with the dif-
ferent concomitant features, including valve disease and
rhythm disorders, beyond vascular damage, are strictly
associated with the disease duration. Stringent control
of hormone excess induced by surgery and/or medical
therapy is associated with a significant improvement in
cardiac structure and performance in patients with acro-
megaly, demonstrating the crucial role of disease remis-
sion in the reversal or prevention of the development of
a serious cardiac disease, although persistence of cardi-
omyopathy is possible in patients after cure, especially
middle-aged, or elderly, patients with a long disease
history.

Table 1 Respiratory complications in acromegaly

Respiratory complications

Acromegaly is associated with relevant complications
of the respiratory system. The respiratory complications
associated with acromegaly mainly include sleep breath-
ing disorders, generally represented by the sleep apnea,
and respiratory insufficiency [84—108]. Table 1 shows the
pathogenesis of sleep apnea and respiratory insufficiency in
acromegaly.

The anatomical changes affecting craniofacial bones
and soft tissues, including the swelling of the tongue, the
changes in the respiratory mucosa and cartilages, lung
volume, and rib cage geometry, together with the altera-
tions in muscle structure, the reduction in lung elasticity,
and the increase in lung distensibility, are the main deter-
minants of the respiratory complications associated with
acromegaly. These alterations can be mostly ascribable to
direct GH and IGF-I actions. Indeed, in both rodents and
humans, GH and IGF-I have been shown to exert prolifer-
ative effects on lung and respiratory muscles [88-96], so
promoting the increase in lung volume. Indeed, lung vol-
ume increase has been observed in up to 81% patients with
acromegaly [84—86]. However, more importantly, small and
upper airway narrowing was described in 35% and 26% of
acromegalic patients, respectively [85-87]. This feature is
the main determinant of sleep breathing disorders. Sleep
apnea affects 20-80% of patients, and is a common cause
of nocturnal snoring and daytime sleepiness [91, 97, 98].
Disease activity, elderly age and neck circumference have
been reported to be independent predictors of sleep apnea

Site Pathological findings

Clinical disorder

Craniofacial region and upper respiratory tract
Soft tissues and muscles

Cartilages and bones

Organs

Neck/thoracic cage and lower respiratory tract

Soft tissues and muscles

Cartilages and bones

Organs

Macroglossia

Swelling/lengthening of the soft palate
Swelling/collapse of the pharyngeal walls
Thickening of true and false vocal cords

Overgrowth of mandible, maxilla and ioid
Mandible protrusion
Dorsocaudal rotation of the mandible

Thyroid overgrowth
Submandibular salivary gland hyperplasia

Small airway narrowing
Derangement of respiratory muscles

Enlargement/elongation of vertebral bodies
Thickened intervertebral discs of the neck
Thinned intervertebral discs of the thorax
Thoracic spine kyphoscoliosis

Elongation and divergence of the ribs

Lung overgrowth
Increased lung volume

Impaired airflow transit
Obstructive sleep apnea
Nocturnal snoring
Fragmented sleep
Daytime somnolence
Morning sleepiness
Morning headache

Sleep apnea syndrome

Impaired airflow transit
Stiffened rib cage

Impaired breathing movements
Respiratory muscle impairment
Short inspiratory time
Emphysema

Bronchiectasis

!

Respiratory insufficiency

Increased lung compliance
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syndrome in acromegaly [97]. In the general population,
sleep apnea is known to predispose to hypertension and
arrhythmias [99] suggesting that this might be also occur
in patients with acromegaly. Sleep apnea is either classified
as central, due to cessation of brain control of respiration,
or as obstructive, due to narrowing of upper respiratory
airways. Approximately one-third of patients with acro-
megaly develop central sleep apnea, that is associated with
increased gain of the respiratory control system, in associa-
tion with the obstructive sleep apnea [91]. GH and IGF-I
excess have been reported as the main determinants of cen-
tral sleep apnea in acromegaly [91]. However, acromegaly
is predominantly associated with obstructive sleep apnea,
ordinarily caused by macroglossia, pharyngeal soft tissue
hypertrophy, and anatomical abnormalities of the pharynx
lumen, which reduce the respiratory space. Patients may
complain of apneic episodes, or hypopneic episodes [100].
Some studies have demonstrated a relationship between
either the severity or the frequency of apneas and disease
activity [101-103], disease duration [91], aging [91], and
male gender [97]. The alteration of the structure and elas-
ticity of the entire respiratory system lead to an impairment
of pulmonary function until respiratory insufficiency. Res-
piratory insufficiency is less frequently investigated in acro-
megaly, but it seems to affect 30-80% of patients [87-89].
Most patients (70%) achieve subnormal respiratory mus-
cle force, either during inspiratory or expiratory breath-
ing [105]. Small and upper airway narrowing [85-87] and
lung volume and capacity increase [94, 105] contribute to
the pathogenesis of respiratory insufficiency. Indeed, acro-
megalic patients have increased amounts of lung tissue
as well as nonaerated and poorly aerated areas, determin-
ing a loss of homogeneity of the respiratory system [100].
Moreover, the increased lung distensibility with normal dif-
fusion capacity suggests that lung growth may result from
an increase in alveolar size [94]. The inspiratory time is
usually shorter and, consequently, the breathing frequency
may increase [102]. Additional features of the acromegalic
respiratory insufficiency include subclinical hypoxemia in
80% of patients [87], caused by the ventilation-perfusion
ratio mismatching [87]; nocturnal hypoxemia have been
also reported in 23% of patients [86]. For the aforemen-
tioned reasons, patients with acromegaly often achieve an
inadequate response to ventilatory demand during exercise
[4]. At anaerobic threshold and at maximal exercise, acro-
megalic subjects sustained a significantly decreased work-
load compared with control subjects [5], but this can be
explained also considering a probable cardiac component.
At the aerobic fitness, heart rate and perceived fatigue have
been reported to be significantly higher, while maximum
oxygen uptake and ventilation threshold at the maximal
exercise were significantly lower than the predicted values
in patients with acromegaly [108].

Control of acromegaly, induced either by pituitary sur-
gery or medical therapy, improves sleep breathing disor-
ders [99, 100, 109-115]. Particularly, pituitary surgery
has been reported to improve sleep apnea, irrespective
of disease cure [110], albeit persisting in 25% of patients
achieving hormone control [115]. However, although the
positive correlation between central sleep apnea and dis-
ease activity implies that hormone excess control and dis-
ease remission may lead to the disappearance of central
sleep apnea, previous studies reported the persistence of
sleep apnea after pituitary surgery, presumably because of
the persistence of the obstructive causes [109, 110]. Medi-
cal treatment with SRL or PEG has been demonstrated to
dramatically influence the remisison of sleep apnea [99,
100, 111-114], mainly by decreasing the frequency of
apneic and hypopneic episodes by 50% [112], improving
the central component of sleep-breathing control [91], and
reducing soft tissue swelling, particularly macroglossia
[114]. After 24 weeks of treatment with lanreotide Autogel
(LAN) [75], despite the improvement in hormone control
of acromegaly, the apnea/hypopnea index score, used to
indicate the severity of sleep apnea, was found to improve
in 61%, to remain unchanged in 8.7%, or even to worsen
in 30.4% of patients [75]. In a cohort of 12 patients medi-
cally treated with PEG for 6 months, both tongue volume
and apnea-hypopnea index significantly decreased follow-
ing hormone normalization [114]. In male patients, sleep
apnea can be also exacerbated by concomitant testosterone
deficiency [116], and in turn sleep breathing disorders may
decrease testosterone levels in experimental models [117].
Testosterone treatment transiently worsens the severity of
sleep apnea [118], therefore caution is recommended for its
use in patients with severe untreated sleep apnea, although
it does not represent an absolute contraindication to its use
[119]. However, although sleep breathing disorders sever-
ity has been shown to decrease with acromegaly control,
this decrease does not change the indication for positive
airway pressure (PAP) therapy, the main treatment of sleep
apnea [120-122]. Sleep apnea syndrome can persist after
recovery of acromegaly [123]. Considering the negative
prognostic significance of this respiratory disorder, poly-
somnography should be included as routine procedure in
the work-up of acromegalic patients, and even repeated
after disease remission, being mandatory in those patients
considered at high risk, mainly elderly males, overweight,
and diabetic patients [123]. Appropriate intensive treatment
should be implemented to minimize the clinical impact
of sleep apnea syndrome in acromegaly, and PAP therapy
should not be delayed in acromegalic patients with sleep-
breathing disorders [120-122]. Respiratory insufficiency
partly improves after disease control. Following treatment
with SRL lung volumes and distensibility have been found
to decrease, with stable diffusion capacity [94]. The change
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in lung elastic properties are reflected by a significantly
improvement in the response to the physical exercise after
therapy. Workload and oxygen consumption at anaerobic
threshold and at maximal exercise improved significantly
after 24-h continuous octreotide infusion [5], suggesting
that the sustained octreotide-induced hormone reduction
may cause the significant improvement in work capacity
at both anaerobic threshold and during maximal exercise
[5]. After a 6-month treatment with octreotide-LAR (LAR)
patients achieved an increase in ventilation threshold, as
well as a decrease in perceived fatigue, although the maxi-
mal oxygen uptake during progressive treadmill test did not
significantly increase [108].

In consideration of the relevant prevalence of sleep
apnea in acromegaly, patients with sleep apnea might con-
stitute a target group for the earlier detection of acromegaly.
A recent multicentric prospective study [124] including
755 consecutive patients referred to tertiary French centres
has revealed a diagnosis of acromegaly in 0.35% of patients
with a confirmed diagnosis of obstructive sleep apnea
syndrome. On the other hand, every acromegalic patient
should have a careful clinical, and eventually laboratory
assessment, for sleep apnea at the time of diagnosis, in col-
laboration with a respiratory physician [125].

In conclusion, acromegaly is associated with sleep apnea
and respiratory insufficiency. The anatomical changes in
the respiratory system induced by hormone excess are the
main determinants of respiratory complications. Control of
hormone excess induced by surgery and/or medical therapy
is associated with the improvement of respiratory disorders.
In particular, prompt and appropriate treatment of acro-
megaly may favour the resolution of respiratory disorders,
when the rapid hormone control permit the reversal of soft
tissue hypertrophy. Conversely, persistence of the respira-
tory disorders after disease remission may be consequence
to residual and irreversible anatomical deformations.

Metabolic complications

Acromegaly is frequently associated with deterioration of
glucose and lipid metabolism. The insulin resistance repre-
sents the main pathogenetic mechanism for glucose intol-
erance, DM and dyslipidemia, which are common features
of acromegaly and represent risk factors for the increased
cardiovascular morbidity and mortality [4, 8].

Glucose metabolism
The disorders of glucose metabolism associated with acro-
megaly include IGT, IFG and DM; these conditions are

more frequently reported in patients with acromegaly than
in the general population [4, 125, 126]. The prevalence of
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DM in acromegaly differs greatly among studies, rang-
ing from 16% to 56% [4, 14, 126], and this variability is
explained by heterogeneity of the study populations and
differences in the criteria used for the diagnosis [22, 127,
128]. Similarly, the frequency of IGT [14-19, 21] and IFG
[14, 16, 19, 120] ranges from 6% to 45% and from 7% to
22%, respectively. Despite its correlation with disease dura-
tion, DM may develop early in patients with acromegaly
and more than 20% of naive patients may have DM at diag-
nosis [22], potentially interfering with the feasibility of
diagnostic tests for acromegaly. The direct action of GH are
mainly diabetogenic by increasing lipolysis and inducing
insulin resistance [129, 130], whereas the indirect actions
of GH, via increased IGF-I, may in turn facilitate insulin
action [4]. GH exerts an overall lipolytic effect, inducing the
hydrolysis of triglycerides with formation of free fatty acids
(FFA) from the adipose tissue; although the exact mecha-
nism through which GH induces lipolysis has long been
debated, evidence exists that GH can influence the sensi-
tivity and/or the responsiveness of adipose tissue to agents
regulating lipolysis, such as beta-adrenergic agents [4]. The
increase in FFA production is one of the main responsible
factor for the development of insulin resistance. Indeed,
GH-induced insulin resistance is considered to be the major
mechanism accounting for the disorders of glucose metabo-
lism in patients with acromegaly, although impairment of
pancreatic beta-cell function and insulin secretion has been
also clearly implicated [21, 129, 131]. Chronic GH excess
leads to insulin resistance both in liver and peripheral tis-
sue, such as skeletal muscle and adipose tissue [130]. The
consequence of insulin resistance is the occurrence of
hyperinsulinemia and increased glucose turnover in the
basal and post-absorptive states, which characterize acro-
megaly; the GH-dependent increase of gluconeogenesis in
the liver, with consequent increase in glucose production,
importantly contributes to the impairment of glucose toler-
ance and development of disorders in glucose metabolism
[132]. In particular, the pathogenesis of insulin resistance is
multifactorial. The GH-dependent increase of FFA produc-
tion induces an impairment of insulin-stimulated glucose
uptake, through the suppression of glucose transporters in
adipose tissue [133]. Moreover, GH excess directly blocks
insulin signaling, mainly through the inhibition of insulin-
receptor substrate-1 and PI-3-kinase, involved in the stim-
ulation of glucose transport in muscle and adipose tissue
and in the inhibition of liver glucose production [131].
The impairment of pancreatic beta-cell function and insu-
lin secretion is also a necessary step towards disorders of
glucose metabolism in insulin-resistant patients with acro-
megaly [133]. Differently from GH, under physiologic con-
ditions, IGF-I has been shown to improve glucose homeo-
stasis and insulin requirements, directly stimulating glucose
transport into the muscle through either IGF-I or insulin/
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IGF-I hybrid receptors [134]. However, chronic GH excess
leading to insulin resistance largely overcome the possi-
ble beneficial effects of IGF-I excess on insulin sensitivity
[4]. Acromegaly has been also associated with adipose tis-
sue dysfunction, recently expressed with a gender-specific
mathematical index, the visceral adiposity index (VAI),
based on anthropometric and metabolic parameters, inde-
pendently correlated with cardiometabolic risk in the gen-
eral population [14, 16]. The association between VAI and
insulin sensitivity confirms that adipose tissue dysfunction
may be an important factor in determining insulin resist-
ance and impairment of glucose metabolism in patients
with acromegaly [16]. The impairment of glucose metab-
olism in acromegaly is associated with obesity [19, 126],
elderly [19, 128, 135, 136], and family history of diabetes
[19, 126], as in the general population. However, differently
from the general population, women display more severe
insulin resistance compared to men with acromegaly [16].
Figure 2 shows the metabolic effects of GH excess on the
target organs.

Control of acromegaly induced by surgical treatment
improves both glucose tolerance and prevalence of DM
[14, 17], whereas medical therapies exert different effects
on glucose metabolism [135, 137-148]. Particularly, after
surgery insulin secretion and sensitivity were shown both
to improve [17, 149] and normalization of glucose homeo-
stasis occurred in 23-58% of patients with preexisting DM
[129]. Conversely, medical treatment of acromegaly may
variably influence glucose metabolism. SRL themselves
exert different hormone effects on pancreatic beta-cells,
insulin secretion and glucose homeostasis [140]. Generally,

SRL treatment improves insulin resistance by decreasing
GH levels, and may lead to restoration of normal glucose
tolerance, but hyperglycemia or even hypoglycemia have
been documented [140]. In particular, discordant data are
reported on the effect of SRL treatment on glucose toler-
ance in acromegalic patients [14, 19, 135, 138-144], taking
into account that the studies performed are heterogeneous
in terms of glucose parameters and duration of follow-up,
and most of studies did not evaluate glucose metabolism
as main clinical end-point. Nowadays, the available SRL
include conventional SRL (LAR and LAN), preferentially
acting via the subtype receptor SSTR2, and displaying
lower affinity for SSTRS, and pasireotide (PAS), a second-
generation SRL, which targets multiple receptor subtypes
with a binding affinity 40-fold higher for SSTRS, and two-
fold lower for SSTR2 [145]. These two classes of SRL have
different effects on glucose metabolism. Conventional SRL
is widely demonstrated to reduce insulin resistance, but
to almost similarly impair insulin and glucagon secretion
by the interaction with SSTR2 [146, 147, 150, 151], also
inhibiting gastrointestinal glucose absorption and hepatic
glucose production. Conventional SRL were initially sus-
pected to worsen glucose tolerance in acromegaly due to
the important suppression of insulin production [152].
However, a subsequent study suggested that glucose toler-
ance was only modestly altered by conventional SRL ther-
apy [153]. On the other hand, the progressive improvement
of insulin resistance induced by conventional SRL may
likely counterbalance its inhibitory effect on insulin secre-
tion, mainly occurring at the beginning of treatment [74,
137, 154], so that glucose tolerance was found to improve

Muscles:

T Free fatty acids
oxidation

J, Glucose uptake

‘1, Glucose uptake

Adipose tissue:
'T‘Lipolysis

Pancreas: Liver:
Impairment 1‘ IGF-I
of B-cell T Gluconeogenesis
function ‘1, Lipoprotein lipase
|, Lp-a, Apo A-l, Apo E

Fig. 2 Metabolic effects of growth hormone (GH) excess on the tar-
get organs. GH plays an overall lipolytic effect leading to increased
release of free fatty acids from adipose tissue and reducing the glu-
cose uptake; impairment of pancreatic beta-cell function has been
also clearly implicated. The increased gluconeogenesis in the liver

importantly contributes to the impairment in glucose tolerance.
Moreover, GH excess can directly decrease the activity of lipopro-
tein lipase increasing triglycerides levels and impact the lipoprotein
metabolism, increasing plasma levels of Lp-a, Apo A-I, and Apo E
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during long-term treatment [74, 137]. A recent meta-anal-
ysis [140] evaluating the clinical impact of conventional
SRL therapy on glucose metabolism demonstrated that
conventional SRL significantly decrease serum insulin lev-
els, according to the experimental evidence of the inhibi-
tion of insulin secretion [155], without a consistent change
of fasting plasma glucose and serum glycated haemoglo-
bin (HbA,.). In patients with pre-existing glucose abnor-
malities, conventional SRL have been found to worsen or
to improve glucose profile in 25% and 29% of patients,
respectively, with 46% of them maintaining the same
glucose tolerance status [140]. Interestingly, high-dose
LAR therapy has been demonstrated not to affect glucose
metabolism in most patients, and the worsening of glucose
metabolic status has been found to occur in close relation
with persistently lack of disease control [144]. Differently
from conventional SRL, the pathophysiological effects of
PAS on glucose metabolism are yet to be completely elu-
cidated. A recent study in healthy volunteers [156] has
demonstrated that PAS suppresses predominantly insulin
secretion, simultaneously with a relatively lower inhibi-
tion in glucagon secretion, and a concomitant inhibition in
the secretion of incretins, such as glucagon-like peptide 1
(GLP-1), and glucose-dependent insulinotropic polypep-
tide (GIP), from the pancreas [156]. The peculiar binding
affinity profile to SSTRs of PAS could explain the effects of
PAS on insulin and glucagon secretion [156]. Indeed, PAS
has the highest binding affinity for SSTRS, which is known
to have a predominant role in regulating insulin secretion
[157] and a lower affinity for SSTR2, which is the main
mediator of glucagon secretion [157]; this may account
for the more pronounced suppression of insulin and more
modest suppression of glucagon induced by PAS, and may
explain why the strongly reduction of insulin/glucagon
ratio may induce a more important imbalance in glucose
homeostasis with development of DM. The decrease in
incretin levels induced by PAS through pancreatic SSTRS
receptors [158] contribute to explain the stronger suppres-
sion of insulin secretion, and the stronger impairment of
glucose homeostasis associated with PAS compared with
the conventional SRL. Differently from conventional SRL,
the experience about the use of long-acting PAS in acro-
megaly is limited to recent phase 3 clinical trials [145, 159]
and no data are nowadays available about the use of this
compound in routine clinical practice, since this drug was
only recently approved in Europe for the treatment of acro-
megaly patients with inadequate response to surgery and
conventional SRL, and in USA for the treatment of patients
with acromegaly who have had an inadequate response to
surgery and/or for whom surgery is not an option [160].
Both clinical trials documented PAS to induce hypergly-
cemia-related adverse events more frequently than con-
ventional SRL [145, 159]. Particularly, in patients with
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inadequately controlled acromegaly at the maximum dose
of conventional SRL and switched to PAS [159] all grade
hyperglycemia-related adverse events have been reported to
occur in 67% and 61% of patients treated with PAS 40 and
60 mg, and in 30% of patients on conventional SRL, and
DM in 21%, 26% and 8%, respectively. However, hyper-
glycemia resolved within 3 months to near-normal levels
in patients who crossed over from PAS to LAR [145], sug-
gesting that this effect was reversible. Interestingly, PAS-
induced hyperglycaemia has been found to be not related to
disease control but to baseline glucose tolerance status and
fasting glucose levels: patients with baseline FG > 100 mg/
dL experienced higher values of fasting glucose and HbAlc
during PAS therapy, and 25% of patients initiated antidia-
betic medication [161]. Therefore, the results of these stud-
ies suggest that an accurate metabolic assessment should
be performed before starting treatment with PAS, and in
patients with poorly controlled DM antidiabetic treatment
should be optimized before treatment is started. In general,
considering the variable effect on glucose metabolism, a
monitoring of glucose profile is important during treatment
of either conventional or second-generation SRL. Figure 3
shows the different effect of conventional SRL and PAS on
insulin and glucagon secretion.

In patients resistant to SRL, PEG monotherapy has been
demonstrated to improve insulin sensitivity likely by block-
ing GH action at the receptor level and its effect on insu-
lin resistance [148, 162-169]. It remains unclear whether
the favourable outcome on glucose homeostasis during
PEG is dependent on specific drug effects or may derive
from improved hormone control and/or removal of inhibi-
tory effects of SRL on insulin secretion [168, 169]. Sev-
eral studies demonstrated that PEG monotherapy induced
a significant decrease in fasting glucose and HbA | levels
[162-165, 168] also in patients with IGT and DM. A posi-
tive impact of PEG on peripheral insulin sensitivity has
been also demonstrated [163, 166, 167]. However, it was
recently reported that short-term PEG administration in
healthy subjects can suppress lipolysis without significant
changes in either glucose and insulin metabolism [170].
Moreover, it has been speculated that PEG treatment in
acromegaly is subject to tissue-specific differences in a
dose-dependent manner, and it seems possible that the
peripheral suppression of GH activity is achieved prior to
normalization of hepatic IGF-I production [171]. Despite
disease control, disorders in glucose metabolism may per-
sist [141]. IGT and DM have been found to persist in 10%
and 20%, respectively, of patients definitively cured, and in
39% and 36%, respectively, of those achieving disease con-
trol [141].

Due to the frequent occurrence of impairment of glu-
cose metabolism in acromegaly, patients with disorders of
glucose metabolism might constitute a target group for the
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Fig. 3 Different effect of
conventional SRL (a) and
pasireotide (b) on insulin and
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earlier detection of the disease. Interestingly, a recent study
in 2270 patients with DM or glucose intolerance investi-
gated the frequency of acromegaly in order to estimate its
prevalence in the general population [172]. Frequency was
estimated as greater as 480 cases per million adults, sug-
gesting that the prevalence of acromegaly is still underesti-
mated [172].

In conclusion, the impairment of glucose metabolism
is frequent in patients with acromegaly. Hormone levels,
increased body mass index, age and family history of DM
represent the main determinants of deterioration of glucose
metabolism. Surgical treatment appears to improve both
glucose tolerance and DM prevalence. Conversely, medi-
cal treatment may variably influence glucose metabolism,
often affecting the choice of treatment. Glucose homeo-
stasis is worth being monitored in all patients during SRL
therapy, in particular when PAS is used, regardless of the
pre-existing metabolic abnormalities especially in those
with uncontrolled disease.

Lipid metabolism

The disorders of lipid metabolism associated with acro-
megaly mainly include hypertriglyceridemia and decrease
of HDL-cholesterol [4]. Indeed, whereas the prevalence
of hypercholesterolemia in patients with acromegaly is

s
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GLP-1 and
GIP release

The greater binding
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an altered regulation of

insulin and glucagon
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similar to that in the general population [4], the prevalence
of hypertriglyceridemia is three-times higher than that of
the general population, and ranges from 33% and 40% of
patients [14, 16, 17], being similar in both genders [16],
whereas the prevalence of low HDL-cholesterol ranges
from 39% to 47% [14, 16] and it is higher in postmenopau-
sal women than in men [16]. Moreover, acromegaly is also
associated with alteration of the lipoprotein metabolism,
particularly with an increase of circulating levels of Lp-a,
Apo A-1, and Apo E, involved in the transport of triglycer-
ides and cholesterol, as well as small dense LDL particles,
possibly as a consequence of insulin resistance [173], so
contributing to the development of vascular damage [173].
Indeed, infiltration and retention of Apo B containing lipo-
proteins (LDL, VLDL, and Apo E remnants) in the artery
wall is a critical initiating event that sparks an inflamma-
tory response and promotes the development of athero-
sclerosis [174]. Arterial injury causes vascular endothelial
dysfunction promoting modification of Apo B containing
lipoproteins and infiltration of monocytes into the sub-
endothelial space [174]. Altogether, these mechanisms
increase the cardiovascular risk.

GH exerts direct and indirect effects, throught IGF-
I, on lipid metabolism. Specifically, although GH excess
induces an enhancement of lipolysis, with a consequent
increase in the release of FFA from adipose tissue, which

@ Springer



56

Pituitary (2017) 20:46-62

are responsible for the development of insulin resistance [4,
131, 175], GH excess may also directly decrease the activ-
ity of lipoprotein lipase (LPL), which might induce a reduc-
tion of the uptake of triglycerides in adipose tissue, increas-
ing circulating triglycerides levels [132]. Conversely, the
decrease in HDL-cholesterol seems to be related to IGF-I
excess, since an independent negative relationship of IGF-I
with lecithin-cholesterol acyl transferase, able to esterify
free cholesterol in HDL, has been demonstrated [176]. It
is noteworthy that hypertriglyceridemia in acromegalic
patients seems to be not related to body weight, basal GH
levels, insulin concentrations or glucose tolerance, but to
the compensatory hyperinsulinemia [130]. Conversely,
HDL-cholesterol levels seems to be related to IGF-I levels
and gender [16, 176].

Control of acromegaly, induced by either pituitary sur-
gery or medical therapy improves dyslipidemia [4, 177].
A significant improvement in triglycerides and HDL-cho-
lesterol levels was reported in patients treated with both
surgery or conventional SRL [14]. However, hypertriglyc-
eridemia and low HDL levels persisted in 12.4% and 24%
of patients respectively despite disease control [14]. Dif-
ferently, variable results were observed on lipid metabo-
lism after PEG treatment. Some studies have reported an
increase in total and LDL-cholesterol with unchanged
triglyceride and a significant decline in Lp-a levels [178,
179], whereas other studies [180-182] reported no change
in lipid fractions during PEG treatment. However, the
mechanism whereby PEG can act on lipid profile is still
unknown [178-182].

In conclusion, acromegaly is associated with disorders
of lipid metabolism, mainly including hypertriglyceri-
demia and decrease in HDL-cholesterol. Hormone control
induced by surgery and/or SRL is associated with a sig-
nificant improvement in lipid metabolism, demonstrating
the crucial role of disease remission in the reversal of dys-
lipidemia in acromegaly. However, further studies are still
required to establish the impact and mechanisms of PEG on
lipid metabolism.

General conclusions

Acromegaly is associated with an increased mortality com-
pared to the general population, with cardiovascular and
respiratory diseases representing two of the most impor-
tant cause of death, whereas metabolic complications play
a minor role in determining mortality. Early diagnosis and
prompt treatment are the best way to limit morbidity and
mortality in acromegaly. Appropriate and effective treat-
ment of acromegaly should be started early to obtain a
strict hormone control since beneficial effects on comorbid-
ities and mortality can be seen in patients achieving disease
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control. In particular, stringent control of hormone excess
is associated with the significant improvement in cardiac
hypertrophy, as well as diastolic and systolic function,
demonstrating that biochemical control leads to an over-
all improvement in cardiac structure and performance in
patients with acromegaly. However, cardiovascular disease
can persist after disease control, mainly in elderly patients
with long disease duration. Moreover, hormone control of
acromegaly, albeit decreasing the severity of respiratory
disorders, does not recover sleep apnea in the totality of
patients, and sleep apnea can persist after complete recov-
ery of acromegaly, mainly in elderly male patients with
long disease duration, requiring specific therapy despite
hormone normalization. The effects of disease control on
metabolic complications are variable. Surgery improves
both glucose tolerance, DM and dyslipidemia. Medi-
cal therapy improves lipid metabolism and may variably
impact glucose metabolism and DM prevalence, also influ-
encing the choice of treatments. Therefore, an adequate
monitoring of glucose homeostasis is recommended in all
patients during SRL therapy, particularly in those receiving
PAS. In general, despite complete hormone normalization,
disease control cannot recover systemic complications in
the totality of acromegalic patients. Close dialogue among
endocrinologists and specialists involved in the manage-
ment of acromegalic patients is of extreme importance for
the optimal care of these patients.
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