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Abstract
Secondary diabetes mellitus (DM) is a common complication of acromegaly, encountered in up to 55% of cases. Vice versa, the
prevalence of acromegaly is markedly higher in cohorts of patients with type 2 DM (T2DM). The presence of secondary DM
depends primarily on acromegaly status and is associated with increased cardiovascular morbidity, malignancy rate and overall
mortality. The principal pathophysiologic mechanism is increased insulin resistance due to excessive lipolysis and altered fat
distribution, reflected at the presence of intermuscular fat and attenuated, dysfunctional adipose tissue. Insulin resistance is ascribed
to the direct, diabetogenic effects of growth hormone (GH), which prevail over the insulin-sensitizing effects of insulin-like growth
factor 1 (IGF-1), probably due to higher glucometabolic potency of GH, IGF-1 resistance, or both. Inversely, GH and IGF-1 act
synergistically in increasing insulin secretion. Hyperinsulinemia in portal vein leads to enhanced responsiveness of liver GH
receptors and IGF-1 production, pointing towards a mutually amplifying loop between GH-IGF-1 axis and insulin. Secondary DM
occurs upon beta cell exhaustion, principally due to gluco-lipo-toxicity. Somatostatin analogues inhibit insulin secretion; especially
pasireotide (PASI) impairs glycaemic profile in up to 75% of cases, establishing a separate pathophysiologic entity, PASI-induced
DM. In contrast, pegvisomant and dopamine agonizts improve insulin sensitivity. In turn, metformin, pioglitazone and sodium-
glucose transporters 2 inhibitors might be disease-modifying by counteracting hyperinsulinemia or acting pleiotropically. Large,
prospective cohort studies are needed to validate the above notions and define optimal DM management in acromegaly.
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Introduction

Acromegaly is a rare disease, with a reported prevalence of
0.006%, being characterized by growth hormone (GH) and
insulin-like-growth factor (IGF-1) excess, caused, in ~99%

of cases, by a GH-secreting pituitary adenoma [1]. The
clinical sequalae of acromegaly stem from hormonal
effects in target tissues and mass effects of the pituitary
adenoma. The former group includes acral, facial and soft
tissue overgrowth, arthritis, carpal tunnel syndrome,
hyperhidrosis, visceromegaly, hyperglycemia, hyperten-
sion, cardiomyopathy, obstructive sleep apnea and
tumorigenesis [1, 2].
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The increased prevalence of hyperglycemia in acrome-
galy has been recognized from early case series in 1950s
and 1960s [3, 4]. Actually, the rates of prediabetes and
diabetes mellitus (DM) range between 5–33% [5–8] and
14.6–54.5% respectively [5–17] in cohort and national
registry studies, while the first international acromegaly
database including 3173 patients (Liege Acromegaly Sur-
vey Database) indicates 27.5% prevalence of DM at acro-
megaly diagnosis [18]. The fact that, in the majority of
cases, hyperglycemia precedes acromegaly diagnosis [5, 19]
reflects the characteristic time lag between clinical pre-
sentation and diagnosis of the latter [1].

Vice versa, the prevalence of acromegaly is at least 100-
fold higher in cohorts of diabetic or prediabetic patients
compared to general population, ~0.6–0.13% [20, 21].
Indeed, employing systematic biochemical screening fol-
lowed by pituitary magnetic resonance imaging (MRI),
when indicated, in hospitalized patients with type 2 diabetes
mellitus (T2DM) and unsuspected acromegaly, resulted in
picking up 2 cases of acromegaly. Their clinical profile was
mild in clinical and biochemical terms, both beared pituitary
microadenomas and, interstingly, excibited severe macro-
angiopathy in the absence of microangiopathy. These data
imply that screening T2DM patients for acromegaly, espe-
cially those with predominant macroangiopathy, might be a
useful strategy of depicting the disease at earlier stages, in
which remission post-treatment is more likely [21].

Secondary DM in acromegaly is identified as a specific
type of DM [22]; expectedly, its presence depends on
acromegaly activity [8, 23, 24] and duration [6]. In contrast,
acromegaly treatment and biochemical control decrease the
hazard of new-onset DM [23, 24] and might lead to
remission of pre-existing DM [7, 10]. In accordance with
these observations, patients with prediabetes and DM are
demonstrated to have higher IGF-1 [5–7, 13, 17, 25, 26] and
GH levels than those with normal glucose tolerance (NGT);
in addition, glycemic status might be predicted by IGF-1
level post-operatively [7]. Other risk factors for hypergly-
cemia in acromegaly include age [6, 11] body mass index
(BMI) [5, 6, 11], hypertension [8, 11, 17], female sex
[8, 17], and family history of DM [5, 8].

The presence of secondary DM aggravates the clinical
presentation and prognosis of acromegaly. Specifically, it is
shown to increase overall mortality [27], malignancy rate
[25], as well as cardiovascular morbidity and mortality [27],
compared to acromegaly alone. The latter derives princi-
pally from worsening of hypertrophic cardiomyopathy [28];
this is reflected at recent, 3-dimensional, speckle-tracking,
echocardiographic data showing exacerbation of left ven-
tricular deformation [29]. Last but not least, secondary DM
is associated with increased prevalence of vertebral frac-
tures [30], postoperative weight and fat gain [31] and worse
quality of life [32].

Despite that secondary DM in acromegaly is common
and clinically relevant, the underlying pathophysiology is
not entirely understood. Furthermore, the medications used
in treatment of acromegaly may affect insulin sensitivity or
secretion per se. Finally, DM management in acromegaly is
scarcely studied.

In this article, we aim to present the relationship between
GH, IGF-1, insulin signaling and glucose homeostasis and
how acromegaly affects it. Moreover, to discuss how
medical treatment for acromegaly and DM join this com-
plex pathophysiological process according to the available
experimental and clinical evidence.

Insulin sensitivity

Acromegaly is a state of insulin resistance. According to a
recent, large metanalysis (492 patients with acromegaly vs.
12,745 population group), homeostasis model assessment for
insulin resistance (HOMA-IR) in treatment-naïve patients is
higher than in the reference population [33]. Consistently,
cohort studies demonstrate decreased insulin sensitivity (Si)
during intravenous glucose tolerance test [34], decreased
glucose infusion rate during hyperinsulinemic euglycemic
clamp [35], and decreased homeostasis model assessment for
insulin sensitivity [5]. These insulin sensitivity indices are
impaired not only in patients with secondary DM but also in
patients with NGT [5, 33, 34, 36], suggesting that insulin
resistance is the primary pathophysiologic defect of glucose
metabolism in acromegaly.

Insulin resistance is amenable upon successful acro-
megaly treatment, shown by significant improvements in
the above markers post-surgery [33, 35, 36]. Interestingly,
HOMA-IR decreases as early as 9 days postoperatively
[36], reflecting exclusively the previous effect of acro-
megaly in insulin sensitivity. The etiologic association
between insulin resistance and acromegaly is mirrored by
the correlations between insulin sensitivity markers and
IGF-1 level [5, 26, 35, 36]; however, similar correlations
with GH level are either not demonstrated [5, 35, 36] or
weaker [26].

Insulin resistance presents gender dimorphism with
female predominance, concerning especially post-
menopausal women and being possibly related to higher
visceral adipose tissue (VAT) in comparison to men. This is
opposite to general population, where men have higher
VAT [37]. Finally, BMI is an independent predictor of
insulin resistance, as in “wild-type” T2DM [5].

Growth hormone (GH)

GH is a counter-regulatory hormone that antagonizes the
effects of insulin. Lipolysis is the principal operating
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mechanism [38], as evidenced by restoration of total body
insulin sensitivity in GH-exposed subjects upon pharma-
cologic blockade of lipolysis with acipimox [39]. The
relationship between increased free fatty acids (FFAs) and
insulin resistance at cellular level has been recognized from
early studies, and our pathophysiological perspective has
evolved from Randle hypothesis [40] to the theory of post-
receptor inhibition of insulin signaling by FFAs [41].

The different sensitivity of subcutaneous adipose tissue
(SAT), VAT and intermuscular adipose tissue (IMAT) to
GH’s lipolytic effect, leads to a unique form of lipody-
strophy, characterized by lower total adipose tissue (TAT),
SAT, and VAT yet higher IMAT [42, 43]. In contrast,
“wild-type” T2DM and obesity are associated with
decreased GH secretion, possibly due to hyperglycemia-
increased hypothalamic somatostatin tone, which, in turn,
might increase VAT [44].

Muscle

Early studies in 1960s and 1970s have shown that GH
administration inhibits glucose uptake in parallel with
increasing FFA uptake in muscle [45, 46]. Human and
rodent data from magnetic resonance spectroscopy during
hyperinsulinemic euglycemic clamp post lipid/heparin
infusion show that increased FFA delivery in the myocyte
activates protein kinase C theta, which, in turn, favors serine
over tyrosine phosphorylation of insulin receptor substrate 1
(IRS-1), resulting into diminishing phosphatidylinositol-3-
kinase (PI3K) activity and subsequent insulin-stimulated
glucose-transport [41, 47, 48]. Nevertheless, no effect in
IRS-1-PI3K-protein kinase B-glucose transporter-4 (GLUT-
4) signaling pathway is demonstrated in another study post
short-term GH administration [49]. The latter study though,
included healthy human subjects, whose FFA level sup-
pressed during hyperinsulinemic euglycemic clamp con-
trary to patients with acromegaly, whose FFA level remains
unsuppressed despite compensatory hyperinsulinemia [50].
Furthermore, GH increases FFA oxidation and shifts glu-
cose metabolism to non-oxidative [50, 51].

Clinical data from patients with acromegaly indicate a
negative correlation between intramyocellular lipid and
insulin sensitivity [52]. Similar correlations between IMAT
and insulin resistance are proven in “wild-type” obesity and
T2DM, non-diabetic Afro-American women, and obese
human immunodeficiency virus infected women [53–55].

Adipose tissue

GH inhibits lipogenesis and induces lipolysis in adipose
tissue. The former is mediated via inhibition of lipoprotein
lipase [56] and fatty acid synthase expression [57], while
the latter involves enhanced hormone-sensitive lipase

expression, adenylate cyclase function and responsiveness
to β-adrenergic signaling [58, 59]. In terms of glucose
metabolism, GH is demonstrated to increase the expression
of p85 subunit of PI3K in mice, a negative regulator of the
latter [60], leading directly to decreased glucose uptake.

Furthermore, GH excess perturbs adipokine expression.
Leptin is decreased due to SAT depletion; expectedly, it
increases post-treatment alongside SAT [61, 62]. Adipo-
nectin is shown to be decreased in mice with GH excess
[60] and to increase post-operatively in acromegalic
patients [63]. This decrease in adiponectin, otherwise
paradoxical considering decreased VAT [64], is probably
caused by transcriptional downregulation upon GH binding
to signal transducer and activator of transcription 5 site of
adiponectin gene promoter [65]. On the contrary, nicoti-
namide phosphorybosultransferase, another adipokine also
known as visfatin, is increased, favoring inflammation and
FFA oxidation over glycolysis [66, 67]. Finally, GH
upregulates the expression of a variety of inflammatory
cytokines, including monocyte chemotactic protein 1,
vascular endothelial growth factor-A and interleukin-6 in
VAT and SAT [68].

Liver

Data from transgenic mice overexpressing GH demon-
strate markedly increased basal levels of IRS-1 phos-
phorylation and PI3K activity, which fail to further
increase post exogenous insulin administration in their
portal vein. These findings indicate that both hyper-
insulinemia and direct effects of GH to the insulin receptor
(IR), lead to maximal basal phosphorylation of IRS-1 and
PI3K, inducing insensitivity to further insulin boluses. In
addition, these mice have decreased basal IR level, owing
to downregulation by hyperinsulinemia; this consists a
further mechanism of insulin resistance in this setting [69].
Additionally, GH stimulates glucagon secretion from
alpha pancreatic cells in vitro, which may further stimulate
liver glucogeogenesis in this setting [70, 71]; however, this
has not been demonstrated in a clinical study with acro-
megalic patients [72].

Insulin-like growth factor 1 (IGF-1)

As denoted by its name, IGF-1 exerts insulin-sensitizing
effects [73]. The administration of recombinant IGF-1 in
patients with “wild-type” T2DM leads to improvement of
glycemic control and insulin sensitivity [74]. Phylogeny
studies establish that proinsulin and IGF-1 have evolved
from a common ancestor gene; the function of insulin and
IGF -1 diverge in vertebrates between metabolic and
mitogenic respectively [75]. Likewise, IGF-1 receptor (IGF-
1R) is closely related to the IR; they are both members of
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the subclass of transmembrane tyrosine kinase receptors
[76]. IGF-1R is expressed in muscle [77] and adipose tissue
[78] but not in liver [79].

Muscle

Muscle expresses both IGF-1Rs and hybrid receptors, i.e.,
heterodimers consisting of one subunit of IR and one sub-
unit of IGF-1R. Upon IGF-1 stimulation, hybrid receptors
activate GLUT-4 translocation and facilitate glucose uptake
in healthy subjects but not in “wild-type” obese or diabetic
subjects [77]. Of note, these subjects have increased abun-
dance of hybrid receptors [80, 81]. These findings suggest
that insulin resistance goes hand-in hand with IGF-1 resis-
tance in muscle.

Adipose tissue

IGF-1R is expressed in adipose tissue, however, as shown
in vitro, IGF-1 stimulates glucose-transport predominantly
through the IR [78]. As in muscle, hybrid IR/IGF-1R
receptors are formed, and their abundance is increased in
“wild-type” T2DM; of note, it is proposed that hybrid
receptors could contribute to insulin resistance by binding
IGF-1 with higher affinity than insulin [82]. Contrary to
GH, IGF-1 upregulates the expression of adiponectin [83].

GH vs. IGF-1: What determines the net effect in insulin
sensitivity?

It is evident that the diabetogenic effect of GH prevails over
the insulin-sensitizing effect of IGF-1. Acromegalic patients
with impaired glucose tolerance (IGT) and DM have lower
IGF-1/GH ratio than those with NGT in one cohort study,
offering a mathematically plausible explanation to this
phenomenon [84]. However, considering that insulin resis-
tance indices are correlated with IGF-1 and not with GH in
the majority of studies [5, 26, 35, 36], the etiology of pre-
dominance of GH effect appears to be more complicated.

Looking at transgenic animal models, liver IGF-1 defi-
cient mice (LID) have subsequent 4-fold increase in GH
secretion and are severely insulin-resistant [85]. When
crossed with GH antagonist mice (GHa), LID+GHa mice
demonstrate enhanced insulin sensitivity in muscle and
adipose tissue, despite being more profoundly IGF-1 defi-
cient. Therefore, the diabetogenic potential of GH appears
to supersede the insulin-sensitizing capacity of IGF-1 [86].

Furthermore, acromegaly may induce IGF-1 resistance
due to IGF-1R downregulation or desensitization in the
setting of chronic exposure to IGF-1 and concomitant
hyperinsulinemia. Meanwhile, Clotho, a potent inhibitor of
both IR and IGF-1R via interruption of their tyrosine
phosphorylation, has been recently found to be increased in

acromegaly, thus, it may also contribute to IGF-1 resistance.
IGF-1 resistance is selective for the metabolic function of
IGF-1 receptor [87].

Insulin secretion

Acromegaly is accompanied by fasting and post-prandial
hyperinsulinemia [38, 88]. From early studies, it has
become evident that the latter is not only a consequence
insulin resistance, as the degree of hyperglycemia does
not fully account for the the augmented secretion of
insulin [88]. Indeed, both GH and IGF-1 have been
shown to have direct insulinotropic effects in beta cells
[70, 71, 89]. GH administration acutely stimulates insulin
release both in vivo and in vitro [70]. This effect is
essential for glucose-stimulated first-phase insulin
secretion [90], but leads to exaggerated insulin responses
both to hyperglycemic and non-hyperglycemic stimuli
under circumstances of GH excess, which may last up to
5 h postprandially [88]. Acording to data ex vivo, IGF-1
also enhances glucose- and arginine-stimulated insulin
secretion, via promoting exocytosis of beta cell [89].
Furthermore, GH is shown to induce insulin gene
expression and biosynthesis, as well as beta cell pro-
liferation in vitro [91] and ex vivo [90]. The underlying
mechanisms principally involve activation of Janus
kinase/signal transducers and activators of transcription
(JAK/STAT) pathways and insulin receptor substrate 2
(IRS-2) activation [90, 91]. Similarly, IGF-1 has been
speculated to have similar proliferative proterties [91],
yet no effect in insulin content and beta cell mass was
demonstrated in the above study ex vivo [89].

Hyperinsulinemia manages to initially compensate for
the increased insulin resistance, maintaining NGT. IGT and
DM occur when this compensation can no longer be
achieved. Indeed, patients with acromegaly and NGT
demonstrate higher homeostasis model assessment of beta
cell function (HOMA-β) and insulin response to glucose
and arginine than those with prediabetes/DM
[5, 34, 72, 84]. Apart from defining glycemic status pre-
operatively, beta cell function status (assessed by c-peptide,
HOMA-β, disposition index) is the key predictor of altera-
tion in glucose metabolism post-operatively [92, 93].

Impaired insulin secretion derives from beta cell
exhaustion and gluco-lipo-toxicity, similarly to “wild-type”
T2DM. Furthermore, glucose-dependent insulinotropic
peptide (GIP) level is shown to be increased yet inversely
related with HOMA-β, pointing towards GIP resistance as
an additional mechanism [94]. Severe insulin deficiency
alongside with excessive lipolysis can lead to diabetic
ketoacidosis (DKA) in acromegaly, with several cases
reported in the literature [95–98].
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GH-IGF-1/insulin interplay

The relationship between IGF-1 and insulin is mutually
beneficial: IGF-1 increases insulin sensitivity and secretion,
and, in turn, insulin enhances IGF-1 secretion via increasing
the responsiveness of liver GH receptors (GHR). States of
insulin deficiency, like type 1 DM (T1DM) or decom-
pensated T2DM are accompanied by impaired IGF-1
synthesis [99, 100]. IGF-1 level increases upon initiation
of insulin therapy in T1DM [99] and glycated hemoglobulin
(HbA1c) improvement in T2DM [100]. In both DM types,
IGF-1 secretion is best correlated c-peptide level [99, 100],
highlighting the importance of endogenous insulin for IGF-
1 production, probably due to being related with higher
intraportal insulin concentrations. The latter is proven in a
study of pancreas-transplanted T1DM patients; specifically,
patients with portal-vein drainage grafts exhibit higher IGF-
1 and lower GH levels than those with systemic-vein drai-
nage grafts [101].

Poor glycemic control has challenged acromegaly
diagnosis due to low/normal IGF-1 level in 2 case stu-
dies; similarly to “wild-type” T2DM, IGF-1 also increa-
ses post insulin-treatment [102, 103] in secondary DM.
On the contrary, analysis from ACROSTUDY reveals
that patients with DM require higher pegvisomant
(PEGV) doses to normalize IGF-1 [104]; this is explained
by the fact that mean HbA1c among diabetic patients in
this study is 7%, reflecting an hyperinsulinemic DM
phenotype, due to either endogenous or exogenous
insulin [104].

The impact of medical treatment of
acromegaly in glucose metabolism

Unlike surgery or radiotherapy, which affect glucose meta-
bolism only indirectly, via targeting hormonal excess or
inducing hypopituitarism, the medical treatment of acrome-
galy affects insulin sensitivity or secretion in direct manner.

Somatostatin receptor ligands (SRLS)

Somatostatin is produced in hypothalamus, pancreatic
islets and the upper gastrointestinal tract. Apart from
suppressing GH secretion by activating somatostatin
receptor subtype 2 and 5 (SSR2, SSR5) in somatotroph
adenomas, it suppresses glucagon and insulin secretion
by activating somatostatin receptor subtype 1(SSR1),
SSR2 and SSR5 in alpha and beta cells. Although all the
above receptors are axpressed in both alpha and beta
cells, the former are more abundant in SSR2 and the latter
in SSR1 and SSR5 [105].

First-generation somatostatin receptor ligands (SRLS):
ocreotide and lanreotide

These somatostatin receptor ligands (SRLS) have specificity
for SSR2 [106]. According to a metanalysis, first-generation
SRLS lead to minor worsening of glucose homeostasis,
including decreased glucose tolerance and fasting insulin
level, with no change in fasting plasma glucose (FPG) or
HbA1c [107]. In addition, a comparative study between
equally well-controlled patients on either lanreotide or post-
pituitary surgery reveals no difference in HbA1c [108].
Consistently, 3 single-center studies indicate similar per-
centages of deterioration and improvement of glucose tol-
erance on lanreotide monotherapy [109–111]. As reflected
in one of them, the overall impact of SRLS treatment on
glucose metabolism for each patient depends on the
dynamic interaction between improvement in insulin sen-
sitivity and deterioration of insulin secretion, reflected at
oral glucose tolerance test (OGTT) insulin sensitivity index
and HOMA-β respectively [109]. The former is principally
driven by GH reduction per se; consistently, the key pre-
dictor of glycemic deterioration on SRLS treatment in all
these studies is suboptimal acromegaly control [109–111].
The latter is caused by SSR2-mediated inhibition of insulin
secretion; on the other hand, the SSR2-mediated glucagon
suppression might meanwhile improve insulin sensitivity.
[111]. Furthermore, patients with pre-existing IGT or DM
are more prone to glycemic deterioration during treatment
with SRLS [110]. Non-diabetic (at baseline) and bio-
chemically controlled on SRLS patients show an overall
44% deterioration in glycemic status at 6-year follow up in
another study, which is fully reversible upon SRLS dis-
continuation and surgical cure of acromegaly [112]. This
study, despite small, is important because it indicates that in
the absence of confounding factors such as uncontrolled
acromegaly or pre-existing DM, the net direct effect of
SRLS in glucose metabolism is adverse, implying that the
inhibition of insulin secretion supercedes this of glucagon.
Finally, while opposing effects in insulin sensitivity and
secretion self-adjust in most cases, enhanced insulin sensi-
tivity in insulin-treated DM patients can increase the risk of
hypoglycemia as recently shown in a case report [113].

Second generation somatostatin receptor ligand:
Pasireotide (PASI)

Pasireotide (PASI) binds multiple subtypes of somatostatin
receptors, bearing high affinity for SSR5 [106] and is
associated with markedly higher rates of hyperglycemia
compared to first-generation SRLS [114, 115]. According to
the analysis of clinical trials data, the rates of hyperglycemia
and DM on PASI treatment ~41.5–42.4% and 23.6–24.2%
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respectively [116, 117], while 65.6–75.3% of patients
develop or experience worsening of existing hyperglycemia
[118]. Notably, the majority of patients in the above trials
are diabetic or prediabetic at baseline [116–118] and the
main effect of PASI is to convert prediabetes to DM
[116, 117]. Glycemic deterioration presents early, approxi-
mately at 3 months, but remains stable thereafter [117, 119].
Based on real-world data, the mean increases in FBG and
HbA1c are 13.06 mg/dl and 0.42% respectively, with 23.1
% of patients having deranged glycemic control [119].
Similarly to first-generation SRLS, PASI-related hypergly-
cemia is reversible upon drug discontinuation [120].

According to data from healthy volunteers, PASI inhi-
bits insulin secretion not only by its direct effect in beta
cells, but also indirectly, by decreasing incretin levels, GIP
and glucagon-like peptide 1 (GLP-1), possibly by activat-
ing SSR5 on K and L cells [121]. Interestingly though,
AP102, a new SRL with high affinity for both SSTR2 and
SSTR5 is shown to have a neutral effect in glucose
metabolism in rats. The two agents have been compared
head to head in an in vivo study in rats over a 28-day
treatment period and they have been both demonstrated to
inhibit insulin secretion. Their main difference is that
AP102 does not inhibit GLP-1 secertion. Moreover,
AP102-induced glucagon suppression remains stable for
the whole treatment period. In contrast, PASI-induced
glucagon suppression is reversed post 21 days of treatment,
increasing glucagon/insulin ratio over the last 7 days,
further aggravating glucose tolerance [122]. These obser-
vations suggest that diabetogenic effects of PASI might
involve other somatostatin receptors activated by PASI but
not by AP102, such as SSR1 and somatostatin receptor
subtype 3 (SSR3); of note, both are abundantly expressed
in beta cells [105, 122]. Finally, glucose outcomes on
treatment with PASI are correlated with age, HbA1c/gly-
cemic status at baseline, and history of hypertension or
dyslipidemia [118, 119].

Pegvisomant (PEGV)

Pegvisomant (PEGV) is a pegylated human GHR antago-
nist. Unlike SRLS, it is associated with favorable glucose
homeostasis outcomes. In particular, short-term PEGV
administration decreases endogenous glucose production in
liver, alongside with suppression of lipolysis [123]. Con-
sistently, analyses of Spanish and international data of
ACROSTUDY show that PEGV decreases FPG in patients
with secondary DM [124, 125] as well as the percentage of
patients with IGT (6.4% vs. 11.2%) [125].

As previously analyzed, GH is the protagonist in med-
iating insulin resistance; therefore, the blockade of its action
would improve insulin sensitivity regardless of concomitant
IGF-1 decrease. Laron syndrome is an autosomal recessive

disorder characterized by inactivating GHR mutation,
therefore it could serve as a natural analogue of PEGV.
Indeed, Equadorian adults with Laron Syndrome are
demonstrated to have increased insulin sensitivity and
decreased T2DM incidence compared to their relatives,
despite higher body fat content [126, 127]. Nevertheless, as
shown in PAPE study, PEGV cannot mitigate the adverse
effect of PASI in glucose homeostasis, when the 2 medi-
cations are co-administered, indicating that PEGV has no
effect in insulin secretion [128].

Dopamine agonizts (DAs)

Dopamine agonists (DAs) activate dopamine receptors
type 2 (DR2), which may be expressed in somatotroph
adenomas. DR2 are also expressed in pancreatic islets and
adipocytes [129, 130]. Contrary to SRLS, the effect of
DAs in glucose metabolism is beneficial [129]. In parti-
cular, bromocriptine improves glucose tolerance
[131–133] and decreases insulin [131, 133] and glucagon
[132] levels in patients with acromegaly [133]. Similarly,
the addition of cabergoline to PEGV decreases the post-
prandial glucose rise [134].

Outside the concept of acromegaly, bromocriptine has
been shown to decrease HbA1c, FPG, and mean glucose
level during OGTT, in parallel with enhancing insulin
sensitivity in “wild-type”, obese T2DM patients [135] and
has been FDA-approved as an anti-diabetic medication
[129]. This suggests that the anti-diabetic properties of DAs
might be independent from their GH-suppressive effects.
The underlying mechanisms may involve decrease in glu-
cagon [132], direct effects in adipocytes and inhibition of
prolactin (PRL) [129].

Treatment of secondary and PASI-induced
DM in acromegaly

Considering its secondary nature, the most effective treat-
ment of DM is remission of acromegaly itself. Indeed,
surgical treatment results into diabetes remission [10],
improvement of glycemic status [7] and insulin sensitivity
[33, 35, 36]. However, surgical remission cannot be
achieved in 50% of cases [2] and medical therapy or
radiotherapy may be needed. In view of widely recognized
guidelines, the presence of secondary DM should not be
considered as a criterion to choose among the above adja-
cent therapies. Furthermore, according to a large retro-
spective study, the prevalence of DM in acromegaly
remains higher than in the general population, several years
after multimodal therapy [17]. Therefore, anti-diabetic
medications may be needed in order to achieve satisfac-
tory glycemic control.
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Fig. 1 Pathophysiological model of secondary DM in acromegaly and
the effects of SRLS and PASI in glucose metabolism. Cross-talk
among muscle, liver, adipose tissue pancreas, and gut. In adipose
tissue, growth hormone (GH) increases the expression of p85 subunit
of phosphatidylinositol-3-kinase (PI3K), which is a negative regulator
of the latter, leading to inhibition of IRS-1/PI3K pathway and ulti-
mately, to decreased glucose transporter-4 (GLUT-4) translocation and
glucose (GLU) uptake. GH also decreases adipokine (ADIP) expres-
sion, precipitating insulin resistance. In parallel, there is increased
expression of hormone-sensitive lipase (HSL) and decreased expres-
sion of the lipogenic enzymes lipoprotein lipase (LPL) and fatty acid
synthase (FAS), resulting into excessive lipolysis and free fatty acid
(FFA) generation; lipolysis is further promoted by enhanced adenylate
cyclase (AC) function. Finally, GH upregulates the expression of
nicotinamide phosphorybosultransferase (NAMPT) and inflammatory
cytokines, such as monocyte chemotactic protein 1 (MCP-1), vascular
endothelial growth factor-A (VEGF-A) and interleukin-6 (IL-6),
inducing a state of inflammation. Circulating FFAs are shifted in
muscle, where they form intermuscular adipose tissue (IMAT) and
activate protein kinase C theta (PKCθ). In turn, PKCθ favors serine
(Ser) over tyrosine phosphorylation of insulin receptor substrate 1
(IRS-1), resulting in inhibition of PI3K activity and subsequent
decrease in GLUT-4 translocation and GLU uptake. Both adipose
tissue and muscle express IGF-1 receptors, which may interact with
insulin receptors forming hybrid receptors; however, they do not
manage to compensate for insulin resistance via increasing GLUT-4
translocation, due to IGF-1 receptor resistance induced by IGF-1
excess, hyperinsulinemia and increased level of Clotho. In pancreas,
GH stimulates insulin (INS) and glucagon (GLUC) secretion, while
IGF-1 acts synergistically in stimulating INS secretion. As a result,
great amounts of INS are secreted in portal vein, leading to increased
responsiveness of liver GH receptor and IGF-1 production. Mean-
while, maximal basal stimulation of liver insulin receptors results into
their desensitization, downregulation, and eventually, to increased

gluconeogenesis. This is possibly exacerbated by hyperglucagonemia.
First-generation somatostatin receptor ligands (SRLS) inhibit INS
secretion by activating somatostatin receptor subtype 2 (SSR2) in beta
pancreatic cells (β-cells). Pasireotide (PASI) inhibits INS secretion by
activating somatostatin receptor subtype 5 (SSR5) in β-cells as well as
in K and L enteroendocrine cells in gut, with the latter leading to
decreased incretin secretion. Considering the latter in conjuction with
greater abundance of β-cells in SSR5 than SSR2, justifies the greater
insulin inhibitory effect of PASI in comparison to SRLS (represented
by thicker inhibitory line). Both PASI and SRLS inhibit glucagon
secretion by activating SSR2 in alpha cells. GH-responsive genes are
represented by parallelograms, colored light blue if upregulated and
brown if downregulated. Intracellular proteins are represented by light
green oval shape. GH is represented by pink oval shape, IGF-1 by
cyan blue oval shape, SRLS and PASI by purple oval shape, GLU by
red oval shape, GLUC by diamond red shape FFA by yellow star-like
shape, INS by light blue triangles, and Clotho by orange parallelo-
grams. The occurring stimulatory or inhibitory effects are represented
by solid arrow and inhibitor lines; dashed arrow lines are used to
describe the effects of IGF-1 which are impeded owing to IGF-1
receptor resistance. AC adenylate cyclase, ADIP adiponectin, FAS
fatty acid synthase, FFA free fatty acid, GH growth hormone, GIP
glucose-dependent insulinotropic polypeptide, GLP-1 glucagon-like
peptide 1, GLU glucose, GLUC glucagon, GLUT-4 glucose trans-
porter-4, HSL hormone-sensitive lipase, IGF-1 insulin-like growth
factor 1, IL-6 interleukin 6, IMAT intermuscular adipose tissue, INS
insulin, IRS-1 insulin receptor substrate 1, K cell K enteroendocrine
cell, L cell L enteroendocrine cell, LPL lipoprotein lipase, MCP-1
monocyte chemotactic protein 1, p85 p85 subunit of PI3K, P phos-
phorylation, PASI Pasireotide, PI3K phosphatidylinositol-3-kinase,
PKCθ protein kinase C theta, Ser serine, SSR2 somatostatin receptor
subtype 2, SSR5 somatostatin receptor subtype 5, VEGF vascular
endothelial growth factor, α-cell alpha pancreatic cell, β-cell beta
pancreatic cell
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Few studies have addressed the management of secondary
DM in acromegaly and the mainstay of treatment is no dif-
ferent from the guidelines of “wild-type” T2DM [136, 137].
According to a clinical study of 70 patients with acromegaly
and secondary DM, 15.7% of patients are controlled on diet,
65.7% of patients receive metformin as monotherapy or in
combination with other oral anti-diabetic medications and
21.5% of patients are insulin-treated, with all exhibiting
excellent glycemic control (mean HbA1c= 6.4%) and low
prevalence of diabetic microangiopathy [138]. Furthermore,
thiazolidinediones have been demonstrated to achieve opti-
mal glycemic control and allow insulin discontinuation in 2
case reports [139, 140]. Moreover, a recently-published case
series in 9 patients receiving sodium-glucose-co-transporter 2
inhibitors (SGLT2is) shows 1% decrease in HbA1c without
adverse events [141]. There is only one reported case of
DKA in a SGLT2i-treated, diabetic patient with acromegaly,
in which acromegaly was not previously recognized and
SGLT2i was prescribed for presumed “wild-type” T2DM
[142]; given that active acromegaly is also a DKA pre-
cipitant, the use of SGLT2is should be restricted to patients
with biochemical control [143].

Regarding PASI-induced DM, a recently-published,
multicentre study reveals superior efficacy of incretin-
based therapy (sitagliptin followed by liraglutide) in
comparison to insulin, as second-line treatment after
metformin in 249 randomized patients [144]. This is in line
with the recognition of incretin phenomenon inhibition as
the key pathophysiologic mechanism of PASI-induced
hyperglycemia [121].

Apart from the glucose-lowering potential of anti-
diabetic medications in secondary DM, some of them
have been suggested to bear disease-modifying or pleio-
tropic effects. In particular, rosiglitazone is shown to
drastically decrease GH and IGF-1 level in a case with
persistent acromegaly post-transsphenoidal surgery [139].
Interestingly, peroxisome proliferator-activated receptor
gamma (PPARγ) is abundantly expressed in somato-
tropinomas, prolactinomas and gonadotropinomas and
thiazolidinediones are demonstrated to inhibit hormonal
secretion and tumor cell growth in vivo and in vitro, via
inducing G0-G1 cell-cycle arrest and apoptosis [145].
Interestingly, a similar case of pioglitzone-induced remis-
sion of primary aldosteronism attributed to PPARγ-medi-
ated suppression of β-catenin pathway is also reported in
the literature [146]. In addition, the use of metformin has
been recently shown to lower the prevalence of colonic
polyps [147]. Finally, SGLT2is have been also speculated
to exert a disease-modifying effect by lowering insulin
secretion and therefore possibly decreasing IGF-1; how-
ever, no effects in GH or IGF-1 level are reported in the
only, so far, case series examining their effect in acrome-
galy patients [141].

Taking everything into account, there are no robust
clinical data on efficacy and safety of anti-diabetic agents in
acromegaly, except for the case of PASI-induced DM [144].
Therefore, treating secondary DM as per guidelines for
“wild-type” T2DM [148], in consideration of prevailing
glucose metabolism defect in each patient and possible
favorable or adverse impact of anti-diabetic agents in
acromegaly or acromegaly-related complications, seems to
be a rational approach.

Conclusions and future perspectives

The key and primary defect of glucose metabolism in
acromegaly is insulin resistance, deriving principally from
excessive lipolysis and altered fat distribution; this is
reflected at the presence of intermuscular fat and attenuated
yet dysfunctional adipose tissue.

The actions of GH and IGF-1 are antagonistic; GH
induces insulin resistance while IGF-1 enhances insulin
sensitivity. Based on the net effect in glucose metabolism, it
is evident that the diabetogenic effect of GH supersedes the
insulin-sensitizing effect of IGF-1 in target tissues. This
might be attributed to higher glucometabolic potency of
GH, IGF-1 resistance, or both Fig. 1. It would be interesting
to explore how IGF-1R becomes selectively resistant as per
its metabolic but not mitogenic functions in future studies
in vitro. It should be noted that most of our knowledge
regarding GH and IGF-1 effects is based on non-
acromegalic models of acute GH or IGF-1 administration.
In addition, the role of hybrid receptors in acromegaly has
not been explored. Therefore, more basic research in animal
models or tissues from patients with acromegaly is required
to unravel the molecular basis of insulin resistance. Fur-
thermore, future clinical studies could elaborate a possible
pathophysiologic contribution of concomitant hyperpro-
lactinemia and even reveal an additional benefit from DAs
in this subset of patients.

Insulin resistance is initially compensated by increased
insulin secretion, triggered synergistically by GH and
IGF-1, as well as by insulin resistance Fig. 1. IGT and
DM occur upon beta cell exhaustion due to gluco-lipo-
toxicity, similarly to “wild-type” T2DM. Unlike insulin
resistance, which is amenable upon acromegaly remission
or control, impaired insulin secretion is hard to reverse
and might lead to DM persistence after acromegaly
treatment.

Medications used in the treatment of acromegaly may
affect glucose homeostasis per se, with SRLS, especially
PASI, inhibiting insulin secretion Fig. 1 and PEGV and
DAs improving insulin sensitivity. Emerging evidence
indicates that PASI-induced DM is a distinct pathophysio-
logic entity arising mainly from incretin phenomenon
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inhibition; the possible contribution of SSR1 and SSR3
activation to this phenomenon warrants further investigation
in vitro Fig. 1, Table 1.

Keeping in view of the literature data, it would be
meaningful to attempt a pathophysiologic classification of
patients with acromegaly and insulin resistance and/or
impaired glucose homeostasis as: (i) patients with insulin
resistance and NGT, (ii) patients with concomitant insulin
resistance and impaired insulin secretion (IGT,DM), (iii)
patients with SRLS/PASI-induced DM/IGT with sub clas-
sification according to pre-existing IGT/DM or new-onset
IGT/DM (Table 1).

Secondary DM in acromegaly is mild and easily con-
trolled by diet or pharmacotherapy. However, it has a dis-
cordantly huge impact in morbidity and mortality, arising
mainly from cardiovascular disease and neoplasia. In the
light of the GH-IGF-1/insulin interplay, we are led to
believe that hyperinsulinemia might be more detrimental
than hyperglycemia. In conjunction with limited but fasci-
nating data pointing towards disease-modifying effects of
metformin and pioglitazone, it is worth to explore if treat-
ment with insulin sensitizers could confer clinical benefits
in patients with insulin resistance and NGT in prospective,
interventional, cohort trials. Similarly, the potential of

Table 1 Hyperglycemia in acromegaly

Causes of
hyperglycemia

Pathophysiologic mechanisms Glycemic phenotype Suggested management

Insulin resistance Muscle (GH prevails
over IGF-1)

↑ IMAT+ FFA uptake→ ↑ PKCθ
→ ↓ IRS-1/PI3K activity → ↓
glucose uptake

NGT (insulin
resistance+ ↑ ↑ insulin
secretion)

Metformin/Pioglitazone

↓ glucose oxidation

Adipose tissue (GH
prevails over IGF-1)

↓ lipogenesis, ↑ lipolysis → ↓
TAT/SAT

IGF/IGT (insulin
resistance+ ↓ insulin
secretion)↑p85 → ↓ PI3K activity → ↓

glucose uptake

↓ adiponectin & leptin

↑ NAMPT → ↓ glucolysis

Inflammation (via ↑ inflammatory
cytokines & adipokines)

Liver (GH only) insulin and GH overstimulation →
IRS-1/PI3K desensitization + IR
downregulation → ↑
gluconeogenesis

DM
(insulin resistance+ ↓ ↓
insulin secretion)

Metformin/Pioglitazone
↓
SGLT2is*/
Incretin secretagogues
↓
Insulin

Impaired insulin
secretion

Beta cell exhaustion gluco-lipo-toxicity
GIP resistance

Pasireotide SSR5, SSR1?,
SSR3?activation

Beta cells
→ ↓INS

IGF/IGT
(↓ insulin secretion ±
insulin resistance)

Metformin/Pioglitazone (in
the presence of insulin
resistance)

K and L cells
→ ↓ GIP,
GLP-1

DM (↓↓ insulin secretion ±
insulin resistance)

Metformin
↓
Incretin secretagogues
±
SGLT2is*/pioglitazone
↓
Insulin

The table is divided in 2 main subsections (raws), corresponding to the 2 main causes of hyperglycemia, insulin resistance and impaired insulin
secretion. For each of the two main causes, the corresponding pathophysiologic mechanisms, glycemic phenotype and suggested management is
presented (columns). The pathophysiological mechanisms of insulin resistance are subclassified as per the 3 insulin-sensitive tissues and impaired
insulin secretion is also etiologically subclassified into beta cell exhaustion- and pasireotide-related. The suggested management matches each
clinical phenotype and the principal pathophysiologic mechanism. The presence of cardiovascular disease, heart failure and chronic kidney disease
has not been considered in suggested management here, but, if present, the current guidelines for T2DM with glucagon-like peptide 1 receptor
agonizts (GLP-1RA) or sodium-glucose co-transporter 2 inhibitors (SGLT2i) should be followed.* only in cases of controlled acromegaly, ↑
increase, ↑↑ big increase ↓ decrease, ↓↓ big decrease, → results into, + plus, ± plus or minus, DM diabetes mellitus, FFA free fatty acid, GH
growth hormone, GIP glucose-dependent insulinotropic polypeptide, GLP-1 glucagon-like peptide 1, IMAT intrermuscular adipose tissue, IR
insulin receptor, IRS-1 insulin receptor substrate 1, NAMPT nicotinamide phosphorybosultransferase (also known as visfatin), PI3K
phosphatidylinositol-3-kinase, PKCθ protein kinase C theta, SAT subcutanenous adipose tissue, SGLT2is sodium-glucose co-transporter 2
inhibitors, SSR1 somatostatin receptor subtype 1, SSR3 somatostatin receptor subtype 3, SSR5 somatostatin receptor subtype 5, TAT total adipose
tissue [5, 28, 33–36, 38, 39, 41–43, 45–48, 50, 51, 60–63, 65, 66, 68, 69, 72, 84, 94, 114–119, 121, 139–141, 144, 148]
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SGLT2is to prevent cardiovascular and/or other acromegaly
complications in appropriately selected patients deserves
further investigation.

In conclusion, our perspective towards secondary DM in
acromegaly should broaden beyond glycemic control, in
order to embrace the impact of its presence and manage-
ment to acromegaly per se. Pathophysiologic classification
of DM in acromegaly and accordingly guided management
seems to be the only way forward.
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