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Closing 2019 with a golden key

Marcello D. Bronstein1

https://orcid.org/0000-0002-0113-5201

W hen I invited Drs Cesar and Margaret Boguszewski (1) as guest editors of the 
AE&M special issue on “Growth, Growth hormone and related disorders” 

I was absolutely confident about the outcome. In fact, due to their international 
expertise in the field, they gathered an outstanding team of experts who contributed 
with excellent articles. I heartily thank the invited editors as well as all colleagues who 
contributed with their precious time and knowledge to enrich this last 2019 issue of 
our Journal.

Disclosure: no potential conflict of interest relevant to this article was reported.

REFERENCE
1.  Boguszewski C, Boguszewski M (editors). Growth, Growth hormone and related disorders. Arch 

Endocrinol Metab. 2019;63(6):545-7.
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What’s in a name? What we call 
growth hormone is much more than 
just a growth-related peptide

Cesar Luiz Boguszewski1
https://orcid.org/0000-0001-7285-7941 

Margaret Cristina da Silva Boguszewski2
https://orcid.org/0000-0002-5306-0715

We welcome you to the fascinating world of one of the most intriguing peptides 
of our body: growth hormone (GH). GH is much more than a substance 

that promotes growth. It is a hormone that exhibits both anabolic and catabolic 
activities, has either diabetogenic or anti-insulin effects depending on the experimental 
condition, and has biological actions in virtually all human tissues and organs. The 
field of GH and GH-related disorders has undergone rapid advancements and 
innovations over recent years. Important contributions have been made by researchers 
in Brazil and worldwide, which are in part summarized in this special issue of Archives 
of Endocrinology and Metabolism. This edition comes in a perfect time to celebrate 
the Tenth International Congress of the Growth Hormone Research Society (GRS) 
and the Society for IGF Research, the biannual meeting of these international sister 
organizations devoted to the study of GH-IGF axis and related diseases, which will 
take place for the first time in Brazil, in November 2020. 

In this special edition, Wasinski and cols. (1) present a review on the physiological 
GH action in the central nervous system, with particular focus in the potential role of 
GH in reproduction and energy balance based on very recent data coming from their 
own studies in animal models. They have demonstrated the importance of the brain as 
a target tissue for GH actions, with potential implications for metabolic homeostasis 
in health and disease. The biological effects of GH in specific tissues have aroused 
great interest and gained new insights in recent years from the studies in different 
tissue-specific GH receptor (GHR) knockout mice. List and cols. (2) have beautifully 
summarized the results of recent experiments performed by their group as well as by 
other researchers, addressing what is currently known about specific GH actions in 
liver, adipose tissue, muscle, immune and hematopoietic system, pancreatic β-cells, 
intestines, bone, and heart.

Chesnokova & Melmed (3) give us a detailed review about the involvement of 
GH and IGF-I in the different steps of tumor development, presenting a provocative 
hypothesis, based on their experiments with colon cells, on how excessive GH secreted 
by somatotroph pituitary adenoma cells, or locally induced-GH in non-tumorous 
tissue in response to inflammation, DNA damage or senescence, promotes “field 
cancerization” and creates a pro-tumorigenic environment.

Anabolic properties of GH have been widely associated with its capacity to enhance 
physical performance in sports. In his article, Ho (4) offers to us a comprehensive review 
of the literature, including his extensive expertise in this field, covering important 
physiological aspects of muscle structure and function, aerobic and anaerobic capacity, 
and their relationship with GH-IGF-I axis. He concludes from studies performed in 
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fit people that GH improves anaerobic capacity but 
does not affect muscle strength or aerobic capacity, 
and as a consequence, GH is unlikely to benefit power 
or endurance sports and might be of benefit in sprint 
events.

GH has diabetogenic properties, increasing hepatic 
and renal glucose production and decreasing glucose 
uptake from peripheral tissues. It is also a lipolytic 
hormone. Accordingly, patients with GH deficiency 
(GHD) should exhibit hypoglycemia, but GHD is 
commonly associated with obesity and increased fat 
mass, which could oppose the hypoglycemic effect 
caused by reduced GH levels due to the development 
of insulin resistance. The balance of these two 
effects in relation to insulin sensitivity has generated 
discrepant results in the literature, which have been 
put into perspective by Garmes & Castillo (5), with 
an excellent review covering insulin signaling in the 
whole spectrum of GHD. van Bunderen and cols. (6) 
propose a personalized approach to GH replacement 
therapy in GHD adults, based on a review of the 
literature and their vast experience dating back to the 
early 1990s when first trials of GH therapy in GHD 
adults were published. They discuss the importance of 
individualized dose regimen, clinical and biochemical 
outcomes of GH therapy, and recent data on mortality 
of hypopituitary patients treated with GH. Adherence 
to GH therapy in both children and adults is likely a 
factor impacting responsiveness and outcomes. In an 
effort to improve patient adherence, long-acting GH 
formulations have been developed over the last 15 
years or so, and Lal & Hoffman (7) update us with 
the most recent information and perspectives about 
these products, two already in the market in China 
and South Korea, and some others under clinical 
investigation in children and adults. These and other 
therapeutic advances are especially welcomed in the 
pediatric population, as new genetic defects in the  
GH-IGF-I axis causing growth retardation are revealed 
day after day, as well documented by Vasques and cols. 
(8) in their review, where the authors also discuss the 
upcoming challenges in the diagnostic and therapeutic 
management of short children.

In their chapter, Schilbach & Bidlingmaier (9) 
describe the evolution of analytical methods to measure 
biomarkers of GH action (mainly GH and IGF-I) and 
highlight the impact of methodological changes and 
biological variables on laboratory results. The most 
obvious implications of the variability in hormone 

measurements are in the establishment of cut-offs 
values for the diagnosis and follow-up of patients with 
GHD and acromegaly. They show that determination 
of serum IGF-I level is currently the most reliable and 
recommended parameter to use in clinical routine, 
while integrated, stimulated or suppressed GH 
measurements should be used as confirmatory value in 
GH-related disorders.

Acromegaly represents the best human model 
to understand the consequences of a continuous 
and prolonged exposure to high GH and IGF-I 
concentrations. Acromegaly might be associated with 
several comorbidities that contribute to an increased 
mortality in patients with active disease. Nevertheless, 
there have been great advances in the treatment of 
acromegaly and its comorbidities, with an important 
reduction and even normalization of mortality rates. 
This changing face of acromegaly is superbly presented 
by Kasuki and cols. (10), who summarize the current 
knowledge on the determinants of comorbidities and 
mortality in this intriguing disease. Since acromegaly 
patients are living longer, Jallad & Bronstein (11) have 
highlighted in their review the most striking differences 
in the clinical presentation and in the management of 
acromegaly in elderly individuals in relation to other age 
groups. In the last two or three decades, one remarkable 
advance in the acromegaly treatment has been the 
combination of drugs with different mechanism of 
action, which has opened a new perspective in the 
management of the disease. Coopmans and cols. (12) 
share with us the current position of combination 
medical therapy in acromegaly, based on the results of 
recent clinical studies and their own experience at the 
Erasmus Medical Center in Rotterdam. They discuss 
the potential additive and synergistic effects of the drugs 
and present what is currently known about efficacy and 
safety of this therapeutic modality. 

We are truly indebted to all the authors for their 
invaluable contributions, providing us with outstanding 
and updated reviews that we appreciate very much to 
read (and certainly our readers will also do)! We thank 
them for their commitment with our journal. Last, but 
not least, we would like to thank the Editor-in-Chief 
for his support and Roselaine Monteiro da Silva and 
Sandra Regina Santana, from the Editorial Office, for 
their assistance in preparing this special issue.

Disclosure: no potential conflict of interest relevant to this article 
was reported.
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ABSTRACT
Growth hormone (GH) is best known for its effect stimulating tissue and somatic growth through 
the regulation of cell division, regeneration and proliferation. However, GH-responsive neurons 
are spread over the entire central nervous system, suggesting that they have important roles in the 
brain. The objective of the present review is to summarize and discuss the potential physiological 
importance of GH action in the central nervous system. We provide evidence that GH signaling in the 
brain regulates the physiology of numerous functions such as cognition, behavior, neuroendocrine 
changes and metabolism. Data obtained from experimental animal models have shown that 
disruptions in GH signaling in specific neuronal populations can affect the reproductive axis and 
impair food intake during glucoprivic conditions, neuroendocrine adaptions during food restriction, 
and counter-regulatory responses to hypoglycemia, and they can modify gestational metabolic 
adaptions. Therefore, the brain is an important target tissue of GH, and changes in GH action in the 
central nervous system can explain some dysfunctions presented by individuals with excessive or 
deficient GH secretion. Furthermore, GH acts in specific neuronal populations during situations of 
metabolic stress to promote appropriate physiological adjustments that restore homeostasis. Arch 
Endocrinol Metab. 2019;63(6):549-56

Keywords
GH; cytokine; brain; STAT5; metabolism

INTRODUCTION

Growth hormone (GH) is the most abundant factor 
secreted by the anterior pituitary gland. GH 

secretion is controlled by hypothalamic neurons that 
secrete stimulatory or inhibitory neuropeptides into 
the hypophyseal portal system to regulate the synthesis 
and release of GH by somatotropic cells. In this 
regard, GH-releasing hormone (GHRH)-expressing 
neurons induce GH release, whereas somatostatin 
(SST)-expressing neurons have an inhibitory effect 
on pituitary GH secretion (1,2). However, other 
neuropeptides and hormonal factors also regulate GH 
secretion. For example, the hormone ghrelin (Growth 
Hormone-RELeasINg peptide) is mainly produced 
in the stomach, and systemic ghrelin administration 
induces robust GH secretion (2). In addition, ghrelin 
secretion is required for increasing GH levels during 
prolonged food restriction (3). However, during short-
term fasting, ghrelin does not regulate GH secretion 
(4). Although ghrelin can cause a tonic increase in 
baseline GH levels during prolonged starvation (3), 
GH pulsatility is suppressed in fasting mice (5). During 

fasting, neuropeptide Y (NPY)-expressing neurons 
become active (6), and NPY secretion is responsible for 
decreasing GH pulsatility via the activation of the Y1 
receptor (5). In addition to fasting, other conditions that 
induce increased GH secretion include hypoglycemia 
(7), physical exercise (8) and pregnancy (9).

The most well-known function of GH is related to 
tissue and somatic growth, which is realized through the 
regulation of cell division, regeneration and proliferation 
in various tissues (10). GH also possesses noteworthy 
metabolic effects. In this sense, GH secretion increases 
lipolysis and circulating free fatty acids. Accordingly, 
GH-deficient or GH receptor (GHR)-knockout animals 
frequently exhibit increased body adiposity, particularly 
in the subcutaneous adipose tissue (11). GH also has 
hyperglycemic effects, which are manifested either by 
stimulated hepatic gluconeogenesis (10,11) or increased 
insulin resistance in skeletal muscle (12). Therefore, high 
GH levels can cause insulin resistance and diabetes mellitus 
(13). Importantly, several effects of GH are mediated by 
another hormone, insulin-like growth factor-1 (IGF-1) 
(10). The activation of GHR induces IGF-1 expression 
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in numerous tissues. IGF-1 can have a local autocrine 
or paracrine action, or IGF-1 can be secreted from the 
liver into the blood. Therefore, GH action in the liver 
regulates IGF-1 circulating levels (10). As a consequence, 
liver-specific GHR-knockout mice exhibit very low 
levels of circulating IGF-1 and reduced body weight 
and length (14). Of note, high GH levels are observed 
in liver-specific GHR-knockout mice (14), indicating 
that IGF-1 also regulates GH secretion via negative 
feedback loops, possibly involving the pituitary gland and 
hypothalamus (15). Therefore, the somatotropic axis can 
be summarized by the hypothalamic control of pituitary 
GH secretion, the activation of GHR in several tissues, 
and the hepatic secretion of IGF-1 that, together with 
GH, regulates several metabolic and growth functions. 
In the present review, our aim is to summarize and 
discuss the potential physiological roles of GH action in 
the central nervous system (CNS).

THE BRAIN IS A GH-TARGET TISSUE

The most well-known biological effects of GH are 
mediated by the liver, white adipose tissue, skeletal 
muscle and bone (10). However, the brain also expresses 
GHRs (1). Brain GHR expression is important for 
enabling the neuroendocrine neurons to sense GH 
levels and regulate pituitary GH secretion via negative 
feedback (15). Accordingly, GHR is highly expressed 
in the arcuate nucleus of the hypothalamus (ARH), 
the site that contains the most GHRH neurons (1,16). 

In addition, approximately 70% of the SST neurons in 
the paraventricular and periventricular nuclei coexpress 
GHR mRNA (1). Central administration of antisense 
GHR mRNA decreases hypothalamic SST expression, 
which increases GH pulsatility, demonstrating the 
key role SST neurons play in mediating GH negative 
feedback (17). However, GH-responsive cells are 
not restricted to the hypothalamus, and several brain 
areas, including the septum, bed nucleus of the stria 
terminalis, thalamus, amygdala, hippocampus and 
brainstem, also express GHRs (1,16,18).

GHR is a member of the type I cytokine receptor 
family and relies mostly on the janus kinase 2 (JAK2)/
signal transducer and activator of transcription (STAT) 
pathway to induce its intracellular effects (10). Although 
the activation of GHR recruits several intracellular 
signaling molecules, including STAT1, STAT3 and Src 
kinases (10), STAT5 is considered the most relevant 
intracellular pathway induced by GHR activation. 
Accordingly, STAT5-knockout mice exhibit reduced 
growth similar to that caused by GHR deficiency (19). 
Since classical methods to detect GHR do not enable 
good resolution at the cellular level, our group employed 
an alternative strategy to identify GH-responsive cells in 
the mouse brain (18). Using this technique, mice receive 
acute systemic injection of GH, and after a sufficient 
time for GH to act throughout the body, the brain is 
histologically processed to detect STAT5 phosphorylation 
(pSTAT5). Thus, pSTAT5 can be used as a marker of 
GH-responsive cells in the mouse brain (Figure 1). 

Figure 1. Distribution of GH responsive cells in different brain areas of mice via the detection of STAT5 phosphorylation (pSTAT5). A-H. Brightfield 
photomicrographs of brain sections showing the distribution of pSTAT5 immunoreactive cells in saline-injected mice (A-D) or in GH-injected mice (E-H). 
Mice received an intraperitoneal injection of 20 µg of porcine GH per gram of body weight, followed by perfusion 90 minutes later. Abbreviations: 3V, third 
ventricle; ARH, arcuate nucleus; CEA, central nucleus of the amygdala; DMH, dorsomedial nucleus; fx, fornix; MEA, medial nucleus of the amygdala; opt, 
optic tract; PVH, paraventricular nucleus; VMH, ventromedial nucleus. Scale Bar = 200 µm. Figure adapted from the study by Furigo and cols. (47).
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Using this approach, we confirmed the distribution of 
GH-responsive cells in brain areas previously shown 
to express GHR and further demonstrated that GH-
responsive cells are widely distributed in numerous 
structures of the CNS (Figure 1). Therefore, not only 
the brain is a GH-target tissue, but the large number 
of GH-responsive cells in brain structures involved with 
different functions suggest that central GH action is 
likely more relevant than previously thought.

COGNITIVE EFFECTS OF GH

Previous reports indicate that GH-deficient individuals 
may exhibit several cognitive and neurological 
abnormalities, including poor memory, tiredness, 
sleep problems, decreased well-being and mood and 
attention-deficit disorders (Figure 2). Additionally, 
GH has neuroprotective effects, and some cognitive 
consequences of aging are possibly associated with the 
decrease in GH secretion typical of elderly people (20). 
However, although GH deficiency is an interesting 
model to use for determining the role of GH on 
cognitive functions, GH-deficient individuals present 
multiple endocrine and metabolic abnormalities, 
making it difficult to determine whether the effects 
are caused by the lack of GHR signaling per se or by 
a secondary, indirect factor. The major confounding 

factor associated with GH deficiency is decreased 
circulating IGF-1 levels (Figure 2) since IGF-1 also 
has neuroprotective effects (21) and regulates the 
expression of molecular factors involved in cognitive 
functions (22). Moreover, brain insulin resistance is 
associated with IGF-1 resistance, and these defects 
contribute to the cognitive decline in patients with 
Alzheimer’s disease (23,24).

Since the activation of GHR, but not of IGF-1 
receptor, recruits the STAT5 signaling pathway, 
manipulating this transcription factor may be an 
alternative way to study the effects of GH on the 
brain, regardless of circulating IGF-1 (25). Thus, our 
group generated a brain-specific STAT5-knockout 
mouse (25). A previous study had shown that these 
mice have normal body growth and serum IGF-1 
levels, although brain-specific STAT5-knockout mice 
exhibit late onset obesity and insulin resistance (26). 
Importantly, GH action in the brain is impaired in these 
mice since the major intracellular pathway recruited 
by GHR is nonfunctional. We observed that brain-
specific STAT5 ablation leads to impaired learning 
and memory formation, as determined by results from 
the novel object recognition test, Barnes maze and 
fear conditioning test (25). Although hippocampal 
neurogenesis is normal (25), these mutant mice exhibit 
decreased IGF-1 expression in the hippocampus, 
suggesting that GH-mediated hippocampal IGF-1 
production is important for maintaining memory 
(Figure 2). Corroborating the idea that GH directly 
regulates neuronal aspects in the brain, GHR-knockout 
mice have suppressed development of the projections 
that extend from ARH neurons to target areas (27). 
Importantly, these projections are normal in liver-
specific GHR-knockout mice despite their reduced 
circulating IGF-1 levels (27). Thus, the development 
of ARH neuronal projections seems to be regulated by 
GH signaling, regardless of circulating IGF-1 levels.

Although GH-deficient individuals frequently 
present impaired memory and other cognitive 
abnormalities (20), GHR-knockout mice are 
protected from age-induced decline in memory 
retention, possibly because of changes in glutamatergic 
neurotransmission in the hippocampus (28,29). 
GHR-knockout mice are also protected from age- 
and high-fat-induced hypothalamic inflammation 
(27,30). The “paradoxical” cognitive improvement 
and protection against hypothalamic inflammation 
in aged GHR-knockout mice may be related to the 

Figure 2. Scheme that summarizes the cognitive effects induced by GH 
signaling in the brain.
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higher insulin sensitivity observed in these animals 
(11) as insulin resistance has been linked with impaired 
cognition and is a risk factor for Alzheimer’s disease 
(23,24). Accordingly, 12-month-old transgenic 
mice that overexpress a GHR antagonist exhibited 
improved insulin sensitivity and learning, whereas 
overexpressed GH caused insulin resistance and 
impaired memory retention (31). Thus, these studies 
indicate that excess GH has a negative impact on 
cognition, while inhibition of GH action can improve 
spatial learning and memory during aging, even 
though these effects may be secondary to changes in 
insulin sensitivity (Figure 2).

GH can also be synthesized by brain cells, including 
hippocampal neurons. Chronic stress causes a decrease 
in hippocampal GH levels and impairs hippocampal 
function, including memory and learning (32). 
Restoration of hippocampal GH reverses stress-related 
impairments promoting stress resilience (32). In contrast, 
upregulation of GH in the amygdala increases the 
number of cells activated by fear memory formation (33). 
Virus-mediated overexpression of GH in the amygdala 
increases fear, an effect also observed in ghrelin-treated 
animals (34). Thus, ghrelin-induced GH expression in 
the amygdala may be involved in maladaptive changes 
following prolonged stress, such as posttraumatic stress 
disorder (33,34). Notably, our group showed that both 
the hippocampus and several areas of the amygdala, 
including the medial and central nuclei, contain a large 
number of GH responsive cells and therefore functional 
GHR expression (18) (Figure 1).

GH MODULATES THE HYPOTHALAMIC-PITUITARY-
GONADAL (HPG) AXIS

Among the multiple factors that influence reproduction, 
GH is a hormonal component required for sexual 
maturation and sex steroid mediation of the ovulatory 
cycle (15). GH secretion affects estradiol synthesis, 
whereas puberty also modifies GH release (35). 
GH therapy can accelerate puberty onset in healthy 
individuals and restore the time of puberty and fertility 
in GH-deficient women or GH-deficient dwarf mice. 
Furthermore, GH therapy can improve the sensitivity 
of the ovaries to gonadotropin stimulation in women 
being treated for fertility-related problems (35-38). 
Although GH acts directly in the gonads, this effect is 
not sufficient to explain the late onset puberty, the lack of 
sexual maturation and the infertility found in individuals 

with GH deficiency or resistance (37,39). Accordingly, 
we recently described that critical neuronal populations 
that regulate the HPG axis are responsive to GH, 
including neurons of the anteroventral periventricular 
and rostral periventricular nuclei (AVPV/PeN), ventral 
premammillary nucleus (PMv) and ARH (18,40). 
These areas contain either kisspeptin or leptin receptor 
(LepR)-expressing neurons and are required for sexual 
maturation and the maintenance of fertility (41,42).

The effects of GH on the central components 
of the HPG axis are likely mediated by the JAK2/
STAT5 signaling pathway. In this sense, while a 
systemic GH injection induces STAT5 phosphorylation 
in AVPV/PeN kisspeptin neurons or PMv cells, a 
GHR agonist does not acutely change the resting 
membrane potential of the hypothalamic kisspeptin, 
PMv or GnRH neurons, an effect that would require 
the modulation of membrane ion channels by fast-
acting signaling pathways (40,43). Interestingly, 
ARH kisspeptin neurons do not express GH-induced 
pSTAT5, indicating that only kisspeptin neurons of the 
AVPV/PeN are directly responsive to GH (40).

To further understand the physiological relevance of 
GH signaling in the central components of the HPG axis, 
we ablated GHR in kisspeptin cells, LepR-expressing 
cells and in the entire brain. GHR ablation in the 
kisspeptin cells caused a reduction in the hypothalamic 
expression of genes related to the reproductive axis in 
pubertal female mice, including the Gnrh1, Kiss1, Nos1 
and Esr1 (44). Despite these changes, GH signaling in 
kisspeptin cells was not required for sexual maturation 
or the sex steroid mediation of the ovulatory cycle (44). 
In contrast, ablation of GHR in the LepR-expressing 
cells was associated with lower body weight and reduced 
serum leptin levels during development, which led to 
delayed sexual maturation. Moreover, some individuals 
presented disruption in the estrous cycle (44). Ablation 
of the GHR from the entire brain disrupted GH 
negative feedback in the hypothalamus, leading to 
increased GH secretion. Augmented GH secretion 
was accompanied by increased uterine mass and lower 
serum leptin levels (44). Despite these effects, the 
brain-specific GHR-knockout mice underwent puberty 
at the normal time (44). These findings suggest that 
GH can modulate brain components of the HPG axis, 
although central GH action is not required for the 
timing of puberty. On the other hand, the metabolic 
alterations induced by the disruption of GH signaling 
may indirectly affect sexual maturation and the estrous 
cycles in adult animals.
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GH ACTION IN THE CNS REGULATES METABOLISM

As mentioned earlier, GH has marked metabolic 
actions; in particular, GH has a lipolytic effect and 
induces insulin resistance (10,11,13). GH also causes 
metabolic changes in the organism through its action 
in the CNS (Figure 3). GH overexpression in the brain 
increases food intake in mice and carps, causing obesity 
(45,46). An intracerebroventricular administration of 
GH increases food intake 24 hours after the injection 
(47). Thus, GH produces an orexigenic response in the 
CNS. In an evolutionary perspective, it is advantageous 
to link the growth-promoting effects of GH with higher 
food intake to provide the nutrients needed for growth. 

Recent studies have started to unravel the neural 
pathways recruited by GH to modulate metabolism 
(Figure 3). The orexigenic effect of GH is possibly 
induced by ARH neurons that coexpress NPY and the 
agouti-related peptide (AgRP). First, it is well known 
that ARH AgRP/NPY neurons are potent inducers 
of food intake (6). Second, 95% of the AgRP/NPY 
neurons in the ARH exhibit either GHR expression 
(48) or GH-induced pSTAT5 (47). Third, acute GH 
injection increases the hypothalamic expression of 
Agrp and Npy transcripts, and GH induces significant 
excitation in 25% of the ARH AgRP/NPY neurons, 
depolarizing their resting membrane potential and 
increasing the frequency of the action potential (47). 
Finally, ghrelin also stimulates food intake via ARH 
AgRP/NPY neurons (49). Of note, GHR-knockout 

mice are unresponsive to the orexigenic effect of ghrelin, 
suggesting that GH signaling is required for the effects 
of ghrelin on food intake (50). Therefore, these studies 
indicate that ARH AgRP/NPY neurons are important 
mediators of the orexigenic effects of GH.

To determine the importance of GH action on the 
ARH AgRP/NPY neurons for the regulation of energy 
homeostasis, our group produced mice carrying a 
specific ablation of GHR only in AgRP neurons (47). 
AgRP-specific GHR ablation caused no changes in 
body weight, body composition, food intake, energy 
expenditure or glucose homeostasis in male or female 
mice (47,51). However, when these mice were exposed 
to food restriction, the AgRP-specific GHR-knockout 
mice were unable to present the typical neuroendocrine 
adaptations to this condition. In this sense, while the 
control animals suppressed the thermogenic markers 
in the brown adipose tissue (BAT) and thyroid and 
reproductive axes during food restriction, the AgRP-
specific GHR-knockout mice sustained high levels of 
circulating T4 and testosterone and had unchanged 
uncoupling protein 1 expression in their BAT 
compared to ad libitum fed animals (47). Additionally, 
the increase in Agrp and Npy expression in the 
hypothalamus during food restriction was prevented in 
the AgRP-specific GHR-knockout mice. Consequently, 
the control animals progressively decreased their energy 
expenditure during food restriction, whereas the AgRP-
specific GHR-knockout mice maintained a higher 
energy expenditure, which led to increased weight loss 
during food restriction compared to the weight changes 
in the control mice (47). Thus, this study revealed a 
new biological function of GH: it alerts ARH AgRP/
NPY neurons about food restriction. Therefore, these 
neurons can regulate energy expenditure accordingly 
(Figure 3). Although these adaptions had great 
evolutionary value, possibly increasing the chances 
of survival in times of famine, these energy-saving 
adaptions hinder the treatment of obesity by reducing 
the energy expenditure (52). Thus, the identification 
of the factors that cause these metabolic alterations 
during food restriction may potentially help in the 
development of more efficient therapeutic approaches 
for the treatment of obesity. In this regard, our group 
showed that administration of pegvisomant, a GHR 
antagonist, is able to increase the energy expenditure of 
food-deprived wild-type mice (47). A recent study also 
showed that plasma AgRP levels in humans, which can 
be used as a marker of hypothalamic AgRP expression, 

Figure 3. GH acts in specific neuronal populations during situations of 
metabolic stress to promote appropriate physiological adjustments in 
order to restore the homeostasis.
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exhibit a positive correlation with circulating GH and 
IGF-1 levels (53). Individuals with acromegaly have 
high plasma AgRP levels and AgRP concentration 
decreases after surgical or pegvisomant treatment (53). 
These findings provide additional evidence in humans 
that AgRP neurons mediate the effects of GH on 
energy metabolism.

In the ARH, GH responsive cells are not restricted 
to AgRP/NPY neurons. In another study, we showed 
that approximately 60% of the neurons that express 
pro-opiomelanocortin (POMC) in the ARH express 
pSTAT5 after an injection of GH (54). GH action 
in POMC cells is not necessary for the regulation of 
energy or glucose homeostasis under basal conditions. 
However, the hyperphagia induced by a glucoprivic 
situation, caused by the administration of 2-deoxy-D-
glucose (a drug that causes glucopenia and induces a 
robust counter-regulatory response), is significantly 
attenuated in mice lacking GHR in their POMC 
cells (Figure 3), indicating that GH action in POMC 
neurons regulates food intake in specific situations 
(54). GH is robustly secreted during hypoglycemia (7), 
and GH deficiency causes spontaneous hypoglycemia 
and impairs the counter-regulatory response to 
hypoglycemia (3,55). However, the mechanisms 
activated by GH that contribute to the recovery of 
hypoglycemia are unknown. In a recent study (56), 
we showed that a large number of GH-responsive 
neurons are found in the ventromedial nucleus of the 
hypothalamus (VMH), a key relay station that regulates 
the counter-regulatory response to hypoglycemia (57). 
Although ablation of GHR in VMH neurons did 
not affect glucose tolerance or insulin sensitivity, the 
absence of GH action in the VMH neurons impaired 
the capacity of the mice to recover from insulin-
induced hypoglycemia and significantly decreased the 
counter-regulatory response induced by 2-deoxy-D-
glucose injection (56). The effects of GH regulation 
on the counter-regulatory response are likely mediated 
by the parasympathetic nervous system. In this sense, 
infusion of 2-deoxy-D-glucose produced abnormal 
hyperactivity in the parasympathetic preganglionic 
neurons in mice with GHR-ablated VMH neurons. 
In addition, pharmacological blockers of the 
parasympathetic nervous system prevent the counter-
regulatory defects caused by GHR ablation in the VMH 
(56). Unlike the effects induced by GHR depletion in 
the POMC neurons (54), GHR-ablated VMH neurons 
did not affect glucoprivically induced hyperphagia 

(56), demonstrating that GH action in each neuronal 
population induces very specific effects (Figure 3).

One aspect shared between AgRP/NPY, POMC 
and VMH neurons is the expression of LepR. In 
addition, the action of leptin in these neuronal 
populations is important for the regulation of energy 
and glucose homeostasis (6). However, several other 
neuronal populations and peripheral cells also express 
the LepR (6). To determine whether GH acts on leptin 
responsive cells, Cady and cols. (58) studied mice 
carrying ablation of GHR in all LepR-expressing cells. 
These authors found that the lack of GH signaling 
in the LepR-expressing cells impaired hepatic insulin 
sensitivity and peripheral lipid metabolism (58). Since 
this phenotype is not observed in the mice with ablated 
GHR in the AgRP/NPY, POMC and VMH neurons, 
it is likely that other LepR-expressing cells mediate the 
insulin resistance of the mice with diminished GHR 
signaling in the LepR cells.

Pregnancy is a condition characterized by marked 
metabolic adaptations that prepare the maternal 
organism for the energy demands of the offspring. 
In this regard, pregnant animals usually increase their 
food intake, accumulate body fat and develop transient 
insulin resistance (59,60). These adaptations are 
thought to be mediated by hormones secreted during 
pregnancy, principally prolactin and placental lactogens 
(59). High amounts of GH are also secreted during 
pregnancy in both humans and rodents (9). In a recent 
study, we showed that ablation of GHR in the entire 
brain or in LepR-expressing cells improved the systemic 
insulin sensitivity of pregnant mice (51). Furthermore, 
inactivation of GHR in the brain led to decreased food 
intake and body adiposity during pregnancy, whereas 
depletion of GHR in the LepR cells increased leptin 
sensitivity of VMH neurons (51). These findings 
indicate that central GH action regulates energy and 
glucose homeostasis during pregnancy. Specifically, 
GH action in the brain partially mediates the increases 
in food intake, body adiposity and insulin resistance 
observed in pregnant mice (Figure 3).

CONCLUDING REMARKS

In this review, we summarized the known effects of 
GH on the CNS. We provided evidence that the brain 
should be considered an important target of GH to 
regulate key physiological aspects such as cognitive, 
behavioral, neuroendocrine and metabolic functions. 



Co
py

rig
ht

©
 A

E&
M

 a
ll r

ig
ht

s r
es

er
ve

d.

555

Effects of GH in the brain

Arch Endocrinol Metab. 2019;63/6

GH-responsive neurons are spread over virtually the 
entire CNS, suggesting that the importance of GH 
signaling in the brain is likely greater than previously 
thought. The role played by each specific neuronal 
population mediating the effects of GH is beginning 
to be revealed (Figure 3). However, additional studies 
are still necessary to determine other effects that may 
be mediated by GH via the CNS. The knowledge 
of the importance of the CNS for the effects of GH 
contributes to the understanding of the dysfunctions 
caused by excessive or deficient GH secretion, either 
in pathological conditions or in physiological situations 
(e.g., aging, pregnancy or food deprivation).
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ABSTRACT 
In order to provide new insights into the various activities of GH in specific tissues, recent advances 
have allowed for the generation of tissue-specific GHR knockout mice. To date, 21 distinct tissue-
specific mouse lines have been created and reported in 28 publications. Targeted tissues include 
liver, muscle, fat, brain, bone, heart, intestine, macrophage, pancreatic beta cells, hematopoietic stem 
cells, and multi-tissue “global”. In this review, we provide a brief history and description of the 21 
tissue-specific GHR knockout mouse lines. Arch Endocrinol Metab. 2019;63(6):557-67
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INTRODUCTION 

Growth hormone (GH) is pleiotropic hormone 
involved in many diverse processes such as 

growth, adiposity, glucose homeostasis, reproduction, 
and longevity. To help uncover the various activities 
of GH, global GH receptor (GHR) gene-disrupted 
or knock-out (GHRKO) mice were generated more 
than 20 years ago (1). Since that original study, 
GHRKO mice have been used in 128 published 
studies greatly expanding our knowledge of the GH/
IGF-1 axis (2,3). While GHRKO mice have become 
a useful tool to help uncover the various activities of 
GH, discerning the direct actions of GH on individual 
tissues has proven challenging. Accordingly, a number 
of tissue-specific GHRKO mice have been developed 
over the last decade to better understand the direct 
actions of GH in selective tissues. To generate these 
mice, 4 distinct GHR floxed mouse lines have been 
generated by 4 different laboratories, the Sperling 

laboratory in 2009 (4), the LeRoith laboratory in 
2011 (5), the Kopchick laboratory in 2013 (6), 
and the Liang laboratory in 2019 (7) (Table 1 and 
Figure 1). These GHR floxed mice have been crossed 
to transgenic mice containing a Cre-recombinase 
(Cre) gene preceded by a promoter/enhancer to 
drive expression in select tissues. When both a tissue-
specific Cre mouse line and a GHR floxed mouse line 
have successfully been crossed to generate a mouse 
line that is both homozygous floxed and Cre positive, 
recombination of the floxed GHR takes place resulting 
in a tissue-specific GHR “knockout” mouse. To date, 
at least 21 distinct tissue-specific GHR gene disrupted 
mouse lines have been generated: liver, muscle, fat, 
brain, bone, heart, intestine, macrophage, pancreatic 
b cells, hematopoietic stem cells, and multi-tissue 
“global” (Table 2 and Figure 2). In this review, we 
will give a brief history of each line followed by results 
obtained when GHR is disrupted in a given tissue.
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Figure 1. Targeting strategy to generate floxed GHR mice. (Top) Genomic map of the mouse GHR gene. The mouse GHR gene is located on chromosome 
15 and spans more than 269,000 bases. Exons are shown in green. The site of integration for the loxP sequences used to generate floxed GHR mice are 
indicated by red arrows (4-7). (Middle/Bottom) Cartoon representation indicating location of lox P sites for floxed exon 4 strategy used by the Sperling 
(4), LeRoith (5), and Kopchick (6) laboratories and floxed exon 4-4b strategy used by the Liang laboratory (7).

Genomic map of mouse GHR
• Located on Chromosome 15
• Spans more than 269,000 bases

Intron size (bp)~140,000 bp

66 130 24 173 179 169 162 91 70 981Exon size (bp)

Exon number

Conditional

Deleted

Conditional

Deleted

Floxed
exon 4

Floxed
exon 4-4b

Tissue specific
Cre-expression

(in mice)

Tissue specific
Cre-expression

(in mice)

~70,000 ~40,000

~5,200
~7,500

~5,600
~900

286
1,536

266

~5,000

Exon 1
(5 variants)

3 4 4b 5

Exon 3

Exon 3

Exon 3 Exon 4 Exon 4b Exon 5

Exon 3 Exon 5
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Exon 4 Exon 4b Exon 5

6 7 8a 8 9 10

2 3 4
4b5 6 7 8 

8a
9 10

Table 1. The four floxed GHR mouse lines

Year Reference Region of GHR Floxed Laboratory of University

2009 Fan et al., 2009 (4) Exon 4 Mark A. Sperling University of Pittsburgh School of Medicine, Pittsburg, PA, USA

2011 Wu et al., 2011 (5) Exon 4 Derek LeRoith Mount Sinai School of Medicine, New York, NY, USA

2013 List et al., 2013 (6) Exon 4 John J. Kopchick Edison Biotechnology Institute, Ohio University, Athens, OH, USA

2019 Fang et al., 2019 (7) Exon 4 through 4b Guosheng Liang University of Texas Southwestern Medical Center, Dallas TX, USA

DISRUPTION OF GHR IN LIVER

History

Liver is the most targeted tissue (11 out of 28) in 
conditional GHRKO studies with 5 distinct liver-
specific GHR knockout mouse lines generated. 
The first mouse line, termed GHR liver deficient 
(GHRLD), was produced at the University of 

Pittsburgh by Fan and cols. in 2009 and represents 
the first of any reported tissue-specific GHRKO mouse 
lines. This line was generated using the GHR floxed 
mice from the Sperling laboratory and was crossed 
with albumin Cre mice (B6.Cg-Tg(Alb-cre)21Mgn/J, 
Stock# 003574, The Jackson Laboratory). This line 
has been used in two published studies (4,8). The 
second was produced at Ohio University by List and 
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Table 2. Chronological list of conditional GHR gene disrupted mice

Year Reference Target 
Tissue Inducible Line 

Designation
Floxed 
GHR Line Cre Line Stock/Cat. No.

2009 Fan et al., 2009 (4) Liver - GHRLD Sperling B6.Cg-Tg(Alb-cre)21Mgn/J JAX: 003574

2010 Lu et al., 2010 (25) Macrophage - GHRMacD Sperling B6.129P2-Lyz2tm1(cre)Ifo/J JAX: 004781

2010 Mavalli et al., 2010 (33) Muscle - ∆GHR Sperling Mef-2c-73kCre+/-/Blk MGI ID: 3583679

2011 Wu et al., 2011 (5) Beta cell - bGHRKO LeRoith B6.Cg-Tg(Ins2-cre)25Mgn/J JAX: 003573

2012 Vijayakumar et al., 2012 (34) Muscle - mGHRKO LeRoith B6.FVB(129S4)-Tg(Ckmm-
cre)5Khn/J

JAX: 006475

2012 Vijayakumar et al., 2012 (35) Muscle - mGHRKO LeRoith B6.FVB(129S4)-Tg(Ckmm-
cre)5Khn/J

JAX: 006475

2013 List et al., 2013 (6) Fat - FaGHRKO Kopchick B6.Cg-Tg(Fabp4-cre)1Rev/J JAX: 005069

2013 Vijayakumar et al., 2013 (36) Muscle - mGHRKO LeRoith B6.FVB(129S4)-Tg(Ckmm-
cre)5Khn/J

JAX: 006475

2013 Li et al., 2013 (10) Fat - FaGHRKO Kopchick B6.Cg-Tg(Fabp4-cre)1Rev/J JAX: 005069

2013 Lu et al., 2013 (26) Macrophage - MacGHR KO† Sperling B6.129P2-Lyz2tm1(cre)Ifo/J JAX: 004781

2014 List et al., 2014 (9) Liver - LiGHRKO Kopchick B6.Cg-Tg(alb-cre)21Mgn/J JAX: 003574

2014 Fan et al., 2014 (8) Liver - GHRLD Sperling 6.Cg-Tg(Alb-cre)21Mgn/J JAX: 003574

2014 Stewart et al., 2014 (28) HCS - Ghrfl/fl;Vav1Cre/+ LeRoith Tg(Vav1-cre)1Awr MGI ID: 3043860

2015 Gesing et al., 2015 (11) Liver - LiGHRKO Kopchick B6.Cg-Tg(alb-cre)21Mgn/J JAX: 003574

2015 Dominick et al., 2015 (12) Liver - LiGHRKO Kopchick B6.Cg-Tg(alb-cre)21Mgn/J JAX: 003574

2015 Zawada et al., 2015 (13) Liver - LiGHRKO Kopchick B6.Cg-Tg(alb-cre)21Mgn/J JAX: 003574

2015 List et al., 2015 (37) Muscle - MuGHRKO Kopchick B6.FVB(129S4)-Tg(Ckmm-
cre)5Khn/J

JAX: 006475

2015 Cordoba-Chacon et al., 2015 (15) Liver Yes aLivGHRkd Kopchick Tail vein injection of Adeno-
associated virus-TBGp-Cre

Penn Vector 
Core: 
AV-8-PV1091 

2015 Sadagurski et al., 2015 (14) Liver - LiGHRKO Kopchick B6.Cg-Tg(alb-cre)21Mgn/J JAX: 003574

2016 Liu et al., 2016 (29) Bone - DMP-GHRKO LeRoith B6.Cg-Tg(Dmp1-cre/ERT2)
D77Pdp/J†

JAX: 029594

2016 Jara et al., 2016 (30) Heart Yes iC-GHRKO Kopchick B6.FVB(129)-A1cfTg(Myh6-cre/
Esr1*)1Jmk/J

JAX: 005657

2016 Liu et al., 2016 (16) Liver - Li-GHRKO LeRoith B6.FVB(129)-Tg(Alb1-cre)1Dlr/J JAX: 016832

2016 Junilla et al., 2016 (32) Global Yes aGHRKO Kopchick B6.129-Gt(ROSA)26Sortm1(cre/
ERT2)Tyj/J

JAX: 008463

2017 Cady et al., 2017 (40) Brain - LeprEYFP∆GHR Kopchick B6.129-Leprtm3(cre)Mgmj/J JAX: 032457

2019 List et al., 2019 (20) Fat - AdGHRKO Kopchick B6;FVB-Tg(Adipoq-cre)1Evdr/J JAX: 010803

2019 Fang et al., 2019 (7) Liver - Fat-Ghr-/- Liang B6;FVB-Tg(Adipoq-cre)1Evdr/J JAX: 010803

2019  Fat - L-Ghr-/- Liang B6.CgTg(Alb-cre)21Mgn/J JAX: 003574

2019 Furigo et al., 2019 (41) Brain - AgRP GHR KO Kopchick Agrptm1(cre)Lowl/J JAX: 012899

2019  Brain - LepR GHR KO Kopchick B6.129-Leprtm2(cre)Rck/J JAX: 008320

2019  Brain - Brain GHR KO Kopchick B6.Cg-Tg(Nes-cre)1Kln/J JAX: 003771

2019 Young et al., 2019 (31) Intestine - IntGHRKO Kopchick B6.Cg-Tg(Vil1-cre)997Gum/J JAX: 004586

† The name was changed from GHRMacD to MacGHR KO in this paper.

cols. in 2013 and is termed the liver-specific GHR 
knockout mouse (LiGHRKO). This mouse line was 
generated by crossing the Kopchick floxed GHR mice 
with albumin Cre mice (B6.Cg-Tg(Alb-cre)21Mgn/J, 
Stock# 003574, The Jackson Laboratory) and has been 

used in six studies (9-14). The third liver-specific line 
was generated at the University of Illinois by Cordoba-
Chacon and cols. in 2015 and is termed the adult-onset, 
liver-specific GHR knockdown mouse (aLivGHRkd). 
The aLivGHRkd mice were produced using Kopchick 
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floxed by injecting GHR floxed mice with an adeno-
associated virus carrying a liver-specific thyroxine-
binding globulin promoter (AAV8.TBG.PI.Cre.rBG, 
Penn Vector Core). This mouse line has been used in 
one study (15). The fourth line was generated at the 
NYU College of Dentistry by Liu and cols. in 2016 
and is termed the Li-GHRKO mouse. This line was 
produced using LeRoith floxed GHR mice crossed 
with albumin Cre mice (B6.Cg-Tg(Alb-cre)21Mgn/J, 
Stock# 003574, The Jackson Laboratory) and has been 
used in one study (16). The fifth liver-specific mouse 
line was generated at the University of Texas by Fang 
and cols. in 2019. These mice were termed L-Ghr-/- 
and were produced by crossing Liang floxed GHR mice 
to albumin/Cre mice (B6.Cg-Tg(Alb-cre)21Mgn/J, 
Stock# 003574, The Jackson Laboratory) and has been 
used in one study (7).

Results

Phenotypic changes in the various liver-specific GHRKO 
lines are numerous and severe. As expected, disruption 
of GHR in liver results in multiple changes to the GH/
IGF-1 axis, including decreased serum levels of IGF-1, 
ALS, IGFBP-3, -5 and 7 and increased GH, IGFBP-1 
and -2 levels (4,9,16). Despite dramatic reductions to 
circulating IGF-1, elevated GH resulted in elevated 
local IGF-1 mRNA expression in skeletal muscle, brown 
adipose tissue, and white adipose tissue (subcutaneous 
and retroperitoneal depots) (9). Evaluation of pituitary 
showed increased GH, GH releasing-hormone receptor, 
and ghrelin receptor mRNA (7). Measures of glucose 
homeostasis are substantially altered in these mice as 
they have elevated blood glucose, insulin and C-peptide 
levels, impaired glucose tolerance, and reduced insulin 
sensitivity (4,9,16). However, when placed on caloric 

Figure 2. Summary of results from conditional GHR gene disrupted mice.
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restriction, Fang and cols., report greater hypoglycemia 
compared to controls (7). Liver specific disruption 
also causes substantial changes to serum lipids and 
cholesterol as these mice have an increase in circulating 
free fatty acids, triglycerides, cholesterol, VLDL, and 
LDL (4,8,16). Importantly, several laboratories have 
shown that these mice develop fatty liver (4,9,15,16). 
However, when calorically restricted, Fang and cols 
report a greater decrease in liver triglycerides compared 
to controls (7). This group also showed that the fatty 
livers progress to hepatic fibrosis with increased fibrotic 
marker, namely, Col1A2 and Col3A1 mRNA (8). 
Studies by two separate laboratories indicate increased 
inflammation (4,9), specifically through upregulation of 
TNF-α (8). Additional cytokines have been measured 
and shown to be elevated. Increased MCP-1, IL-6 
(9), TGF-b (8), as well as an increase in liver mRNA 
expression of TNF-α, IL-6, IL-18, and IL-1b (16) have 
been reported. In addition to inflammatory cytokines, 
several adipokines are increased, including resistin, 
adiponectin, leptin, and adipsin (9,16). Measures of 
oxidative stress (SOD, GPX, and Nrf2) are increased 
in livers of these mice (16). Cordoba and cols. describe 
increase in liver de novo lipogenesis, as well as an increase 
in glycolysis, determined through an increase in fructose 
2,6-bisphosphate and glucokinase (15). Fang and 
cols. discovered that L-Ghr-/- mice had a significant 
reduction in liver autophagic vacuoles (7), and Fan and 
cols. reported decreased bone density in GHRLD mice 
(4). Body weight and length are unchanged in early life, 
but in older mice (after 5 months of age), both of these 
measures are significantly decreased in both sexes (9). 
Furthermore, analysis of body composition over time 
by List and colleagues revealed a body composition 
pattern similar to those found in GH transgenic mice 
(17); that is, LiGHRKO mice had a higher percentage 
of body fat at early ages followed by lower percentage of 
body fat in adulthood. Lastly, despite dramatic changes 
to liver as well as whole body physiology, disruption of 
GHR in liver does not alter lifespan (12).

DISRUPTION OF GHR IN ADIPOSE TISSUE

History 

Three distinct adipose-specific lines have been reported. 
The first was generated at Ohio University by List and 
cols in 2013 and is referred to as the FaGHRKO mouse 
(6). The mouse was generated by crossing the Kopchick 

floxed GHR mouse line to aP2 (also called Fabp4) 
Cre expressing mice (B6.Cg-Tg(Fabp4-cre)1Rev/J, 
Stock#005069, The Jackson Laboratories). Importantly, 
the aP2-cre promoter/enhancer has more recently been 
shown to have expression in non-adipose tissues or cells 
(18,19), which makes it challenging to interpret the results 
in the context of solely impacting adipose tissue, and 
was the impetus for generation of the second fat specific 
GHRKO mouse line from the Kopchick laboratory. This 
second mouse line was also produced at Ohio University 
by List and cols., in early 2019 and is termed AdGHRKO 
(20). The mouse was generated by crossing the Kopchick 
floxed GHR mouse line with adiponectin Cre expressing 
mice (B6;FVB-Tg(Adipoq-cre)1Evdr/J, Stock#006475, 
The Jackson Laboratories). The authors refer to this 
mouse strain as “adipocyte” specific as opposed to 
targeting adipose tissue due to the higher fidelity of the 
adiponectin promoter, which is considered exclusive to 
mature adipocytes. The third mouse line was generated 
at the University of Texas by Fang and cols. in 2019 (7). 
These mice were termed Fat-Ghr-/- and were produced 
by crossing Liang floxed GHR mice to adiponectin Cre 
expressing mice (B6;FVB-Tg(Adipoq-cre)1Evdr/J, 
Stock#006475, The Jackson Laboratories). 

Results

As might be expected, all three lines exhibit loss of GHR 
mRNA in all white and brown adipose depots. Notably, 
the Fat-Ghr-/- mice also have a small but significant 
decrease in GHR mRNA in the heart, which the authors 
attribute to residual epicardial and pericardial fat; this 
difference is not evident in the hearts of AdGHRKO 
mice that utilize the same Cre line (20). In terms of 
phenotype, very little data are reported for the Fat-
GHR-/- mice as the major focus of this paper was the 
liver specific GHR (L-GHR-/-) mice described above. 
The only data reported are measurements of fat mass as 
well as circulating levels of blood glucose, ghrelin, and 
GH for male mice that were 7-9 weeks old, which were 
calorie restricted for 11 days. No difference between 
controls and Fat-GHR-/- mice were found. 

More comprehensive and comparable analyses were 
performed for the FaGHRKO and AdGHRKO mice. 
Both studies used male and female mice and with 
measurements taken up to six months of age (6,20). 
Overall, these two lines have a similar adipose tissue 
profile. Both FaGHRKO and AdGHRKO mice have 
increased total fat mass with the most dramatic increase 
in the subcutaneous depot as has been reported for 
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global GHRKO mice (21,22). As for the other depots, 
the mass of all are significantly enlarged in the tissue 
specific lines relative to controls, except male perigonadal 
in FaGHRKO mice (6) and male perigonadal and male 
BAT in AdGHRKO mice (20). Other features of white 
adipose tissue reported for these two tissue specific lines 
includes enlarged adipocyte size and reduced collagen 
deposition in white fat (23), with the difference more 
pronounced in the subcutaneous depot. Thus, the pattern 
of fat deposition and the basic characteristics of adipose 
tissue are strikingly similar between the two tissue-specific 
mouse lines despite using different promoter/enhancers 
to drive Cre expression. As for adipokines, both sexes 
of AdGHRKO mice have significantly decreased levels 
of resistin and adiponectin while FaGHRKO mice have 
increased leptin, no change in resistin, and decreased 
adiponectin in only males (6,20,24). Thus, despite 
no change in overall mass and morphology, there 
are molecular differences in adipose tissue between 
AdGHRKO and FaGHRKO mice. There are other 
important differences in several metabolic parameters and 
in growth between FaGHRKO and AdGHRKO mice. 
First, FaGHRKO mice weigh more and have an increase 
in body length compared to controls, but AdGHRKO 
mice have no significant difference in weight or length 
relative to controls. This is likely due to FaGHRKO mice 
having elevated circulating IGF-1, at least in males, and a 
trend for increased GH in both sexes while AdGHRKO 
mice have no changes in GH or IGF-1 levels. There are 
also differences in glucose metabolism. AdGHRKO mice 
have decreased circulating insulin and enhanced insulin 
sensitivity, which is consistent with global GHRKO 
mice (2) while both male and female FaGHRKO mice 
exhibit no alteration in measures of glucose homeostasis. 
Finally, both male and female AdGHRKO mice have 
reduced liver triglycerides, which is distinct from what is 
observed for liver triglycerides in FaGHRKO mice (no 
change) and in the global GHRKO mice (no change 
or increased depending on age) (22). Due to improved 
glucose homeostasis in AdGHRKO mice the authors 
suggest that the AdGHRKO mice, with a more specific 
disruption of GH in adipocytes, have an overall healthier 
metabolic profile than FaGHRKO mice. 

DISRUPTION OF GHR IN MACROPHAGES

History

Two papers from Ram Menon’s laboratory at 
University of Michigan report characterization of 

a macrophage specific GHR disrupted mouse line 
(25,26). Both papers utilize the same strain of mice 
with the initial publication coming in 2010. These 
mice were created by breeding Sperling floxed GHR 
mice to mice that express Cre recombinase from the 
endogenous Lyzs locus (B6.129P2-Lyz2tm1(cre)
Ifo/J, Stock#004781, The Jackson Laboratory). 
Importantly, this Cre recombinase, in addition 
to targeting macrophages, is also expressed in 
monocytes and granulocytes (27). Despite the same 
mice, the authors use two different designations to 
describe them: GHRMacD in the 2010 publication 
and GHRMac KO in the 2013 manuscript. 

Results

As expected, GHR expression is greatly diminished 
in macrophages isolated from either adipose tissue or 
from the peritoneal cavity and in isolated monocytes 
but without alteration of GHR expression in whole 
adipose tissue or liver. The first paper did not 
report general features of GHRMacD mice (25). 
Instead, this paper only reports data for isolated 
primary macrophages from these mice for in vitro 
studies. Specifically, they report that conditioned 
media from adipose tissue-derived GHRMacD 
macrophages exhibit a greater inhibitory effect on 
3T3-L1 preadipocyte differentiation and adipogenesis 
compared with conditioned media from macrophages 
of control mice. These results indicate that intact GH 
action in adipose-derived macrophages is important for 
preadipocyte differentiation. Further, they show that 
the increase in adipogenesis is not mediated by IGF-1. 
The subsequent paper provides a more thorough 
characterization of the mouse (26). On a standard 
chow diet, GHRMac KO mice are indistinguishable 
from control mice with respect to weight and glucose 
homeostasis. However, when fed a high fat diet for 18 
weeks, differences between GHRMac KO mice and 
controls emerge. With high fat diet feeding, GHRMac 
KO mice have impaired glucose homeostasis as well as 
an increase in specifically epididymal fat mass, despite 
no change in whole body composition measurements. 
In addition, the epididymal fat pad exhibits enlarged 
adipocytes, an increase in stromal vascular (SVF)-
derived macrophages (most notably the classically 
activated M1 macrophages), increased inflammation 
(determined by both expression of pro-inflammatory 
cytokines and histologically, by crown like structures), 
and increased expression of osteopontin from the SVF 
via a NF-κB site in the distal osteopontin promoter. 
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Overall, their data suggest that a lack of GH action 
in macrophages results in a deterioration in glucose 
metabolism by promoting enhanced adipose tissue 
inflammation during obesity. These data led the authors 
to hypothesize that GH treatment could promote a 
beneficial effect on the chronic inflammation and 
insulin resistance observed in obesity.  

DISRUPTION OF GHR IN PANCREATIC BETA CELLS

History

Pancreatic b-cell specific GHRKO mice (bGHRKO) 
were produced by Wu and cols in 2011 at Mount Sinai 
School of Medicine. This mouse line was generated 
using the LeRoith GHR floxed mice crossed with the 
rat insulin II promoter (RIP)-driven Cre recombinase 
mice (B6.Cg-Tg(Ins2-cre)25Mgn/J, Stock# 003573, 
The Jackson Laboratories).

Results

Phenotypic changes are mild in the bGHRKO 
mouse line, with the only alteration seen in glucose 
homeostasis. That is, disruption of GHR in b cells 
does not affect growth or development (as measured 
by body weight, composition, and IGF-1 levels) nor 
did it affect insulin development as seen by insulin 
levels, islet size, or insulin content in pancreatic islets (5). 
The first phase of insulin secretion is blunted in the 
bGHRKO mouse line, suggesting lower maximal 
insulin secretion when challenged with a high glucose 
load. When placed on a high fat diet, obese bGHRKO 
mice display impaired glucose homeostasis and b cell 
hyperplasia with decreased b cell proliferation and total 
b cell mass, suggesting that GH plays an important 
compensatory role in b cells in response to a high 
glucose challenge. 

DISRUPTION OF GHR IN HEMATOPOIETIC STEM 
CELLS (HSC)

History

HSC specific GHRKO mice (GHRfl/fl;Val1Cre/+) were 
produced by Stewart and cols. in 2014 at Boston 
Children’s Hospital (28). This line was generated 
by crossing the LeRoith GHR floxed mice with 
the Vav1 Cre transgenic mice (Tg(Vav1-cre)1Awr, 
MGI:304860). 

Results

The GHRfl/fl;Val1Cre/+ mice show no difference compared 
to controls in steady-state hematopoiesis, reconstitution, 
lineage potential, self-renewal, or HSC activity upon 
serial transplantation or 5-fluorouracil challenge (28). 
Thus, the study concluded that ablation of the GHR 
in HSC is dispensable for HSC activation and recovery. 

DISRUPTION OF GHR IN BONE

History

The dentin matrix protein (DMP)-1 mediated 
GHRKO (DMP-GHRKO) mouse line was produced 
by Liu and cols. at New York University College of 
Dentistry in 2016 (29). This mouse line was generated 
by crossing LeRoith GHR floxed mice with DMP-1 
promoter Cre recombinase mice (B6.Cg-Tg(Dmp1-
cre/ERT2)D77Pdp/J, Stock# 029594, The Jackson 
Laboratories), which is specific for mature osteoblasts 
and osteocytes. 

Results

Phenotypic changes observed in the DMP-GHRKO 
mice are specific to bone acquisition. These mice did 
not have altered body weight, body composition, linear 
growth or serum IGF-1 levels (29). DMP-GHRKO 
mice have a slender bone phenotype with decreased 
total cross-sectional area, bone tissue at the femur 
mid-diaphysis, bone formation rate, mineral apposition 
rate, and number of osteoblasts, and increased number 
of osteoclasts. Moreover, these mice have impaired 
inorganic phosphate homeostasis and decreased serum 
parathyroid hormone levels with an impaired response to 
intermittent, anabolic parathyroid hormone treatment. 
This study concluded that GH action in bone – along 
with that of parathyroid hormone – is necessary for 
bone accrual, cell viability, matrix mineralization, and 
inorganic phosphate homeostasis. 

DISRUPTION OF GHR IN HEART

History

Inducible cardiac-specific GHR disrupted  
(iC-GHRKO) mice were produced by Jara and cols. 
in 2016 at Ohio University (30). The iC-GHRKO 
mouse line was generated by crossing Kopchick GHR 
floxed mice with myosin heavy chain (Myh6)-driven 
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MerCreMer (MCM) recombinase mice (B6.FVB(129)-
A1cfTg(Myh6-cre/Esr1*)1Jmk/J, Stock#005657, The  
Jackson Laboratories). As an inducible cre system, 
disruption of cardiac GHR was induced by tamoxifen 
at four months of age. 

Results

Phenotypic changes in the iC-GHRKO mouse line are 
modest and age-dependent, specifically related to body 
composition, metabolism, and glucose homeostasis. 
The iC-GHRKO mice experience a shift in body 
composition (decrease in fat mass and increase in lean 
mass) in early adulthood (4.5 to 8.5 months of age) 
and improved insulin sensitivity by 6.5 months (30). 
By 12.5 months, iC-GHRKO mice no longer display 
significant decreases in fat mass and develop impaired 
glucose homeostasis with significantly decreased insulin 
stimulated Akt phosphorylation in the heart and liver 
and decreased circulating IGF-1 levels. Surprisingly, 
disruption of cardiac GHR did not affect the cardiac 
phenotype with no change in heart size, maintenance 
of baseline or dobutamine-stressed echocardiography, 
or systolic blood pressure. Surprisingly, these results 
suggest that adult GHR disruption in cardiomyocytes 
is crucial in the regulation of systemic metabolic 
homeostasis but not cardiac function. 

DISRUPTION OF GHR IN INTESTINES

History

Intestinal epithelial cell-specific GHRKO (IntGHRKO) 
mice were produced by Young and cols. in 2019 
at Ohio University (31). This line was generated 
by crossing Kopchick GHR floxed mice with villin 
promoter/enhancer-driven Cre recombinase mice 
(B6.Cg-Tg(Vill-cre)997Gum/J, Stock#004586, The 
Jackson Laboratories). 

Results

IntGHRKO mice exhibit modest, sex-specific changes 
to the intestinal phenotype (i.e. gross anatomy, gut 
barrier, and fat absorption) and glucose homeostasis 
(31). Male IntGHRKO mice have significantly decreased 
large intestinal length and impaired fat absorption. 
Only female IntGHRKO mice displayed significant 
glucose intolerance and insulin resistance. Both sexes 
of IntGHRKO mice showed a weak improvement to 

gut barrier function. Overall, this study suggests that 
disruption of GHR in the intestinal epithelial cells has a 
mild impact on intestinal growth and function. 

ADULT-ONSET DISRUPTION OF GLOBAL GHR 

History

Adult-onset GHRKO (aGHRKO) mice were produced 
by Junnila and cols. in 2016 at Ohio University 
(32). This mouse line was generated by crossing 
Kopchick GHR floxed mice with ROSA26 gene 
promotor/enhancer-driven Cre recombinase mice 
(B6.129-Gt(ROSA)26Sortm1(cre/ERT2)Tyj/J, 
Stock#008463, The Jackson Laboratories), and 
disruption of the Ghr gene was induced through 
tamoxifen at six weeks of age. 

Results

The aGHRKO mice share many phenotypic changes 
with the original global GHRKO mice (32). That is, the 
aGHRKO mice have reduced body length and weight 
with increased adiposity, specifically in subcutaneous 
adipose tissue, impaired glucose tolerance, and 
improved insulin sensitivity. The aGHRKO mice 
also have increased adiponectin and resistin levels. 
Moreover, aGHRKO mice display increased maximal 
lifespan compared to controls, although this finding 
was unique to females. These findings show that 
disruption of GHR in adulthood can recapitulate the 
beneficial metabolic and longevity findings – at least in 
females – seen with the global GHRKO mice. 

DISRUPTION OF GHR IN MUSCLE

History

To date, three distinct muscle specific GHR knockout 
mouse lines have been reported. The first line was 
generated at John Hopkins University School of Medicine 
by Mavalli and cols. in 2010 and is referred to as ΔGHR 
mice (33). The mouse line was generated by crossing 
Sperling floxed GHR mice with mef-2c-73k promoter 
Cre mice (Mef-2c-73kCre+/-, Brian Black, University 
of California San Francisco). The second mouse line 
was generated at Mount Sinai School of Medicine 
by Vijaykumar and cols in 2012 and is referred to as 
mGHRKO mouse (34). This mouse line was generated 
by crossing the LeRoith floxed GHR mice with muscle 
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creatine kinase Cre mice (B6.FVB(129S4)-Tg(Ckmm-
cre)5Khn/J, Stock# 006475, The Jackson Laboratories). 
This mouse line has been used in three studies (34-
36). The third mouse line was generated at Ohio 
University by List and cols. in 2015 and is referred to as 
MuGHRKO mouse (37). The mouse line was generated 
by crossing the Kopchick floxed GHR mice with muscle 
creatine kinase Cre mice (B6.FVB(129S4)-Tg(Ckmm-
cre)5Khn/J (Stock# 006475, The Jackson Laboratories).

Results

The ΔGHR mice, which used a distinct Cre line, have 
reduced myofiber number and area with deficiencies 
in muscle performance (33). The ΔGHR mice also 
have diminished myoblast fusion, peripheral adiposity, 
glucose intolerance, and insulin resistance (33). 
These results are in stark contrast to the other two 
muscle specific lines, mGHRKO and MuGHRKO. 
Importantly, the promoter/enhancer used to drive 
Cre-recombinase to generate ΔGHR mice (mef-2c-
73k) has been shown to be involved in the regulatory 
processes of brain, neural crest, bone, craniofacial, 
melanocyte, lymphocyte, endothelium, and blood 
vessel development (38,39), making interpretations of 
data generated in ΔGHR mice challenging. The two 
other muscle specific GHRKO mouse lines (mGHRKO 
and MuGHRKO) show marked health improvements. 
Male MuGHRKO mice have reduced levels of glucose, 
insulin, c‐peptide, and enhanced glucose tolerance 
(37), while mGHRKO mice on a high fat diet have 
decreased adiposity, inflammation, muscle and hepatic 
triglyceride content, and enhanced insulin sensitivity 
(34). High fat fed mGHRKO mice have greater energy 
expenditure with increased respiratory exchange 
ratios, suggesting increased carbohydrate utilization 
(34). Muscle performance, treadmill endurance, and 
grip strength are unchanged with advanced age in 
MuGHRKO mice, leading the authors to suggest that 
the direct action of GH on muscle has minimal effect 
on strength or endurance (37). Importantly, disruption 
of GHR in muscle is shown to increase lifespan in male 
MuGHRKO mice (37). 

DISRUPTION OF GHR IN BRAIN

History

Four distinct neuronal specific GHR knockout mice have 
been reported. The first line was generated at University 

of Michigan by Cady and cols. in 2017 (40) with 
ablation of GHR in leptin receptor (LepRb)-expressing 
neurons and is referred to as LeprEYFPΔGHR. The mouse 
line was generated by crossing the Kopchick floxed 
GHR mice with Leprcre  mice (B6.129-Leprtm3(cre)
Mgmj/J, Stock# 032457, The Jackson Laboratories). 
The next three mouse lines were generated at 
University of São Paulo by Furigo and cols. in 2019 
(41). All three lines used the Kopchick floxed GHR 
line crossed with the following Cre lines: AgRP-IRES-
Cre mouse (Agrptm1(cre)Lowl/J, The Jackson Laboratory)  
to produce AgRP GHR KO mice, leptin receptor 
LepR-IRES-Cre mouse (B6.129-Leprtm2(cre)Rck/J he 
Jackson Laboratory) to produce LepR GHR KO mice, 
and Nestin-Cre mouse (B6.Cg-Tg(Nes-cre)1Kln/J, The 
Jackson Laboratory) to produce Brain GHR KO mice.

Results

Increased body weight and length are reported in LepR 
GHR KO and brain GHR KO mice (41). Interestingly, 
during caloric restriction, a higher rate of weight loss 
is exhibited by AgRP GHR KO, LepR GHR KO, and 
brain GHR KO mice (41). LeprEYFPΔGH mice on both 
chow and HFD are glucose intolerant with normal 
insulin tolerance compared to controls (40). In clamp 
studies, LeprEYFPΔGH mice show a significant reduction 
in glucose infusion rate, which suggests that these mice 
cannot maintain euglycemic conditions, and exhibit 
significantly higher hepatic glucose production (40). 
Additionally, hepatic insulin resistance is confirmed with 
attenuation of insulin stimulated phosphorylation of 
IRD-1 and Akt (Ser 473) in the liver of LeprEYFPΔGH as 
compared to controls. In contrast, glucose tolerance and 
insulin sensitivity were unchanged in AgRP GHR KO as 
compared to controls (41). However, during the initial 
days of caloric restriction, AgRP GHR KO exhibit lower 
glycemia when compared to controls in both males and 
females (41). Lower glycemia is also exhibited by LepR 
GHR KO. Overall, ablation of GHR in LepRb neurons 
disrupts glucose homeostasis and energy conservation 
by AgRP neurons during caloric restriction (41). 
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ABSTRACT
Tumor development is a multistep process whereby local mechanisms enable somatic mutations 
during preneoplastic stages. Once a tumor develops, it becomes a complex organ composed of 
multiple cell types. Interactions between malignant and non-transformed cells and tissues create a 
tumor microenvironment (TME) comprising epithelial cancer cells, cancer stem cells, non-tumorous 
cells, stromal cells, immune-inflammatory cells, blood and lymphatic vascular network, and 
extracellular matrix. We review reports and present a hypothesis that postulates the involvement 
of growth hormone (GH) in field cancerization. We discuss GH contribution to TME, promoting 
epithelial-to-mesenchymal transition, accumulation of unrepaired DNA damage, tumor vascularity, 
and resistance to therapy. Arch Endocrinol Metab. 2019;63(6):568-75
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INTRODUCTION

R esearch into neoplastic formation is largely focused 
on genetic mutations resulting in benign or 

malignant tumors. However, neoplastic transformation 
begins long before the cancer lesion is detected. Most 
mutations occur in the preneoplastic stage of cancer 
development (1) and local mechanisms allowing for 
these somatic mutations are poorly understood. Tumor-
independent processes may alter the local milieu and 
help create a microenvironment sufficiently receptive 
to develop precancerous and cancerous changes. This 
process, termed “field cancerization”, was introduced 
by Slaughter and cols. (2) in reference to replacement 
of normal epithelial cell populations with cancer-
primed populations, but later defined as “a somatic 
evolutionary process that produces cells that are closer 
to cancer” (3). With chronic inflammation, for example, 
colonic mucosa of patients with inflammatory bowel 
disease undergoes a “field change”, creating a favorable 
environment for genetic mutations before histological 
dysplasia is evident (4-6). 

Developed tumors are composed of multiple cell 
types that interact with one another. Interactions 
between malignant and non-transformed cells and 
tissues create a tumor microenvironment (TME) (7) 
comprising epithelial cancer cells, cancer stem cells, 
non-tumorous cells, stromal cells (including resident 

fibroblasts, cancer-associated fibroblasts, adipose cells, 
and pericytes), immune-inflammatory cells, blood 
and lymphatic vascular network, and extracellular 
matrix (ECM) (7-10). TME was consistently shown 
to play a role in evolution of malignancies, and tumor 
development is highly dependent on the specific TME. 
Rapid expansion of tumor cells triggers hypoxia, 
resulting in metabolic reprogramming of tumor cells; 
interplay between cancer and neighboring cells results 
in further alteration of TME cellular components, 
restructuring of ECM, and formation of disorganized 
vascularization systems. Cancer TME constituents 
adapt to environmental conditions, promoting overall 
tumor growth (9,11). 

Multiple factors shape the environment to enable 
field cancerization in normal tissue or for tumor cell 
evolution toward malignization in TME. Growth 
hormone (GH) is secreted from pituitary somatotrophs 
and can also be expressed in non-pituitary tissue. Many 
GH actions are mediated by the insulin-like growth 
factor (IGF)/IGF receptor (IGFR) pathway, although 
GH exerts IGF-independent effects in bone, muscle, 
liver, and colon tissues (12-14). GH may create a 
protumorigenic environment in normal epithelial cells, 
suppressing tumor suppressor proteins and promoting 
neoplastic transformation (15,16). In neoplastic 
tissue, local GH expression has been linked to several 
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malignancies and several excellent reviews describe 
endocrine and autocrine/paracrine tumor-promoting 
GH actions in cancer cells and tissues (17-20). In this 
brief review, we focus on mechanisms underlying pro-
oncogenic actions of GH as a field modifier in non-
transformed cells and as a tumor promoter in TME. 

GH AND FIELD CANCERIZATION

Field cancerization occurs in response to exogenous 
or endogenous insults, mutagen exposure, or age-
related mutations in non-transformed cells. Although 
changes such as increased growth rate and decreased 
death rate may occur, cells do not display dysplasia 
(3). With further genetic alterations, preneoplastic 
cells evade normal growth-control mechanisms and 
clonal selection ultimately leads to development 
of a malignant clone (1,21). We suggest a broader 
definition of field cancerization, which includes cells 
with “phenotypic alterations required for malignancy” 
(3), as well as the process and mechanisms by which 
these yet undetectable early changes occur.

DNA damage response (DDR) and DNA repair 
protect cells from chromosomal instability and 
ultimately cancer. DDR signaling pathways react 
to endogenous or exogenous DNA damage and 
coordinate complex DNA repair processes (10). Thus, 
DDR genes are considered “caretakers” of the genome, 
as most oncogenic alterations are caused by inadequate 
DNA repair (22) and acquisition of oncogenic 
mutations with sustained proliferation. DNA damage 
also accumulates with age due to attenuated DNA 
repair mechanisms (23). 

Initiation of DDR starts upon recruitment of 
the MRE11/RAD50/NSB1 protein complex to 
the site of DNA damage, which, in turn, activates 
phosphoinositide-3-kinase-related kinases: ataxia-
telengiectasia mutated (ATM), ATM and Rad3 related 
(ATR), and DNA-dependent protein kinase (DNA-
PK) (24,25). These kinases phosphorylate and activate 
proteins essential for DNA repair, including H2AX, 
BRCA1, BRCA2, and TERT (26-28). ATM and 
ATR also phosphorylate checkpoint kinases Chk2 and 
Chk1, arresting cell proliferation, as well as the tumor 
suppressor p53 facilitating DNA repair, apoptosis, or 
cell cycle arrest (29,30).

In non-pituitary cells, GH expression is very low, but 
can be significantly induced and secreted in response 
to DNA damage pathway activation (31). In non-

tumorous human colon and mammary cells, murine 
colon tissue, and 3-dimensional human intestinal 
organoids derived from induced pluripotent stem cells, 
GH attenuates DDR, decreasing ATM kinase activity 
as well as Chk2 and p53 phosphorylation, which 
subsequently reduces DNA repair by both homologous 
recombination (HR) and non homologous end joining 
(NHEJ), resulting in accumulated unrepaired DNA 
(16). Non-tumorous human colon cells exposed to 
GH generate more colonies in soft agar, an indication 
of cell transformation, and mice bearing xenografts 
secreting GH develop more metastases (16). Peripheral 
blood lymphocytes of acromegaly patients harboring 
GH-secreting pituitary adenomas also exhibit increased 
chromosomal aberrations (32,33), and unrepaired 
DNA damage accumulates in the liver in a zebrafish 
model of acromegaly. Thus, in normal cells and tissues, 
elevated GH, whether secreted or induced locally, 
suppresses DNA repair, enabling an environment 
favorable for accumulation of oncogenic mutations and 
chromosomal instability. 

If DNA damage repair is not optimal, cells continue 
to proliferate, usually acquiring oncogenic mutations, 
undergo apoptosis, or exit the cell cycle and become 
senescent, thereby limiting propagation of damaged 
cells (34). Senescent cells remain metabolically 
active, secreting cytokines, chemokines, matrix 
metalloproteinases (MMPs), IGF1, IGF8, IGF binding 
proteins, and other factors as part of the senescence-
associated secretory phenotype (SASP) (35,36). 
Senescent cells also increase with age-associated 
attenuation of DNA damage repair (37-39). Secretion 
of SASP may persist, affecting neighboring cells (40-
42). We showed that GH is also a component of SASP 
(31), and GH secretion from senescent cells alters DDR 
activity in surrounding tissues, favoring DNA damage 
accumulation as evidenced by increased levels of DNA 
damage observed in senescent cells (43). 

Another possible role for GH in field cancerization 
lies in its ability to suppress tumor suppressor proteins. 
GH results in decreased expression of p53, PTEN, 
and APC in human non-tumorous colon cells and 
3-dimensional human intestinal organoids, while 
suppressing GH signaling with the GH receptor 
(GHR) antagonist pegvisomant led to p53 induction 
in colon tissue of acromegaly patients (15). Similarly, 
crossbreeding of Apc+/- mice, which all develop multiple 
intestinal and colon tumors by 9 months of age, with 
Ghr-/- mice markedly decreased the number and size 
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of tumors due to elevated colon and intestinal p53 
expression in the double mutant Apc+/-Ghr-/- mice (15). 
GH-induced decreased PTEN may trigger mTOR 
activity (44), stimulating cell proliferation and survival, 
while p53 deficiency may also enhance proliferation, 
exacerbating GH effects on DNA damage accumulation. 

In summary, excess GH secreted from somatotroph 
pituitary adenomas or GH induced locally in response 
to DNA damage, senescence, or inflammation (15) 
may alter the local microenvironment, providing a 
favorable milieu for non-transformed cells to acquire 
pro-proliferative mutations. 

GH ACTIONS AS A PART OF TME

GH and Epithelial-Mesenchymal Transition (EMT) in TME

EMT, a developmental regulatory program triggered in 
cancer cells that results in epithelial cell transformation, 
enables cells to acquire the ability to invade, resist 
apoptosis, and proliferate (10,45). Pleiotropically 
acting transcription factors including Snail, Slug, Twist, 
and Zeb1/2 orchestrate EMT, suppressing expression 
of E cadherin, which is involved in cell-to-cell adhesion, 
and inducing the mesenchymal marker N cadherin, 
thereby promoting motility and invasiveness (10,46). 
Secreted MMPs, a multigene family of zinc-dependent 
ECM remodeling endopeptidases, are also implicated 
in the multistep processes of invasion and metastasis, 
with ECM degradation, migration, and angiogenesis 
promoting tumor progression (47). 

The role of GH in EMT was analyzed in depth 
in a recent review (20). Here, we briefly recount 
studies on the effects of GH on EMT in several cancer 
models. GH transcription and protein expression was 
documented in human breast cancer and endometrial 
tissue (19,48,49) and in hepatocellular carcinoma (50), 
while GHR is expressed in several human cancers (51). 
Enhanced expression of GH releasing hormone and its 
receptor was found in cancer cell lines and in human 
malignant tissue (52,53). In human hepatocarcinoma 
cells, elevated GH promotes cell migration and invasion 
by inhibiting transcription of Claudin1, a tight junction 
component (54). In human breast cancer MCF7 cells, 
autocrine/paracrine GH promotes MMP2 and MMP9 
metalloprotease release and an EMT phenotype (55). 
Forced expression of GH induces TFF3, which in 
turn, enhances anchorage-independent growth, a 
marker of cell transformation (56). In these cells, 

GH overexpression was not associated with induced 
IGF-1 (57), suggesting a direct effect of GH in EMT. 
Further, both GH and WNT4 are upregulated in 
human mammary carcinoma and tumor xenografts 
expressing GH. Autocrine GH stimulates WNT4 
expression in breast cancer cells, which, in turn, 
increases mesenchymal markers vimentin, MMP2, and 
MMP7, while inducing cell migration and suppressing 
apoptosis (58). Finally, the microRNA 96-182 cluster, 
which promotes EMT and invasion by directly 
suppressing breast cancer metastatic suppressor 1-like 
gene expression via STAT3 and STAT5 signaling, is 
enhanced in human metastatic breast cancer (59), and 
microarray profiling in breast cancer cells shows that 
autocrine GH induces this microRNA cluster.

GH and GHR are abundantly expressed in human 
melanoma cells, and treatment with GH resulted in 
decreased E cadherin and increased N cadherin, while 
GHR knockdown reversed the effect (60). Conversely, 
silencing GH signaling in human pancreatic ductal 
adenocarcinoma cell lines resulted in increased E 
cadherin, while EMT markers including N cadherin, 
Zeb, Snail, and Slug were suppressed (61).

Nuclear localization of GHR and increased GHR 
levels have been reported in breast and colorectal 
carcinoma (62,63). In Ba/F3 murine lymphocyte cells, 
nuclear GHR localization was associated with oncogenic 
transformation and tumor metastasis due to enhanced 
nuclear translocation of phosphoSTAT5 generated 
at the cell surface by autocrine GH (64). In human 
colorectal cancer tissue, GH expression was associated 
with metastases, and forced GH expression with 
increased transcription of fibronectin 1, a mesenchymal 
marker, as well as decreased expression of E cadherin, 
followed by increased migration and invasion (65). 
GH was not induced in human colon adenocarcinoma 
tissue, but GHR was significantly upregulated in cancer 
cells compared to normal adjacent colon tissue (15). 
Nevertheless, in human HCT116 colon adenocarcinoma 
cell as well as in non-tumorous colon cells, GH treatment 
promoted induction of EMT transcription factors Snail 
and Twist2, respectively, while decreasing E cadherin, 
cell migration, and invasion. Importantly, co-culturing 
human colon adenocarcinoma HCT116 cells with GH-
expressing human colon fibroblasts resulted in increased 
HCT116 cell migration and soft agar colony formation 
(15). Thus, elevated GH, a paracrine component of 
TME, may initiate or exacerbate EMT, enhancing 
metastatic potential.
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GH and DNA damage in TME

Multiple mutations in malignant tumor DNA repair 
pathways are associated with DNA damage (66). GH 
induced in human breast carcinoma MDA-MB-436S 
and T47D cells as well as endometrial carcinoma 
RL95-2 cells increases clonogenicity and attenuates 
radiation-induced or mitomycin-induced DNA damage 
by activating DNA damage repair genes BRCA1, 
BRCA2, and TERT, promoting tumor cell survival. 
Accordingly, malignant cell GH induction in response 
to DNA damage may contribute to TME, resulting in 
tumor chemotherapy or radiation resistance (67,68). 

By contrast, suppressing GH signaling attenuates 
DNA repair, allowing DNA damage to accumulate. 
These cells are more prone to apoptosis and thus 
more sensitive to DNA damaging therapy (67,68). 
Accordingly, GH induction in response to DNA 
damage may contribute to TME, resulting in tumor 
chemotherapy or radiation resistance.

GH and tumor vascularization in TME

Tumor vascularization is an important part of TME, 
and angiogenesis promotes tumor progression, 
invasion, and metastasis (69). Recent studies suggest 
that tumor cells secrete soluble factors that attract 
blood vessels to increase blood supply and enhance 
metastasis (70). In benign and malignant vascular 
tumors, including angiosarcoma, Kaposi’s sarcoma, 
hemangioendothelioma, and hemangioma, GHR is 
significantly upregulated in both cytoplasm and nuclei, 
implying that tumor cells are targets for GH action. 
Indeed, GH exhibits mitogenic effects in vascular tissue 
cells, including smooth muscle cells, fibroblasts, and 
endothelial cells (71). In human mammary carcinoma 
MCF7 cells, GH promoted VEGF-A expression via 
an autocrine/paracrine effect and subsequent in vitro 
tube formation in human microvascular endothelial cell 
line; in vivo, in a xenograft model of human mammary 
carcinoma, autocrine/paracrine GH increased tumor 
blood and lymphatic microvessel density (72). Although 
GH may act independently in TME, it has been shown 
in colorectal carcinoma to upregulate VEGF expression 
via IGF-1 induction (73,74).

GH and immune cells in TME

Tumor cells secrete chemokines and cytokines into the 
microenvironment to recruit and activate immune cells. 
In turn, activated immune cells form a cancer-related 

inflammatory microenvironment promoting tumor 
progression (75). Macrophages comprise the majority 
of immune cells in this microenvironment (8). GH 
was shown to stimulate macrophage motility in several 
in vitro models (76) and serves as a chemoattractant 
for human monocytes (77) and T cells. Indeed, GH-
secreting pituitary adenomas contain significantly more 
CD4+ and CD8+ T cells than do non-GH adenomas 
(78). Thus, GH, induced in tumor cells via a paracrine 
effect, may contribute to inflammatory aspects.

Crosstalk between cells in the neoplastic 
microenvironment may support cancer cell capability for 
invasive growth (79). In light of the evidence presented 
above, it is reasonable to conclude that GH expressed 
and secreted from tumor, stroma, or inflammatory 
cells likely plays a substantial role promoting EMT and 
transforming TME.

GH, TME, AND RESISTANCE TO THERAPY

The goal of chemo- and radiation antitumor therapy 
is to cause cell death. However, TME may modulate 
responses to cytotoxic therapy, and GH, as a part of 
TME, may contribute to this process. GH effects on 
therapy resistance to cancer has been well described (80). 
Here, we elaborate on additional aspects of GH actions 
contributing to its effects on treatment resistance. 

DNA damaging agents trigger DNA damage in 
tumor cells and also in neighboring non-tumorous 
epithelial or stromal cells, which likely results in GH 
upregulation. In non-tumorous epithelial cells, GH, 
acting in a paracrine/autocrine fashion, may suppress 
DNA damage repair, leading to DNA damage 
accumulation with potential oncogenic transformation. 
In fibroblasts, DNA damaging agents can trigger 
senescence, accompanied by SASP induction (81). 
GH, as a component of SASP, can attenuate effects of 
chemo- or radiotherapy by decreasing p53-dependent 
apoptosis in tumor cells (15). In MDA-MB-231 and 
MCF7 human mammary carcinoma cells, GH induced 
chemoresistance to doxorubicin by suppressing 
apoptosis, and these effects were reversed by the GHR 
antagonist pegvisomant (82,83). 

GH may also impact chemotherapy resistance via 
its effects on multi-drug efflux pumps, which transport 
xenobiotics out of the cytoplasm (80). For example, 
GH expression in four different human melanoma cell 
lines upregulated expression of multiple ABC-family 
multi-drug efflux pumps, rendering cells resistant to 
chemotherapy (84). 
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CONCLUDING REMARKS

GH, either directly or by induction of IGF-1, 
promotes developmental growth, cell proliferation, 
differentiation, and survival (85-88). With age, 
activity of the somatotroph axis declines, which, from 
an evolutionary perspective, may be protective to 
safeguard the organism from potentially harmful effects 
of GH on age-related waning effectiveness of DNA 
repair pathways. Evidence presented here illustrate the 
emerging understanding of mechanisms implicating 
GH in promoting an environment favorable for 
neoplastic growth as well as in enabling proliferation 
and survival of existing tumor cells (Figure 1). 

The proposed role for GH in field cancerization may 
explain the increased propensity of acromegaly patients 
to develop colon, skin, thyroid, and prostate tumors 
(89,90), as well as the appearance of changes consistent 
with hepatocellular carcinoma (91-93) and mammary 
adenocarcinoma (94) in transgenic animal models of 
GH excess. Furthermore, patients with inherited GH 
signaling deficiency (Laron syndrome) do not develop 

cancer (95), and GH- or GHR-deficient animal models 
live longer and are resistant to age-related or chemically 
induced tumors (12,96). 

Microenvironmental factors, including GH, 
attenuate the efficacy of anticancer therapy. Effects 
of GH in TME have mostly been demonstrated in 
vitro, requiring further studies to confirm the role 
of GH in TME in vivo. Such studies will open new 
avenues for controlling the rate and direction of tumor 
cell evolution, and the potential for therapeutically 
targeting GH to improve anticancer therapy. 
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Figure 1. GH effects in non-tumorous tissue and TME. GH can be secreted by somatotroph pituitary adenoma cells, induced locally in non-tumorous 
tissue in response to DNA damage or inflammation, or secreted by senescent cells. By suppressing tumor suppressor proteins and altering DNA damage 
repair, GH promotes “field cancerization” in non-transformed cells, creating a pro-tumorigenic environment. Within the tumor, GH can be upregulated after 
DNA damaging therapy or in senescent cells, and, via autocrine/paracrine action, triggers tumor cell EMT, attracts immune cells, and promotes tumor 
vascularization, enabling survival, proliferation, and malignization of existing tumor cells. By enhancing unrepaired DNA damage in non-transformed 
neighboring cells, GH may promote tumor recurrence after treatment. Normal cells depicted in pink; tumor cells depicted in blue.

APC: adenomatous polyposis coli; EMT: epithelial-mesenchymal transition; TME: tumor microenvironment.
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The promise of growth hormone 
in sport: doped or duped
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ABSTRACT
Skeletal muscle is a target tissue of GH. Based on its anabolic properties, it is widely accepted that 
GH enhances muscle performance in sports. Athletic performance depends on muscle strength and 
the energy required to power muscle function. The energy required to power muscle function is 
derived from a continuum of anaerobic and aerobic sources. Molecular and functional studies provide 
evidence that in muscle GH stimulates the anaerobic and suppresses the aerobic energy system, in turn 
affecting power-based functional measures in a time-dependent manner. In recreational athletes, GH 
improves anaerobic capacity but has not been proven to significantly enhance muscle strength, power, 
or maximum rate of oxygen consumption. GH appears likely to selectively benefit sprint events and 
not physical performance that depends on strength and endurance. Arch Endocrinol Metab. 2019;63(6):576-81
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INTRODUCTION

T he use of substances to gain competitive advantage 
in sports is probably as old as sports.

It is not known when athletes first started to 
use growth hormone (GH). It was promoted as a 
performance enhancing agent in the first edition of 
The Underground Steroid Handbook in 1981. This 
was well before the first human trials of reporting the 
benefits of GH in adults with GH deficiency. By then, 
GH had become widely known in competitive sport 
as a “doping agent” often used in combination with 
testosterone or other androgenic anabolic steroids. 

The appeal of GH stems from its anabolic and 
lipolytic properties that increase muscle mass and 
reduce fat mass respectively. Evidence that GH is 
widely abused is evident from the number of website 
hits for GH supply, by customs and police drug seizures 
and by increasing media reports of prosecution of high-
profile athletes (1). Fifty percent of athletes indicated in 
a survey that they would take GH if it guaranteed they 
would not get caught and won every competition for 
the next 5 years, even if they later died from adverse 
effects related to the drug (2).

Abuse of GH can start at a young age. A survey of 
10th grade boys in the US indicated that 5% had taken 
GH, with more than half using GH in conjunction with 
steroids (3). Doses used by athletes are estimated to 
range from 3 to 8 mg/day for 3 to 4 days per week, 
often in combination with other doping agents (4), 

resulting in average daily doses of 1-2 mg of GH, 
which is approximately 2-3 times the level of daily 
endogenous pituitary secretion. “Polypharmacy” is 
widely practiced with GH most often in conjunction 
with anabolic steroids. A web-based survey reported 
that 25% of anabolic androgenic steroid users also used 
GH (1-10 mg/day) and insulin (5).

Due to its health risks to athletes and its potential to 
enhance sports performance – in addition to violating 
the spirit of sport – GH was listed in 2008 in the List 
of Prohibited Substances (http://www.wada-ama.
org/rtecontent/document/2008_List_En.pdf) by the 
World Anti-Doping Code at all times, both in- and 
out-of-competition. What then is the evidence that 
GH enhances sporting performance? This review will 
cover information on the effects of GH on muscle 
function, on substrate and energy metabolism and 
examine evidence whether GH benefits different forms 
of physical outcome measures in recreational athletes.

MUSCLE FUNCTION

Muscle function is regulated by many factors including 
genes, nutrition, lifestyle and hormones such as GH, 
thyroid hormones, testosterone and glucocorticoids. 
The stimulation of muscle protein anabolism and 
growth by GH has led to widespread expectation that it 
improves muscle strength and power. Skeletal muscles 
are specialized contractile tissues that control posture 
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and physical activity while serving an important role in 
energy metabolism. Muscle function is dependent on 
the composition and strength of fibre types that require 
energy to drive and sustain contractile work.

Muscle function is most commonly measured as 
strength and power (6). Strength, which is the force 
generated is dependent on muscle size, type, and 
properties of constituent contractile proteins. Muscle 
power, a measure of work performed per unit time, is 
assessed in different ways that vary in duration. The 
energy required to support muscle work can be drawn 
from anaerobic or aerobic processes such as preformed 
stores or that generated from the oxidative metabolism 
of substrates (7). Muscle power is dependent on the 
availability of energy at the time of assessment. The 
recognition of mitochondrial myopathies as a class 
of functional muscle disorders arising from defects in 
mitochondrial respiratory chain enzymes highlights 
bioenergetics as an important mechanism influencing 
skeletal muscle function that is dependent on oxidative 
phosphorylation (8). The bioenergetics of muscle is 
an important player determining aspects of muscle 
function (9). These considerations are highly relevant 
to the understanding of the effects of GH.

MUSCLE FIBERS 

Skeletal muscle is composed of fibres that are made 
up of different proteins with distinct properties. 
Actin and myosin are functional contractile proteins, 
whereas tropomyosin and troponin are structural 
proteins that keep the contractile proteins in proper 
alignment giving fibres elasticity and extensibility. 
Myosin protein consists of two heavy chain and four 
light chains. Muscle fibres are classified by myosin 
heavy chain (MHC) isoforms mainly into two types. 
Type I fibres, also known as slow twitch fibres, contain 
an abundance of mitochondria and rely on aerobic 
or oxidative pathways for energy production. These 
fibres determine the endurance capacity of muscle. In 
contrast, type II fibres, also known as fast twitch fibres, 
generate energy from anaerobic or glycolytic pathways 
due to their low mitochondrial content. These fibres 
have high contractile force, but easy fatigability from 
limited energy supply. They subserve high intensity 
activities such as sprinting and weight lifting. There 
are few small human studies investigating the GH 
regulation of muscle fibre composition. These studies 
do not provide sufficient evidence supporting a role of 

GH in the regulation of type I or II fibres in human 
skeletal muscle (9).

BIOENERGY OF MUSCLE FUNCTION

The contractile function of skeletal muscle relies on 
a constant supply of chemical energy. During muscle 
contraction, chemical energy is converted to mechanical 
energy that leads to movement.

Figure 1 illustrates the metabolic processes involved 
in energy production and the energy continuum 
during physical activity. Chemical energy is available 
in the form of adenosine triphosphate (ATP), which 
is generated by anaerobic and aerobic systems (10). 
The anaerobic energy system relies on preformed ATP 
as phosphocreatine (PCr) stores and ATP production 
from anaerobic glycolysis i.e. breakdown of glucose 
in the absence of oxygen. The aerobic energy system 
generates ATP from oxidation of carbohydrates, lipids 
and proteins. In the cytoplasm, glycolysis leads to the 
production of pyruvate. In the absence of oxygen, 
pyruvate is reduced to lactate, which is released into 
the circulation and converted to glucose in the liver. 
In tissues with adequate oxygen supply, pyruvate 
and fatty acid (FA) are converted to acetyl CoA in 
the mitochondria. Acetyl CoA is oxidised via the 
tricarboxylic acid (TCA) cycle and the mitochondrial 
respiratory chain producing ATP. The amount of 
preformed ATP present in the muscle cells is only 
sufficient to sustain physical activity for the first 5-10 
seconds; thereafter, anaerobic glycolysis provides 
energy for another 30-40 seconds, when (11).

Many factors regulate energy synthesis from substrate 
utilization in exercising including nutrition, metabolic 

Figure 1. The energy continuum supporting exercise: time course of the 
contributions by anaerobic and aerobic energy systems in the provision of 
energy as ATP during exercise. 

AA: amino acid; FA: fatty acid; TCA: tricarboxylic acid cycle; O
2
: oxygen.
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hormones and the level of exercise. Whole body 
lipolysis during resting condition (12) and exercise (13) 
is stimulated by GH which increases plasma FA levels. 
Given that LBM accounts for the majority of substrate 
metabolism in the body, and muscle comprises almost 
50% of total LBM, it is widely assumed that an increase 
in whole body lipid oxidation reflects its action on lipid 
utilisation in skeletal muscle. This traditional thinking 
was challenged by studies in rodents as well as humans, 
suggesting GH action is rather tissue specific. GH inhibits 
the expression of genes involved in lipid oxidation in 
skeletal muscle of rats (14). A study of metabolic gene 
expression in human skeletal muscle of adults with GHD 
indicates that GH downregulates genes governing lipid 
metabolism (FA transport and β-oxidation), TCA 
cycle activity and mitochondrial respiration (15). For 
example, the expression of oxoglutarate dehydrogenase 
and succinate dehydrogenase complex B in the 
TCA cycle and ATP synthase and NADH (reduced 
nicotinamide adenine dinucleotide) dehydrogenase in 
the mitochondrial respiratory chain were reduced by up 
to 40%. Assuming these transcriptional changes reflect 
effects on protein expression, these findings suggest 
that GH inhibits the oxidative metabolism of substrates 
favouring non-oxidative (anaerobic) pathways for 
ATP synthesis in skeletal muscle. This observation is 
corroborated by a study in trained cyclists, in which GH 
treatment was associated with increased plasma lactate 
levels during moderate to intense exercise compared to 
placebo, implying an increased rate of anaerobic disposal 
of pyruvate (16).

In summary, GH effects on substrate metabolism are 
tissue specific. Evidence suggests that GH may promote 
non-oxidative or anaerobic substrate metabolism in 
skeletal muscle for ATP synthesis, findings contrary to 
its effects on whole body metabolism.

EFFECTS ON STRENGTH

Muscle strength is commonly assessed by measuring 
the force or torque produced during an isometric or 
isokinetic contraction. Isometric strength is the MVC 
that can be developed against an immovable object 
without a change in joint angle, whilst isokinetic 
strength is a measure of torque/force through a 
range of motion in which limb is moving at a constant 
velocity (6). This force is principally determined by fast 
twitch type II muscle fibres which relies on preformed 
ATP for energy (7).

There is strong evidence that long-term replacement 
of GH normalizes muscle strength in adults with GH 
deficiency in whom isometric and isokinetic muscle 
strength are reduced (9). Only a few double blind 
placebo controlled studies have investigated the effect 
of GH on muscle strength in healthy adults (17-21). 
A 6-week GH administration failed to demonstrate any 
effect on maximal muscle strength in 8 healthy males 
(18). Similarly, in a study of nearly 100 recreational 
athletes, muscle strength did not increase after 8-week 
of GH treatment (21) (Figure 2). GH administration 
in 16 healthy men combined with resistance exercise 
did not further enhance muscle strength more than 
exercise alone after 3 months (20). Studies in healthy 
elderly subjects have also failed to observe any increase 
in muscle strength following 6 months of GH therapy 
(17,19). These studies demonstrate that short-term GH 
therapy does not enhance muscle strength in healthy 
adults; however, the effects of long-term GH treatment 
are yet to be evaluated. In summary, GH increases 
muscle strength by increasing muscle mass in adults 
with GHD. At present, there is no evidence that GH 
enhances contractile function of skeletal muscle (22).

EFFECT ON POWER

Muscle power is defined as work performed per unit of 
time and is expressed in joules per second or watts. It 
is described in terms of aerobic and anaerobic power, 
depending on which energy source is predominantly 
utilized to do the work. Thus, muscle power can be 
assessed by measuring aerobic exercise capacity and 
anaerobic exercise capacity. 

Figure 2. GH effects on physical performance in recreational athletes. 
This figure illustrates the percent change after GH or placebo treatments 
in 96 subjects for four measures of physical performance: VO

2
 max, 

strength (dynamometry), jump height and Wingate test. Data from 
Meinhardt and cols. (21).
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Aerobic exercise capacity

Aerobic exercise capacity is a measure of endurance 
i.e. the muscle’s ability to sustain work for prolonged 
period with energy provided principally from oxidation 
of carbohydrates or lipids in the mitochondria. In the 
athletic world, it determines performance in sports 
such as marathon, football, tennis etc., while in day-to-
day life, it relates to activities such as walking. Aerobic 
exercise capacity is a stronger predictor of mortality 
in men than any other established risk factors for 
cardiovascular disease such as hypertension, smoking, 
and diabetes (23). It is determined by the measurement 
of maximal oxygen uptake (VO2 max) in L/min or ml/
kg/min or maximal aerobic power output in watts or 
kilojoules during an incremental exercise test on a cycle 
ergometer or a treadmill (24).

Numerous double-blind, placebo-controlled 
and long-term open label trials have reported that 
GH replacement therapy improves and restores 
aerobic exercise capacity in adults with GH deficiency 
(22,25). The underlying mechanisms responsible for 
the improvement in aerobic performance during GH 
replacement are multifactorial. Oxygen delivery to 
exercising muscles depends on cardiac function, lung 
capacity and oxygen carrying capacity of the blood 
(26). Adults with GHD have impaired cardiac function, 
diminished lung capacity (27,28) and reduced red 
cell mass (29). These deficits are restored with GH 
replacement. However, studies show that the increase 
in muscle mass is associated with an increase in oxygen 
consumption during GH replacement (30). These 
observations are consistent with the delivery of a greater 
amount of oxygen to an increased muscle mass as a 
result of GH replacement in adults with GHD, leading 
to an increase in aerobic capacity of exercising muscles.

However, there is no convincing evidence that VO2 

max is affected by GH treatment in healthy young 
adults. Based on a review of three double-blind, 
placebo-controlled studies assessing GH treatment in 
over 100 participants with doses of 2-3 mg/d, there 
was no treatment effect over placebo (31). The data 
indicate that GH supplementation in the doses used do 
not improve aerobic function in young healthy adults. 

Anaerobic capacity

Anaerobic exercise capacity is quantified as the 
total amount of work performed during a maximal 
exhausting exercise of a short duration that is powered 

by ATP supplied under anaerobic conditions (32). The 
Wingate test, which measures maximal power output 
during 30 seconds by cycle ergometry, is a widely used 
test for anaerobic capacity. Sporting activities that 
require short-term, high intensity physical activity, such 
as sprinting, require considerable energy support from 
anaerobic ATP. All physical activities including activities 
of daily living also depend on anaerobic energy for 
initiation, for the first few seconds, before aerobic 
metabolism kicks in as the predominant energy source 
(33,34). Only one study has investigated the effects 
of GH on anaerobic exercise capacity. This double-
blind, placebo-controlled study in recreational athletes 
reported a significant improvement of 3.8% in anaerobic 
exercise capacity after GH therapy for 8 weeks, as 
assessed by the Wingate test (21). When translated to 
proportionate time reductions, the 3.8% could equate 
to an improvement of 0.4 second in a 10 second sprint 
of 100 m or of 1.2 seconds in a 30 second swim of 
50 m. This improvement occurred without a significant 
change in body cell mass, in muscle strength and power 
(jump height), suggesting that muscle anabolism is 
unlikely to explain the improvement in sprint capacity 
(Figure 2). Jump height represents instantaneous work 
whereas the Wingate test involves all-out intensive 
exercise on a cycle ergometer for 30 seconds. Although 
both tests measure anaerobic power, the energy 
required for jumping is drawn from PCr stores whereas 
that for the longer Wingate test is derived from PCr 
stores and ATP derived from glycolysis. ATP generation 
from anaerobic glycolysis enhances the production 
of lactate. The finding that lactate concentrations are 
higher in people undergoing physical exercise after GH 
treatment (35) provides evidence that the anaerobic 
energy system is stimulated by GH. In a study by 
Meinhardt and cols. (21), GH treatment significantly 
improved sprint capacity without affecting muscle 
strength or aerobic capacity in the same athletes under 
the same conditions (Figure 2). Along with previous 
studies in athletes reporting that GH treatment did not 
improve muscle strength or endurance the collective 
evidence indicates that GH exerts a selective ergogenic 
effect on sprint capacity (22).

PLACEBO EFFECT

A placebo effect refers to a favorable outcome arising 
purely from the belief that one has received a beneficial 
treatment (36). In their double-blind controlled study, 
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Meinhardt and cols. evaluated the perceived and actual 
benefits in people allocated to placebo treatment. All 
participants completed a self-evaluation questionnaire 
which inquired whether the participant thought 
they were on placebo or GH treatment and how this 
affected their performance, without knowledge of the 
performance data (37). Mean perceived performance 
scores were higher in the subgroup who incorrectly 
thought they received GH compared to correct 
guessers. The group who thought they were taking 
GH displayed higher scores across all performance 
measures with that for sprint capacity being statistically 
significant. Mean changes in measured performance 
were higher in those who thought they were on GH 
that for jump height (being statistically significant. 
Nearly three times more men than women believed they 
were on active treatment (81% vs 31%). Compared to 
baseline, men who guessed incorrectly had significantly 
improved self-assessed scores for all categories and 
also increased measured performance for VO2 max 
and strength. For women, there were no significantly 
greater outcomes for those who guessed incorrectly 
compared to correctly. In short, athletes who believed 
they were on active treatment not only had a perceived 
improvement on performance, but also in measured 
physical performance. The effect was greater in men. 
This study showed that a placebo effect may contribute 
to perceived and actual performance-enhancing effects 
of GH, particularly in men (37). However, GH 
treatment only imparted a beneficial effect on sprint 
capacity compared to placebo.

DOSE AND DURATION

The collective published information on the 
performance outcomes of GH treatment are limited by 
the dose and duration of treatment and evaluation (9). 
These studies employ GH doses from 15-180 μg/
day for up to 12 weeks. The study that detected an 
improvement in sprint capacity employed a dose of 2 
mg/day, approximating 28 μg/kg/day for a 70 kg 
person for 8 weeks. The dose corresponds to about 
2-3 times daily production rates in young adults. It 
is possible that higher doses for longer periods may 
have induced a greater effect on sprint capacity or a 
measurable improvement in strength and endurance. 
Conversely the ability to detect a small effect requires 
a much larger sample size. It is not known what doses 
are used covertly for doping and the cocktails with 

other substances, including anabolic steroids nor their 
combined effects (22).

CONCLUSION

There has been high expectation that GH enhances 
physical performance based on its anabolic and lipolytic 
actions. Physical performance in sports is a complex 
entity influenced by muscle size, contractile strength 
and the energy source required to support the duration 
of physical activity which in turn determines anaerobic 
and aerobic capacity. In fit people, GH in doses used 
in ethically-supervised studies does not affect muscle 
strength or aerobic capacity but improves anaerobic 
capacity. The evidence suggests that GH is unlikely to 
benefit power or endurance sports but likely to benefit 
sprint events.

Disclosure: no potential conflict of interest relevant to this article 
was reported.
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ABSTRACT
GH is one of the insulin counterregulatory hormones which acts in the opposite way to insulin, 
increasing the glucose production by the liver and kidneys and decreasing glucose uptake from 
peripheral tissues, thus being a hyperglycemic hormone. When in excess, as in acromegaly, it 
induces glucose intolerance and diabetes. As expected, patients with GH deficiency (GHD) have 
hypoglycemia, especially in early childhood, but as GH is also a lipolytic hormone, these patients are 
becoming obese with higher percentages of body fat. Although obesity in general is directly related 
to insulin resistance, in patients with GH secretion disorders this relationship may be altered. In 
acromegaly there is a decrease in fat mass with worsening insulin sensitivity and mice with isolated 
GHD are characterized by greater insulin sensitivity despite excess fat mass. In humans with GHD, 
body composition shows increased body fat and decreased free fat mass, but the results regarding 
insulin sensitivity are still controversial in these patients. These discrepant results regarding insulin 
sensitivity in patients with GHD suggest the existence of other variables influencing these results. In 
the present review, we will try to follow the path of the different researches conducted on this subject, 
both in animal and human models, with the goal of understanding the current knowledge of insulin 
sensitivity across the spectrum of GHD. Arch Endocrinol Metab. 2019;63(6):582-91
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INTRODUCTION

G H deficiency (GHD) is characterized by signs and 
symptoms resulting from decreased serum GH 

levels that vary according to the age of patient. Adult 
GHD syndrome was first described in 1992 (1), as a 
consequence of diseases that compromise the anatomy 
and secretory function of pituitary somatotrophic 
cells or interfere with peripheral GH action. They 
have varied etiologies, from inherited genetic factors 
to acquired lesions, such as tumors, inflammatory 
processes and vascular lesions. The etiology or therapy 
of these varied etiologies can directly influence insulin 
sensitivity regardless of the decrease in serum GH 
levels. Adults with GHD may be classified according 
to stage of disease onset; when it begins in childhood, 
congenital diseases are the most common etiologies, 
being secondary to pituitary structural lesions in most 
cases who have onset in adulthood (2).

From a clinical standpoint in childhood GHD 
usually produces severe hypoglycemia, sometimes 
associated with seizures, prolonged hyperbilirubinemia 
and hypothermia. Height at birth is usually normal. 
After 12 months of age, there is usually short stature, 

with decreased growth velocity and delayed bone 
maturation (3). GHD in adults is not associated with a 
single symptom or pathognomonic sign, usually adults 
have nonspecific symptoms such as weakness, social 
isolation and difficulty concentrating. The most specific 
and striking changes are those of body composition with 
increased fat mass of 7% to 10% higher than expected 
for age, sex and height and decreased muscle mass, 
total body water and bone mineral density (4-6). GHD 
often overlaps with metabolic syndrome in relation to 
obesity and hyperlipidemia.

In this sense, we know that the percentage of fat 
tissue is increased in patients with GHD and that 
decreased insulin sensitivity (IS) is a characteristic 
of overweight and metabolic syndrome, but the 
relationship between IS and GHD is still controversial. 
In the context of GHD the results of animal studies 
have shown that there is a greater IS in this condition, 
while human studies have contradictory results. These 
discrepant results regarding IS in patients with GHD 
suggest the existence of other variables influencing 
these results. In this paper we review the complex 
physiology that influences glucose metabolism and IS 
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in GHD patients, the results from animal and human 
studies about IS in GHD and discuss presumed factors 
that would justify the discrepancy of results in assessing 
IS in these patients

INSULIN

Human insulin is a protein with a molecular weight of 
5.808 Kda and is made up of two amino acid chains, 
linked via disulfide bonds (7). To exert its effects on 
target cells, insulin binds and activates a membrane 
protein receptor, which is formed by four subunits 
that are held together by disulfide bonds: two alpha 
subunits, which are located entirely on the outside 
of the cell membrane and two beta subunits, which 
penetrate through the membrane, projecting into the 
cell cytoplasm. Insulin couples to alpha subunits and 
induces phosphorylation of the intracellular portion of 
the receptor (7). Autophosphorylation of receptor beta 
subunits activates a local tyrosine kinase, which in turn 
causes phosphorylation of several other intracellular 
enzymes, including the group called insulin receptor 
substrates (8). The main effects of insulin stimulation 
are to promote glucose uptake in muscle and hepatic 
tissue and its storage in glycogen form, to further 
promote the conversion of excess glucose into fatty acids 
for lipogenesis, to inhibit hepatic glucose production 
and finally to promote protein synthesis and storage in 
muscle tissue (9).

Although several plasma factors play an important 
role in the control of insulin secretion, serum glucose 
concentration is the main regulator of its secretion, 
and increased blood glucose induces insulin release to 
restore normoglycemia. On the other hand, lowering 
glycemic levels rapidly induces interruption of insulin 
secretion and activates various counterregulation 
mechanisms in order to increase glucose levels. There 
is increased glucagon secretion by the pancreatic alpha 
cells, the hypothalamus stimulates the sympathetic 
nerve system and later both cortisol and GH are 
secreted in response to hypoglycemia. These hormones 
decrease glucose uptake by peripheral tissues and 
increase glucose production in the liver and kidneys, 
helping to prevent hypoglycemia (10,11).

GROWTH HORMONE (GH)

The GH, also known as somatotropic hormone or 
somatotropin, is a protein that contains 191 single 

chain amino acids with a molecular weight of 22.005 
Kda (12). It is produced by pituitary somatotrophs, 
and its secretion occurs in pulses that are controlled 
by the hypothalamus through GH-releasing hormone 
(GHRH), somatostatin and ghrelin (13,14). 
Somatostatin exerts an inhibitory effect, while GHRH 
and ghrelin stimulate GH secretion through different 
specific G protein-coupled receptors. GH pulses are 
greater at night and may not exist during the day, 
when their serum level may be undetectable, especially 
in obese and elderly people. Episodic release of GH 
increases with exercise and fasting. GH secretion is 
suppressed by increased glucose levels and is stimulated 
by insulin-induced hypoglycemia (15-20).

Upon secretion, GH binds to its peripheral 
receptors (GHRs) which belong to specifically class 1 
cytokine receptor family. These receptors are expressed 
in various tissues of the organism especially the liver, 
cartilage, muscle, fat, pancreas and in the kidneys. 
Following binding of GH to the receptor, intracellular 
signal transduction is triggered by activation and 
phosphorylation of the enzyme janus kinase 2 (JAK2), 
resulting in the engagement of various intracellular 
signaling proteins, including signal transducers and 
activators of transcription (STAT), and mitogen-activated 
protein kinase (MAP) pathway components that in 
turn regulate target genes such as hepatic genes for the 
production of insulin-like growth factor-1 (IGF-1) 
(21-24). GH and IGF-1 are known to have independent 
actions in both growth and metabolism (25).

In addition to its general growth-provoking effect, 
growth hormone has several specific metabolic effects 
including increased protein synthesis; increased fatty 
acid mobilization of adipose tissue inducing increased 
blood level of fatty acids and increased use of fatty acids 
as a source of energy. There is also reduced utilization 
of glucose and increased hepatic and renal glucose 
production (26-30). These changes result in growth 
hormone-induced insulin resistance that favors increased 
blood glucose. The ability of GH to promote the 
catabolic effect on adipose tissues along with the anabolic 
effect on muscle tissue induces increased lean mass.

The IGF-1 produced in the liver by GH stimulation 
suppresses GH secretion by negative feedback and 
negativaly regulates GH receptors through paracrine 
action (31). IGF-I, also known as somatomedine C, 
belongs to the IGF system, which consists of different 
elements: IGF-I and IGF-2, two receptor types: IGFR-1 
and IGFR-2 and various binding proteins IGFBP 1 to 6.  
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The IGFs have a high degree of structural homology 
with insulin, which has an acceptable affinity for IGFR-1 
and the IGF-1 also has affinity for insulin receptor 
(32). IGF-1 has an important effect on carbohydrate 
metabolism, and studies have shown that IGF-1 can 
exert insulin-like effects on blood transport and glucose 
concentrations (33-35). It is noteworthy that it is not 
yet well understood which effects on carbohydrate 
metabolism depend on the action of GH or IGF-1.

INSULIN SENSITIVITY

The concept of IS was introduced by Sir Harold 
Himsworth in 1939 when studying the response of 
diabetic patients to glycemic and insulin stimulus (9). 
Insulin resistance is defined as a decrease in the sensitivity 
of peripheral tissues (skeletal muscle, adipose and liver) 
to insulin actions, it is a metabolic state in which target 
cells have insufficient response to normal levels of 
circulating insulin, thus being an important predictor of 
Diabetes Mellitus type 2 development (9-11).

INSULIN SENSITIVITY ASSESSMENT METHOD

To assess IS many methods have been developed, it 
can be accessed through direct methods or indirect 
markers. Direct evaluation can investigate the 
action of exogenous insulin, as in the euglycemic 
hyperinsulinemic clamp (EHC) or endogenous insulin 
released from a stimulus as in the glucose tolerance test 
(TTG) and Bergman’s minimal model, hyperglycemic 
clamp, oral glucose tolerance test (OGTT) or with 
foods such as mixed meal tolerance test (MTT) (36). 
The EHC is considered the gold standard to investigate 
IS (37), since the other tests are influenced by several 
factors involved in the glucose metabolism such as 
pancreatic alpha and beta cell function, incretinic 
and counterregulators hormones and hepatic glucose 
production (36,38,39). However, the cost, technical 
difficulties and execution time make it difficult to 
use the EHC in clinical practice and even in clinical 
research. Thus, several authors seek indirect markers 
that are more accessible for investigating insulin 
sensitivity as homeostatic model assessment insulin 
resistance (HOMA-IR) (38).

Patients with multiple pituitary deficiency have 
impaired glucose metabolism and cannot increase the 
production of counter-regulating hormones, such as 
cortisol and GH, when blood glucose decreases. Because 

of this, they cannot increase glucose production in the 
context of hypoglycemia. Therefore, to assess IS in 
patients with GHD, a method that removes the influence 
of counterregulatory hormones on glucose production 
and uptake by the liver and peripheral tissues should be 
used. As previously explained, EHC is a good method 
for investigating IS which, due to its hyperinsulinemic 
state induces suppression of endogenous glucose 
production, removing the influence of the absence of 
counterregulatory hormones and does not depend on 
an insulin secretion which can be impaired in GHD 
patients (40). It only evaluates insulin-dependent 
glucose uptake, faithfully representing the sensitivity to 
insulin action in these patients. In this regard, studies 
in humans have already demonstrated the lack of 
correlation between EHC and other methods used to 
assess IS in patients with GHD (41,42) suggesting that 
using other methods may induce controversial results. 
Therefore, in this review we considered only scientific 
studies that used HEC as a method for assessing IS in 
patients with GHD.

BMI is known to be inversely related to IS in 
humans and GHD patients have increased fat mass and 
decreased free fat mass. In this sense, it is important to 
compare IS data in patients with GHD with a control 
group paired by BMI, as well as age and gender that 
also influence the assessment of IS. Therefore, we only 
use in this review studies that evaluated IS in GHD 
patients and compared them to age, sex and BMI 
matched groups, avoiding controversial results. 

INSULIN SENSITIVITY IN ANIMAL MODELS

In the 1990s in order to better understand the 
physiological effects of growth hormone, a strain 
of GHR receptor (GHR -/-) disrupted mice was 
generated in the laboratory. These mice are insensitive 
to GH and have low levels of IGF-1 and high GH. They 
are small and the organs are also proportionally small. 
In addition to these characteristics, GHR -/- mice 
have low insulin and glucose levels and are sensitive 
to insulin, although they are glucose intolerant due 
to pancreatic islet size reduction. One of the most 
interesting features is that these mice have a longer life 
expectancy and are resistant to various cancers (40,43-
45). More recently other mouse strains have been 
developed: an onset isolated GHD (AOiGHD) model 
with selective acquired destruction of somatotrophic 
cells in the anterior pituitary and a model that presents 
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a genetic mutation in the gene encoding GH (GH 
-/-), with both presenting low GH and IGF-1 levels 
(46,47). These mouse strains, like the GHR -/- strain 
have low levels of insulin and glycemia, are extremely 
sensitive to insulin when compared to controls despite 
having a higher amount of fat, and are also intolerant 
to glucose due to a decrease in size of the pancreatic 
islets (46,47). It is noteworthy that in these studies the 
method used for IS evaluation was the insulin tolerance 
test (ITT) (40,43-47). On the other hand, other 
studies in transgenic animals with global antagonism in 
GH (GHa) and AOiGHD using EHC for IS evaluation 
showed similar IS in relation to controls (48-50).

All of these animal models have been very helpful in 
better understanding the effects and functions of GH 
aiming to establish a similarity with what happens in 
humans. GHR -/- animal models have the pattern of 
Laron Syndrome, AOiGHD would be equivalent to 
acquired isolated GHD in adults and the newer GH -/- 
animal model would simulate what happens in isolated 
GHD syndrome. Finally, the authors of these studies 
observed that there is a consensus in animal model 
studies that non-action of GH would lead to decreased 
insulin and glucose levels, glucose intolerance and 
increased IS despite having a higher percentage of fat 
(47,51) (Table 1).

INSULIN SENSITIVITY IN GHD FROM CONGENITAL 
DISEASES

In a human cohort with a mutation of the GHRH 
receptor gene, known as isolated GHD (IGHD), GH 
and IGF-1 levels are significantly decreased from birth. 

Although these patients have normal size at birth, they 
evolve with low growth velocity and severe short stature. 
IGHD patients have a significant increase in visceral fat 
(52), but IS is increased in relation to age, sex and BMI 
matched control group when evaluated by HOMA-IR 
and similar to control group when assessed by glucose 
and insulin curves from GTT, clearly showing that 
patients with IGHD do not have insulin resistance 
(53). It is noteworthy that, in this same study, the 
authors also showed that these patients have decreased 
HOMA-β, indicating lower insulin secretion capacity, 
justifying a higher percentage of patients with glucose 
intolerance when compared to the control group.

Regarding patients with GH resistance due to 
multiple inactivating mutation on the GH receptor gene, 
Laron Syndrome, some regions of the world concentrate 
a larger number of patients. In the Israeli cohort, body 
composition showed excess percentage of body fat 
associated with low muscle and bone mass (54). Patients 
had frequent hypoglycemia in early childhood and blood 
glucose levels were lower than in the normal population, 
with higher serum insulin levels for concomitant glucose 
level (55). In the Ecuadorian cohort, despite obesity, 
patients had lower blood glucose, insulin and HOMA-IR 
values, indicating better insulin sensitivity and had a 
lower incidence of diabetes than their relatives (56). 
Interestingly, a study comparing these patients with a 
group of patients with intrauterine growth retardation, 
severe short stature, decreased pancreatic reserve, but 
normal GH signaling demonstrated its importance 
for the presence of insulin resistance, since this group 
of patients with normal signaling presented insulin 
resistance and early onset type 2 diabetes (57). 

Table 1. Insulin sensitivity (IS) in some types of animals without GH signaling

Autor Mouse 
line Tissue Disrupted Matched

Controls GH IGF-1 Free Fat
Mass

Fat 
Mass Glicose Insulin IS

Coschigano KT, 2003 (43) GHR-/- Global Yes ↑ ↓ ↓ ↑ ↓ ↓ ↑

Liu JL, 2004 (40) GHR-/- Global Yes ↑ ↓ ↓ ↑ ↓ ↓ ↑ 

Luque RM, 2011 (46) AOiGHD Somatotroph cells Yes ↓ ↓ ↓ ↑ ↓ ↓ ↑

Lubbers ER, 2013 (44) GHR-/- Global Yes ↑ ↓ ↓ ↑ ↓ ↓ ↑

Junnila RK, 2016 (45) GHR-/- Global Yes ↓ ↓ ↓ ↑ ↓ ↓ ↑ 

List EO, 2019 (47) GH-/- Global Yes ↓ ↓ ↓ ↑ ↓ ↑ ↑

Haluzik M, 2003 (48) GHa Global Yes ↑ ↓ ↓ ↑ ↓ ↓ =

Yakar S, 2004 (49) GHa Global Yes ↑ ↓ ↓ ↑ ↓ ↓ =

Cordoba-Chacon J, 2014 (50) AOiGHD Somatotroph cells Yes ↓ ↓ ↓ ↑ ↓ ↓ =

GHR-/-: animals with mutation in the gene encoding GH receptor. AOiGHD: adult onset isolated GH deficiency animals. GH -/-: animals with mutation in the gene encoding GH. GHa: animals with 
global antagonism in GH. 
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INSULIN SENSITIVITY IN ACROMEGALY AND 
AFTER GH REPLACEMENT

The classic counterregulatory effect of insulin exerted 
by GH justifies the high rates of glucose intolerance and 
diabetes mellitus found in patients with acromegaly, 
where excess GH induces insulin resistance (58-61). 
GH has a lipolytic effect, increasing serum FFA levels 
that could compromise insulin action. The patient with 
acromegaly is an example of a patient with low fat mass 
percentage and insulin resistance. Excess circulating 
FFA and insulin resistance would induce beta cell 
failure over time, favoring glucose intolerance present 
in more than 50% of patients with new diagnosis of 
acromegaly (62).

In turn, GH replacement treatment in patients with 
GHD also seems to induce decreased IS. Although some 
studies have shown increased IS with GH replacement 
(63), most studies using HEC as an evaluation method 
have shown worsening IS with GH therapy in both 
adults (64-66) and children (67,68) evidencing the 
role of GH as a counterregulatory hormone. Also 
regarding treatment, it is noteworthy that in adults 
with GHD, low doses of GH appear to exert less insulin 
counterregulatory effect than classic doses aiming to 
normalize IGF-1 (69), and these contrarregulatory 
effects are more evident in obese and older (70).

Regarding the mechanisms involved in GH-induced 
SI worsening, a 2 x 2 factorial design study using the 
EHC method showed that acipimox, a lipolysis-blocking 
drug, prevents GH-induced IS worsening in patients 
with GHD (71). These results have been confirmed by 
other authors, suggesting that the decrease in IS caused 
by GH may be related to its lipolytic effect that increases 
serum levels of free fatty acid and intramyocellular 
triglyceride content, worsening IS (72-73). In this 
context it is plausible that obese GHD patients have 
low FFA turnover as an explanation for normal insulin 
sensitivity. The mechanisms involved in the relationship 
between FFA and insulin resistance were initially 
associated with competition between FFA and pyruvate 
substrates, inhibiting the glycolytic pathway (74). This 
evidence was later confirmed in a study that evaluated 
the effects of GH on IS using the EHC method (75). 
In addition, it is believed that FFA levels act on the 
insulin signaling pathway, inhibiting of insulin receptor 
substrate (IRS-1) and PI3K in the skeletal muscle and 
liver, which results in reduced GLUT4 translocation, 
leading to decreased IS (76,77).

Specifically in skeletal muscle, GH promotes the 
uptake of FFA through increased activity of lipoprotein 
lipase (78) and accumulate intramyocellular triglyceride 
content (73). In this process there is an accumulation 
of diacylglycerol and ceramides in skeletal muscle. It 
is known that these lipid intermediates inhibit insulin 
signaling pathways. In this sense, studies showed that 
diacylglycerol inhibits IRS-1 through the activation of 
the protein kinase C theta that induces insulin receptor 
phosphorylation in serine leading to insulin resistance. 
Ceramide inhibits an important mediator of insulin 
signaling pathway such as Akt/protein kinase B, an 
important mediator of insulin signaling pathway (79). 

In adipose tissue, GH suppresses glucose uptake, as 
it has been shown that expression of the GLUT1 and 
GLUT4 transporters in the adipocyte cell membrane 
has been suppressed after GH administration (80). 
This mechanism is regulated by a subunit called p85, 
which negatively regulates PI3K-dependent insulin 
signaling, which in turn is important for the transfer 
and expression of GLUT1 and GLUT4 transporters, 
inducing insulin resistance (81).

In hepatocytes, the increase in GH-induced FFA 
uptake leads to an increase in lipid oxidation and 
accumulation of acetyl coenzyme A. This coenzyme 
induces an increase in blood glucose levels through 
the stimulation of two enzymes that participate in 
glyconeogenesis such as pyruvate carboxylase and 
phosphenolpyruvate carboxykinase and it stimulate the 
glucose 6 phosphatase, which increases the release of 
glucose in the liver (82).

Regarding the hyperglycemic effect, some studies 
do not show increased incidence of diabetes in patients 
using GH, but pharmacoepidemiological studies with 
a large number of patients showed a small increase in 
incidence of type 2 diabetes mellitus when compared to 
the normal population, especially in children with risk 
factors for diabetes. such as family history, corticoid use 
and obesity (83-85). 

INSULIN SENSITIVITY IN GHD

As shown in Table 2, the literature is controversial 
regarding the results of IS in patients with GHD. Some 
studies show that these patients have insulin resistance 
(86-90) and others show that IS is similar to the gender, 
age and BMI matched controls (41,42,88,90-92). 

These discrepancies in study results may be related to 
several factors, such as the etiologies of hypopituitarism 
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that are related to decreased IS regardless of decreased 
GH levels, as in patients with craniopharyngioma 
who have more incidence of metabolic syndrome 
(93). Another factor that could influence IS would be 
hormone replacement therapy, especially corticosteroid 
replacement, but also thyroid and sexual hormone 
replacement. It is known that corticosteroid therapy 
may induce elevations in circulating glucose and insulin 
levels (94) and that the dose of corticosteroids used 
in these patients has decreased in current guidelines 
compared to older ones. In this sense, the two studies 
that used EHC to assess IS, published in the 1990s 
(86,87), used an average cortisone dose of 25 mg/
day slightly above the recommended dose by current 
guidelines (95).

Obesity could also influence IS assessments in GHD 
patients, since the study using EHC has demonstrated 
that IS is similar to the control group matched for BMI, 
age and gender when patients are classified as obese and 
is decreased when the thin patients are compared to 
their paired controls (88).

Decreased lean mass and physical performance are 
associated with GHD, however, despite the known 
beneficial effects of physical activity on insulin sensitivity, 
there are few studies relating the effects of exercise on 
IS in GHD patients. In this sense, a study in patients 
with functional GHD after bariatric surgery showed 
that a physical activity program prevented deterioration 
in glucose metabolism after GH use for 6 months (96).

Another important factor that may lead to 
controversial results is the method used to assess IS. 
This review has already discussed the reasons why EHC 
is the most reliable method for assessing IS in patients 

with disorders in the production of counterregulatory 
hormones such as hypopituitarism. As an example we can 
cite studies from our group, we showed increased insulin 
sensitivity in patients with GHD compared to control 
group paired by age, gender and BMI using HOMA-
IR (97), but the IS was similar in both groups using 
EHC (42). However, performing EHC and evaluating 
its results requires special care, it is noteworthy the 
importance of similar serum levels of hyperinsulinemia 
during clamp between the patient group and the control, 
making the blockade of tissue glucose production similar 
in both groups avoiding possible interference in the 
results from the action of counterregulating hormones, 
which is present only in the control group. Thus the 
evaluation of insulin sensitivity is performed under equal 
conditions in both groups.

Another factor, little discussed in the literature, 
that could influence these discrepancies could be the 
type of fat tissue present in patients with GHD. The 
relationship between fat tissue and IS is different 
between patients with normal GH levels and those 
with GH deficiency. While obesity is directly related to 
insulin resistance in healthy humans, this relationship is 
compromised in patients with GH deficiency. Despite 
the classic increase in fat mass in patients with GHD, the 
lack of decreased IS in these patients could be justified 
by the need for a minimum circulating GH level to 
act in the fat tissue to promote insulin resistance. In 
addition, animal studies have shown that the transfer 
of visceral fat tissue from GH receptor mutated mice 
to normal mice induces improved insulin sensitivity in 
these animals (98). Interestingly, evaluation of IS by 
the EHC method in patients with GHD showed that 

Table 2. Insulin sensitivity (IS) by euglicemic hyperinsulinemic clamp in GHD patients

Study Number of 
cases

Number-of 
females

Number-of 
controls

Age Controls
matched

Glucose Insulin IS

Johansson JO, 1995 (86) 15 4 15 20-62 Yes = = ↓

Hew FL, 1996 (87) 14 4 12 43.2 ± 3.2 Yes = = ↓

Pincelli AI, 2001(90) 10 6 6 31-49 No ↓ = =

Bülow B, 2004 (91) 11 10 11 25-33 Yes = ↑ =

Ukropec J, 2008 (88) 9 3 9 28,1 ± 1,9 Yes = = ↓

Ukropec J,  2008 (88) 7 3 7 31,2 ± 3,2 Yes = = =

Krusenstjerna-HT, 2011 (92) 8 0 8 42-62 Yes = ↑ =

Balaz M, 2014 (89) 17 6 17 28-34 Yes = = ↓

Ciresi A, 2018 (41) 23 8 12 7-10 Yes = = =

Castillo AR, 2019 (42) 15 6 15 22-56 Yes ↓ ↓ =
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patients with onset of GHD in early life had better IS 
when compared with controls paired by sex, age, and 
BMI, while patients with hypopituitarism who started 
hormone deficiency later in life have IS similar to the 
control group, suggesting that adipose tissue that did 
not undergo the physiological action of GH during 
early childhood should be different from adipose tissue 
that experienced this action at this stage of life, since 
the former is more sensitive to insulin action, results 
not yet published (99). 

In this regard, animal studies showed that the secretion 
of adipokines from fat tissue is different between GH 
receptor mutated rats and normal rats (100). The removal 
of visceral fat in these mutated rats induces worsening IS, 
whereas in normal rats it induces improvement, showing 
opposite differences in the characteristics of these fatty 
tissues in modulating IS (100).

It is noteworthy that EHC is a complex and 
expensive method, so in most studies the number of 
patients is small and because of this, minor variations in 
the population studied could influence the evaluation 
of IS, changing the results and favoring conflicting 
conclusions.

CONCLUSION

In this review, we describe the physiological basis for 
understanding insulin signaling in the whole spectrum 
of GH deficiency, showing the conflicting results of 
scientific studies in this regard, and discuss factors that 
could influence these results. Finally, we point out that 
there is no evidence in the literature to classify GHD 
patients in general as having insulin resistance, despite 
the well-established increase in fat mass present in 
these patients. Further studies are needed for a better 
understanding of IS in patients with GHD and the 
factors that may influence the results of this evaluation, 
such as those related to the characteristics of patients 
with GHD and to the methodology for IS evaluation. 

Disclosure: no potential conflict of interest relevant to this article 
was reported.
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ABSTRACT
Growth hormone (GH) deficiency (GHD) in adults is well-characterized and includes abnormal body 
composition, reduced bone mass, an adverse cardiovascular risk profile, and impaired quality of 
life. In the early 1990s, it was also shown that patients with hypopituitarism without GH replacement 
therapy (GHRT) had excess mortality. Today, GHRT has been shown to decrease or reverse the negative 
effects of GHD. In addition, recent papers have shown that mortality and morbidity are approaching 
normal in hypopituitary patients with GHD who receive modern endocrine therapy including GHRT. 
Since the first dose-finding studies, it has been clear that efficacy and side effects differ substantially 
between patients. Many factors have been suggested as affecting responsiveness, such as sex, age, 
age at GHD onset, adherence, and GH receptor polymorphisms, with sex and sex steroid replacement 
having the greatest impact. Therefore, the individual tailoring of GH dose is of great importance to 
achieve sufficient efficacy without side effects. One group that stands out is women receiving oral 
estrogen replacement, who needs the highest dose. Serum insulin-like growth factor-1 (IGF-1) is still 
the most used biochemical biomarker for GH dose titration, although the best serum IGF-1 target 
is still debated. Patients with GHD due to acromegaly, Cushing’s disease, or craniopharyngioma 
experience similar effects from GHRT as others. Arch Endocrinol Metab. 2019;63(6):592-600
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INTRODUCTION

Growth hormone (GH) deficiency (GHD) has 
been a well-known clinical entity for a long time 

in children. To mitigate decreased linear growth in 
children, GH replacement therapy (GHRT) has been 
used since the late 1950s (1). Before 1985, when 
recombinant GH was approved in the US, the limited 
supply of pituitary-derived GH hindered research into 
its use in adults with GHD. Although a few early reports 
on the effects of GHRT in hypopituitary adults had 
already been published in the 1960s (2) and hypotheses 
had been made on the impact that GH might have in 
adults based on clinical studies in hypopituitarism (3), it 
was not until the availability of recombinant human GH 
that the research field of adult GHD was established.

Today, the consequences of GHD in adults are well 
defined and well described (4,5). GHD in adults is most 
commonly caused by a pituitary or peripituitary tumor or 
its treatments. The main features of adult GHD include 
abnormal body composition, reduced muscle strength 

and exercise capacity, reduced bone mass, an adverse 
cardiovascular risk profile, and impaired quality of life. 
The abnormal body composition includes increased 
fat mass with abdominal distribution, and reduced 
muscle mass and extracellular water content. GHD is 
also associated with an abnormal plasma lipid profile. In 
addition, patients with GHD and hypopituitarism have 
been shown to have excess cardiovascular morbidity 
and mortality (6,7).

Since the first two double-blind, placebo-controlled 
studies of GHRT in adults were reported in 1989, daily 
GHRT has been shown to reverse or ameliorate many of 
the symptoms associated with adult GHD (8,9). A meta-
analysis of randomized, blinded, placebo-controlled trials 
showed that long-term GHRT has beneficial effects on 
muscle and fat mass, lipid profile, and diastolic blood 
pressure (10). Long-term GHRT has also been shown 
to increase bone mass and to improve quality of life, 
especially energy level and emotional reaction (11,12). 
Furthermore, recent papers have shown that morbidity 
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and mortality are close to normal in hypopituitary 
patients with GHD receiving modern replacement 
therapy, including GHRT and if needed personalized 
substitution of other pituitary axes (13,14).

The aim of this review is to describe the individual 
variability in response to GHRT and, therefore, the 
importance of individualization of the treatment.

INDIVIDUAL RESPONSE TO GHRT

The first studies reporting on the efficacy and safety 
of GHRT in adults used a weight-based dose regimen 
which was basically copied from pediatric practice 
(8,9,15). Side effects related to fluid retention induced 
by GH and the increased serum insulin-like growth 
factor-1 (IGF-1) were common. It soon became clear 
that older patients and those with higher body weight 
had a higher frequency of side effects (16), suggesting 
that an individualized approach was needed in order to 
reduce the prevalence of side effects and, at the same 
time, obtain similar efficacy (17-19). This was the start 
of the use of the dose-titration regimen which is today 
recommended by clinical guidelines (20,21).

Sex differences

Observations were made in some of the early studies 
that the response to GHRT differed markedly among 
patients (17). The most obvious difference was that 
observed between the sexes, with men showing a 
more marked effect on body composition with a 
higher increase in lean body mass and extracellular 
water, and larger reduction in fat mass in response 
to GHRT (22,23). Men also showed a more marked 
increase in serum IGF-1 in response to GHRT than 
women (17). This difference has been explained by the 
different interactions between GH and testosterone 
and estrogen, respectively. Testosterone augments 
the effects of GH through increasing muscle mass 
and extracellular water volume (24). Estrogen, on 
the other hand, may increase fat mass and reduce the 
serum IGF-1 response to GH. This effect of estrogen 
is dependent on the route of administration, as oral 
administration exposes the liver to supraphysiological 
estrogen doses in order to achieve physiological 
systemic exposure of estrogen due to first-pass hepatic 
metabolism (25). Oral estrogen, but not transdermal 
estrogen, therefore attenuates the increase in serum 
IGF-1 concentration in response to GH and reduces 
lipid oxidation (25,26). These effects help explain the 

sex differences seen in body composition in response 
to GHRT.

Effect of age at GHD onset

In some of the earlier studies on adult GHD patients, 
it became clear that the outcome of therapy differed 
depending on the timing of GHD onset, i.e. childhood-
onset or adult-onset of GHD. Childhood-onset patients 
had more severe consequences in terms of changes in body 
composition (increased body fat, decreased lean body 
mass and decreased bone mass) (27), whereas their self-
perceived quality of life was better than among adult-onset 
patients (28). The improvement in quality of life was less 
pronounced among those with childhood-onset disease 
(28), whereas the initial response in body composition 
was more marked (27). In a prospective 5-year follow-
up study comparing adult-onset and childhood-onset 
GHD, which was well matched for age, sex, and degree 
of hypopituitarism, the long-term effects on body 
composition, bone mineral density, and muscle strength 
were similar, although the initial response was more 
marked in patients with childhood-onset disease (27). A 
confounder in these comparisons is that childhood-onset 
patients usually have a longer duration of GHD.

Whether age per se has an impact on the response to 
GHRT is unclear. During logistic regression analysis in 
a prospective single-center study, age was not found to 
be a significant predictor of response in terms of serum 
IGF-1 and body composition (29). Another large post-
marketing database analysis showed that older patients 
responded to GHRT similarly to younger patients in 
terms of waist circumference, blood pressure, and lipids 
(30). Taken together, these data suggest that age per 
se is not a major predictor of the response to GHRT 
among adults.

Pharmacogenetics

While sex and age at onset of GHD explain some of 
the variability in the responsiveness to GHRT, other 
factors such as individual genotype may be of additional 
importance. To date, by far the most intensively studied 
genetic variant in this respect has been the GH receptor 
exon 3-deleted/full-length polymorphism. At a genetic 
level, each individual carries either two copies of the 
full-length receptor, two copies of the exon 3-deleted 
receptor (d3-receptor), or one of each (heterozygote). 
It was initially shown in a pediatric study that patients 
carrying the d3-receptor had a better growth response 
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to GHRT than those with the full-length receptor (31). 
Since then, several studies in both children and adults 
have been performed in an attempt to further investigate 
the impact of the GH receptor isoforms on clinical 
response to GHRT and their findings have been detailed 
in a recent review (32). In summary, trials with a duration 
longer than 6 months showed that patients carrying 
the d3-receptor isoform had a marginally larger serum 
IGF-1 response, i.e. lower GH dose achieved the same 
IGF-1 response and, in some studies, a more favorable 
response in plasma lipids. On the other hand, one of 
the largest studies investigating the very rapid serum 
IGF-1 response after only a week of treatment showed 
a better serum IGF-1 response, after elimination of 
confounders (e.g. dose titration, adherence), in patients 
who were homozygous for the full-length receptor (33). 
Other studies, however, did not show any impact of GH 
receptor polymorphism on treatment response (32).

GH has various effects on humans, both directly 
and indirectly through IGF-1. For example, GH has 
important effects on hepatic lipoprotein metabolism 
that are mainly mediated through the GH receptor 
in the liver, and GH and IGF-1 increase extracellular 
water by affecting the renal tubules and through other 
mechanisms. Genotypes related to the functionality of 
these systems may therefore affect the responsiveness to 
GHRT. This concept has been explored in two different 
trials. In 318 adult patients with hypothalamic-pituitary 
disorder, the response to 1-year of GHRT was studied in 
terms of lipid metabolism (34). Serum total cholesterol 
and low-density lipoprotein-cholesterol concentrations 
decreased, and serum high-density lipoprotein-
cholesterol concentration increased. Among 20 pre-
selected single-nucleotide polymorphisms (SNPs), two 
SNPs were found to be associated with the response to 
GHRT. The APOB SNP rs676210 GG genotype was 
associated with larger reductions in total cholesterol and 
low-density lipoprotein-cholesterol, and the PPARG 
SNP rs10865710 CC genotype with greater reduction 
in total cholesterol. In another study, the association 
between 19 pre-selected SNPs in genes related to renal 
tubular function and the extracellular water response 
after 1-year of GHRT were investigated (35). None of 
the studied SNPs had a significant impact during GHRT.

In summary, one particular polymorphism in the 
GH receptor gene has been associated with treatment 
response in some studies. The association is, however, 
weak and of little clinical significance when trying to 
identify those patients that would benefit the most 

from GHRT. Using genotype related to the end-points 
of interest for GHRT has also been able to show some 
associations, in particular in relation to lipid metabolism, 
but again the effect size of these associations is too 
small to be of clinical relevance, although they indicate 
a functional relationship.

ADHERENCE

For all long-term treatments, adherence is one of the 
factors that determines treatment success together 
with patient characteristics, therapy area challenges, 
treatment access, and healthcare provision (36). 
Individual responsiveness is therefore very likely 
influenced by adherence. Very few studies have 
examined the adherence of adult patients receiving long-
term GHRT. One study examined adherence in 179 
adult patients receiving GHRT assessed by calculating 
the percentage of available prescription data compared 
to recommended GH dosages over a mean follow-up 
period of approximately 7 years (37). Adherence during 
the first year was 85% and then gradually decreased, 
with the largest decline during the first 2 years. Young 
age and childhood onset of GHD were associated with 
low adherence, but not with the underlying diagnosis 
and the degree of hypopituitarism. In addition, no 
association was seen between change in serum IGF-1 
concentration and adherence, suggesting that serum 
IGF-1 is not a reliable marker to assess individual 
adherence. Another study showed that approximately 
35% of adult patients have poor adherence and were 
also skeptical of GHRT. This study also showed that 
younger age and childhood onset of GHD were 
associated with the poorest adherence (38).

Adherence is likely to be an important factor for 
individual responsiveness, although this has not been 
extensively studied. Factors that can be modified, 
based on pediatric studies, to improve adherence 
are lack of knowledge and understanding of the 
condition and its treatment, discomfort and pain 
associated with injections, and the quality of the 
healthcare professional-patient relationship (39).

INDIVIDUAL TAILORING OF MANAGEMENT

Dose titration

The weight- and body surface area-based dosing 
regimens of GHRT that were initially used were 
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associated with adverse events (arthralgia and peripheral 
edema), especially in older, heavier, and female patients 
(16). Tailored dose-titration strategies with lower 
starting doses are therefore now recommended (19-21) 
(Table 1). Total IGF-1 is still recognized as the most 
useful biochemical biomarker for GH dose titration in 
adults (40). Alongside individualized dosing, current 
clinical guidelines state that the goals of treatment 
should be an appropriate clinical response, avoidance 
of side effects, and serum IGF-1 value within the age-
adjusted reference range (20,21). In clinical practice, it 
is still unclear how to dose GHRT and how to choose 
the appropriate target level for serum IGF-1 (within 
the age-adjusted reference ranges) in adults with 
GHD. Dose comparison studies have been conducted 
on the effect of low and high GH doses in relation to 
GHD at baseline (41,42). A beneficial effect of GHRT 
was demonstrated in both treatment arms with no 
significant difference between the groups. Serum IGF-
1 was never used as a treatment target but, indirectly, 
no correlations were found between several outcome 
measures and serum IGF-1 level. A recent open-label, 
randomized clinical trial compared low-normal and 
high-normal IGF-1 target levels on various clinical 
endpoints during GHRT in adult GHD (43,44) 
(Table 1). Increasing the GH dose in order to achieve 
IGF-1 levels between 1 and 2 standard deviation 
score (SDS) (adjusted for age and sex) improved waist 
circumference, microvascular function, and patient 
wellbeing. However, impaired effects on high-density 
lipoprotein-cholesterol in men, and insulin resistance 
and patient-reported myalgia in men and women were 
also seen with increasing the GH dose. In addition, 

when investigating cognitive function and mood in 
women, the adjustment of the GH dose seemed to 
have a narrow window. An increased dose appeared 
to impair prefrontal cognitive functioning, while a 
low dose resulted in decreased vigor. An IGF-1 target 
level between –1 and 1 SDS seems advisable; however, 
more scientific evidence is still warranted before 
implementation of this as a recommendation into 
current clinical practice. Gender, estrogen status, and 
age should be considered during dose titration due to 
the variability in response to GHRT. Furthermore, in 
certain special situations, an individualized choice of 
dose has to be made.

Sex and age

Women are less responsive to GH, in particular those 
who are taking oral estrogens (25,26). Therefore, 
women have been shown to need a higher starting dose 
and need higher GH doses during long-term treatment 
to achieve the same IGF-1 target and clinical effect 
(17,20,21,45). This difference results in women being 
more likely to be undertreated.

In healthy subjects, IGF-1 declines with increasing 
age. Therefore, age should also be taken into account 
when choosing an appropriate IGF-1 target level 
(46). Age-adjusted reference values should be used 
to specify the target IGF-1 level. Initiating GHRT in 
elderly patients diagnosed with GHD is still debated. 
A systematic review by Kokshoorn and colleagues 
demonstrated clear improvements in lipid levels and 
quality of life in patients older than 60 years, but not 
in several other parameters (47). GHRT has similar 

Table 1. Prospective studies investigating dose titration of GHRT

Authors Year No. of 
patients

Dose titration 
IGF-1 target level Comparator Duration

(weeks) Most important outcomes

van Bunderen et al. (44) 2018 15 IGF-1 –2 to –1 SDS IGF-1 –1 to 1 SDS 24 More patient-reported fatigue

15 IGF-1 1 to 2 SDS Decrease in waist circumference; decrease in 
HDL-cholesterol (men); more patient-reported myalgia

van Bunderen et al. (43) 2016 15 IGF-1 –2 to –1 SDS IGF-1 –1 to 1 SDS 24 Less vigor

15 IGF-1 1 to 2 SDS Deterioration of working memory and strategic memory

Drake et al. (18) 1998 50 vs 21 IGF-1 0 to 2 SDS Weight-based regimen 52 Rapid achievement of lower maintenance dose without 
loss of efficacy (QoL, waist circumference), with no sex 

difference

Johannsson  
et al. (19)

1997 30 vs 30 IGF-1 –2 to 2 SDS  
+ body composition

Weight-based regimen 
(12 mg/kg/day)

52 Fewer side effects; similar response to GHRT (body 
composition, glucose homeostasis, lipoprotein(a), blood 

pressure)

GHRT: growth hormone replacement therapy; HDL-cholesterol: high-density lipoprotein-cholesterol; IGF-1: insulin-like growth factor-1; QoL: quality of life; SDS: standard deviation score.
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efficacy in elderly hypopituitary patients with GHD, 
but at the same time these patients are more prone to 
develop side-effects to the treatment. At present there 
is no guidelines that recommend a chronological age 
when GHRT should be discontinued. 

SPECIAL SITUATIONS

Cardiovascular disease and diabetes mellitus

Epidemiological studies show that hypopituitarism is 
associated with premature mortality due to cardiovascular 
and cerebrovascular disease. Beneficial effects of GHRT 
on cardiovascular risk factors are maintained for at least 
10 years after initiation of therapy, with similar benefits 
seen in men and women when the GH dose is titrated 
to achieve a serum IGF-1 level between the median 
and the upper end of the age-related reference range 
(48). One theory as to why GHRT is beneficial with 
respect to cardiovascular disease is that a high-normal 
IGF-1 target level demonstrates a reduction of waist 
circumference, which contributes to improvement of 
vascular function through regulation of sympathetic 
nervous system activity in the microcirculation in 
a recent unpublished trial (unpublished data, C v 
Bunderen). However, the increased IGF-1 level with 
higher doses of GH has also demonstrated a negative 
impact on insulin resistance, which will deteriorate 
microcirculation (49). Data on the effect of GHRT 
in adults with GHD on glucose metabolism remains a 
matter of debate. The two registry studies in the field 
have shown an initially increased risk of diabetes mellitus 
during GHRT in one of the studies and no increased risk 
in the other (50,51). Epidemiological data on GHRT in 
non-functioning pituitary adenoma patients reported a 
normal incidence of type 2 diabetes mellitus (14). GH 
has an anti-insulin effect, but on the other hand, GHRT 
reduces abdominal fat mass and might therefore have a 
more beneficial effect on insulin resistance with long-
term treatment (52). The increased insulin resistance 
obtained when increasing IGF-1 target level is likely to 
be due to a direct effect of increasing GH dose, with 
consequently increased lipolysis (53). Studies with very 
low GH dose (0.1 mg/day) demonstrated improved 
insulin sensitivity without affecting body composition 
(54). The authors of this paper postulated that this 
effect is mediated by the ability to increase IGF-1 
bioavailability in the absence of the unfavorable lipolytic 
effects seen with higher doses of GH.

Underlying diagnosis

Acromegaly

Patients with GHD after previous acromegaly have 
an unfavorable metabolic profile which is comparable 
to that of patients with GHD after a non-functioning 
pituitary adenoma (55). GHRT in patients with previous 
acromegaly has been shown to improve metabolic 
parameters (56). However, contradictory results have 
also been published (57) and long-term data are sparse. 
The Dutch National Registry of long-term GHRT 
in adults demonstrated improvement of lipid profile 
in patients with previous acromegaly (58). However, 
glycated hemoglobin levels increased more compared 
to patients with non-functioning pituitary adenoma. 
GHRT in patients with GHD previously treated for 
acromegaly had no deleterious effect on cardiovascular 
morbidity. GHRT should not be withheld from patients 
with previous acromegaly, but close monitoring of 
glucose metabolism should be performed.

Cushing’s disease

Patients with previous hypercortisolism show more 
long-term consequences of their disease, such as 
diabetes mellitus, hypertension, and fractures, 
compared to other etiologies of GHD (59). In multiple 
studies, patients with Cushing’s disease and patients 
with other etiologies responded similarly to GHRT, 
suggesting that patients with GHD due to Cushing’s 
disease benefit to the same extent as others (60,61).

Pituitary tumor or malignancy

A study has raised some concern on the development 
of malignancies in children who received GHRT (62), 
but other studies are contradictory (63). A recent study 
on life expectancy in adults with pituitary adenoma 
receiving GHRT reported reduced overall mortality and 
a normal death rate due to cancer (13). Findings have 
also shown no association between cancer and serum 
IGF-1 level in adults with GHRT (64). Therefore, 
GHRT appears to be safe in GHD patients with respect 
to incidence and mortality due to malignancies (65,66). 
Patients with a craniopharyngioma have a marked excess 
all-cause mortality (67) and GHRT does not seem to 
resolve this increased mortality risk (65,68). GHRT 
together with other efforts related to the treatment of 
the underlying disorder and other pituitary hormone 
deficiencies should be further optimized in this patient 
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population. Finally, long-term GHRT appears to be 
safe with regard to recurrence and enlargement of the 
primary pituitary tumor (69,70).

Pregnancy

GHRT is not approved for use during conception and 
pregnancy. However, patients with hypopituitarism 
often conceive using assisted reproductive techniques 
and some studies support the benefit of GHRT in 
achieving fertility for women with GHD (71). The 
Pfizer International Metabolic Database (KIMS) 
analyzed pregnancies with different GHRT regimens, 
including stopping GHRT before pregnancy, as soon 
as pregnancy was confirmed, at the end of the second 
trimester, or continued throughout pregnancy. There 
was no relationship between the specific regimens 
and pregnancy outcome (72). Smaller studies have 
also demonstrated no negative influences of GHRT 
on maternal or fetal outcome (73). Physiologically, 
during gestation, the GH system is regulated by 
placental GH, which increases with the growth 
of the placenta and stimulates the maternal IGF-
1 level, leading to a concomitant decline in the 
pituitary GH level (74). There is no consensus on 
how to manage GHRT during pregnancy, but no 
harm has been shown with either stopping GHRT 
before pregnancy, adjusting the dose, or continuing 
throughout the pregnancy.

CONCLUSION

An individualized dose regimen with titration based 
on serum IGF-1 and clinical response should be used 
instead of weight- or body surface-based regimens to 
reduce side effects and to obtain similar efficacy. Women 
are less responsive to GH, i.e. the same GH dose results 
in a lower serum IGF-1 level and a lesser effect on 
body composition compared to men. This difference 
between the sexes is especially seen in women taking 
oral estrogens. In order to obtain similar efficacy in men 
and women, women will therefore need a longer dose 
titration period and a higher daily GH dose than men. In 
addition, age at GHD onset affects the responsiveness 
of GHRT in adults, e.g. adults with childhood onset 
of GHD seem to have a more marked initial response 
to GHRT in terms of changes in body composition 
even though the long-term effects seem to be similar. 
A patient’s genotype, including GH receptor isoforms, 

seems to have a weak effect on the responsiveness to 
GHRT and is, therefore, of little clinical significance. 
Even though not well investigated, adherence is most 
likely an important factor for responsiveness. Although 
the evidence is weak, it is suggested that individual GH 
dose is titrated on clinical response and towards a target 
serum IGF-1 level of 0 to 1 SDS without side effects.

Finally, the former excess mortality found in adult 
patients with hypopituitarism including GHD seems to 
approach normal with modern endocrine replacement 
therapy including GHRT. Furthermore, long-term 
GHRT appears to be safe regarding the incidence 
and mortality of malignancies, and the progression of 
the primary pituitary tumor. Many factors influence 
the response to GHRT, underlining the need for a 
personalized approach when treating patients with GHD.

Acknowledgement: the authors acknowledge Peter Todd (Tajut 
Ltd., Kaiapoi, New Zealand) for third-party writing assistance in 
drafting of this manuscript, for which he received financial com-
pensation from ALF-funding.

Disclosure: DSO has been a consultant for Sandoz, Ipsen, and 
Pfizer, and received research grants from Sandoz; GJ has received 
lecture fees from Novartis, Novo Nordisk, Pfizer, Sandoz, Merck 
Serono, and Otsuka, and consultancy fees from Astra Zeneca and 
Shire; and CCvB and CG report no conflicts of interest.

REFERENCES
1. Frasier SD. The not-so-good old days: working with pituitary 

growth hormone in North America, 1956 to 1985. J Pediatr. 
1997;131(1 Pt 2):S1-4.

2. Raben MS. Growth hormone. 2. Clinical use of human growth 
hormone. N Engl J Med. 1962;266:82-6.

3. Falkheden T. Pathophysiological studies following hypophysectomy 
in man [Doctoral thesis]: University of Gothenburg; 1963.

4. Melmed S. Pathogenesis and diagnosis of growth hormone 
deficiency in adults. N Engl J Med. 2019;380(26):2551-62.

5. Kargi AY, Merriam GR. Diagnosis and treatment of growth hormone 
deficiency in adults. Nat Rev Endocrinol. 2013;9(6):335-45.

6. Rosén T, Bengtsson BA. Premature mortality due to cardiovascular 
disease in hypopituitarism. Lancet. 1990;336(8710):285-8.

7. Stochholm K, Johannsson G. Reviewing the safety of GH 
replacement therapy in adults. Growth Horm IGF Res. 
2015;25(4):149-57.

8. Salomon F, Cuneo RC, Hesp R, Sönksen PH. The effects of 
treatment with recombinant human growth hormone on body 
composition and metabolism in adults with growth hormone 
deficiency. N Engl J Med. 1989;321(26):1797-803.

9. Jørgensen JO, Pedersen SA, Thuesen L, Jørgensen J, 
Ingemann-Hansen T, Skakkebaek NE, et al. Beneficial effects 
of growth hormone treatment in GH-deficient adults. Lancet. 
1989;1(8649):1221-5.

10. Maison P, Griffin S, Nicoue-Beglah M, Haddad N, Balkau B, 
Chanson P. Impact of growth hormone (GH) treatment on 
cardiovascular risk factors in GH-deficient adults: a metaanalysis 



Co
py

rig
ht

©
 A

E&
M

 a
ll r

ig
ht

s r
es

er
ve

d.

598

Personalized approach to GHRT in adults

Arch Endocrinol Metab. 2019;63/6

of blinded, randomized, placebo-controlled trials. J Clin 
Endocrinol Metab. 2004;89(5):2192-9.

11. Appelman-Dijkstra NM, Claessen KM, Roelfsema F, Pereira AM, 
Biermasz NR. Long-term effects of recombinant human GH 
replacement in adults with GH deficiency: a systematic review. 
Eur J Endocrinol. 2013;169(1):R1-14.

12. Elbornsson M, Gotherstrom G, Bosaeus I, Bengtsson BA, 
Johannsson G, Svensson J. Fifteen years of GH replacement 
increases bone mineral density in hypopituitary patients with 
adult-onset GH deficiency. Eur J Endocrinol. 2012;166(5):787-95.

13. Olsson DS, Trimpou P, Hallén T, Bryngelsson IL, Andersson E, 
Skoglund T, et al. Life expectancy in patients with pituitary 
adenoma receiving growth hormone replacement. Eur J 
Endocrinol. 2017;176(1):67-75.

14. Hammarstrand C, Ragnarsson O, Bengtsson O, Bryngelsson IL, 
Johannsson G, Olsson DS. Comorbidities in patients with non-
functioning pituitary adenoma: influence of long-term growth 
hormone replacement. Eur J Endocrinol. 2018;179(4):229-37.

15. Bengtsson BA, Edén S, Lonn L, Kvist H, Stokland A, Lindstedt G, et 
al. Treatment of adults with growth hormone (GH) deficiency with 
recombinant human GH. J Clin Endocrinol Metab. 1993;76(2):309-17.

16. Holmes SJ, Shalet SM. Which adults develop side-effects 
of growth hormone replacement? Clin Endocrinol (Oxf). 
1995;43(2):143-9.

17. Johannsson G, Bjarnason R, Bramnert M, Carlsson LM, Degerblad 
M, Manhem P, et al. The individual responsiveness to growth 
hormone (GH) treatment in GH-deficient adults is dependent 
on the level of GH-binding protein, body mass index, age, and 
gender. J Clin Endocrinol Metab. 1996;81(4):1575-81.

18. Drake WM, Coyte D, Camacho-Hubner C, Jivanji NM, Kaltsas G, 
Wood DF, et al. Optimizing growth hormone replacement therapy 
by dose titration in hypopituitary adults. J Clin Endocrinol Metab. 
1998;83(11):3913-9.

19. Johannsson G, Rosén T, Bengtsson BA. Individualized dose 
titration of growth hormone (GH) during GH replacement in 
hypopituitary adults. Clin Endocrinol (Oxf). 1997;47(5):571-81.

20. Ho KK; 2007 GH Deficiency Consensus Workshop Participants. 
Consensus guidelines for the diagnosis and treatment of 
adults with GH deficiency II: a statement of the GH Research 
Society in association with the European Society for Pediatric 
Endocrinology, Lawson Wilkins Society, European Society of 
Endocrinology, Japan Endocrine Society, and Endocrine Society 
of Australia. Eur J Endocrinol. 2007;157(6):695-700.

21. Molitch ME, Clemmons DR, Malozowski S, Merriam GR, Vance 
ML; Endocrine Society. Evaluation and treatment of adult growth 
hormone deficiency: an Endocrine Society clinical practice 
guideline. J Clin Endocrinol Metab. 2011;96(6):1587-609.

22. Burman P, Johansson AG, Siegbahn A, Vessby B, Karlsson FA. 
Growth hormone (GH)-deficient men are more responsive to 
GH replacement therapy than women. J Clin Endocrinol Metab. 
1997;82(2):550-5.

23. Johannsson G. Management of adult growth hormone deficiency. 
Endocrinol Metab Clin North Am. 2007;36(1):203-20.

24. Johannsson G, Gibney J, Wolthers T, Leung KC, Ho KK. 
Independent and combined effects of testosterone and growth 
hormone on extracellular water in hypopituitary men. J Clin 
Endocrinol Metab. 2005;90(7):3989-94.

25. Wolthers T, Hoffman DM, Nugent AG, Duncan MW, Umpleby 
M, Ho KK. Oral estrogen antagonizes the metabolic actions of 
growth hormone in growth hormone-deficient women. Am J 
Physiol Endocrinol Metab. 2001;281(6):E1191-6.

26. Weissberger AJ, Ho KK, Lazarus L. Contrasting effects of oral and 
transdermal routes of estrogen replacement therapy on 24-hour 
growth hormone (GH) secretion, insulin-like growth factor I, and 

GH-binding protein in postmenopausal women. J Clin Endocrinol 
Metab. 1991;72(2):374-81.

27. Koranyi J, Svensson J, Gotherström G, Sunnerhagen KS, 
Bengtsson B, Johannsson G. Baseline characteristics and the 
effects of five years of GH replacement therapy in adults with 
GH deficiency of childhood or adulthood onset: a comparative, 
prospective study. J Clin Endocrinol Metab. 2001;86(10):4693-9.

28. Attanasio AF, Lamberts SW, Matranga AM, Birkett MA, Bates PC, 
Valk NK, et al. Adult growth hormone (GH)-deficient patients 
demonstrate heterogeneity between childhood onset and adult 
onset before and during human GH treatment. Adult Growth 
Hormone Deficiency Study Group. J Clin Endocrinol Metab. 
1997;82(1):82-8.

29. Barbosa EJ, Koranyi J, Filipsson H, Bengtsson BA, Boguszewski 
CL, Johannsson G. Models to predict changes in serum IGF1 and 
body composition in response to GH replacement therapy in GH-
deficient adults. Eur J Endocrinol. 2010;162(5):869-78.

30. Monson JP, Abs R, Bengtsson BA, Bennmarker H, Feldt-
Rasmussen U, Hernberg-Stâhl E, et al. Growth hormone 
deficiency and replacement in elderly hypopituitary adults. KIMS 
Study Group and the KIMS International Board. Pharmacia and 
Upjohn International Metabolic Database. Clin Endocrinol (Oxf). 
2000;53(3):281-9.

31. Jorge AA, Marchisotti FG, Montenegro LR, Carvalho LR, Mendonca 
BB, Arnhold IJ. Growth hormone (GH) pharmacogenetics: 
influence of GH receptor exon 3 retention or deletion on first-
year growth response and final height in patients with severe GH 
deficiency. J Clin Endocrinol Metab. 2006;91(3):1076-80.

32. Boguszewski CL, Barbosa EJL, Svensson PA, Johannsson 
G, Glad CAM. Clinical and pharmacogenetic aspects of the 
growth hormone receptor polymorphism. Eur J Endocrinol. 
2017;177(6):R309-21.

33. Glad CA, Barbosa EJ, Filipsson Nyström H, Carlsson LM, Nilsson 
S, Nilsson AG, et al. SNPs within the GH-signaling pathway are 
associated with the early IGF1 response to GH replacement 
therapy in GHD adults. Eur J Endocrinol. 2014;170(1):101-7.

34. Barbosa EJ, Glad CA, Nilsson AG, Filipsson Nyström H, 
Götherström G, Svensson PA, et al. Genotypes associated with 
lipid metabolism contribute to differences in serum lipid profile 
of GH-deficient adults before and after GH replacement therapy. 
Eur J Endocrinol. 2012;167(3):353-62.

35. Barbosa EJ, Glad CA, Nilsson AG, Bosaeus N, Nyström HF, 
Svensson PA, et al. Extracellular water and blood pressure 
in adults with growth hormone (GH) deficiency: a genotype-
phenotype association study. PLoS One. 2014;9(8):e105754.

36. Acerini CL, Segal D, Criseno S, Takasawa K, Nedjatian N, Röhrich 
S, et al. Shared decision-making in growth hormone therapy-
implications for patient care. Front Endocrinol (Lausanne). 
2018;9:688.

37. Auer MK, Stieg MR, Hoffmann J, Stalla GK. Is insulin-like growth 
factor-I a good marker for treatment adherence in growth hormone 
deficiency in adulthood? Clin Endocrinol (Oxf). 2016;84(6):862-9.

38. Rosenfeld RG, Bakker B. Compliance and persistence in pediatric 
and adult patients receiving growth hormone therapy. Endocr 
Pract. 2008;14(2):143-54.

39. Graham S, Weinman J, Auyeung V. Identifying potentially 
modifiable factors associated with treatment non-adherence 
in paediatric growth hormone deficiency: a systematic review. 
Horm Res Paediatr. 2018;90(4):221-7.

40. Johannsson G, Bidlingmaier M, Biller BMK, Boguszewski M, 
Casanueva FF, Chanson P, et al. Growth Hormone Research 
Society perspective on biomarkers of GH action in children and 
adults. Endocr Connect. 2018;7(3):R126-34.

41. Abrahamsen B, Nielsen TL, Hangaard J, Gregersen G, Vahl N, 
Korsholm L, et al. Dose-, IGF-I- and sex-dependent changes in lipid 



Co
py

rig
ht

©
 A

E&
M

 a
ll r

ig
ht

s r
es

er
ve

d.

599

Personalized approach to GHRT in adults

Arch Endocrinol Metab. 2019;63/6

profile and body composition during GH replacement therapy in 
adult onset GH deficiency. Eur J Endocrinol. 2004;150(5):671-9.

42. Cenci MCP, Soares DV, Spina LDC, Brasil RRdLO, Lobo PM, 
Michmacher E, et al. Comparison of two dose regimens of 
growth hormone (GH) with different target IGF-1 levels on 
glucose metabolism, lipid profile, cardiovascular function and 
anthropometric parameters in GH-deficient adults. Growth Horm 
IGF Res. 2012;22(3-4):116-21.

43. van Bunderen CC, Lips P, Kramer MH, Drent ML. Comparison of 
low-normal and high-normal IGF-1 target levels during growth 
hormone replacement therapy: a randomized clinical trial in adult 
growth hormone deficiency. Eur J Intern Med. 2016;31:88-93.

44. van Bunderen CC, Deijen JB, Drent ML. Effect of low-normal 
and high-normal IGF-1 levels on memory and wellbeing during 
growth hormone replacement therapy: a randomized clinical trial 
in adult growth hormone deficiency. Health Qual Life Outcomes. 
2018;16(1):135.

45. Burman P, Johansson AG, Siegbahn A, Vessby B, Karlsson FA. 
Growth hormone (GH)-deficient men are more responsive to 
GH replacement therapy than women. J Clin Endocrinol Metab. 
1997;82(2):550-5.

46. Chanson P, Arnoux A, Mavromati M, Brailly-Tabard S, Massart C, 
Young J, et al. Reference values for IGF-I serum concentrations: 
comparison of six immunoassays. J Clin Endocrinol Metab. 
2016;101(9):3450-8.

47. Kokshoorn NE, Biermasz NR, Roelfsema F, Smit JW, Pereira 
AM, Romijn JA. GH replacement therapy in elderly GH-deficient 
patients: a systematic review. Eur J Endocrinol. 2011;164(5):657-65.

48. Götherström G, Bengtsson BA, Bosaeus I, Johannsson G, 
Svensson J. A 10-year, prospective study of the metabolic effects 
of growth hormone replacement in adults. J Clin Endocrinol 
Metab. 2007;92(4):1442-5.

49. de Boer MP, Meijer RI, Newman J, Stehouwer CD, Eringa EC, 
Smulders YM, et al. Insulin-induced changes in microvascular 
vasomotion and capillary recruitment are associated in humans. 
Microcirculation. 2014;21(5):380-7.

50. Luger A, Mattsson AF, Koltowska-Häggström M, Thunander 
M, Góth M, Verhelst J, et al. Incidence of diabetes mellitus and 
evolution of glucose parameters in growth hormone-deficient 
subjects during growth hormone replacement therapy: a long-
term observational study. Diabetes Care. 2012;35(1):57-62.

51. Attanasio AF, Jung H, Mo D, Chanson P, Bouillon R, Ho KK, et al. 
Prevalence and incidence of diabetes mellitus in adult patients 
on growth hormone replacement for growth hormone deficiency: 
a surveillance database analysis. J Clin Endocrinol Metab. 
2011;96(7):2255-61.

52. Svensson J, Fowelin J, Landin K, Bengtsson BA, Johansson JO. 
Effects of seven years of GH-replacement therapy on insulin 
sensitivity in GH-deficient adults. J Clin Endocrinol Metab. 
2002;87(5):2121-7.

53. Møller N, Jørgensen JOL. Effects of growth hormone on glucose, 
lipid, and protein metabolism in human subjects. Endocr Rev. 
2009;30(2):152-77.

54. Yuen KCJ, Dunger DB. Therapeutic aspects of growth hormone 
and insulin-like growth factor-I treatment on visceral fat and 
insulin sensitivity in adults. Diabetes Obes Metab. 2007;9(1): 
11-22.

55. Lin E, Wexler TL, Nachtigall L, Tritos N, Swearingen B, Hemphill L, 
et al. Effects of growth hormone deficiency on body composition 
and biomarkers of cardiovascular risk after definitive therapy for 
acromegaly. Clin Endocrinol (Oxf). 2012;77(3):430-8.

56. Miller KK, Wexler T, Fazeli P, Gunnell L, Graham GJ, Beauregard C, 
et al. Growth hormone deficiency after treatment of acromegaly: 
a randomized, placebo-controlled study of growth hormone 
replacement. J Clin Endocrinol Metab. 2010;95(2):567-77.

57. van der Klaauw AA, Bax JJ, Roelfsema F, Stokkel MPM, Bleeker 
GB, Biermasz NR, et al. Limited effects of growth hormone 
replacement in patients with GH deficiency during long-term cure 
of acromegaly. Pituitary. 2009;12(4):339-46.

58. van Bunderen CC, van Varsseveld NC, Heymans MW, Franken AA, 
Koppeschaar HP, van der Lely AJ, et al. Effect of long-term GH 
replacement therapy on cardiovascular outcomes in GH-deficient 
patients previously treated for acromegaly: a sub-analysis from 
the Dutch National Registry of Growth Hormone Treatment in 
Adults. Eur J Endocrinol. 2014;171(6):717-26.

59. Feldt-Rasmussen U, Abs R, Bengtsson BA, Bennmarker 
H, Bramnert M, Hernberg-Stahl E, et al. Growth hormone 
deficiency and replacement in hypopituitary patients previously 
treated for acromegaly or Cushing’s disease. Eur J Endocrinol. 
2002;146(1):67-74.

60. Hoybye C, Ragnarsson O, Jönsson PJ, Koltowska-Häggström 
M, Trainer P, Feldt-Rasmussen U, et al. Clinical features of GH 
deficiency and effects of 3 years of GH replacement in adults 
with controlled Cushing’s disease. Eur J Endocrinol. 2010;162(4): 
677-84.

61. Johannsson G, Sunnerhagen KS, Svensson J. Baseline 
characteristics and the effects of two years of growth hormone 
replacement therapy in adults with growth hormone deficiency 
previously treated for Cushing’s disease. Clin Endocrinol. 
2004;60(5):550-9.

62. Swerdlow AJ, Higgins CD, Adlard P, Preece MA. Risk of cancer in 
patients treated with human pituitary growth hormone in the UK, 
1959-85: a cohort study. Lancet. 2002;360(9329):273-7.

63. Bell J, Parker KL, Swinford RD, Hoffman AR, Maneatis T, Lippe 
B. Long-term safety of recombinant human growth hormone in 
children. J Clin Endocrinol Metab. 2010;95(1):167-77.

64. Popovic V, Mattsson AF, Gaillard RC, Wilton P, Koltowska-
Haggstrom M, Ranke MB. Serum insulin-like growth factor I 
(IGF-I), IGF-binding proteins 2 and 3, and the risk for development 
of malignancies in adults with growth hormone (GH) deficiency 
treated with GH: data from KIMS (Pfizer International Metabolic 
Database). J Clin Endocrinol Metab. 2010;95(9):4449-54.

65. van Bunderen CC, van Nieuwpoort IC, Arwert LI, Heymans MW, 
Franken AAM, Koppeschaar HPF, et al. Does growth hormone 
replacement therapy reduce mortality in adults with growth 
hormone deficiency? Data from the Dutch National Registry of 
Growth Hormone Treatment in adults. J Clin Endocrinol Metab. 
2011;96(10):3151-9.

66. Boguszewski CL, Boguszewski MCDS. Growth Hormone’s Links 
to Cancer. Endocr Rev. 2019 Apr 1;40(2):558-574. 

67. Olsson DS, Andersson E, Bryngelsson IL, Nilsson AG, 
Johannsson G. Excess mortality and morbidity in patients with 
craniopharyngioma, especially in patients with childhood onset: 
a population-based study in sweden. J Clin Endocrinol Metab. 
2015;100(2):467-74.

68. Yuen KCJ, Mattsson AF, Burman P, Erfurth EM, Camacho-Hubner C, 
Fox JL, et al. Relative risks of contributing factors to morbidity and 
mortality in adults with craniopharyngioma on growth hormone 
replacement. J Clin Endocrinol Metab. 2018;103(2):768-77.

69. Olsson DS, Buchfelder M, Schlaffer S, Bengtsson BA, Jakobsson 
KE, Johannsson G, et al. Comparing progression of non-
functioning pituitary adenomas in hypopituitarism patients with 
and without long-term GH replacement therapy. Eur J Endocrinol. 
2009;161(5):663-9.

70. Olsson DS, Buchfelder M, Wiendieck K, Kremenevskaja N, 
Bengtsson BA, Jakobsson KE, et al. Tumour recurrence and 
enlargement in patients with craniopharyngioma with and 
without GH replacement therapy during more than 10 years of 
follow-up. Eur J Endocrinol. 2012;166(6):1061-8.



Co
py

rig
ht

©
 A

E&
M

 a
ll r

ig
ht

s r
es

er
ve

d.

600

Personalized approach to GHRT in adults

Arch Endocrinol Metab. 2019;63/6

71. Giampietro A, Milardi D, Bianchi A, Fusco A, Cimino V, Valle D, 
et al. The effect of treatment with growth hormone on fertility 
outcome in eugonadal women with growth hormone deficiency: 
report of four cases and review of the literature. Fert Steril. 
2009;91(3):930.e7-11.

72. Vila G, Akerblad AC, Mattsson AF, Riedl M, Webb SM, Hana V, et al. 
Pregnancy outcomes in women with growth hormone deficiency. 
Fert Steril. 2015;104(5):1210-7.e1.

73. Wiren L, Boguszewski CL, Johannsson G. Growth hormone (GH) 
replacement therapy in GH-deficient women during pregnancy. 
Clin Endocrinol (Oxf). 2002;57(2):235-9.

74. Vila G, Luger A. Growth hormone deficiency and pregnancy: any 
role for substitution? Minerva Endocrinol. 2018;43(4):451-7.



Co
py

rig
ht

©
 A

E&
M

 a
ll r

ig
ht

s r
es

er
ve

d.

601

review

Arch Endocrinol Metab. 2019;63/6

Perspectives on long-acting 
growth hormone therapy 
in children and adults

Rayhan A. Lal1,2

https://orcid.org/0000-0002-8055-944X

Andrew R. Hoffman2,3

https://orcid.org/0000-0002-0145-1917

ABSTRACT
Growth hormone therapy with daily injections of recombinant human growth hormone has been 
available since 1985, and is shown to be safe and effective treatment for short stature in children 
and for adult growth hormone deficiency. In an effort to produce a product that would improve 
patient adherence, there has been a strong effort from industry to create a long acting form of 
growth hormone to ease the burden of use. Technologies used to increase half-life include depot 
formulations, PEGylated formulations, pro-drug formulations, non-covalent albumin binding growth 
hormone and growth hormone fusion proteins. At present, two long acting formulations are on the 
market in China and South Korea, and several more promising agents are under clinical investigation 
at various stages of development throughout the world. Arch Endocrinol Metab. 2019;63(6):601-7
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INTRODUCTION

The era of growth hormone replacement began in 
1958 when Raben used human growth hormone 

purified from pituitary glands that had been obtained at 
autopsy (1). Subsequently, the United States National 
Pituitary Agency and other national groups were 
organized to supervise the collection of human pituitary 
glands and the purification of human growth hormone 
from these glands. Since it was a scarce and precious 
resource, relatively few patients could be treated with 
these impure preparations (2), necessitating less than 
optimal dosing schedules. Moreover, supplies were 
occasionally interrupted. When it was discovered that 
a young man treated at Stanford with cadaveric human 
growth hormone since the age of 3 died of Creutzfeld-
Jakob disease, the use of cadaveric growth hormone 
was terminated in most of world in 1985 (3). 

Recombinant human growth hormone was made 
available later that year for the treatment of children. 
For the first time, there was an unlimited supply of 
growth hormone, and daily administration became 
the standard treatment. Soon, its use was not limited 
to severe growth hormone deficiency, and ultimately 
the drug was approved for milder forms of growth 
hormone deficiency, Turner syndrome, children born 

short for gestational age, and other causes of short 
stature including idiopathic short stature. Moreover, 
the unlimited supply led investigators to explore the 
use in adults with hypopituitarism. Adult growth 
deficiency syndrome was recognized and treated with 
recombinant human growth hormone therapy (4,5).

Adherence to a daily subcutaneous injection of any 
medication may become problematic, and several studies 
have shown that most children prescribed recombinant 
human growth hormone miss a substantial number 
of injections (6,7). Not surprisingly, those who were 
least adherent to the medication had less satisfactory 
growth. Many adults with adult growth hormone 
deficiency balk at giving themselves a daily shot, 
finding it inconvenient to travel with a syringe and a 
refrigerated drug (8). Therefore, it was postulated that 
a longer-acting forms of growth hormone that could 
be administered less frequently could result in better 
adherence to therapy and would be a more attractive 
mode of therapy to those who were unwilling to 
consider daily injections (9). 

However, there were theoretical concerns that a 
long acting growth hormone preparation would be 
ineffective as a replacement therapy or would lead to 
over-treatment and the development of acromegaly. 
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Growth hormone has a half-life of 10-20 minutes, is 
secreted in pulses throughout the day, with an increased 
number of pulses during sleep. Worries that constant, 
non-pulsatile exposure to growth hormone would lead 
to downregulation or desensitization of growth hormone 
receptors were allayed by studies in which subjects who 
received continuous subcutaneous infusions of growth 
hormone for up to 6 months were able to maintain normal 
serum IGF-I levels and to avoid any signs or symptoms 
of acromegaly (10). As a result, many companies began 
to explore novel strategies to develop long-acting analogs 
for use in both children and adults. We will discuss a 
representative group of these novel growth hormone 
formulations that have been tested in humans.

DEPOT FORMULATIONS

Genentech (South San Francisco, USA) marketed 
the first recombinant human growth hormone 
product and was the first to gain approval for a long-
acting growth hormone in 1999. Nutropin Depot, a 
preparation composed of native recombinant human 
growth hormone encapsulated in biodegradable 
poly (lactide coglycolide) copolymer microspheres, 
was manufactured in collaboration with Alkermes 
(Dublin, Ireland). This formulation was very viscous, 
and it required a large bore needle. Children require 
a relatively high dose of growth hormone (compared 
to adults) to achieve optimal growth, it often required 
more than a single injection at each dosing interval. 
Each injection left a visible subcutaneous lump. 
Monthly or twice weekly injections were adequate to 
produce annualized growth rates of 8.4 cm/year after 6 
months in prepubertal children (11). The drug was also 
just as effective as daily recombinant human growth 
hormone in reducing visceral and truncal adipose tissue 
in adults with growth hormone deficiency (4), but it 
was withdrawn from the market in 2004. 

Somatropin Biopartners (LB03002 or Declage) 
was formulated by BioPartners (Los Angeles, USA) 
and LG Life Sciences (Seoul, South Korea). The 
product comes in a powder containing recombinant 
growth hormone in sodium hyaluronate microspheres 
that are reconstituted in medium-chain triglycerides 
(MCT) oil. Tissue hyaluronidase breaks down the 
microspheres, slowly releasing growth hormone. In 
2006, the pharmacokinetics and pharmacodynamics 
were evaluated in 6 men and 3 women being treated 
on a stable regimen for growth hormone deficiency. 

Participants underwent a 4-week washout followed by 
weekly administration of Somatropin Biopartners for 
five weeks. As compared to daily therapy, the depot 
formulation exhibited double the maximum serum 
growth hormone concentration, comparable dose-
normalized GH area under curve, 34-41% increase in 
maximal serum IGF-1 and similar dose-normalized 
IGF-1 area under curve (12). Peter and cols. performed 
a randomized, controlled, investigator masked phase 
2 study in 2009 on 37 pre-pubertal, children not 
previously on growth hormone. For 7 days, they 
received daily growth hormone 0.03 mg/kg, followed 
by a 3-week washout and then different weekly doses 
of Somatropin Biopartners for 3 months. As compared 
to daily therapy, the depot formulation exhibited 4-fold 
maximal serum growth hormone concentration with 
stable area under curve over 3 months. Normal IGF-1 
standard deviation scores were achieved after 3 months 
and normal IGFBP-3 standard deviation scores after 1 
week therapy (13). Biller and cols. performed a 26 week 
placebo-controlled trial of Somatropin Biopartners 
among 152 adults with growth hormone deficiency, 
there was a substantial increase in IGF-1 with reduced 
fat mass on DXA (14) that was sustained in a 1-year 
follow-up study (15). A substudy of the phase III trial 
showed significant reduction in fat mass and leptin with 
increased ghrelin without change in glucose or lipid 
metabolism (16). In 2012, a 3-year trial was published 
examining the efficacy and safety of Somatropin 
Biopartners 0.5-0.7 mg/kg/wk versus daily growth 
hormone in previously untreated prepubertal children 
with growth hormone deficiency (17). A 1-year pediatric 
trial in Korea demonstrated comparable mean height 
velocity, subsequently replicated in the 2-year phase 
III multinational trial (18,19). In 2013, LB03002 was 
approved in Europe, but not marketed for 3 years and 
so authorization lapsed. It is available for use in children 
in South Korea. A subsequent Korean multicenter, 
randomized, open-label phase II study in previously 
untreated prepubertal children with idiopathic short 
stature established 0.7 mg/kg/week as non-inferior to 
daily growth hormone 0.05 mg/kg (20).

PEGYLATED FORMULATIONS

Polyethylene glycol (PEG) is a biologically inert and non-
immunogenic compound that can be added moieties 
to proteins to extend their half-life in the circulation. 
PEGylated proteins like pegvisomant, a growth hormone 
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antagonist, is a mainstay in the treatment of acromegaly. 
Numerous other PEGylated proteins have been 
developed to extend their half-lives in order to treat a 
host of diseases, including anemia and hepatitis. Clinical 
studies indicated that ARX201, a pegylated recombinant 
human growth hormone, made by Ambrx (La Jolla, 
USA), could raise and maintain serum IGF-I levels in 
adult growth hormone deficiency (21). However, drug 
development ceased when it was discovered PEG had 
accumulated in the ependymal cells of the choroid plexus 
in preclinical primate studies. Other companies, which 
were studying their own pegylated growth hormone 
preparations, terminated those programs.

In January 2014, GeneScience Pharmaceuticals’ 
(Changchun, China) PEGylated weekly growth 
hormone called Jintrolong, was approved in China for 
pediatric growth hormone deficiency. In a phase 1 trial, 
12 children with growth hormone deficiency received 
daily growth hormone 0.0286 mg/kg for 7 days, 
followed by 4 weeks washout and weekly Jintrolong  
0.2 mg/kg for 6 weeks. Jintrolong exhibited 
comparable serum IGF-1 and slower clearance than 
daily growth hormone without significant accumulation 
(22). Phase 2 and 3 trials were performed in 6 hospitals 
in China among previously untreated children with 
growth hormone deficiency. The phase 2 trial enrolled 
108 participants and established safety and efficacy of 
Jintrolong at 0.2 mg/kg weekly for 25 weeks versus 
0.1 mg/kg weekly dosing and daily growth hormone. 
The phase 3 trial enrolled 343 participants for 25 weeks 
and demonstrated greater height velocity increase and 
standard deviation height scores for weekly Jintrolong 
versus daily growth hormone (23). Two single-center, 
randomized open-label studies out of Guanzhou, 
China assessed tolerability of Jintrolong among 34 
health adult subjects. Doses up to 0.8mg/kg were 
well tolerated. Pharmacokinetic profiles and plasma 
growth hormone concentrations supported potential 
for weekly administration (24). 

PRO-DRUG FORMULATIONS

Ascendis Pharma (Hellerup, Denmark) TransCon 
sustained-release growth hormone consists of growth 
hormone bound via proprietary linker to an inert carrier, 
methoxypolyethylene glycol (mPEG). The linker 
undergoes controlled pH and temperature dependent 
breakdown, releasing active growth hormone; it is 
excreted renally. A phase 1 randomized trial among 44 

healthy male subjects compared 4 different doses of 
weekly TransCon Growth Hormone to 2 different doses 
of daily growth hormone. TransCon Growith Hormone 
was well tolerated with no binding antibody formation 
and comparable measures of serum growth hormone 
and IGF-1 (25). Phase 2 trials among 37 adults with 
growth hormone deficiency and 53 previously untreated 
prepubertal children with growth hormone deficiency 
revealed similar safety and efficacy of weekly TransCon 
Growth Hormone and daily growth hormone (26,27). 
The results of the Phase 3 heiGHt trial (NCT02781727) 
were presented at ENDO 2019 in New Orleans (28). 
161 previously untreated prepubertal children with 
growth hormone deficiency received either weekly 
TransCon Growth Hormone 0.24 mg/kg or daily 
Genotropin 0.034 mg/kg. Annualized height velocity 
after 1 year was greater (p = 0.0088) in the TransCon 
Growth Hormone group (11.2 cm) versus Genotropin 
(10.3 cm). The Phase 3 fliGHt trial (NCT03305016) 
is evaluating use in younger participants and those who 
have used daily growth hormone in the past. Ascendis 
reports that based on this data and from the ongoing 
fliGHt and enliGHten (long-term extension) trials they 
expect to file a Biologics License Application in the first 
half of 2020.

NON-COVALENT ALBUMIN BINDING GROWTH 
HORMONE

Novo Nordisk (Bagsvaerd, Denmark) manufactures 
Somapacitan (previously NNC0195-0092), growth 
hormone with a single point mutation to which a 
noncovalent albumin-binding terminal fatty acid 
is linked. Half-life is predicted to increase through 
albumin binding and subsequent reduced clearance 
(29). The same technology is used in the long-acting 
insulin detemir. A randomized, placebo-controlled trial 
of 105 healthy male subjects was conducted at Profil in 
Germany. The drug was well tolerated and demonstrated 
a dose-dependent increase in serum IGF-1 (30). A 
phase 1 trial among 34 growth hormone deficient men 
demonstrated tolerability and comparable serum IGF-
1 to daily growth hormone (31). Similar findings were 
reported in the phase 1 trial of 32 previously treated 
growth hormone deficient prepubertal children (32). A 
phase 3, 26-week randomized, controlled trial performed 
in 6 countries recruited 92 adults with growth hormone 
deficiency. They were treated with weekly Somapacitan 
or daily Norditropin administered subcutaneously by 
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pen. Somapacitan was well-tolerated, IGF-1 standard 
deviation scores remained therapeutic, and participants 
felt dosing was more convenient (33). Pediatric phase 3 
testing (REAL4 trial – NCT03811535) began in 2019 
and is expected to conclude in 2024.

GROWTH HORMONE FUSION PROTEINS

Genexine (Seongnam, South Korea) and Handok 
(Seoul, South Korea) manufactures HyTropin 
(GX-H9), a chimeric protein of growth hormone fused to the  
Fc-domain of immunoglobulin. This hybrid Fc (hyFc) 
is created from IgD, which provides flexibility and low 
antibody-dependent cellular cytotoxicity, along with 
IgG4 which binds to the protective neonatal Fc receptor 
and exhibits low complement-dependent cytotoxicity 
(34). HyTropin’s expanded size reduces renal clearance 
and increases half-life. A Phase 2 randomized, open-
label study was conducted in 16 endocrinology centers 
in Europe and Korea among 45 adult participants 
with growth hormone deficiency. With twice-monthly 
administration, the drug demonstrated comparable 
efficacy and acceptable tolerability without significant 
immunogenicity (35). The manufacturer is planning a 
Phase 3 study with a longer treatment period and more 
patients in the United States.

OPKO Health (Miami, USA) and Pfizer (New 
York City, USA) manufacture Somatrogon, Lagova or 
MOD-4023, a chimeric product generated by fusing 
three copies of the 28 carboxy-terminal residues of 
human chorionic gonadotropin (hCG) beta subunit 
to the coding sequence of  growth hormone (36). 
The Phase 2 study of weekly MOD-4023 in 54 adults 
with growth hormone deficiency revealed safety and 
comparable serum IGF-1 values to daily growth 
hormone (37). A Phase 2 study among 53 prepubertal 
children with growth hormone deficiency receiving 
weekly MOD-4023 for one year demonstrated safety 
and efficacy with 6 month annualized height velocity 
above 12 cm/year (38). Subsequent pharmacokinetic 
and pharmacodynamic studies in children established 
that sampling 4 days following dose administration 
allowed best estimation of mean IGF-1 SDS (39). In 
December 2016 OPKO reported phase 3 trial results in 
growth hormone deficient adults. The initial findings 

demonstrated no statistical difference between MOD-
4023 and placebo treated subjects in the primary 
endpoint of trunk fat mass from baseline to 26 weeks. 
Post-hoc sensitivity analyses excluding outliers did 
show a statistically significant difference. Phase 3 trials 
for pediatric growth hormone deficiency are ongoing.

TV-1106, an analog that fused recombinant human 
growth hormone to albumin (40), was initially tested in 
growth hormone deficient children but was withdrawn 
by Teva Pharmaceutical Industries (Petah Tikva, Israel) 
because of the development of potentially inactivating 
antibodies. Somavaratan developed by Versartis (Menlo 
Park, USA) was a growth hormone molecule fused 
with hydrophilic strings of amino acids that prolonged 
serum half-life. It was discontinued when a phase 3 
study revealed it to be inferior to daily recombinant 
human growth hormone (41).

CONCLUSIONS

The pharmaceutical industry has spent many years and 
hundreds of millions of dollars betting that a long-acting 
growth hormone preparation can be devised that is non-
inferior to daily growth hormone and that it will improve 
adherence to treatment. A summary of long-acting 
growth hormone preparations is presented in Table 1. 
While many of these preparations have not been shown 
to be effective or practical (42), two drugs are currently 
being marketed in Asia and several more are on the verge 
of being considered for regulatory approval by agencies 
in the United States and Europe. A number of important 
questions have yet to be answered. While we know that 
long-term recombinant human growth hormone therapy 
is very safe (43), it is not known whether the various 
long-acting preparations will be equally safe. Will years of 
continuous non-pulsatile growth hormone exposure lead 
to acromegalic changes? Will the moieties added to fusion 
proteins lead to a new set of side effects that are currently 
unimagined? It will be incumbent upon each company 
to perform extensive post-marketing surveillance to 
determine the safety of each of these novel preparations 
(44). And since the original rationale for developing a 
long-acting preparation was improved drug adherence, 
the companies should study if their growth hormone 
preparations do indeed lead to better long-term results.
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ABSTRACT
The somatotropic axis is the main hormonal regulator of growth. Growth hormone (GH), also known 
as somatotropin, and insulin-like growth factor 1 (IGF-1) are the key components of the somatotropic 
axis. This axis has been studied for a long time and the knowledge of how some molecules could 
promote or impair hormones production and action has been growing over the last decade. The 
enhancement of large-scale sequencing techniques has expanded the spectrum of known genes and 
several other candidate genes that could affect the GH-IGF1-bone pathway. To date, defects in more 
than forty genes were associated with an impairment of the somatotropic axis. These defects can 
affect from the secretion of GH to the bioavailability and action of IGF-1. Affected patients present a 
large heterogeneous group of conditions associated with growth retardation. In this review, we focus 
on the description of the GH-IGF axis genetic defects reported in the last decade. Arch Endocrinol Metab. 
2019;63(6):608-17

Keywords
Growth hormone; short stature; IGF; somatotropic axis

INTRODUCTION

T he somatotropic axis is the main hormonal 
regulator of growth. Growth hormone (GH), 

also known as somatotropin, and insulin-like growth 
factor 1 (IGF-1) are the key components of the 
somatotropic axis. GH is secreted by somatotropes of 
the anterior pituitary gland, in a pulsatile manner, under 
stimulation of growth hormone-releasing hormone 
(GHRH), produced in the hypothalamus, and ghrelin 
(GHS), which is also secreted by the gastric cells. 
Somatostatin, another hypothalamic hormone, has an 
inhibitory action on GH secretion. GH acts by binding 
to its receptor (GHR), a homo-dimeric transmembrane 
receptor belonging to the citokine receptor superfamily. 
GH binding results in dimerization of the GHR and 
phosphorylation of JAK2, a tyrosine kinase associated 
with GHR. JAK2 phosphorylation leads to activation 
of different intracellular pathways, leading to direct 
metabolic effects or regulating the gene transcription, 
which may involve a family of signal transducers and 
activators of transcription (STATs). The most important 
STAT implicated in the growth-promoting signaling of 
GHR is STAT5B. This protein stimulates the synthesis 

of IGF-1 and of other molecules that increase IGF-1 
bioavailability (Figure 1) (1,2).

The GH effect of promoting growth occurs 
mainly through IGF-1 production. Circulating 
IGF-1 is predominantly produced by the liver. Other 
tissues can produce IGF-1 that acts in a paracrine/
autocrine manner, as occurs in the growth plate. Most 
of circulating IGF-1 is carried by a ternary complex, 
consisting of one molecule of IGF-1, one molecule 
of IGF binding protein type 3 (IGFBP-3) and one 
molecule of acid-labile subunit (ALS). This complex is 
essential to decrease the availability of free IGF-1 to 
the tissues, extending its serum half-life (Figure 1). 
IGF-1 is the main growth factor in postnatal growth. 
In the prenatal period, IGF-1 and IGF-2 have essential 
role in intrauterine development. IGF-1and IGF-2 act 
by binding to the cell surface tyrosine kinase receptor 
called IGF1R. This binding activates intracellular 
signaling, as the PI3K/AKT pathway, important for 
cell growth and proliferation (1,3).

Defects in many genes related to the somatotropic 
axis lead to a large heterogeneous group of conditions 
associated with growth retardation (4). Studies in 
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this area are long-standing and, in 1929, researchers 
hypothesized that some genes would be responsible 
for pituitary development and function (5). After 
many reports of familial cases of isolated GH 
deficiency, deletions in GH1 gene were recognized as 
its first monogenic cause in 1981 (6). Subsequently, 
in 1989, autosomal recessive mutations in GHR 
were established as cause of severe short stature with 
complete insensitivity to GH (7). A candidate gene 
for the hypopituitarism phenotype, named pituitary-
specific positive transcription factor 1 (POU1F1, 
formally PIT1) was reported in 1990 based on a 
spontaneous dwarf mice (8). Two years later, an 

autosomal recessive mutation in POU1F1 was identified 
in patients with GH, PRL and TSH deficiency (9). 
Also in 90s, inactivating mutations of the transcription 
factor of POU1F1 gene (PROP1) in an autosomal 
recessive pattern were also described in individuals 
with hypopituitarism, with or without gonadotropic 
deficiency (10). In the same period , homozygous loss-
of-function mutations in IGF-1 gene were reported 
in a child with intrauterine growth retardation, 
microcephaly, retarded intellectual development, and 
severe postnatal growth failure (11). Genes that were 
associated with GH-IGF-1 axis defects before 2009 are 
depicted in a historical timeline (Figure 2).

Figure 1. Schematic representation of the GH-IGF axis indicating the main disorders in this system: 1) growth hormone deficiency (GHD); 2) bioinactive 
GH; 3) GH insensitivity by GHR defects; 4) GH insensitivity by STAT5B defects; 5) IGF-1 deficiency; 6) acid-labile subunit (ALS) deficiency; 7) defects in 
the proteolytic cleavage of IGFBPs by PAPPA2 deficiency; 8) bioinactive IGF-1; and 9) IGF insensitivity caused by IGF1R defects.

Figure 2. Historical timeline with genes previously associated with GH-IGF-1 axis defects until 2009.
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To date, defects in more than forty genes were 
associated with an impairment of the somatotropic axis. 
These defects can affect from the secretion of GH to 
the bioavailability and action of IGF-1. In this review, 
we describe the GH-IGF axis genetic defects reported 
in the last ten years. For didactic purpose, we divided 
this review in two main topics: “new genetic defects 
associated with GH deficiency” and “new genetic 
defects associated with GH-IGFs axis”.

NEW GENETIC DEFECTS ASSOCIATED WITH GH 
DEFICIENCY

Growth hormone deficiency can be either isolated 
(IGHD) or combined with other pituitary hormones 
deficiencies (CPHD). It can be congenital or acquired 
and, regarding neuroimaging, it can present with no 
abnormalities or a wide range of structural changes of 
the hypothalamic-pituitary region. The pituitary stalk 
interruption syndrome (PSIS) has been classified as 
a distinct clinical picture characterized by hormone 
deficiencies, a thin, interrupted or absent pituitary stalk, 
usually associated with an ectopic posterior pituitary 
and hypoplasia of the anterior pituitary (12). Apart 
from the subtle midline malformation described in the 

PSIS, it is not unusual that patients with genetic defects 
present other complex phenotypes. The most common 
are: complex craniofacial malformations, septo-optic 
dysplasia (SOD) and developmental delay/intellectual 
disability (13). After the description of the classic and 
most frequent genetic defects associated with GH 
deficiency, many other genes have been associated with 
congenital hypopituitarism, most of them in a small 
subset of patients with complex phenotypes or PSIS. 
It has also been recently advocated that some patients 
could have more than one gene affected, which points 
to a digenic or oligogenic cause of GH deficiency. 
However, more studies are needed to explain the 
individual role of each mutation or its synergy in the 
pathogenesis of these phenotypes (14). Table 1 has a 
comprehensive list of these new genetic defects, and 
some of which will be discussed below. 

GLI2 – a gene frequently involved in GH deficiency

GLI2 is a transcription factor that contains a zinc-finger 
region responsible for binding to DNA and is involved in 
the Sonic Hedgehog (Shh) signaling pathway, which is 
implicated in cellular proliferation during embryogenesis. 
It is important for hypothalamus, infundibulum and 
posterior pituitary lobe formation (15).

Table 1. New genes associated with growth hormone deficiency either isolated (IGHD) or combined (CPHD) and their clinical features

Gene Inheritance Hormonal 
deficiencies

Anterior
pituitary

Posterior
pituitary Other features Reference

GLI2 Dominant IGHD or CPHD ↓ Ectopic/NV Polydactyly, HPE, craniofacial malformations (16)

FGF8 Recessive
HH, IGHD or 

CPHD
↑ or NL Topic SOD, HPE, KS, Moebius syndrome (18)

FGFR1 Dominant HH or CPHD NL or ↓ Ectopic or Topic SOD, midline craniofacial malformations, corpus callosum abnormalities (17)

PAX6 Dominant IGHD or CPHD ↓ Topic Midline craniofacial malformations, ophthalmologic abnormalities (58)

GLI3 Dominant IGHD or CPHD A or ↓ Topic Pallister-Hall syndrome (59)

ARNT2 Recessive CPHD ↓ Topic
Brain, eye, kidney and urinary tract abnormalities, corpus callosum 

abnormalities
(20)

CDON Dominant CPHD A Topic or Ectopic HPE, maternal ethanol exposure worsens the phenotype (22)

GPR161 Recessive IGHD or CPHD ↓ Ectopic (60)

IGSF1 X-linked CPHD NL Topic Macroorchidism, undetectable prolactin (21)

PROKR2
Dominant or 

recessive
HH, IGHD or 

CPHD
NL or ↓ Topic or Ectopic SOD, Hirschsprung disease (17)

TGIF1 Dominant CPHD ↓ Ectopic HPE, midline craniofacial malformations (61)

TCF7L1 Dominant IGHD ↓ NV SOD (62)

PROK2 Dominant CPHD NL Ectopic Digenic (14)

IGHD: Isolated growth hormone deficiency; CPHD: combined pituitary hormone deficiencies; HH: hypogonadotropic hypogonadism; A: aplastic; NL: normal; ↓: small; ↑: large; NV: non-visualized; 
SOD = septo optic dysplasia, HPE = holoprosencephaly, KS = kallmann syndrome
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Regarding the clinical picture, patients with 
GLI2 mutations may have IGHD or CPHD. An 
ectopic posterior pituitary is a frequent finding as 
well as polydactyly. In some patients, other midline 
craniofacial malformations, such as cleft palate and a 
median maxillary incisor, have been described. The 
presence of polydactyly should prompt to GLI2 testing 
and is a marker of severity. There are also rare reports 
of associated diabetes insipidus. The inheritance is 
autosomal dominant with incomplete penetration and 
it is possible that other genetic and/or environmental 
factors may play a role in the phenotype. In a recent 
review of the important role of GLI2 mutations in GH 
deficiency, among 284 patients in whom the complete 
coding region was sequenced, 15 patients (5%) had 
either loss-of-function or non-synonymous GLI2 rare 
variants making it the most frequent genetic defect 
found in these patients, although one cannot confirm 
the pathogenicity of all of them (15,16).

FGF8, FGFR1, PROKR2 and PROK2 – the overlap 
between GH deficiency and hypogonadotropic 
hypogonadism

The hypotheses that mutations in genes underling 
Kallmann syndrome could also lead to hypopituitarism 
was made based on the knowledge that an 
embryogenic structure called preplacodal gives rise to 
the adenohypophyseal, lens, and olfactory placodes. 
Therefore, defects in genes involved in the development 
of these structures could be responsible for both 
phenotypes (17). Until now, many genes previously 
associated with hypogonadotropic hypogonadism have 
also been associated with IGHD or CPHD with or 
without complex phenotypes. There is a great genetic 
heterogeneity with autosomal dominant or recessive 
inheritance with incomplete penetrance. Among 
the clinical pictures described, there are different 
combinations of pituitary hormonal deficiencies 
associated with SOD, HPE, PSIS and Moebius 
syndrome (17-19). 

ARNT2 and IGSF1 – GH deficiency with very unusual 
phenotypes

ARNT2 is a transcription factor member of the basic 
HLH-PAS subfamily proven to be important for 
hypothalamic development. Using exome sequencing, a 
mutation in an autosomal mode of inheritance was found 
in a family with an unusual and distinct combination of 
clinical manifestations in six affected children (OMIM 

615926) (20). The patients had a variable combination 
of pituitary hormone deficiencies: ADH, ACTH, TSH, 
LH/FSH and GH. MRI of the brain revealed a similar 
pattern of abnormalities in all patients: non-visualized 
posterior pituitary, thin pituitary stalk, hypoplastic 
anterior pituitary, hypoplastic frontal and temporal 
lobes, thin corpus callosum and a global delay in brain 
myelination. All six children developed secondary 
microcephaly, severe global developmental delay and 
generalized tonic-clonic/partial seizures. Neurological 
examination revealed total body spastic cerebral palsy 
and minimal pupil response to light. All patients were 
dysmorphic and presented with additional features, 
such as gastro-oesophageal reflux and neurogenic 
bladder (20). 

IGSF1 is a plasma membrane glycoprotein 
expressed in Rathke’s pouch and the anterior pituitary 
gland. Mutations in IGSF1 are X-linked and the main 
clinical characteristics of male patients are congenital 
central hypothyroidism and macroorchidism (OMIM 
300888). A variable proportion of patients presented 
partial and transient GH, prolactin deficiency, 
disharmonious pubertal development and increased 
BMI. In one patient with GH deficiency, MRI was 
abnormal with hypoplasia of the corpus callosum and 
small stalk lesion (PSIS) (21). 

CDON – GH deficiency and the link with 
environmental enhancers

CDON is a cell surface sonic hedgehog (SHH) 
binding protein that promotes SHH signaling 
activity. A heterozygous nonsense mutation in 
CDON was described in a patient with PSIS with 
perinatal complications: breech presentation, cesarean 
delivery, neonatal jaundice with increased conjugated 
bilirubin. The neuroimaging evaluation indicated 
small anterior pituitary, absent stalk, and ectopic 
posterior pituitary. The patients’ mother had the same 
mutation with a different phenotype – congenital 
convergent strabismus – which pointed to incomplete 
penetrance (22). Bae and cols. reported a broad 
spectrum of Holoprosencephaly (HPE) phenotypes in 
association with CDON mutations, including hepatic 
cholestasis and hypotelorism (OMIM 614226) (23). 
Incomplete penetrance has been described in many 
other families with pituitary anomalies with mutations 
involving other genes, and one mechanism proposed 
for this phenomenon is the gene-environment 
interactions (24). Regarding CDON, a synergy 
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between a Cdon mutation in the mouse and ethanol 
leading to HPE was reported (25). This has also been 
observed with Gli2+/− and Shh+/− mice (26).

 Regarding the new genetic defects reported in 
the last ten years causing GH deficiency (Table 1), we 
discussed the ones with an interesting clinical picture 
or etiopathogenic aspect. All the genes discussed above 
present a strong level of evidence as disease causing. 

NEW GENETIC DEFECTS ASSOCIATED WITH  
GH-IGFS AXIS

Although defects in GHR, IGF1 and IGF1R genes have 
been associated to growth disorders for a long time, 
the number of described individuals with heterozygous 
mutations in these genes has increased recently, 
expanding the genotype-phenotype correlations. 
Additionally, new genetic defects downstream of GH 
were described (Table 2). 

Update of genotype-phenotype correlations of GHR, 
IGF1 and IGF1R 

Autosomal-recessive mutations in the GHR gene 
(GHR) cause a classical picture of GH insensitivity 
(GHI), characterized by extreme short stature, facial 
dysmorphic features and IGF-1 deficiency (OMIM 
262500) (27). Several heterozygous variants in GHR 
have been associated with the short stature phenotype, 
although few have been proven as causal. Three patients 
with growth failure caused by heterozygous GHR 
mutations with a dominant-negative effect have been 
reported recently, totaling seven patients to date (28). 
These patients had a mild GHI phenotype which can 
be initially classified as idiopathic short stature (OMIM 
604271). They usually presented detectable levels of 
IGF-1 and less severe short stature than individuals 
with classical GHI. 

Homozygous defects in IGF1 lead to pre and 
postnatal short stature, microcephaly and intellectual 

impairment (OMIM 608747). Since the first patient 
described, the researchers noted that carriers of 
heterozygous IGF1 mutations had a reduced height 
and head circumference (11). In 2010, a heterozygous 
frameshift mutation in IGF1 was associated with short 
stature and microcephaly in two siblings (29). The 
mother who carried the same mutation, which had been 
inherited by her father, presented a milder phenotype. 
This fact raised the hypothesis that the probands 
were more affected because they were born from a 
heterozygous mother, with a combination of fetal and 
maternal IGF-1 deficiency (29). Two years later, a 
heterozygous IGF1 splice site mutation was identified in 
a boy with postnatal short stature (height SDS of -4.0) 
with low IGF-1 level (SDS of -2.2). Other four relatives 
with short stature carried the same mutation (30). In 
2014, a complete heterozygous deletion in IGF1 was 
identified in a child with short stature initially classified 
as idiopathic. The proband had a history of intrauterine 
growth restriction and was born with weight and 
length SDS of -1.5 and -1.2, respectively. He presented 
microcephaly and developmental delay (31).

While defects in IGF1 are quite rare, many 
heterozygous defects in IGF1R gene (IGF1R) have 
been reported. Initially, studies described deletions 
encompassing IGF1R and, years later, point mutations 
were also identified in children with growth failure. 
According to a recent study, there are 36 different 
probably pathogenic variants in IGF1R (32). Classically, 
patients with heterozygous defects in IGF1R present 
pre and postnatal growth retardation, microcephaly 
and IGF-1 levels above the mean for age and sex 
(OMIM 270450). Other clinical manifestations include 
mental and motor development delay, cardiac defects 
and dysmorphic features (triangular face, clinodactyly, 
pectus excavatum). The degree and the prevalence 
of the other clinical features appear to be higher in 
patients with IGF1R deletions than in those carrying 
point mutations. In addition, among those individuals 

Table 2. New genetic defects of GH-IGF axis and their clinical features

Gene Inheritance Hormonal levels of
GH/IGF-1/IGFBP-3

Clinical features References

STAT5B AD (with dominant-negative effect) High/low/low Partial GH insensitivity, mild eczema and elevated IgE (35)

STAT3 AD (with gain of function) High/low/low Partial GH insensitivity and immune dysregulation (37)

PAPPA2 AR High Mild microcephaly, small chins and long thin fingers; low free IGF-1 (44)

PIK3R1 AD ND Complex phenotype of SHORT syndrome (46-48)

IGF2 ADp Normal or slightly high Phenotype similar to Silver-Russel syndrome; low IGF-2 levels (50)

AD: autosomal dominant; AR: autosomal recessive; ADp: AD with paternal transmission; ND: no data.
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with IGF1R deletions, the severity of the clinical 
condition appears to be dependent on the location of 
the breakpoints (32).

Autosomal dominant defects in STAT5B

STAT5B acts as a key transcription activator of 
GH signaling. It has been known, since 2003, that 
homozygous mutations in STAT5B cause extreme 
short stature as part of a GH insensitivity syndrome 
associated with immune dysregulation (represented 
clinically by progressive pulmonary disease and eczema) 
(OMIM 245590) (33). First-degree relatives of index 
cases carrying STAT5B mutations were significantly 
shorter than individuals from the same population 
(height SDS of -1.4 ± 0.8 vs. -0.4 ± 0.8; p < 0.001) 
(34). Additionally, individuals who carry heterozygous 
mutations in STAT5B were reported to be shorter 
than their non-carrier family members (height SDS 
difference of -0.6, p = 0.009), although all of them had 
height within the normal range. Besides the growth 
impairment, eczema was observed in 4 of 32 carriers 
(34). Reconstitution experiments with loss-of-function 
mutations inherited by recessive manner showed a lack 
of expression of the mutant protein (35). Therefore, 
the slight height reduction observed in carriers of 
mutations in STAT5B could be explained by partial 
haploinsufficiency.

Recently, three heterozygous mutations in STAT5B 
were reported as cause of short stature with mild GH 
insensitivity in three children from different families 
(36). Functional evaluation revealed that those three 
mutations had dominant-negative effects. Mutated 
STAT5B proteins can be phosphorylated upon GH 
stimulation and can form dimers with themselves 
and with wild-type STAT5B proteins. In total, eleven 
individuals from the three families carried dominant-
negative heterozygous STAT5B mutations. The degree 
of short stature had a high variability inter- and intra-
familial and the height SDS of the probands ranged 
from -5.3 to -2.9. Although no one had severe immune 
dysregulation, the majority of affected individuals 
presented mild eczema (7 of 11) and elevated IgE  
(8 of 11) (36).

Gain of function mutations in STAT3

STAT3 is a cytosolic protein that acts in many 
physiological processes stimulated by a wide variety of 
cytokines and growth factors, including inteleukin-6 

(IL-6). Studies with cell cultures systems showed that 
STAT3, under IL-6 activation, induces an acute-phase 
response in hepatoma cells and stimulates proliferation 
in B lymphocytes (37). In 2014, Flanagan and cols. 
described that de novo germline activating STAT3 
mutations were a new monogenic cause of autoimmunity 
(OMIM 615952). The five affected individuals had 
early-onset (diagnosis at <5 years) autoimmune disease 
(e.g. type 1 diabetes, hypothyroidism, celiac disease) 
and all of them had short stature (38). Short stature 
was also observed in 7 of 13 patients with immune 
dysregulation and gain-of-function (GOF) mutations 
in STAT3 (39). In another study, a boy presented 
height SDS of -2.6 at 5.5 years with IGF-1 of 37 µg/L 
(SDS of -2.2) (40).

We could speculate that the growth impairment 
observed in those patients could be due solely to their 
chronic disease. However, in 2018, Gutiérrez and 
cols. described two unrelated children with partial GH 
insensitivity and immune dysregulation caused by de novo 
GOF STAT3 mutations (41). One patient had height 
SDS of -6.4 at 2.4 years of age, with elevated serum levels 
of GH and prolactin associated with undetectable levels 
of IGF-1, while the other, at the age of 3, had height 
SDS of -5.4. Both presented eczema, hypothyroidism, 
chronic diarrhea and recurrent infections. Functional 
evaluation using a STAT3-responsive dual-luciferase 
reporter assay showed an increased reporter activity 
of the two STAT3 mutants in comparison to wild-
type STAT3. Although mutated STAT3 were not 
constitutively phosphorylated, they presented delayed 
dephosphorylation, leading to enhanced activity. 
Additionally, under unstimulated conditions and under 
GH treatment, both GOF STAT3 variants decreased 
STAT5B transcriptional activity, suggesting a negative 
impact in the GH signaling pathway (41).

Defects in the proteolytic cleavage of IGFBPs gene 
(PAPPA2)

IGF-1 can be found in the plasma bound to six IGFBPs. 
The ternary complex, composed by IGF-1, IGFBP-3 
and ALS, is the form in which IGF-1 circulates with the 
highest half-life. However, to act on its receptor, IGF-1 
must be released from the ternary complex (42,43). 
This task is done by the metalloproteinase pregnancy-
associated plasma protein A2 (PAPPA2), a serum and 
tissue protease responsible for the specific proteolytic 
cleavage of IGFBP-3 and -5 (44).
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Based on the study of two different families 
evaluated through whole exome sequencing, mutations 
in PAPPA2 in an autosomal recessive inheritance 
were established as the cause of short stature with 
markedly elevated IGF-1 and IGFBP-3 concentrations 
(45). One family, with two affected children, 
harbored a novel homozygous frameshift mutation 
in PAPPA2 (p.Asp643fs25*). In the other family, 
with three affected children, a novel missense variant 
(p.Ala1033Val) was observed. In vitro studies showed 
that both mutations led to absence of the proteolytic 
activity of the PAPPA2. Four of five patients had low 
free IGF-1 concentrations, despite the high levels of 
circulating IGF-1. Two children were born small for 
gestational age, while the others were born within 
the low normal range and smaller than the unaffected 
siblings. The growth impairment was becoming more 
prominent with age and other characteristics were 
observed, as small chins and long thin fingers (45,46). 
Three of five affected children presented microcephaly, 
with no history of neuropsychomotor development 
delay. Bone age was consistent with chronological age 
in all children (45).

Defects in the regulatory subunit of PI3K gene 
(PIK3R1)

The phosphatidylinositol 3 kinase (PI3K) intracellular 
pathway is crucial to the action of IGF-1. After 
activation of tyrosine kinase receptor, substrates are 
phosphorylated and they bind to the regulatory subunit 
of PI3K, encoded by PIK3R1 gene (47).

 In 2013, heterozygous mutations in PIK3R1 
were established as the major cause of SHORT 
syndrome, a rare disease characterized by short stature, 
delayed dentition, characteristic facial features, ocular 
depression, lipodystrophy and hyperextensibility of 
joints (OMIM 269880). Several gene defects in PIK3R1 
were described (nucleotides insertion or deletion, 
nonsense and missense variants), with prevalence of de 
novo inheritance. One missense variant (p.Arg649Trp), 
within the context of a CpG motif, was recurrent in 
unrelated patients (47-49). There was a phenotype 
variability among the affected patients, including the 
degree of the growth impairment. Some individuals 
had prenatal short stature, with relative microcephaly, 
whereas others had height in the low-normal range. 
The mechanism of how mutations in PIK3R1 result 
in the complex phenotype of SHORT syndrome is not 

completely understood. It is known that the regulatory 
subunit of PI3K has different isoforms expressed in 
several tissues (47-49). 

IGF2 defects

During the prenatal period, IGF2 is expressed by the 
paternal allele in the placenta and has a fundamental role 
in promoting fetal growth. The clinical importance of 
the IGF-2 function was acknowledged from the study of 
patients with the Silver-Russell syndrome (SRS). Up to 
60% of the cases of SRS are caused by the hypomethylation 
of the imprinted domain on chromosome 11p15.5, 
which leads to a decrease in the IGF2 expression. The 
second most frequent cause of SRS is the maternal 
uniparental disomy of the chromosome 7. Children 
with SRS classically present prenatal onset short stature, 
relative macrocephaly, frontal bossing, triangular face, 
micrognathia, clinodactily, body asymmetry and feeding 
problems with low body mass index (50).

In 2015, Begemann and cols. described four 
individuals from the same family with SRS phenotype 
without a recognized molecular cause. Through exome 
analysis, the authors identified an IGF2 nonsense 
mutation in all patients, inherited from their healthy 
fathers (OMIM 616489) (51). After this first report, 
other five studies identified variants in IGF2 gene on 
the paternal allele causing SRS-like (52-56). Up to 
now, one missense and six loss-of-function variants 
(3 frameshift, 2 nonsense and 1 splice-site) in the 
IGF2 gene were reported. All affected children were 
born small for gestational age regarding weight and 
length, had relative macrocephaly and short stature at 
preschool age (height SDS ranged from -3.3 to -6.2). 
They had varying degrees of feeding problems and 
neuropsychomotor developmental delay. Five probands 
presented cardiac abnormalities, including patent 
ductus arteriosus and atrial or ventricular septal defects. 
Male genital abnormalities, as hypospadia, penoscrotal 
transposition, cryptorchidism and ambiguous genitalia 
were also reported (51-53,56). 

In addition to mutations in IGF2, Habib and cols. 
described new loss-of-function mutations in HMGA2 
and PLAG1 genes in a cohort of suspected SRS 
patients. Both genes belong to the HMGA2–PLAG1–
IGF2 pathway and act as positive upstream regulators 
of IGF2 (54).

All genes described above have a good level of 
evidence regarding their implication on GH-IGF1 
axis disruption. The group of the oldest genes (GHR, 
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IGF1 and IGF1R) in addition to IGF2 have the highest 
level of evidence, as there are many reports of affected 
individuals from different families. Heterozygous 
mutations in STAT5B with a dominant-negative effect 
and homozygous mutations in PAPPA2 also present a 
gene-disease clinical validity. Although defects in these 
genes were reported in only three and two different 
families, respectively, the variants segregated according 
to phenotype and had a convincing functional 
evaluation. Finally, STAT3 and PIK3R1 are also 
clinically relevant genes that impair the somatotropic 
axis. The phenotype of affected individuals are complex 
and there is a prevalence of the novo inheritance, 
reinforcing the gene-disease relationship.

CONCLUSION

Although many phenotypes associated with the 
GH-IGF1 axis disruption have been recognized for 
many decades and the most frequent genetic defects 
were described before 2010, the discovery of defects 
in new genes has increased over the last decade. This 
increment was mainly due to the development of large-
scale parallel sequencing techniques (targeted or exome 
sequencing), which allowed the analysis of many genetic 
defects simultaneously at low cost and in a shorter time 
than the previous candidate gene approach. Besides the 
identification of new genetic defects, this innovation 
permitted the expansion of the genotype-phenotype 
correlations related to known genes, boosting the 
clinical use of the genetic knowledge.

Since the GH-IGF1 axis is the main regulator 
of growth, it is insightful that defects at any step of 
this pathway could lead to short stature. These genes 
are responsible from the GH production to IGF-1 
biodisponibility and action. In this review, we focused 
on the most relevant new genetic defects regarding the 
level of evidence recommended by the Clinical Genome 
Resource (ClinGen) (57).

As a future perspective, we speculate that defects 
in other genes which encoded intracellular signaling 
molecules could cause short stature. As these molecules 
are important to different pathways in different 
tissues, affected individuals would be rare and would 
present a multisystem phenotype. Also, we believe it 
will continue being a challenge to evaluate the clinical 
impact of variants in genes not previously associated to 
GH-IGF1 axis defects. This will demand careful and 
continuous research in this area.
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ABSTRACT
In addition to auxiological, clinical and metabolic features measurements of growth hormone (GH) 
and insulin-like growth factor I (IGF-I) complement our tools in diagnosis and follow-up of GH-related 
disorders. While comparably robust during the pre-analytical phase, measurement and interpretation 
of concentrations of both hormones can be challenging due to analytical issues and biological 
confounders. Assay methods differ in terms of antibody specificity, interference from binding proteins, 
reference preparations and sensitivity. GH assays have different specificity towards different GH-
isoforms (e.g. 20 kDa GH, placental GH) and interference from the GH antagonist Pegvisomant. The 
efficacy to prevent binding protein interference is most important in IGF-I assays. Methodological 
differences between assays require that reference intervals and diagnostic cut-offs are assay-specific. 
Among biological variables, pubertal development and age are most relevant for IGF-I, making detailed 
reference intervals mandatory for interpretation. GH has pulsatile secretion and short half-life. Its 
concentration is modified by acute factors such as stress, exercise and sleep, but also by intake of oral 
estrogens and anthropometric factors (e.g. BMI). Other GH dependent biomarkers such as free IGF-I, 
IGF binding protein 3 (IGFBP 3) and acid labile subunit (ALS) have been proposed. Their concentrations 
largely mirror the information obtained through measurement of IGF-I, but their measurement can 
be helpful in particular situations. In this review, we describe the evolution of analytical methods to 
measure biomarkers of GH action, the impact of the methodological changes on laboratory results 
and the need to include biological variables in their interpretation. Arch Endocrinol Metab. 2019;63(6):618-29
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INTRODUCTION 

In all growth hormone (GH) related disorders – GH 
deficiency (GHD), GH insensitivity and GH excess 

– GH and insulin-like growth factor-I (IGF-I) are the 
most important biomarkers used for diagnosis and 
during follow-up. Other parameters, such as insulin-
like growth factor binding protein 3 (IGFBP 3) and 
acid labile subunit (ALS), can be useful in particular 
situations, but overall their diagnostic relevance is limited 
(1,2). Although GH and IGF-I are widely used, both 
biomarkers have shortcomings due to particularities of 
the analytical process itself, but also due to difficulties in 
the interpretation of the results. Discrepancies between 
the results from measurements of GH and IGF-I 
concentrations have been reported repeatedly (3) and 
can lead to problems in clinical management.

Throughout the last decades, GH and IGF-I assays 
evolved. Generally, assays have become more sensitive 
and specific. Nevertheless, significant differences in 

the results obtained from measurements by different 
laboratories or with assays from different manufacturers 
still are common (4). In addition to analytical issues, 
a wide spectrum of endogenous and pharmacological 
factors influence circulating concentrations of the 
hormones and need to be taken into account.

This review focusses on the analytical and 
interpretative aspects related to GH and IGF-I 
concentrations. We also describe less frequently used 
GH-related biomarkers. Suitability of specific stimulation 
and suppression tests and the respective diagnostic cut-
offs have been extensively discussed elsewhere, and are 
not the primary focus of this article (5-8).

GROWTH HORMONE

GH molecule

GH is a polypeptide hormone and a cytokine of the 
growth factor superfamily. GH is mainly expressed 
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in somatotropic cells of the pituitary gland. It is 
secreted into the blood stream and mediates its effects 
via dimerized GH receptors in many tissues. GH in 
circulation consists of a variety of different isoforms, 
fragments and molecular complexes (homo- and hetero-
dimers and oligomers) (9). With over 90%, the 22kDa 
isoform (22,129 Da) is the most abundant isoform, 
and best reflects total pituitary GH secretion (10). 
Therefore, current guidelines request that modern GH 
assays should be designed to specifically measure this 
isoform (4,11). The second most abundant isoform 
is the 20kDa isoform (20,274 Da), although the 
biological significance of this isoform has not yet been 
fully understood (9). In addition, other isoforms with 
minor chemical modifications exist (10). In circulation, 
the different isoforms aggregate to some extent, thereby 
forming dimers and multimers. One particular GH 
isoform occurs only in females during pregnancy. It is 
synthesized and secreted by the placenta and therefore 
termed “placental growth hormone” (GH-V). 
Recently, the spectrum of GH isoforms was further 
increased by the invention of a mutated GH molecule 
with antagonistic properties. This artificial isoform 
today is known as the GH antagonist pegvisomant and 
used in the treatment of acromegaly. It binds to the 
GH receptor but inhibits signal transduction and hence 
IGF-I release (12,13).

Technical aspects of GH measurements

To measure GH concentrations for clinical routine 
purposes, assays from different commercially sources as 
well as some in-house methods are being used. Most 
of the assays still recognize a broader spectrum of GH 
isoforms or have unknown isoform specificity. However, 
some of today’s routine assays have already incorporated 
recent recommendations and specifically detect the 
22kDa isoform only (4,11). As indicated above, 
current evidence suggests that this isoform represents 
total pituitary GH secretion. Although of scientific 
interest, available studies on specific measurement of 
isoforms other than 22kD GH did not reveal additional 
diagnostic value in clinical routine situations.

Detection of GH activity in humans was first 
described in 1955, while the first GH immunoassay 
was reported in 1961 (14,15). However, the molecular 
structure of human GH wasn’t discovered until 
the 1970th (16). Over the past decades, GH assays 
evolved from relatively unspecific radioimmunoassays 
to modern, highly sensitive chemiluminescence 

immunoassays. Specificity increased by the use of 
monoclonal antibodies rather than polyclonal antisera 
(11). Most older assays had recognized a spectrum 
of different GH isoforms together with their homo- 
and heterodimers and – multimers, while monoclonal 
antibodies recognize a defined epitope on the surface 
of the GH molecule and therefore tend to only 
pick a narrow spectrum of all the GH molecules in 
circulation. This is part of the explanation why GH 
concentrations as measured by newer assays tend to 
be lower than those measured by assays which were 
available 20 years ago. It is also important to keep 
in mind that other GH isoforms such as the GH 
antagonist pegvisomant or GH-V can significantly 
cross-react with GH assays. Less specific assays might 
also cross-react with closely related molecules such 
as prolactin or placental lactogen. Currently, there 
is only one automated GH immunoassay that does 
not have cross-reactivity with all of those molecules 
(13). Another factor potentially affecting reported 
GH concentrations is interference from growth 
hormone binding protein (GHBP). In circulation, 
approximately 50% of GH is bound to GHBP, and 
reliable GH immunoassays should ensure that relevant 
epitopes are not hidden through GHBP binding (11).

Alongside changes in assay specificity, there was 
also an evolution of the standard preparations used 
to calibrate the assays: Originally, only cadaveric 
GH extracted from pituitaries was available. These 
preparations, including international standards 66/217 
and 80/505, were purified to some degree, but still 
consisted of a mixture of isoforms. When recombinant 
GH became available, the international reference 
preparation IRP 88/624 was introduced (4,17). Since 
this preparation consisted solely of pure 22kD GH, the 
signal generated from this calibrator compared to the 
pituitary extracts was stronger in assays preferentially 
detecting this isoform, while it was weaker in 
assays preferentially recognizing other isoforms. 
Consequently, depending on the isoform specificity of 
the assay used, reported GH concentrations for clinical 
samples changed. Because reference preparations of 
recombinant origin can be much better standardized 
than pituitary extracts, and because they allow 
traceability to mass concentrations rather than arbitrary 
units, guidelines strongly recommend the use of such 
recombinant preparations (4). Today the most common 
preparation used to calibrate GH assays is the latest 
recombinant IRP 98/574 (Table 1). The uniform use 
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of this preparation has removed some, though not all, 
of the differences in GH concentrations reported from 
different GH assays (18).

GH assays also developed with respect to sensitivity. 
While earlier assays could not detect GH concentrations 
below 2.5-5.0 µg/L, the introduction of high 
affinity monoclonal antibodies and new labelling 
technologies improved sensitivity down to 1 µg/L or 
below. Ultrasensitive GH assays with a sensitivities as 
low as 0.002 ug/L were first described in the 1990s 
(19). While diagnostic relevance of measuring such 
low GH concentrations remains to be demonstrated, 
current literature agrees that reliable assessment of 
concentrations well below 1 µg/L is required when 
assessing suppression of GH in patients with acromegaly. 
Accordingly, guidelines recommend to only use assays 
with proven lower limits of quantification (LoQ) at 
0.05 ug/L. It is important for laboratories that this 
sensitivity can be achieved on a daily routine basis and 
not only in research assays in specific settings. Notably, 
sufficient reproducibility is key at the low end, and 
should not exceed 20% (4).

All these analytical factors are far more important 
determinants of reported GH concentrations than 
classical preanalytical factors. While some peptide 
hormones are very sensitive to temperature and storage 
time, GH is a fairly stable molecule, making preanalytical 

sample handling as well as storage conditions rather 
uncomplicated. Long-term sample storage for 5 years 
is possible at -20°C, and even storage for more than 10 
years at -80°C was not associated with any change in 
GH concentrations (20). 

Impact of analytical methods on GH reference ranges 
and cut-offs 

GH is secreted in a pulsatile manner with age- and 
gender-specific differences in pulse frequency, peak 
pulsatility and circadian pattern of pulses (21). 
Therefore, random GH has limited diagnostic value 
and its use is not recommended for diagnosis or 
follow-up of GHD or acromegaly (5-7). Depending 
on the suspected diagnosis, stimulation tests (e.g. 
insulin tolerance test, combined GH releasing 
hormone arginine test, glucagon test, clonidine test, 
macimorelin test) or a suppression test (oral glucose 
tolerance test (OGTT)) and GH day profiles are 
used to evaluate GH secretory status (5-7,22). Since 
absolute GH concentrations reported by different 
assays or laboratories for an identical sample can 
differ significantly for the technical reasons described 
above, any cut-offs used for interpretation of the 
results of dynamic tests ideally should be assay-specific. 
The evolution of both, specificity and sensitivity of 
the analytical methods to measure GH is the main 

Table 1. Technical characteristics of some widely used, automated GH and IGF-I assays

Assay platform Assay type range Sensitivtiy (LoQ) Sensitivity (LoD) Specificity/
Interference Standard

GH (ng/mL) IDS iSYS CLIA 0.04-100 0.04 0.015 No cross-reactivity

WHO IS 98/574

Diasorin Liaison CLIA 0.05-80 0.05 0.05 Pegvisomant (false 
positive), 20kDa hGH, 
placental GH, human 
placental lactogen

Roche Cobas ECLIA 0.03-50 0.05 0.03 Pegvisomant (effect 
not specified), 20 
kDa hGH, placental 
GH

Siemens Immulite CLIA 0.1-40 0.05 0.01 Pegvisomant (false 
negative), 20kDa 
hGH, placental GH, 
human placental 
lactogen

IGF-I (ng/mL*) IDS iSYS CLIA 10-1200 8.8 4.4

WHO IS 02/254
Diasorin Liaison CLIA 10-1000 10 3

Roche Cobas ECLIA 7-1600 15 7

Siemens Immulite CLIA 20-1600 19.7 14.4

GH: growth hormone; IGF-I: insulin-like growth factor I; CLIA: chemiluminescence immunoassay; ECLIA: electrochemiluminescence immunoassay; LoQ: limit of quantification; LoD: limit of detection; 
WHO IS: World Health Organization International Standard;

*Conversion factor IGF-I to nmol/Lng/mL: x 0.131.
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reason why there is a continuous decline in the GH 
cut-offs proposed by guidelines. In GHD, earlier 
recommendations referred to concentrations above 
10 µg/L, while many of the newer recommendations 
propose cut-offs at 7 μg/L or lower (23). Similarly, 
GH concentrations after glucose suppression stated 
in guidelines on diagnosis and management of 
acromegaly droppeded from < 5 µg/L and < 2.5 µg/L 
to < 0.4 µg/L (8,24,25). Using a sensitive, modern 
automated assay, we recently demonstrated that normal 
GH nadir concentrations in obese healthy males might 
even be lower than that (26). 

Given the technical differences between GH 
measurements conducted in different labs by different 
methods, for consistence during monitoring it would 
be desirable to have all samples from a patient being 
analyzed by the same laboratory or method. As this is 
impractical in many cases, it is of great importance that 
the laboratory as well as the assays used comply with the 
current recommendations regarding GH measurement 
(4). The laboratory should also participate in external 
quality assessment schemes, where aliquots of the 
same samples are distributed to many laboratories for 
blinded assessment of GH concentration. Comparison 

of the results allows understanding the relative bias of 
GH concentrations reported by the local laboratory to 
those reported by other laboratories measuring GH. 
Results of such external quality assessment schemes 
are publicly available (e.g. https://www.rfb.bio/). As 
shown in Figure 1, concentrations for the two samples 
vary widely between labs (1A), but are consistently 
higher or lower in laboratories using the same analytical 
method (1B). Such data can be very useful for the 
clinician when trying to adapt information from the 
literature to GH concentrations obtained by the local 
GH assay.

Biological variables in the interpretation of measured 
GH concentrations 

The analytical variability introduced by the different 
assay methods adds to the huge biological variability. 
GH secretion is influenced by anthropometric, 
metabolic and pharmacologic factors. While some 
obvious cases of GHD or acromegaly might be easy to 
interpret, awareness of such confounding factors can 
be crucial in borderline cases, or when concentrations 
of GH and IGF-I are discordant. BMI is a major 
determinant of GH secretion. Obese individuals exhibit 

Figure 1. Measurement of GH in the same two samples A and B by different laboratories (n=208). Reported concentrations vary by more than 100% (1). 
The same results split by manufacturer reveal systematic differences between the respective assay methods. Three of the automated assays are shown 
as an example (2). Results taken from the External Quality Assessment Scheme 4/2017 organized by Reference Institute for Bioanalytics (RfB, Bonn, 
Germany), one of the two German proficiency testing organizations. More results can be accessed at http://www.rfb.bio

(1) all results

(2) results split by manufacturer
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significantly lower GH concentrations at baseline and 
during many stimulation tests, but also exhibit more 
pronounced suppression of GH secretion during 
OGTT (26-28). Furthermore, factors such as stress, 
sleep, nutritional status, exercise and sex hormones 
influence GH secretion (Table 2). Females on oral 
estrogens can exhibit greatly reduced suppression of 
GH during OGTT. Retesting after pausing medication 
may be considered if GH concentration remain with 
no clinical signs of acromegaly (26). A complex 
biological confounder of GH stimulation tests is 
pubertal development. There is dissent among experts 
and guidelines, but some recommend priming with sex 
steroids beyond a certain age to enable standardized, 
age-adjusted GH secretion (5,23).

Unexpected interference in GH measurements

Occasionally, factors, which on the first instance seem 
unrelated to hormone measurements, can heavily affect 

the analytical process. One example is the increasing 
use of dietary supplements by patients. Many of 
these supplements contain – among other vitamins 
and trace elements – significant amounts of biotin. 
Unfortunately, most of today’s immunoassays for 
hormone measurements also use biotin (together with 
streptavidin) for signal generation and amplification. 
Since the biotin intake in users of dietary supplements 
can lead to significant amounts of free biotin in blood 
samples, this can interfere with signal generation 
in the immunoassays. Depending on assay design, 
measured hormone concentrations become falsely high 
or falsely low. In sandwich type immunoassays, which 
are routinely used for GH (and IGF-I) measurements, 
biotin can lead to falsely low concentrations. Physicians 
should be aware of this potential source of interference 
when seeing implausibly low results for GH (and 
IGF-I) and ask their patients about recent use of 
nutritional supplements. An efficient and easy measure 

Table 2. Factors influencing GH and IGF-I concentration

Influencing factor GH IGF-I Remarks References 
(examples)

Obesity ↓ ↔ ↓ Decreased GH secretion (possibly through low ghrelin concentrations). Normal IGF-I bioactivity. (26,28)

Fasting ↑ ↓ Decreased metabolic clearance of GH, hepatic GH resistance. (55,81)

Malnutrition ↑ ↓ Decreased IGF-I secretion, lack of IGF-I feedback and, thus, increased GH secretion. (56)

Anorexia nervosa ↑ ↓ Hepatic GH-resistance, reduced IGF-I bioactivity. (28)

Stress (acute) ↑ ↔ Stimulation of GH secretion. (82)

Exercise ↑ ↔ Stimulation of GH secretion. (82)

Sleep ↑ ↔ Increased GH secretion in slow-wave sleep (deep sleep). (83)

Glucose intake ↓ ↔ Decreased GH secretion. (26)

Type 1 Diabetes mellitus ↑ ↔ ↓ Hepatic GH-resistance. (57)

Type 2 diabetes mellitus ↓ ↔ ↓ Hepatic GH-resistance. (58)

Chronic renal failure and 
uremia

↔ ↑ ↔ ↓
Reduced renal GH degradation and GH resistance. IGF-I bioactivity is reduced due to elevated 
binding protein concentrations.

(59)

Liver disease ↑ ↓
Reduced IGF-I production, increased GH secretion through negative feedback mechanism and 
hepatic GH resistance.

(61)

Hypothyroidism ↓ ↓ Decreased GH secretion in long term hypothyroidism. (64)

Hyperthyroidism ↓ ↑ Decreased GH secretion. Increased IGF binding proteins and therefore reduced IGF-I bioactivity. (64)

Acute critical illness ↑ ↓ Hepatic GH-resistance. (62)

Systemic inflammation ↑ ↓ Hepatic GH-resistance. (63)

Oral estrogens ↑ ↓ Hepatic GH-resistance. (26)

Testosterone ↔ (↑) ↑ No changes in long-term therapy (> 6 weeks). (65)

Biotin intake* ↓ ↓ depends on susceptibility of specific assay used, GH and IGF-I can be falsely low.
Personal 

observation 
(unpublished)

Pegvisomant ↑ ↓ ↔ ↓ ** Influence of pegvisomant on GH dependent on assay used (see Table 1). (11)

Pregnancy ↑ ↔ ↑ GH cross reactivity dependent on assay used (see Table 1). (11)

GH: growth hormone; IGF-I: insulin-like growth factor I; ↓ decreased; ↔ unchanged; ↑ increased. *Applies only, if biotin-streptavidin system is used. **Therapeutically desired effect.
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to overcome the biotin interference is stopping biotin 
intake 24 hours before drawing the blood sample.

Another situation where interpretation of GH 
concentrations can be problematic is in pregnant females: 
Physiologically, the syncytiotrophoblast of the placenta 
takes a lead in secreting a variant of GH, named GH-V. 
In turn, pituitary GH secretion is suppressed through 
the increase in IGF-I, induced by high tonic GH-V 
secretion. Depending on the antibody used in the local 
GH assay, cross-reactivity can lead to falsely high GH 
concentrations. If there is a need to asses GH secretory 
status during pregnancy, it is mandatory to use an assay 
without cross-reactivity with GH-V (11). Notably, it is 
also possible to measure GH-V without cross-reactivity 
from pituitary GH, though the physiological relevance 
of GH-V remains to be elucidated (29). 

Finally, in patients who are treated with the GH 
antagonist pegvisomant, GH concentrations, as 
measured by most commercially available assays, 
are unreliable. Depending on the binding site of the 
antibody, pegvisomant can lead to falsely high or 
falsely low GH concentrations. Based on published 
information, there is only one commercially available 
GH assay that does not cross-react with pegvisomant 
and therefore can be used to investigate GH secretory 
status in the respective patients on treatment (11). 

20 kDa GH isoform

The 20kDa GH isoform does not play a role in routine 
diagnostics, and there is no assay to measure 20kD GH 
which is commercially available. However, assays specific 
for 20kD GH have been established in research labs. 
Some groups have reported that the 20/22kDa ratio 
is elevated in patients with acromegaly. Furthermore, it 
has been shown that 20kD GH decreases after injection 
of recombinant 22kD GH, making a 20kD GH assay 
potentially useful in doping analyses (30,31).

IGF-I

IGF-I molecule

Some of the effects of GH are direct effects, but the 
majority is mediated via IGF-I. IGF-I is a smaller 
polypeptide hormone (molecular weight 7.66 kD) that 
shares structural similarities with insulin. It is synthesized 
in many tissues but mainly in the liver. Binding of 
GH to the pre-dimerized GH receptor induces a 
conformational change which triggers intracellular 

signaling and, subsequently, IGF-I synthesis and release 
(32). In contrast to the pulsatile secretion of GH, 
IGF-I is more constant, and does not show significant 
circadian variation. Its close relationship with GH 
secretion and its stability make IGF-I a good surrogate 
marker of GH action in clinical practice.

While rather stable during shorter time-periods, 
IGF-I exhibits a strong age-related secretion pattern: 
Concentrations decline immediately after birth, but start 
to increase after the first year of life (33). The peak is 
reached at puberty. Later in life, concentrations steadily 
decline. In serum, 95% of IGF-I is bound to a family 
of IGF binding proteins (IGFBPs, IGFBP-1 through 
IGFBP-7). Among those binding proteins, IGFBP-3 
is the most abundant and most important one (34). In 
circulation, IGF-I together with the binding proteins-3 
and -5 form a ternary complex together with another 
liver-derived molecule named “acid labile subunit” 
(ALS). The resulting ternary complex has a molecular 
weight of approx. 150kDa. Complex formation 
significantly prolongs the half-life of IGF-I (35,36).

Technical aspects of IGF-I measurement

The first radioimmunoassays for IGF-I (somatomedin-C) 
were developed in the 1970th (37). Similar to the 
evolution of GH assays, also assays to measure 
IGF-I evolved from polyclonal radioimmunoassays 
to monoclonal automated chemiluminescence 
immunoassays. As for GH, heterogeneity of the different 
assays also represents a problem in comparability of 
IGF-I concentrations obtained by different methods 
(38). The main reasons for the heterogeneity are the 
use of different IGF-I calibration standards (National 
Institute for Biological Standards and Control (NIBSC) 
87/517 or 02/254), the use of different antibodies 
with different epitope specificities and binding affinities, 
and the potential interference from binding proteins 
(4,39). As one step forward to harmonization of IGF-I 
assays, the Growth Hormone Research Society and the 
International Society for IGF Research recommended 
to uniformly use the latest, recombinant and pure 
reference preparation for calibration (WHO NIBSC 
02/254) for all IGF-I assays. Following this request 
from 2011, several of the assay manufacturers reacted. 
Currently, all of the automated IGF-I assays and many 
of the manual assays claim to be calibrated against this 
standard (Table 1) (4). Nonetheless, IGF-I measurement 
with different assays still yields in different IGF-I 
concentrations (38,40). A particular technical challenge 
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when measuring IGF-I is the removal of binding protein 
interference. To make the IGF-I molecule accessible 
to the antibodies during the measurement procedure, 
IGF-I has to be liberated from the ternary complex. 
This can be achieved by different extraction procedures 
(i.e. acid extraction) (41). However, fast re-aggregation 
of IGF-I and its binding proteins must be prevented 
during the incubation step with the specific antibodies, 
and in this step commercially available assays differ 
significantly. A gold-standard method (42) to keep the 
molecules separated is the addition of excess IGF-II 
(Figure 2), which is effective, yet costly. More recently, 
some groups have established IGF-I measurements 
based on liquid-chromatography/mass-spectrometry. 
While associated with some theoretical advances in 
terms of specificity, several of the problems associated 
with immunoassay measurement of IGF-I also seem 
to affect comparability of IGF-I measurements from 
different laboratories using different LC-MS/MS 

based methods. The methods differ with respect to the 
protocols used to digest samples, in the instruments 
and measurement specifications used, but also in the 
standard preparations used. Therefore, it is no surprise 
that different LC-MS/MS assays for IGF-I do not 
agree any better than different immunoassays (43,44). 
Currently, the better-validated LC-MS/MS based 
assays seem to be as reliable as the better immunoassays, 
and both analytical platforms seem to allow establishing 
assays that exhibit good correlation among each other 
(45). For the clinician, it is important to be aware of the 
methodological differences between assays. As for GH, 
it would be ideal if the same IGF-I assay would be used 
in follow-up of a patient with GHD or acromegaly. 
However, laboratories should at least participate in 
external quality assessment schemes and know the 
relative bias of their IGF-I assay to other methods to 
assist clinicians when confronted with IGF-I results 
from other laboratories.

Figure 2. IGF-I immunoassay scheme. The ternary complex (1) is dissociated by acid extraction (2), but re-aggregation of the components during 
incubation can impair antibody binding to IGF-I (3). Addition of excess IGF-II blocks binding protein interference (4).

IGF-I: insulin-like growth factor I; IGF-II: insulin-like growth factor II; IGFBP-3: insulin-like growth factor binding protein-3; ALS: acid labile subunit;  
BP: binding protein.
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IGF-I reference intervals 

The consensus statement from 2011 established basic 
requirements for IGF-I reference intervals (4):

1.  They must be assay specific (i.e. specific to 
the assay method used by the respective 
laboratory).

2. They must be established based on trans-
parently described, well-characterized large 
cohorts representing the “normal” background 
population, and include an appropriate num-
ber of subjects of all age groups and from both 
sexes.

3. The lower and upper limit of normal (2.5th 
and 97.5th percentile) have to be reported in 
mass units, and an approach to convert IGF-I 
concentrations to standard deviation scores 
(SDS) or z scores must be provided.

Only very few published studies on reference 
intervals for IGF-I fulfil all the criteria, and significant 
differences exist with respect to e.g. cohort size or 
statistical method employed. To define sex- and age-
adjusted reference intervals, different studies used 
log transformation, polynomial modelling, regression 
analysis (linear, quantile), parametric method or the 
LMS approach (33,38,46-52). 

For adults, reference ranges should be at least 
decade-specific, but in children smaller increments in 
age groups are mandatory. During adolescence, it can 
be beneficial to use reference ranges specifically adjusted 
for Tanner stages (33,51). Because the chronological 
age at onset of puberty as well as the speed of 
progression exhibit great variability, the lower limit of 
the reference interval (2.5th percentile) is significantly 
higher in both sexes, and the IGF-I peak occurs earlier 
in girls, if evaluated according to Tanner stages rather 
than chronological age (33,51).  

Most problems occur if different IGF-I assays, 
together with reference intervals inappropriate for the 
actual assay method, are used during monitoring of 
a single patient. However, we must accept that, even 
if the same assay and the same statistical methods are 
used, reference intervals of different origin still will 
be different, depending on cohort size, age range, 
inclusion criteria or true differences in characteristics of 
the background population (33,38). Such differences 
can be significant, change the interpretation, and lead 
to differences in diagnosis, initiation of treatment or 
long-term patient management (33,50,53). 

Biological variables affecting IGF-I concentrations

Although mainly stimulated by GH, IGF-I concentrations 
are also influenced by a variety of other factors (Table 2). 
For example, BMI and nutritional status are important 
determinants: IGF-I tends to be lower in morbid obesity, 
but can be increased with weight loss (28,54). On the 
other extreme, in prolonged fasting, anorexia nervosa 
and malnutrition, IGF-I is also reduced (28,55,56). 
The same can be found in patients with type 1 or 
type 2 diabetes mellitus, depending on diabetes control 
(57,58). Lower IGF-I has been reported in the majority 
of cases of chronic kidney disease and uremia, but most 
importantly, in these conditions its bioactivity is reduced, 
perhaps due to impaired elimination of binding proteins 
(59,60). In liver diseases, depending of the severity of 
the disease, IGF-I synthesis may be impaired, resulting in 
lower IGF-I concentrations (61). Furthermore, reduced 
expression of GHR and GH resistance can occur, a 
mechanism which also has been suggested to explain 
the reduced IGF-I concentrations seen in acute critical 
illness and systemic inflammation (62,63). Hypo- and 
hyperthyroidism affect IGF-I concentrations, which are 
positively correlated to fT3 concentrations. Appropriate 
treatment normalizes IGF-I in thyroid disease (64). 
Due to estrogen-induced hepatic GH resistance, 
females on oral estrogens require more GH to achieve 
the same concentration of IGF-I. Accordingly, IGF-I 
on oral estrogens is lower compared to premenopausal 
women without any hormonal contraception, but also 
to women with transdermal estrogen application or 
gestagen monotherapy (26). Testosterone replacement, 
on the contrary, has been shown to increase IGF-I 
concentrations (65). 

Sensitivity and specificity of IGF-I as a biomarker 
for GH related diseases varies with age, even when age-
adjusted reference intervals are available. Some authors 
reported poor sensitivity of IGF-I for diagnosis of GHD 
in younger children (< 3 years) and proposed IGFBP-3 as 
a superior maker in that age group (66). This observation 
might be explained by the fact that for many IGF-I 
assays, the lower end of the reference interval in younger 
children overlaps with the limit of quantification of the 
assay. Accordingly, a recent consensus on diagnosis of 
GHD in children emphasized assay sensitivity as a critical 
quality criterion (23). Beyond the age of 50, IGF-I 
concentrations can be low in healthy subjects and overlap 
with concentrations seen in GHD patients. Therefore, 
IGF-I is less specific as a diagnostic marker for GHD 
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in this age group (67). In acromegaly, sensitivity and 
specificity of IGF-I are relatively high throughout life. 
However, limitations exist at higher GH concentrations 
(> 10 g/L), where IGF-I exhibits a ceiling effect with 
no further increase proportional to the increase in GH. 
This must be taken into account in acromegaly, where 
drastic reductions in GH secretion initially might be 
accompanied by only relatively small reductions in IGF-I.

Free IGF-I

IGF-I assays used in clinical routine measure total IGF-I, 
which in most cases is reasonable to assess the GH-
IGF-I axis. Only in specific clinical conditions where 
concentrations of binding protein concentrations can be 
significantly altered (i.e. chronic renal failure, starvation), 
total IGF-I might no longer be the most reliable biomarker 
(60). In such cases, measurement of free IGF-I (or bioactive 
IGF-I) has been shown to provide additional information 
(68). This is also true for rare cases of patients with short 
stature caused by mutations in pregnancy-associated 
plasma protein A2 (PAPP-A2), as liberation of IGF-I 
from IGFBP-3 and -5 by the metalloproteinase PAPP-A2 
is impaired in these patients (69). Direct measurement 
of “free IGF-I” requires sophisticated analytical methods 
which are available in very few laboratories only. As an 
easier available surrogate marker, the IGF-I/IGFBP-3 
molar ratio has been suggested. It might not provide all 
the information which could be extracted from direct 
assessment of free IGF-I, but has been shown to correlate 
with clinical endpoints such as efficacy of recombinant 
human GH treatment (70,71).

IGFBP 3

IGFBP 3 is the most abundant IGF binding protein and 
– since its synthesis is also stimulated by GH - is used 
itself as a biomarker of integrated GH secretion (72). 
The age-related pattern of IGFBP 3 concentrations 
largely mirrors that of IGF-I, though the decline in 
adults is less obvious. IGFBP 3 concentrations have 
been reported to be decreased in liver disease and 
fasting, but increased in chronic renal failure due to 
impaired excretion (72).

As mentioned above, some advantage has been 
demonstrated especially in in young children (<3 years), 
where IGFBP 3 correlates well with integrated GH 
secretion, and seems more sensitive than IGF-I in the 
diagnosis of GHD (66,73). This advantage of IGFBP 3, 
however, might be a consequence of shortcomings of 

the IGF-I assays used rather than an inherent advantage 
of IGFBP 3. In patients with acromegaly, correlation 
with GH secretion and IGF-I concentrations is also fairly 
good (72), but overall, the diagnostic value of IGFBP 
3 seems limited. In most circumstances, it cannot add 
additional information beyond IGF-I. If measurement 
of IGFBP 3 is considered, however, the same criteria 
for quality of the reference intervals as for IGF-I must 
be applied: Such reference intervals must be assay-, 
age- and sex-specific, and reference intervals adjusted to 
Tanner stages might be required in adolescents, (74). 

OTHER GH-RELATED PARAMETERS 

ALS

ALS is another protein which is synthesized in a GH-
dependent manner in the liver, and which in circulation 
becomes part of the ternary complex with high affinity 
for the binary IGF-I/IGFBP 3 complex (35) (Figure 2). 
It has been shown to correlate with IGF-I in GHD as 
well as in acromegaly, but its measurement seems not to 
add significant information to measurements of IGF-I 
or IGFBP 3, respectively (36). ALS measurements are 
technically challenging due to large leucine rich repeats in 
the molecule. To quantify the molecule, antibodies with 
particular specificity and – according to some protocols 
– pretreatment procedures are required. Interestingly, 
some pretreatment procedures of the serum sample seem 
to be associated with more clinical relevance (75). A very 
rare indication to measure ALS can be the suspicion of a 
deletion in the ALS gene, a disease associated with severe 
GHD. In these patients, circulating ALS concentrations 
are very low or undetectable (76).

Klotho

Alpha soluble klotho is mainly expressed in the kidney 
and the choroid plexus, but to a lesser extend also in 
the pituitary gland (77). It has recently been discovered 
that soluble alpha klotho positively correlates with 
IGF-I and GH in acromegaly (78). After successful 
surgery as well as with treatment with first-generation 
SSA, αKL decreases (78,79). Notably, and in contrast 
to IGF-I, αKL correlates very well even with markedly 
elevated GH concentrations (> 10 µg/L). This might 
be of particular importance in patients with newly 
diagnosed or not successfully operated patients with 
uncontrolled acromegaly and GH concentrations > 10 
µg/L: As mentioned above, in that range of high GH 
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concentrations, IGF-I has been shown to exhibit a ceiling 
effect, making it less reliable as a biomarker for dose 
titration of any administered drug. Another potential 
advantage of αKL, compared to IGF-I and GH, might 
be that it is not BMI and sex-dependent (79). This 
might facilitate interpretation of αKL concentrations 
compared to those of IGF-I. Potentially, αKL might be 
relevant in the investigation of patients with discordant 
GH and IGF-I concentrations. However, more studies 
are required to define the clinical utility of this new 
biomarker of GH secretion.

GHBP 

Approximately half of the circulating GH is bound to 
GHBP, which resembles the extracellular domain of 
the GHR (80). In cases of short stature with growth 
hormone insensitivity, it is diagnostically relevant, as it 
might differentiate between GHD and GH insensitivity, 
for example in GHR defects such as Laron’s syndrome, 
where GHPB is very low or undetectable. However, 
there are also genetic defects of the GHR with normal 
or even elevated GHBP (80). As with other GH-related 
parameters, GHBP concentrations are influenced by 
age, sex, body composition and oral estrogen intake, 
which has to be taken into account in evaluation. Assays 
to measure GHBP are less widely available, and caution 
must be applied to interpret the results in view of 
appropriate reference intervals.

CONCLUSIONS

Measurements of different biomarkers have been 
proposed for the diagnosis of diseases related to the 
GH-IGF-I axis, as well as for monitoring of therapy. 
Currently, IGF-I is considered the most important and 
reliable surrogate parameter reflecting GH secretory 
status, and its measurement is recommended in the 
guidelines for acromegaly and GHD. Measurement of 
integrated, stimulated or suppressed GH is used as the 
most important confirmatory parameter. Measuring 
GH and IGF-I in blood samples is not without pitfalls, 
and laboratories are requested to only use methods 
which have been proven to adhere to recent guidelines. 
Calibration, removal of binding protein interference, 
long-term stability of assay performance and quality 
of method-specific reference intervals or cut-offs are 
critical aspects of GH and IGF-I assay quality. Obviously, 
meaningful interpretation of data is also possible only 
when the biological variability and a wide variety of 

potential confounders of both parameters are taken into 
account. Determination of other parameters such as 
IGFBP-3, ALS, alpha soluble klotho and GHBP have 
not been shown to add significant information in the 
majority of cases. However, their measurement might be 
useful in certain age groups, in diagnostically ambiguous 
cases or in the diagnostic workup of rare genetic diseases.

Disclosure: KS has nothing to disclose. MB has received research 
support and speaker fees from Diasorin, IDS and Roche.
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ABSTRACT
Acromegaly is a systemic disease associated with increased morbidity, presenting cardiovascular, 
metabolic, respiratory, neoplastic, endocrine, articular and bone complications. Most of these 
comorbidities can be prevented or delayed with adequate disease treatment and, more recent studies 
with the use of modern treatments of acromegaly, have shown a change in the severity and prevalence 
of these complications. In addition, acromegaly is associated with increased mortality, but recent 
studies (especially those published in the last decade) have shown a different scenario than older 
studies, with mortality no longer being increased in adequately controlled patients and a change in 
the main cause of death from cardiovascular disease to malignancy. In this review, we discuss this 
changing face of acromegaly summarizing current knowledge and evidence on morbimortality of the 
disease. Arch Endocrinol Metab. 2019;63(6):630-7
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INTRODUCTION

Acromegaly is a rare disease characterized by excessive 
growth hormone (GH) and increased insulin-like 

growth factor I (IGF-I), which is, in the vast majority of 
cases, caused by GH-secreting pituitary adenoma (1). It 
is associated with increased morbidity due to secondary 
systemic complications that include cardiovascular, 
cerebrovascular, respiratory, osteoarticular systems, 
as well as endocrine and metabolic alterations and 
neoplasias (1). Mortality rate is also increased in 
acromegaly and quality of life is decreased (1). 

ACROMEGALY COMORBIDITIES

Metabolic complications

Patients with acromegaly have metabolic complications 
that affect both glycemic and lipid metabolism and 
is mostly due to GH excess (2). Most patients have 
insulin resistance (IR) with impaired insulin sensitivity, 
and increased liver and kidney gluconeogenesis due 
to chronic GH excess, which contributes to glycemic 

abnormalities (3) (Figure 1). During fasting, GH is the 
major anabolic hormone counteracting insulin and in 
excess leads to sustained stimulation of lipolysis and 
lipid oxidation (2). Acromegaly effects on glucose 
metabolism are mainly caused by insulin-antagonic 
effects of chronic GH excess (4). GH inhibits 
lipoprotein lipase activity in adipose tissues, leading to 
increase in the efflux of free fatty acids (FFA) to the 
liver, which in turn favors IR, increases the synthesis 

Figure 1. Effects of acromegaly on glucose and lipid metabolism.  
GH: growth hormone; GLUT: glucose transporter; HDL: high-density 
lipoprotein; TG: triglycerides.

Sustained lipolysis

Insulin resistance

↑ GH Diabetes mellitus
Increased liver and 

kidney gluconeogenesis

Increased TG and 
decreased HDL

Reduced glucose uptake in 
adipose and muscle 

tissues (GLUT 1 and 4)



Co
py

rig
ht

©
 A

E&
M

 a
ll r

ig
ht

s r
es

er
ve

d.

631

Morbimortality in acromegaly

Arch Endocrinol Metab. 2019;63/6

of triglycerides, reduces high-density lipoprotein 
(HDL) levels and body fat (2) (Figure 1). This 
sustained lipolysis contributes to acromegaly’s unique 
metabolic changes in which IR can be seen along with 
reduced body fat. Moreover, reduced glucose uptake 
in adipose tissue and muscle with lower expression 
of glucose transporter-1 and 4 are also observed in 
acromegaly (2,3) (Figure 1). In contrast, IGF-I has 
opposing actions compared to GH under physiological 
conditions. It promotes FFA uptake into adipose and 
liver tissues, leading to reduced FFA, as well as increased 
glucose uptake and insulin sensitivity primarily on 
skeletal muscles (5). However, in acromegaly, IR 
predominates and IGF-I’s potentially beneficial effects 
are counteracted. This leads to higher prevalence of 
glucose and lipid abnormalities in acromegaly patients 
compared to normal population (6).

In newly diagnosed acromegaly patients, about 50% 
of patients develop some type of glucose impairment 
characterized by altered fasting plasma glucose, impaired 
glucose tolerance or diabetes mellitus (DM) (7). With 
regards to DM alone, it is present in approximately 
30% of patients, but has been described in up to 56% of 
patients, depending on the presence of other risk factors 
(1,7). Severity of glucose abnormalities is related to 
positive family history of DM, increased body mass index 
(BMI), older age, as well as GH and IGF-I levels (3). 

Hyperlipidemia is also present in up to 50% of patients 
and is mainly characterized by hypertriglyceridemia and 
reduced HDL levels (1,6). Although concentrations of 
low-density lipoprotein (LDL) have been shown to be 
increased or similar to normal subjects, higher levels 
of oxidized LDL have been described (6,8,9). Taken 
together, IR is the main metabolic abnormality seen in 
acromegaly patients (4).

Cardiovascular disease

Cardiovascular disease is one of the most prevalent 
comorbidities in patients with acromegaly, with arterial 
hypertension being the most common disorder, with 
prevalence ranging from 18% to 60% and being present 
since early stages (1,10). It is characterized by elevated 
diastolic blood pressure and higher prevalence of non-
dippers (11). No relation was found with gender or 
family history of hypertension, but there is an association 
with higher IGF-I levels demonstrated in some studies 
and with the duration of GH hypersecretion (1,11). 
The pathogenic mechanisms of arterial hypertension 
are multifactorial and the most accepted cause is 

the expansion of plasma volume and sodium and 
water retention in the kidney (1) (Figure 2). Other 
conditions, such as cardiac hypertrophy and/or sleep 
apnea, may contribute to the increase in blood pressure 
levels (Figure 2). With prolonged acromegaly duration 
there are secondary changes in the vascular system and 
cardiac remodeling that also help exacerbate arterial 
hypertension (12). Prevalence of arterial hypertension 
may be overestimated by office measurement of blood 
pressure, as lower prevalence is observed when 24-hour 
ambulatorial blood pressure monitoring is used (13). 

Acromegaly cardiomyopathy, another frequent 
complication of GH hypersecretion, is characterized 
by concentric biventricular hypertrophy, diastolic 
dysfunction and mitral and aortic valve disease (1,14). 
Myocardial hypertrophy may occur in the early 
stages of acromegaly and has worse evolution with 
maintenance of GH and IGF-I excess (12). These 
stimulate collagen deposition, increase IGF-I receptor 
activation in cardiac myocytes that will result in higher 
cardiac contractility, cardiac hypertrophy and possible 
myocardial fibrosis, although studies are discordant 
regarding the latter (15) (Figure 3). The prevalence 
of left ventricular hypertrophy (LVH) ranges from 
11% to 78% in echocardiographic studies (1). More 
recently, the prevalence of LVH has been studied by 
cardiac magnetic resonance imaging, but results still 
differ regarding the actual prevalence of LVH, with the 
largest series in the literature, from our group, showing 
a similar prevalence of myocardial fibrosis in patients 
with acromegaly compared to the healthy population 
and a lower frequency of LVH (5%) (16).

The severity of heart disease may also be due to 
the existence of some comorbidities such as arterial 
hypertension, valvular heart disease, arrhythmias in 
addition to endothelial dysfunction itself, DM and 

Figure 2. Effects of acromegaly in systemic arterial hypertension.  
SAH: systemic arterial hypertension; GH: growth hormone; IGF-I: insulin-
like growth factor I.
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dyslipidemia (12). Long-term (6 to 24 months) 
treatment of acromegaly with first-generation 
somatostatin receptor ligands (SRL) improves 
cardiomyopathy, reduces LVH and may improve 
diastolic dysfunction (1).

Despite many studies showing LVH and diastolic 
dysfunction as common features of acromegaly, 
evolution to systolic dysfunction is uncommon (1). 
The majority of studies published in the last 15 years, 
reflecting contemporary cohorts treated with more 
modern therapeutic armamentarium show lack of 
systolic dysfunction or presence of this complication in 
less than 3% of the patients with our group showing no 
difference in left ventricular ejection fraction between 
acromegaly patients and healthy patients (66.9% versus 
68.4%) (1,14).

Acromegaly typically affects mitral and/or aortic 
valves, presenting a prevalence of valvular cardiac 
disease of up to 75% at diagnosis (11). Valvulopathy 
is a consequence of collagen and mucopolysaccharides 
deposition in valvular leaflets and deregulation of 
extracellular matrix that result in ring fragility and valve 
regurgitation (1). The risk factors for valve disease 
are presence of arterial hypertension and duration of 
acromegaly, unrelated to GH or IGF-I levels in some 
studies, although a prospective study shows this relation 

to mitral regurgitation (1). Our group described for 
the first time the occurrence of aortic ectasia that have 
been seen in up to 26% of patients with acromegaly 
and is related to the increased frequency of aortic 
regurgitation (1,10).

Another cardiovascular complication found in 
patients with acromegaly is abnormalities of cardiac 
rhythm that are observed in 7 to 40% of these patients, 
and are more frequent during exercise (12). However, 
recent studies with 24-hour Holter, including one 
from our group, showed no clinically significant or 
sustained arrhythmias in patients with acromegaly 
(1,17). Different types of arrhythmias are described 
in acromegaly including paroxysmal atrial fibrillation 
and supraventricular tachycardia, sick sinus syndrome, 
isolated and paired ventricular ectopic beats, and 
ventricular tachycardia (11). In recent cohort studies, 
some possible mechanisms have been described 
including a longer QT duration or dispersion, higher 
frequency of late potentials and reduced normal-to-
normal heart period (1). 

Patients with acromegaly may also have a left 
ventricular dyssyncronicity that consists of loss of the 
simultaneous peak contraction of corresponding cardiac 
segments (11). This peculiar rhythm abnormality 
is independent of typical cardiovascular disease risk 
factors and a direct effect of hormonal excess on cardiac 
synchronicity is suggested (18). 

The prevalence of atherosclerosis in acromegaly is 
controversial (1). Some studies show higher prevalence, 
but the majority of studies show either equal prevalence 
or even lower prevalence than normal population (1). 
Some reasons for this discrepancy are the heterogeneity 
of diagnostic methods used for its definition and the 
influence of age, gender and presence of concomitant 
cardiovascular risk factors (smoking, sleep apnea, IR, 
hyperglycemia, arterial hypertension, dyslipidemia, 
and overweight) (12). Chronic hormonal excess does 
not appear to contribute to atherosclerosis directly 
(18). Coronary heart disease is more related to arterial 
hypertension, DM and dyslipidemia and does not seem 
to be increased in patients with acromegaly (1).

Cerebrovascular disease

Acromegaly has higher incidence of arterial hypertension, 
IR and DM that predispose to cerebrovascular events 
(19). Thus, stroke prevalence is expected to be higher 
in patients with acromegaly. However, the incidence 
of stroke is not higher compared with the general 

Figure 3. Acromegaly cardiomyopathy. 
GH: growth hormone; IGF-I: insulin-like growth factor I.
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population, showing great relevance in comorbidities 
rather than acromegaly per se. (1). This scenario changes 
when radiotherapy is used, increasing the incidence of 
stroke and its mortality (1). These alterations seem 
to be a direct effect of radiotherapy, as incidence of 
cerebrovascular disease also increases in other non-
secreting GH tumors undergoing radiotherapy (1).

Respiratory disease

Respiratory disorders are common in acromegaly and 
occur due to anatomical changes in the craniofacial 
region and upper respiratory tract such as tongue 
swelling, changes in respiratory mucosa and cartilage, 
lung chest volume and geometry, along with changes in 
muscle structure, reduced lung elasticity, and increased 
pulmonary distensibility (18,20) (Figure 4). 

The most frequent respiratory disease is sleep apnea 
syndrome (SAS), being obstructive SAS (OSA) the main 
type (20). Obstructive sleep apnea syndrome is present 
in high frequency in patients with acromegaly (95.3%) 
and is more common in patients with higher levels of 
GH and IGF-I (1,20). Potential risks for respiratory 
disease are elderly age, acromegaly activity, increased 
BMI and neck circumference, and male gender, which 
are associated with two to three times more likelihood 
to have apnea (18) (Figure 4). Another type of SAS is 
central sleep apnea characterized by cessation of brain 
control of respiration (18). This disorder has been 
found in one third of patients with acromegaly and 
may be directly related to high GH or IGF-I levels (1). 
Acromegaly treatment most often improves SAS, but 
biochemical control does not necessarily reverse the 
obstructive disease (1).

Respiratory insufficiency, a poorly investigated 
comorbidity in acromegaly, affects 30% to 80% of 
patients (18). About 70% of patients with acromegaly 
achieve lower respiratory muscle strength on both 
inspiration and expiration (18). The pathogenesis of 
this disorder seems to be due to the narrowing of small 
and upper airways and increase in lung volume and 
lung capacity (18). However, a significant correlation 
between lung volume and upper airway narrowing in 
relation to high GH and IGF-I levels has not been 
proven (1). Acromegaly patients have non-aerated and 
poorly ventilated areas in their lungs, which leads to poor 
ventilation (18). Duration of inspiration is generally 
shorter and respiratory rate may be increased. Subclinical 
hypoxemia may be seen in up to 80% of patients due to 
poor ventilation-perfusion ratio, nocturnal hypoxemia 
that is reported in 23% and an inadequate response to 
ventilatory demand during exercise (18). The potential 
benefit of acromegaly control in respiratory function 
has yet to be elucidated (1).

Neoplastic complications

Overall, the true prevalence and risk of malignancy in 
acromegaly remains unknown, but risk does not seem to be 
increased for the majority of cancers (1). Epidemiological 
studies show that acromegaly patients are at increased 
risk of developing benign and malignant tumors arising 
from the colon and thyroid gland (1,21,22). Also, its 
physiopathology is controversial. The exact mechanism 
of tumorigenesis is unknown. Increased GH and IGF-I 
secretion in a prolonged manner are thought to promote 
tumor development and progression because of cellular 
growth stimulation and cellular proliferation (4). IGF-I 
has mitogenic and anti-apoptotic activity (1). Proto-
oncogene expression are also possibly involved (23). 
Nevertheless, there is no evidence for enhanced de novo 
tumorigenesis in acromegaly (1). Evidence from other 
studies in non-acromegaly populations suggests that IR 
and metabolic syndrome are associated with increased 
cancer incidence (24).

Compared to general population, acromegaly 
patients have 2.4-fold increased risk of colonic 
adenomas and a 7.4-fold greater risk of cancer (25,26). 
The majority of colon cancers develop from malignant 
transformation of benign adenomatous colonic polyps 
(27). Acromegaly patients usually are diagnosed with a 
gap of 10 years, potentially resulting in the development 
of pre-existing colonic tumors, or initiation of their 
development (27). Furthermore, colon cancer is also 

Figure 4. Respiratory disorders in acromegaly. 
BMI: body mass index.
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associated with modifiable factors, such as diet, obesity, 
DM, hypertriglyceridemia and physical inactivity, that 
are related to hyperinsulinemia and RI, which may 
play a role in the colorectal tumorigenesis and also to 
non-modifiable factors, such as genetic and epigenetic 
mechanisms (28).

With regard to thyroid gland, nodular thyroid 
disease is frequently seen in patients with acromegaly 
and has been associated with acromegaly disease 
duration, GH and IGF-I levels (1,29). Up to 75% of 
patients with acromegaly have nodular thyroid goiter 
with similar incidence among genders, different from 
general population (30,31). Regarding thyroid cancer, 
acromegaly patients have 4.1-fold increased risk of 
thyroid cancer compared to case-control, but this risk 
may be overestimated (1). It has no association with 
acromegaly disease activity or duration, and has similar 
natural history compared to general population, with 
papillary thyroid cancer being the most frequent type 
(1,32). 

With respect to other cancers such as breast, prostate 
and kidney, no increase in risk has been conclusively 
observed, although GH signal transduction pathway 
and RI are key determinants associated with breast 
cancer susceptibility (33,34).

Joint and bone complications

Joint complications and fractures are more common 
in acromegaly patients than in the general population 
(35,36). Arthropathy is present in 20 to 70% of 
patients, affecting weight- and non-weight-bearing 
joints, particularly shoulders, knees and hips (37). Its 
prevalence and severity seems to be associated with 
higher baseline GH and IGF-I levels at diagnosis and 
duration of uncontrolled disease (37,38). In almost all 
patients, radiological manifestations of osteoarthritis 
in at least one joint site is seen, mainly spine and hip 
(1,39). Its pathophysiology is similar to that of primary 
osteoarthritis, being considered degenerative, with one 
difference: presence of cartilage hypertrophy with severe 
osteophytosis, resulting in joint space widening, rather 
than narrowing due to cartilage loss (39). Acromegaly 
arthropathy significantly impact on patients’ quality of 
life (40).

With respect to bone complications, patients 
with acromegaly exhibit increased bone remodeling 
caused by excess GH leading to deterioration of bone 
microarchitecture and impairment of bone strength 

(41,42). Evidence for increased bone turnover has 
been shown in histomorphometry studies with 
increased markers of bone reabsorption compared to 
bone formation (43,44). Acromegaly is known to be a 
cause of secondary osteoporosis and is associated with 
increased risk of vertebral fractures (VF) (45). Up to 
60% of patients present with radiological VF, which 
is independent of bone mineral density (36,46). It 
correlates with disease activity and duration, although it 
also occurs in patients with biochemical control (about 
25% of patients) (36,46). Fractures are most frequent in 
the thoracic spine in which lower trabecular bone is seen 
and occurs as early as 2-3 years after diagnosis (36,46). 
The risk of fractures is also increased in hypogonadic 
patients and in the presence of DM (36,47).

Moreover, hypercalcemia and hypercalciuria 
have been reported in about 10% and up to 70% of 
acromegaly cases, respectively, contributing to the 
increased frequency of nephrolithiasis in acromegaly 
patients, and is associated with disease activity (43,48). 
These findings can be seen due to increased 1,25(OH)2 
vitamin D from renal activation of 1-alpha hydroxylase 
by GH resulting in increased intestinal absorption of 
calcium or, less frequently, due to concomitant primary 
hyperparathyroidism (49). GH excess contributes 
to increased bone turnover leading to hypercalciuria 
(50). Patients with active acromegaly also have higher 
phosphate levels because of direct antiphosphaturic 
action of IGF-I in the proximal tubule (50). 
Hypercalciuria and phosphate levels can be considered 
as markers of skeletal fragility and disease activity (50).

Endocrine complications

Hyperprolactinemia can be seen in acromegaly either 
due to tumor co-secretion (approximately 25% of 
somatotropinomas may co-secrete prolactin) or to 
stalk compression (with consequent reduction of the 
dopaminergic tone), leading to hypogonadism (1). 

In addition to hypogonadism secondary to 
hyperprolactinemia, acromegaly patients may present 
pituitary deficits secondary to compression of normal 
pituitary or pituitary stalk by the somatotropinoma 
(1,51). Additionally, hypopituitarism can be a 
consequence of acromegaly treatment, especially 
radiotherapy and this is illustrated by the reduction of 
the frequency of hypopituitarism in acromegaly patients 
in more recent series (around 25%) in comparison to 
older series (around 40%), in which there was more use 
of radiotherapy (1,35,52). 



Co
py

rig
ht

©
 A

E&
M

 a
ll r

ig
ht

s r
es

er
ve

d.

635

Morbimortality in acromegaly

Arch Endocrinol Metab. 2019;63/6

MORTALITY IN ACROMEGALY

Acromegaly is associated with increased mortality as a 
consequence of its main comorbidities reported above, 
but this increased mortality can be reverted by adequate 
treatment leading to disease control (1,53). In older 
studies, published before 1995, this mortality ratio was 
twice or thrice that of normal population (30,54). Two 
posterior meta-analysis published in 2008, showed 
that, at that time, mortality was still increased in active 
disease patients, but it was about 1.7 that of normal 
population (55,56). However, the recent advance 
in acromegaly treatment and in the treatment of its 
comorbidities, has led to normalization of mortality 
in adequately treated patients, as well as a change in 
the main cause of death in acromegaly (1). This is well 
illustrated in the largest series in the literature, an Italian 
multi-center study including 1512 patients (57). In this 
study, disease control was observed in 65% of patients 
and standardized mortality ratio (SMR) was not 
increased [1.13 – 95% confidence interval (CI) 0.87 – 
1.46]. Mortality was only higher in those patients with 
active disease [SMR 1.93 (95% CI 1.34 – 2.70)] (57). 

The reduction of acromegaly mortality was also well 
illustrated in the most recent meta-analysis published 
in 2018 (53). In the 17 studies published before 2008, 
mortality was increased [SMR 1.76 (95% CI 1.52 – 
2.40)], while in the nine studies published after 2008, 
mortality was equal to normal population [SMR 1.35 
(95% CI 0.99 – 1.85)] (53). 

Determinants of mortality in acromegaly

Two main factors seem to impact the mortality rate: 
disease activity and treatment modality applied to 
achieve disease control (1,53). 

In an interesting study by Colao and cols. (58) two 
different cohorts from Bulgaria (n = 407) and Italy 
(n = 220) were compared. They differed mainly in 
the treatment modalities, with a higher frequency of 
treatment with SRL and pegvisomant in Italy, resulting 
in a lower rate of radiotherapy treatment. Additionally, 
disease control was more frequent in the Italian cohort 
than in the Bulgarian series (50% vs 39%, respectively, p 
= 0.005) at last follow-up. As a result, Bulgarian cohort 
had a higher mortality than normal population [SMR 
2.0 (95% CI 1.54 – 2.47)], while the Italian cohort 
had a normal mortality rate [SMR 0.66 (95% CI 0.27 
– 1.36)]. Interestingly, in the Bulgarian cohort, those 
patients who achieved disease control had a normal 

SMR [1.25 (95% CI 0.68 – 1.81)]. In this study, age 
at diagnosis and last GH value were related to all-
cause mortality, while radiotherapy was associated with 
cerebrovascular mortality (58). 

Other studies have shown different factors impacting 
mortality in acromegaly (51,57). In the previously 
cited largest literature series, older age, GH levels at last 
follow-up, IGF-I levels at diagnosis, malignancy and 
radiotherapy were independent predictors of mortality 
(57). Another important consequence of acromegaly 
per se or of some of its treatment (surgery and mainly 
radiotherapy), hypopituitarism, is associated with 
increased mortality (1,51). Main determinant seems to 
be ACTH deficiency, being associated with a SMR of 
1.7 (95% CI 1.2 – 2.5) after multivariate analysis in the 
study by Sherlock and cols. (51). 

Causes of death

In an extensive review published in 2004, Colao and 
cols. (30) showed that at that time, mortality was 
increased in acromegaly and was mainly caused by 
cardiovascular disease (60%), followed by respiratory 
disease (25%), with malignancy being responsible for 
only 15% of the cases. As previously reported, more 
recent studies, especially those published in the last 
decade have shown a change in the mortality ratio in 
acromegaly and this was accompanied by a change in 
the disease face, with cardiovascular disease being no 
long the main cause of death (1). 

The majority of studies published from 2004 to 
2019 have shown malignancy as the main cause of 
death in acromegaly (1). This was the case of four 
out of the seven studies published in the last decade 
(35,57,59,60). The most recent meta-analysis that 
analyzed mortality in acromegaly corroborated these 
data, showing that cancer was the main cause of death 
in the studies published in the last decade, coinciding 
with a higher life expectancy in this population (53). 

CONCLUSIONS

Acromegaly is a chronic systemic disease, associated with 
many complications in the presence of active disease. 
In the last decades, significant advance in acromegaly 
treatment and also in the treatment of its comorbidities 
has changed the face of disease, with reduction of 
frequency of some complications, like cardiovascular 
disease, and also resulting in normalization of mortality 
on those patients adequately treated (1,53). Lastly, 
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main cause of death has changed from cardiovascular 
disease to cancer in contemporary cohorts (1).
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ABSTRACT
Acromegaly is an insidious disease, usually resulting from growth hormone hypersecretion by a 
pituitary adenoma. It is most often diagnosed during the 3rd to 4th decade of life. However, recent 
studies have shown an increase in the incidence and prevalence of acromegaly in the elderly, probably 
due to increasing life expectancy. As in the younger population with acromegaly, there is a delay in 
diagnosis, aggravated by the similarities of the aging process with some of the characteristics of the 
disease. As can be expected elderly patients with acromegaly have a higher prevalence of comorbidities 
than younger ones. The diagnostic criteria are the same as for younger patients. Surgical treatment of 
the pituitary adenoma is the primary therapy of choice unless contraindicated. Somatostatin receptor 
ligands are generally effective as both primary and postoperative treatment. The prognosis correlates 
inversely with the patient’s age, disease duration and last GH level. Arch Endocrinol Metab. 2019;63(6):638-45

Keywords
Acromegaly; elderly; somatostatin; receptor ligands; pituitary; mortality

1 Unidade de Neuroendocrinologia, 
Serviço de Endocrinologia 
e Metabologia, Hospital 
das Clínicas, Faculdade de 
Medicina, Universidade de São 
Paulo, São Paulo, SP, Brasil

Correspondence to: 
Raquel S. Jallad
Hospital das Clínicas,
Faculdade de Medicina,
Universidade de São Paulo
São Paulo, SP, Brasil 
raquel.jallad@hc.fm.usp.br

Received on Nov/7/2019
Accepted on Nov/19/2019

DOI: 10.20945/2359-3997000000194

INTRODUCTION

I ncreased life expectancy has become a reality in 
recent decades, leading to an aging population (1). 

Like other diseases, prevalence of acromegaly in older 
patient (>65 years) has also increased (2-7). Untreated 
acromegaly is associated with reduced life expectancy 
(8-10). Accuracy and effectiveness in diagnosis, 
treatment and control of risk factors are important in 
order to minimize impact of acromegaly in patient’s 
expected lifespan, as well as to contribute to better 
quality of life and reduced morbid-mortality.

GROWTH HORMONE AND AGING

Pituitary growth hormone (GH) secretion is 
pulsatile and controlled mainly by two hypothalamic 
peptides: GH-releasing hormone and somatostatin, 
which respectively stimulates and inhibits its release. 
GH induces the generation of insulin-like growth 
factor 1 (IGF-1) in the liver and regulates the paracrine 
production of this peptide in many other tissues. By 
its turn IGF-1 feedbacks to the hypothalamus and 
modulates somatostatin release, thus inhibiting further 
GH synthesis and secretion (11). 

GH secretion varies throughout life, reaching a peak 
in adolescence and then declining with age in both 
men and women (11). Between 18 and 30 years of age, 
there is an exponential decline in the levels of GH and 
its downstream effector IGF-1, reaching very low levels 

in individuals over sixty years of age (11). The levels 
of GH and IGF-1 in old age overlap those of younger 
adults with classical GH-deficiency, and many age-
associated changes resemble those of GH-deficiency 
(12,13). The decline in GH secretion during normal 
aging by approximately 14% per decade (12,14) can be 
attributed to several potentials age-related mechanisms 
such as decreased GHRH and/or ghrelin secretion (15), 
increased somatostatinergic tone, reduced pituitary 
response to GHRH or ghrelin and increased sensitivity 
to negative IGF-1 feedback (13-15). These age-related 
somatic and psychological changes became known 
as “somatopause” (12,16,17). whose physiological 
meaning has not yet been clarified. This has prompted 
speculation that decline in the somatotropic axis may 
be a “protective” effect concerning highly prevalent 
morbidities in aging individuals, as diabetes mellitus, 
arthritis and neoplasms. 

In acromegaly, the GH rhythmicity, sexual 
dimorphism of GH rhythm and age-related decline 
of GH secretion are preserved in patients with high 
GH values (18). These finding point that the GH 
hypersecretion by the pituitary adenoma is not 
entirely autonomous, but is still subject to the normal 
hypothalamic regulation. However, most patients with 
acromegaly have elevated random GH levels that do 
not suppress upon glucose administration (18). In the 
elderly, this central regulation of GH secretion is similar 
to younger patients.
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EPIDEMIOLOGY

Acromegaly is a relatively rare disease caused by long-
standing GH hypersecretion. According to recent 
epidemiologic data, the estimated prevalence and 
annual incidence of acromegaly are 18-137 and 2-11 
cases per million person-year, respectively (2-7). The 
diagnosis of acromegaly is usually made during the 
3rd to 4th decade of life (2-7). Recent studies have 
shown an increase in the incidence and prevalence of 
acromegaly in the elderly, probably due to increasing life 
expectancy (2-7). However, in elderly patients, disease 
remains a rare condition, even with increased diagnosis 
rates. According to recent data from the European 
Study involving 14 centers encompassing almost 3,200 
patients with acromegaly, diagnosis of individuals 
over 65 years became more frequent, probably as 
a result of increase in life expectancy associated with 
better awareness of the disease, even in patients with 
mild features. Therefore, the delay in diagnosis and 
treatment has been reduced (7).

A recent American study showed that both 
incidence and prevalence of acromegaly had increase in 
older patients, with no difference between genders (3). 
Interesting enough, the annual incidence and prevalence 
in adults 65 years and older were estimated in 9 to 18 
cases per million person-years and 148 to 182 cases per 
million in adults, respectively (3). 

In women, the delay in diagnosis may be due to 
the protective role of estrogen, reducing IGF-1 levels 
before menopause (19,20).

CLINICAL MANIFESTATIONS

The onset of signs and symptoms is slow in the majority 
of cases, with typical facial changes, arthralgias, asthenia, 
paraesthesia and sensation of enlargement of the lower 

limbs more subtle than in younger patients (21,22). 
The clinical picture may be confused with the features 
observed during normal aging (23-25). 

Among the surgical series, the prevalence of 
symptoms of tumor mass effect varies from 50 to 
80% of cases and usually leads to the diagnosis of 
acromegaly. Sometimes visual abnormalities may be 
confused with symptoms of age-related eye diseases 
such as cataracts, macular degeneration, and vascular 
eye diseases (25,26). 

Elderly patients with acromegaly have a higher 
prevalence of comorbidities than younger patients (23-
25,27). The exact prevalence of the comorbidities is 
unknown. The estimated prevalence rates show a wide 
variability, that can reflect the different populations 
studied and the different comorbidities diagnostic criteria 
in the studies. It is also important to note that the indices 
are not derived from epidemiological studies. Age itself 
is a confounding factor for estimated rates, since in the 
elderly population without acromegaly the prevalence of 
hypertension and diabetes mellitus is higher than those 
observed in younger normal individuals (23-25). The 
high prevalence of comorbidities in older individuals also 
contributes to the delay in acromegaly diagnosis. In fact, 
changes in carbohydrate metabolism and hypertension 
in the elderly can be considered as related to aging by 
itself, and therefore the acromegaly diagnosis may be 
missed (25,28).

Studies evaluating the presence of comorbidities 
only in elderly patients with acromegaly are scarce 
(21-27,29) data are shown in Table 1. 

Figure 1 also includes the prevalence of comorbidities 
in elderly patients extracted from general acromegaly 
multicentric registers (5,9,27,30-33).

Hypertension plays a significant role in the 
development of cardiac hypertrophy, especially in 

Table 1. Clinical and endocrine parameters in the elderly patients

  N Mean age/
range (years)

Sex (female/
male)

GH  
(ng/mL)

IGF-1  
(ng/mL)

Macro 
(%)

DM 
(%)

HT 
(%)

Cardiac/
vascular 

disease (%)

Neoplasy 
(%)

Puchner et al., 199521 15 68.3/65-81 13F/2M 47.4 1,112 73 27 60 7 NA

Minniti et al., 200122 22 68.5 /66-74 11F/11M 21.5 556 82 41 50 NA NA

Colao et al., 200723 57 70.0 /68-71 27F/30M 30.8 598 70 58 82 29.2 NA

Tanimoto et al., 200825 16 NA/61-82 10F/6M 6.7 740 63 63 53 NA 67

Arita et al., 200826 9 73.2/70-82 3F/4M 29.4 610 89 86 71 29 55

Dupuy et al., 200927 68 76.8/70-95 46F/22M 6.7 439 85 42 80 10 38-46

Sasagawa et al., 201829 24 68.0/65-75 18F/6M 7.1 456 33 46 63 7 8

GH: growth hormone; IGF-1: insulin-like growth factor-1; Macro: macroadenoma; DM: diabetes mellitus; HT: hypertension; NA: not available.
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older acromegalic patients and diastolic blood pressure 
is best predictive factor for cardiac hypertrophy 
(24,27). Therefore, early and aggressive treatment 
of hypertension is essential in order to minimize 
cardiovascular disease in acromegaly.

In older patients, congestive heart failure as end-
stage acromegalic cardiomyopathy occurs more 
frequently (23). It is suggested that aging and long 
duration of exposure to elevated GH/IGF-I levels are 
key determinants of cardiac abnormalities (31,34).

GH hypersecretion leads to insulin resistance (35). 
In acromegaly, the estimated prevalence of diabetes is 
higher in patients over 65 years than in younger patients 
(27%-86% vs. 19%-56%) (29). Based on literature 
data, the most characteristic predisposing factors for 
diabetes were older age, longer duration of illness and 
family history of diabetes (23,32). Diabetes is also 
associated with abnormalities in lipid metabolism, 
such as a tendency towards high cholesterol levels and 
hypertriglyceridemia. Not all studies have identified 
these outcomes (32). Acromegaly control often leads 
to improvement of insulin resistance and improvement 
of diabetes (32). 

Obstructive sleep apnea syndrome is a common 
disorder in patients with acromegaly, and also 
specifically associated with increased mortality (36). 

The prevalence of sleep apnea in acromegaly ranges 
from 45% to 80% (33,37). Interesting enough, in 
elderly patients the prevalence seems to be similar to 
younger ones (33,37). 

The frequency of rheumatologic complications 
(arthralgia, carpal tunnel or osteoarthritis) does not 
seem statistically different from the elderly population 
without acromegaly (27). This finding may be 
explained by the prevalence of these complaints in the 
general elderly population, as well as by the inaccuracy 
of questionnaires addressing this issue.

A recent study evaluated the presence of cognitive 
and functional alterations in elderly patients with 
acromegaly and in elderly in the general population (38). 
Elderly with acromegaly exhibited a higher frequency 
of impaired cognitive functions, reduced mobility, 
difficulty in performing daily activities, and dementia, as 
compared with their counterparts without acromegaly. 
In addition, elevated GH/IGF-1 levels and longer 
duration of acromegaly tended to positively correlate 
with these changes (38). 

GH and IGF-I hypersecretion are associated 
to development and progression of malignancies 
in patients with acromegaly, even so this remains 
a controversial issue (39). A recent meta-analysis 
revealed a moderate increased cancer risk, but mainly 

Figure 1. Comorbidities and its prevalence data in elderly patients with acromegaly. 
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observed in single center studies (10). In controlled 
acromegaly, the cancer mortality is comparable to the 
one observed in the general population (10,40). On 
the basis of recent study, in the last decade, there were 
a significant decrease in mortality and improvement in 
life expectancy in patients with controlled acromegaly, 
especially in patients treated with SRL’s. It resulted in 
change in most common cause of death in acromegaly 
and cancer became the most common cause of mortality 
in these patients, just as in the general population 
(41). In the few studies evaluating this issue in elderly 
with acromegaly the estimate prevalence rates appear 
to be similar to those observed in younger patients 
(21,23,26,27,29) – Table 1.

DIAGNOSIS

The diagnostic and remission/disease control criteria 
are similar to those used for younger patients (42-44).

According the recent guidelines, the clinical 
suspicion of acromegaly is confirmed by the 
demonstration of autonomous GH hypersecretion 
and elevated serum IGF-1 levels according to age 
(42-44). Due to the pulsatility and the short half-life 
of GH, acromegaly diagnosis by single random GH 
levels may be misleading (45). In contrast, due to its 
relatively stable levels and long half-life IGF-1 can be 
used for acromegaly screening. Therefore, normal 
IGF-1 levels adjusted-age effectively excludes the 
diagnosis of acromegaly. However, some conditions 
may determine low IGF-1 levels as chronic diseases 
as uremia, hepatic failure and uncontrolled diabetes 
mellitus, poor nutritional status and advanced age (45). 
In these cases, lack of suppression of GH to less than 
1 μg/L or 0.4 μg/L during an oral glucose tolerance 
test (OGTT) points to acromegaly diagnosis (42,43). 
Nevertheless, OGTT is not indicated for patients with 
diabetes mellitus (42). 

As matter of fact, no special considerations about 
acromegaly diagnosis in aged patients are placed in 
guidelines (42-44). Moreover, the concept of lower 
GH/IGF-1 levels in the elderly is not a consensus in 
the literature (21,22,25,26,29).

Following biochemical diagnosis, contrast enhanced 
magnetic resonance imaging (MRI) of the sellar region 
is required to assess tumor size, localization and 
invasiveness (42). Gadolinium enhancement should 
however be used with caution or be avoided in patients 
with renal impairment. If MRI is contraindicated 
or unavailable, pituitary computerized tomography 
should be performed (42). 

Despite some data pointing to smaller tumors in 
older acromegaly population (46), this finding is not 
confirmed by most studies (21,22,26) – Table 2.

PATHOLOGY

Acromegaly is almost always (98%) caused by a 
pituitary tumor, either a somatotroph adenoma or a 
mixed somatotroph-lactotroph adenoma. Based on 
histopathological evaluation, the somatotropinoma is 
classified as densely granulated somatotroph adenoma 
(DGSA) and sparsely granulated somatotroph adenoma 
(SGSA) (47). The DGSA is the most frequent subtype 
and its pathological features confer better overall 
prognosis (47,48). They are smaller, easier to remove, 
and less frequently recur after surgery (47,48). Usually, 
they have higher somatostatin receptor subtype 2 
(SST2) protein expression than SGSA with consequent 
better response to first-generation long-acting 
somatostatin receptor ligand (SRL) therapy (49,50). 
Moreover, DGSA usually present hypointensity in 
T2-weighted MRI, which may be used as a predictor 
of response to SRL’s (51-54). Comparing to SGSA, 
patients harboring DGSA have higher age at diagnosis 
and exhibited longer disease duration before diagnosis, 

Table 2. Surgical and endocrinologic outcomes of patients with acromegaly over 65 years

  N
Mean age/

range 
(years)

GH 
(ng/mL)

IGF-1 
(ng/mL)

Macro  
(%)

ASA-PS  
≥ 2 (%)

Remission 
rate (%)

Perioperative 
complication 

(%)

Mortality 
(%)

Puchner et al., 199521 15 68.3/65-81 47.4 1,112 73 86 27 None 0

Minniti et al., 200122 22 68.5/66-74 21.5 556 82 73 68 13.7 0

Arita et al., 200826 9 73.2/70-82 29.4 610 89 100 72 None 0

Sasagawa et al., 201829 24 68.0/65-75 7.1% 456 33 100 67 17% 0

GH: growth hormone; IGF-1: insulin-like growth factor 1; Macro: macroadenoma; ASA-PS: American Society of Anesthesiologists Physical Status; macroadenoma; Remission Rate GH < 1.0 ng/mL 
and normal IGF-1. 
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suggesting milder symptomatology (48). This study 
(48) supports the hypothesis that in elderly patients, 
the DGSA subtype is the most frequent. Nevertheless, 
more data on this issue is needed.

TREATMENT

The overall goals of treatment in older patients 
are similar to those of younger ones and include 
management of both acromegaly (hormonal control 
and tumor reduction) and common geriatric medical 
conditions. 

In acromegaly, the effectiveness of surgical treatment 
correlates inversely with preoperative GH and IGF-I 
levels and tumor size (55). 

The available treatment modalities are transsphenoidal 
surgery, medical therapy and radiotherapy.

Pituitary surgery 

Usually, pituitary surgery by the transsphenoidal 
approach is the first treatment modality also in the elderly, 
with relatively low risk of morbidity (13,24) and high 
probability of remission, especially in microadenomas 
and enclosed macroadenomas (13,24,26). Due to 
the physiological process of aging, the elderly are 
particularly susceptible to stress of hospitalization, 
anesthetic agents and surgery. To aggravate the 
vulnerability of this population, acromegaly is often 
associated with hypertension, cardiovascular disease 
and diabetes. This vulnerability translates into an 
increased morbidity and mortality seen in elderly as 
compared to younger patients (29). Surgical series 
applied the surgical risk classification of the American 
Society of Anesthesiologists to investigate the role of 
the preoperative physical state as a possible predictor 
of complications in elderly with acromegaly (56). In 
these series most of patients showed ASA grade ≥ 2 
(21,22,26,29). Comparing to younger patients, elderly 
ones did not show a higher incidence of perioperative 
complications. This results might be related to rigorous 
perioperative care: 1 – preoperative medical treatment 
optimization, to avoid postoperative complications; 2 – 
adequate anesthesia care; 3 – careful surgical technique 
and 4 – proper postoperative management, even in 
patients who achieved endocrinologic remission. In 
line with this findings, about 50% of cases after 70 years 
and almost 90% under 70 years underwent surgery as 
primary treatment (21,22,26,29). Therefore, endonasal 
transsphenoidal surgery with good anesthetic-, peri-, 

and postoperative management is a safe and efficient 
treatment for selected elderly with acromegaly, patients 
with adequate clinical conditions and/or presence of 
visual adverse events. Additionally, the probability of 
substantial tumor removal should also be taken into 
account (Table 2).

Medical treatment 

Current pharmacological therapy options are 
somatostatin receptor ligands (SRL’s), dopamine 
agonists and the GH receptor antagonist, pegvisomant.

Although medical therapy is more often reserved 
for patients awaiting surgery or with persistent disease 
postoperatively, primary medical therapy should be 
indicated for: patients with high risk of perioperative 
complications, those with limited life expectancy (<2 
years) due to the severity of some comorbidities and 
when the tumor is not expected to be removed. 

In patients with mild disease and slightly elevated 
IGF-1 levels, dopamine agonist, cabergoline, may be 
considered as initial therapy. In a study with small 
numbers of patients using dopamine agonist, most 
patients showed declines of GH-plasma levels, but not 
reaching normalization. In addition, the presence of 
adverse events led to discontinuation of treatment in 
several patients (21).

Generally, treatment with first-generation SRL’s 
(octreotide-LAR and lanreotide Autogel) leads to 
hormonal control of acromegaly in about 40% of patients 
(57). Elderly acromegaly patients, particularly male, 
showed higher hormonal responsiveness to octreotide 
than younger patients (58). This data reinforces the 
indication of SRL’s as the medical treatment of choice 
in elderly patients. However, this therapy may be 
associated with side effects, which should be monitored. 
The treatment may be continued for a long time for 
responsive patients without severe adverse events. The 
somatostatin receptor multiligand pasireotide-LAR 
is an option for patients resistant to first-generation 
SRL’s. Studies that included older patients with 
acromegaly showed its efficacy on hormonal control 
(59,60). Nevertheless, hyperglycemia is an adverse 
event frequently reported during pasireotide therapy, 
hence close monitoring of blood glucose levels and 
proper diabetes control is mandatory during treatment 
with this medication.

Concerning pegvisomant, clinical studies did not 
encompass significant number of subjects age over 65 
years, but did not present geriatric-specific problems, 
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that could limit the usefulness of pegvisomant in the 
elderly population (61,62). Nevertheless, elderly 
patients are more likely to age-related heart, liver, 
or kidney problems, requiring dose adjustment of 
pegvisomant.

There is some conflicting evidence that pre-surgical 
medical therapy may improve surgical outcome (63).

Radiotherapy 

In general, radiotherapy has been indicated as third 
line treatment for acromegaly, particularly in patients 
not controlled by previous surgery and/or medical 
treatment (42,44). In the elderly, this option seems 
attractive mainly due to lack of serious side effects. 
However, the delay on hormonal normalization, that 
occurs on average 5 to 10 years after irradiation, may 
limit its indication. Moreover, it is worth noting that 
radiotherapy is associated with high risk of pituitary 
insufficiency, requiring hormone replacement therapy, 
and a potential risk of cerebrovascular diseases (64).

A recent retrospective multicenter study evaluated 
prognostic factors of long-term efficacy, and tolerability 
of gamma knife radiosurgery for acromegaly (65). On 
univariate and multivariate analysis for prognostic 
factors affecting endocrine remission, no significant 
difference was observed regarding age: older patients 
did not show better endocrine control than younger 
ones.[65] This findings clash with the notion that 
elderly patients are more sensible to radiation effects 
than younger patients (66).

Based on data reported in large retrospective 
studies and systematic reviews young and older patients 
show similar local control and toxicity after either 
radiosurgery or fractionated stereotactic radiotherapy 
(65,67-69). Single-fractions doses of 20-28 Gy are 
usually employed for acromegaly (65,67-69).

CONCLUSION

Acromegaly is rarely diagnosed in the elderly and can 
be a cause of mortality due to systemic complications, 
mainly cardiovascular diseases. Clinical picture may be 
confounded with features associated with aging and 
therefore the diagnosis may not be performed or delayed. 
In these patients, a multidisciplinary approach, preferable 
in a Pituitary Center of Excellence may be required 
to control the disease and reduce its morbidity (70). 
Although surgery remains the first treatment approach 
for most cases, SRL’s are a key medical therapeutic 

tool. In cases that do not adequately respond, the GH 
receptor antagonist pegvisomant or radiotherapy are 
additional tools for controlling IGF-I levels. 

Disclosure: Raquel Jallad: speaker, Ipsen. Co-investigator of clini-
cal trials, Ipsen, Novartis. Marcello D. Bronstein: speaker, Ipsen, 
Novartis. Consultant: Ipsen, Novartis. Principal investigator of 
clinical trials: Ipsen, Novartis.
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ABSTRACT
Advances in combination medical treatment have offer new perspectives for acromegaly patients 
with persistent disease activity despite receiving the available medical monotherapies. The outcomes 
of combination medical treatment may reflect both additive and synergistic effects. This review 
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INTRODUCTION

A cromegaly is a rare disorder predominantly caused 
by a growth hormone (GH)-secreting pituitary 

adenoma, consequently resulting in elevated secretion 
of insulin-like growth factor-1 (IGF-1) (1). If untreated, 
acromegaly leads to disadvantageous metabolic changes 
and comorbidities, such as hypertension, cardiovascular 
diseases, diabetes mellitus, respiratory system dysfunction 
and in particular malignant neoplasms (2-4). There 
are multiple treatment modalities for acromegaly and 
the current consensus on the treatment goals include 
normalization of IGF-1 levels, reduction of GH levels 
below 1.0 ug/L, decrease of tumour volume, and 
improvement of clinical signs and symptoms (5,6). 
Depending on patient characteristics and tumour size 
the possibilities range from surgery, medical treatment 
or radiotherapy. Treatment of acromegaly is complex 
and most cases require a stepwise, multidisciplinary 
approach to control the disease.

Transsphenoidal surgery (TSS) remains the primary 
treatment modality in most patients with acromegaly 
(5,7,8), especially in those harbouring a microadenoma 
or intrasellar macroadenoma (9,10). Surgery is effective 
in the management of acromegaly and in experienced 
centers biochemical remission rates up to 80% can be 
achieved. However, the vast majority of patients have 
macroadenomas, often with suprasellar extension. In 

these cases, the postoperative remission rates are much 
lower (11). Therefore, in patients for whom surgery 
is contra-indicated, in whom prefer pharmacological 
treatment, or in whom postoperative remission is 
not achieved, additional treatment is needed. This 
is primarily in the form of medical treatment with 
radiotherapy generally reserved as a third-line treatment 
option (7,12). 

The medical treatment options are as follows: 
dopamine agonists (e.g., cabergoline), first-generation 
long-acting somatostatin receptor ligands (SRLs), the 
GH receptor antagonist pegvisomant (PEGV) and 
the second-generation somatostatin multi-receptor 
ligand pasireotide long-acting release (PAS-LAR). 
Despite significant medical and surgical advances, many 
acromegaly patients are not adequately controlled. 
For these patients advances in combination medical 
treatment offer new perspectives. The outcomes of 
combination medical treatment may reflect both 
additive and synergistic effects. This review aims to 
discuss the current position of combined medical 
treatment options in acromegaly. The proposed 
position of combined medical treatment in acromegaly 
presented in this review are based on clinical studies 
evaluating the efficacy and safety of combined medical 
treatment(s) and our own experiences with combination 
therapy. 
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WHAT IS THE EFFICACY OF COMBINATION 
THERAPY?

First-line medical treatment according to the recently 
published consensus criteria of Melmed and colleagues 
(6) remains first-generation SRLs monotherapy with 
lanreotide Autogel (ATG) or octreotide long-acting 
repeatable (LAR). SRLs act mainly on the somatostatin 
receptor subtype 2a (SST2a) to inhibit GH secretion and 
normalize both GH and IGF-1 levels with an efficacy rate 
of about 25%-45% (13-17). If biochemical control is not 
achieved after administering the maximal dose of first-
generation SRLs, the consensus criteria (6) recommend 
that treatment should be individualized based on 
the presence or absence of clinically relevant residual 
tumour and impaired glucose tolerance. Dopamine 
agonists monotherapy (e.g., cabergoline), which are 
acting on dopamine 2 receptors, can be considered as 
first-line medical therapy postsurgery only for patients 
with modestly elevated GH and IGF-1 levels (IGF-1 
<2.5 x upper limit of normal (ULN) (6,7,18,19). 

There are multiple options for second-line therapy as 
recommended by the consensus criteria (6): PAS-LAR 
monotherapy or PEGV combined with or substituted 
for first-generation SRLs. PEGV monotherapy has a 
reported efficacy rate up to 89% (20). Similarly, PEGV 
in combination with first-generation SRL has the ability 
to normalize IGF-1 levels in the majority of patients, 
provided that the appropriate dose has been applied. 
According to the consensus criteria, PEGV substituted 
for or combined with first-generation SRL therapy is 
recommended for patients with no significant response 
(<20% IGF-1 reduction) during first-generation SRLs 
monotherapy (6). However, we recommend that 
combination therapy with first-generation SRL and 
PEGV is the best choice as second-line option in all 
non-responders (defined as IGF-1 >1.3 x ULN) by 
using the following arguments (21): 

1. The potential advantage of combination 
therapy is that a lower PEGV dosage is needed 
to normalize IGF-1 levels compared with 
monotherapy of PEGV, leading to a reduction 
in injection frequency for patients (22-24). 

2. There are indications that combination therapy 
might have a favourable effect on quality of 
life (QoL) compared to first-generation SRLs 
monotherapy, including the ones who are 
biochemically controlled (25). 

3. Although monotherapy with PEGV does not 
reduce tumour size, combination therapy with 

first-generation SRL may result in tumour 
size control or even tumour shrinkage in most 
patients (23). 

4. Headaches may be alleviated during 
combination therapy with PEGV and first-
generation SRL. It is proposed that nociceptive 
peptides are inhibited by first-generation SRLs, 
making it the favourable treatment option for 
patients with headaches (26,27). 

Initiating combination therapy with first-generation 
SRLs and PEGV is not preferred in patients showing 
poor control of diabetes during first-generation SRLs 
monotherapy. In patients receiving first-generation 
SRLs with worsening of the glucose control, previous 
studies have shown that PEGV therapy had a more 
favourable effect on the glycaemic control (28-30). 
In those cases, PEGV monotherapy would be a more 
suitable option as it may improve glucose metabolism 
by reducing insulin resistance (28-30). This is more or 
less in accordance with the consensus criteria (6), that 
recommend patients with pre-existing clinically relevant 
impaired glucose metabolism should be switched 
from first-generation SRLs to PEGV monotherapy. In 
addition, in patients with no biochemical significant 
response (<20% IGF-1 reduction) and without 
significant tumour shrinkage (<25% tumour volume 
reduction) during first-generation SRLs monotherapy, 
PEGV monotherapy is recommended. The maintenance 
of first-generation SRLs has potentially no additional 
benefit and increased the risk of adverse events such as 
cholelitiasis.

The consensus criteria recommend the addition 
of cabergoline to continued first-generation 
SRLs treatment in a small proportion of patients 
with modestly elevated IGF-1 levels during SRL 
administration (6). This recommendation is based on a 
previous report that showed that IGF-1 normalization 
has been observed only in patients with modestly 
elevated IGF-1 levels (19). The exact mechanism 
how the combination therapy of cabergoline and 
first-generation SRL treatment imposes a synergistic 
effect on the suppression of GH is not known (31-
33). Proposed mechanism includes increased intestinal 
transit time (34), crosstalk of G-coupled receptors or 
dimerization on the cell (post-) membrane level (35) or 
paradoxical nonobligatory hetero-dimerization (36). 
Regarding the efficacy, in a meta-analysis consisting 
of 77 patients, up to 50% achieved normalized IGF-1 
levels after adding cabergoline therapy (19). 
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PEGV and cabergoline combination therapy may 
offer additional benefits to a select group of patients 
with slightly elevated IGF-1 levels during PEGV 
monotherapy. However, the use of this combination 
treatment does not appear to be exceptional in clinical 
practice, as 10% of acromegaly patients included in 
the ACROSTUDY (37) were using this combination 
therapy. A retrospective study investigated the efficacy 
of this combination therapy, and found that PEGV in 
combination with cabergoline normalized IGF-1 levels 
in 4 out of 14 acromegaly patients (28%) and decreased 
IGF-1 levels in 9 out of 14 patients (64%) (38). A 
significant response to this combination treatment 
was associated with baseline IGF-1 levels (IGF-1 <1.6 
x ULN), female gender, higher baseline prolactin 
concentrations and a lower body weight (38). A 
prospective study investigating PEGV and cabergoline 
mono- and combination therapy, showed that the 
combination of low-dose PEGV and cabergoline 
treatment resulted in 68% of patients in normalization 
of IGF-1 levels (39). Moreover, they suggest that this 
combination treatment is more effective in reducing 
IGF-1 levels than PEGV or cabergoline treatment alone 
(39). Co-administration of PEGV and cabergoline has 
several advantages over the PEGV and first-generation 
SRL combination treatment, as cabergoline is orally 
administered, less expensive than first-generation SRLs 
and overall well-tolerated. 

The current consensus criteria (6) advocate PAS-
LAR monotherapy as second-line treatment for patients 
without biochemical response to first-generation SRLs 
if a clinically relevant residual tumour that is unsuitable 
for resection is present. In accordance with the current 
consensus criteria (6), we hypothesize that in particular 
young patients (aged <40 years) with macroadenomas 
that show tumour growth during first-generation SRL 
monotherapy or PEGV [i.e., clinically aggressive tumours 
(40)], PAS-LAR monotherapy can be considered as a 
next treatment step before starting with radiotherapy 
(21). The same strategy can be applied for patients whose 
disease was previously not controlled by first-generation 
SRLs with tumour growth (i.e., reflecting the presence 
of more aggressive tumours) during PEGV monotherapy 
(21). In addition, we recommend to switch to PAS-LAR 
monotherapy as an alternative to PEGV monotherapy 
or combination therapy for patients with the following 
baseline clinical features (21): 

1. Patients whose disease was previously not 
controlled by first-generation SRLs, who 

experience side-effects, or who are intolerant to 
PEGV monotherapy. 

2. Patients with severe headaches not responsive 
to first-generation SRLs. Headaches may be 
alleviated during PAS-LAR treatment. 

There is evidence that biochemical response to 
somatostatin analogues can be predicted by the SST 
receptor subtype binding profile in the adenoma tissue 
(41,42). Whereas first-generation SRLs show a high 
preferential binding affinity for SST2a receptor and 
PAS-LAR exhibits particularly high affinity for SST5 
receptor (43). However, previous in vitro studies (44-
46) and one in vivo study (47) suggest that, overall, 
PAS-LAR exerts its anti-secretory activity mainly by 
the activation of SST2a receptor. In the latter study, 
which include patients showing a partial response to 
first-generation SRLs, the IGF-1 lowering effects of 
PAS-LAR treatment correlated with the effect of SRL 
treatment (47). Therefore, both the clinical response 
to first-generation SRL treatment and SST2a receptor 
expression on adenoma tissue could predict the 
biochemical response to PAS-LAR treatment.

The current consensus criteria (6) do not address 
the current position of PAS-LAR in combination with 
PEGV in the medical management of acromegaly since 
it was held before our data (48,49) was published. 
Preferred baseline clinical features for the use of PAS-
LAR in combination with PEGV would be patients 
without diabetes using low PEGV doses (≤80 mg/
week) during combination therapy with first-generation 
SRLs (21). The PEGV dosages can be reduced or 
sometimes even discontinued due to the PEGV sparing 
effect of PAS-LAR (48). It should be stressed that 
it is likely that those patients end up with PAS-LAR 
monotherapy. Patients biochemically controlled during 
first-generation SRL and PEGV combination therapy, 
who use first-generation SRLs every three weeks or 
have symptoms of active acromegaly in the fourth 
week after first-generation SRL administration, may 
experience symptomatic improvement after switching 
to PAS-LAR and PEGV combination therapy (21). 
At last, we postulate that PAS-LAR treatment may 
improve tumour size control or even tumour shrinkage. 
Therefore, patients experiencing tumour growth 
during first-generation SRL and PEGV combination 
therapy could be switched to PAS-LAR and PEGV 
combination therapy (21).

The safety of the different combined medical 
treatments will be addressed in the paragraph below 
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where its effect on tumour size will be discussed 
separately from other side effects.

COMBINATION THERAPY AND TUMOUR SIZE

The prevention of further tumour growth and 
consequently tumour mass complications is an 
advantageous treatment outcome in acromegaly 
patients, as the existence of large tumours is associated 
with poor clinical outcomes (50). Clinical evidence has 
shown that first-generation SRL treatment exhibits 
anti-proliferative effects and induces tumour shrinkage 
in most patients (16,51,52). Moreover, greater tumour 
shrinkage was observed in naïve patients and those 
treated with first-generation SRLs monotherapy for 
more than one year. In addition, dopamine agonists 
may exert anti-proliferative effects on pituitary tumour 
cells (53).

Detailed research on tumour shrinkage and 
combination therapy is rare. For example, in 158 patients 
the results of the biochemical efficacy of cabergoline 
and first-generation SRL combination therapy were 
available, however, information on tumour volumes is 
scarce, which could underestimate tumour shrinkage. 
However, in one study of 10 patients resistant to first-
generation SRL therapy (54), total tumour shrinkage 
went from 34 to 21 uL (p = 0.009) after the addition 
of cabergoline (0.25-2 mg/week) for a period of six 
months. For patients who are biochemically resistant 
to first-generation SRLs, the addition of cabergoline 
may be useful as SRLs could maintain long-term effects 
on tumour mass, while cabergoline may lower IGF-1 
levels.

PEGV monotherapy does not have the ability to 
decrease tumour size. In the Italian ACROSTUDY 
patients, none of the 35 patients showed significant 
tumour growth under PEGV alone, whereas in one case, 
progressive shrinkage of the adenoma was documented 
by MRI, which was no longer detectable after six years 
of treatment (55). In the same study, among the 27 
patients treated with PEGV in combination with first-
generation SRL, a significant growth of the residual 
adenoma tissue occurred in one case. However, this 
patient was characterized by clinically aggressive 
disease (40) and, when the tumour enlargement was 
noted, was eventually treated with PEGV 40 mg/day 
in combination with lanreotide ATG 120 mg/month 
(55). In the Dutch cohort among 141 patients treated 
with PEGV in combination with first-generation SRL, 

growth of the adenoma occurred in one case as well, 
while this growth was already observed before the 
addition of PEGV (23). In the report by Neggers and 
colleagues they assessed the long-term safety of the 
combined use of PEGV and first-generation SRL in a 
large group of (n = 86) patients over a longer period 
of time (56). In 14 patients the size of the tumour 
significantly decreased more than 20%, whereas tumour 
size increase was not observed (56). All in all, these 
data do suggest that PEGV does not cause significant 
increase in tumour size in acromegaly patients. 
Therefore, PEGV in combination with first-generation 
SRL should be considered as a safe approach, especially 
when first-generation SRLs still can reduce tumour size 
in PEGV treated subjects plus the fact that in a small 
number of SRL treated subjects, an increase in tumour 
size has been observed as well.

To our knowledge, there are no studies investigating 
the tumour response after long-term PAS-LAR alone 
or in combination with PEGV therapy, except for 
one. In this follow-up analysis of 47 patients from 
the PAPE study (49), which investigated patients 
who were either treated with PAS-LAR monotherapy 
or the combination of PAS-LAR and PEGV therapy, 
assessment of T1 and T2-weighted signal by MRI 
was performed. Surprisingly, the T2-weighted MRI 
signal of the adenoma was increased in 14 (30%) of 
the 47 patients during PAS-LAR treatment (57). 
The increase in T2-signal was particularly substantial 
(>50%) in eight patients, where the majority of the 
adenoma became T2-hyperintense. Generally speaking, 
a T2-hyperintense signal indicates cystic degeneration, 
tumour cell necrosis, or both, which is suggestive of 
an anti-tumour effect (57). Besides, they observed 
clinically significant (≥25%) tumour shrinkage in 5 of 
the 14 patients with adenomas in which they observed 
increased T2-signal intensity during 9 months of 
PAS-LAR treatment. Up to 30 months of PAS-LAR 
treatment, an additional decrease in tumour volume 
was observed in the adenomas of five patients (mean 
tumour volume was 2.9 cm3 at baseline, 2.3 cm3 after 
9 months of PAS-LAR, and 1.9 cm3 after about 30 
months) (58). 

Antitumour effects of somatostatin receptor ligands 
have not been reported over the last 30 years. If 
PAS-LAR could induce cystic degeneration, tumour 
cell necrosis, or both, it might affect the clinical 
management of acromegaly. Preoperative treatment 
with PAS-LAR, for example, might induce (partial) 
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cystic degeneration, tumour cell necrosis, or both, 
which could improve surgical outcomes. This potential 
antitumour effect of PAS-LAR might reduce disease 
activity and even alleviate symptoms, or detrimentally 
may induce anterior pituitary deficiencies. Therefore, 
close monitoring of pituitary tumour status is advised 
when using PAS-LAR therapy alone or in combination 
with PEGV.

SAFETY AND QUALITY OF LIFE

First-generation SRLs are generally well tolerated, 
usually with transient mild side effects. Most patients 
experience nausea, diarrhoea, gastro-intestinal related 
complaints and abdominal pain or distension. More 
severe adverse effects may include hair loss, cholelithiasis 
and bradycardia (13,16). In general, the net effect 
of first-generation SRLs on glucose metabolism is 
considered marginal. Recently, in a large meta-analysis 
of 47 prospective interventional trials, they studied in 
1,297 patients the effect of first-generation SRLs on 
glucose homeostasis (59). The authors show that first-
generation SRLs significantly reduce insulin secretion, 
and this was not (completely) counterbalanced by 
the reduction in IGF-1 and GH levels. Therefore, 
the net effect of SRLs on glucose metabolism may be 
clinically relevant, because most patients are already 
insulin resistant and have prediabetes irrespective of the 
biochemical control.

Regarding the safety aspects of PEGV monotherapy 
or in combination with first-generation SRLs, in a recent 
update of the ACROSTUDY (60), hepatobiliary-related 
side effects were found for up to 10% of 2,090 patients, 
from which 4% are considered related to treatment. 
From the total of 1,094 patients, 62% remained to have 
normal transaminase (TA) values during follow-up. 
There was a reported level of 3% increases in TAs > 3 
x ULN. A total of 89 patients entered the study with 
elevated TAs between 1-3 x ULN, from this 34% drifted 
downwards to normal TA values during follow-up with 
PEGV treatment, 46% remained within their baseline 
range and 10% had TAs > 3 x ULN. Lipodystrophy at 
the injection site of PEGV has been reported, which 
regressed in most patients after frequent rotation or 
after discontinuation of PEGV (61). In a subgroup of 
patients, the combination therapy of first-generation 
SRL and PEGV has favourable effects on QoL compared 
with first-generation SRL monotherapy, including the 
patients whose disease is biochemically controlled (25). 

Furthermore, an advantage of this combination therapy 
is that first-generation SRLs are typically effective in 
resolving headaches due to inhibition of nociceptive 
peptides, making it the preferred treatment for patients 
with headaches (26,27).

The adverse effects of the combination therapy of 
first-generation SRL and cabergoline include: nausea, 
headache, dizziness and hypotension (19). High 
cabergoline dosages used in Parkinson’s patients have 
valvulopathy as a known side effect (62). Lower dosages 
and/or short-term use of dopamine agonists have not 
been proven to induce valvulopathy in acromegaly 
patients (63). Such outcomes of long-term cabergoline 
and first-generation SRL combination therapy in 
acromegaly patients is not known.

PAS-LAR monotherapy has a negative effect on 
glucose metabolism. It suppresses insulin secretion 
and incretin response, resulting in a higher frequency 
of hyperglycaemia and diabetes (13,49). In two 
studies comparing first-generation SRL with PAS-LAR 
monotherapy, hyperglycaemia-related adverse events 
were described in 22-30% with first-generation SRLs 
and in 57%-65% of patients treated with PAS-LAR 
therapy (13,14). In the PAPE study, the frequency of 
diabetes mellitus doubled from 33% at baseline to 69% 
at 24 weeks and increased further to 77% at 48 weeks 
(48). The pathophysiology of hyperglycaemia appears 
to be due to a combination of insulin and incretin 
suppressive effects of PAS-LAR (64). However, 
the precise mechanism of how PAS-LAR causes 
hyperglycaemia is not well understood. In biochemically 
controlled patients during first-generation SRL and 
PEGV combination therapy, who are still experiencing 
symptoms of active acromegaly in the fourth week 
after administration of first-generation SRLs, could 
experience symptomatic improvement after switching 
to PAS-LAR and PEGV combination therapy. 

CONCLUSION

The desired treatment approach in acromegaly patients 
should take all the individual traits of the disease into 
consideration, such as: GH and IGF-1 levels, tumour 
size, acromegaly symptoms, comorbidities, costs, QoL 
and patient preferences. Although surgery remains the 
mainstay treatment, new medical combination therapies 
have offer new perspectives for acromegaly patients 
with persistent disease activity despite surgery and/
or medical monotherapies. And with the introduction 
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of new effective drugs, the medical therapies may be 
more suitable for certain types of patients. It is of 
importance to monitor medical therapies closely as 
it is crucial in controlling the disease. We elucidated 
that the use of combination therapies could provide 
sufficient biochemical or tumour control in patients 
uncontrolled under first-generation SRL monotherapy. 
Every medical combination therapy carries along 
benefits and drawbacks. In the end, the real challenge 
for the clinician is to decide in each individual patient 
whether one outweigh other treatment options.

Disclosure: AJvdL is a consultant for Pfizer, and has received 
speaker fees from Novartis, Ipsen, and Pfizer. SJCMMN has re-
ceived research grants and speaker fees from Ipsen, Novartis, and 
Pfizer, and consulting fees from Ipsen. ECC and SWFM have 
nothing to disclose.
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Instructions for authors

GENERAL INFORMATION 
We emphasize the importance of following these instructions carefully. Failure to do 
so will delay the processing of your manuscript.
Manuscripts should be submitted solely to the AE&M and should not have been 
published, or be under consideration for publication in any substantial form, in ano-
ther periodical-either professional or lay.
Manuscripts should be submitted in English. Proofreading by a scientific editing 
service is strongly recommended; the following companies are suggested: Voxmed 
Medical Communications, American Journal Experts and PaperCheck. Manuscriptss 
that successfully complete the peer-review process and are recommended for publi-
cation will only be accepted and published upon receipt of a certificate proving 
professional academic English proofreading. In extraordinary circumstances, the 
certificate can be waived by editorial decision.
Papers that do not meet these requirements will be returned to the author for the 
necessary revisions before formal review.
Authors must include the ORCID (Open Researcher and Contributor ID) in the article 
submission and in the manuscript file.
All submissions are initially evaluated in depth by the scientific editors. Papers that 
do not conform with the general criteria for publication will be returned to the au-
thors without detailed review, typically within three to five days. Otherwise, manus-
cripts will be sent to reviewers (most commonly two).

MANUSCRIPT CATEGORIES 
Reports of original research may be submitted to AE&M as Original Articles or Brief 
Reports. Other special categories of manuscripts are described below. All manus-
cripts must adhere to the word count limitations, as specified below, for text only; 
word count does not include the abstract, references, or figures/tables and their le-
gends. Word count must be shown on the title page, along with the number of figu-
res and tables. The format is similar for all manuscript categories, and it is described 
in detail in the “Manuscript Preparation” section. 

Original Articles 
The Original Article is a scientific report of the results of original research that has 
not been published or submitted for publication elsewhere (either in print or electro-
nically). It represents a substantial body of laboratory or clinical work. In general, 
Original Articles should not exceed 3,600 words in the main text, include more than 
six figures and tables, or more than 35 references. 

Review Articles 
The AE&M publishes Review Articles that show a balanced perspective on timely 
issues within the field of clinical endocrinology. All reviews are submitted upon in-
vitation and are subject to peer review. Articles in this category are requested by the 
Editors to authors with proven expertise in the field. Authors considering the sub-
mission of uninvited reviews should contact the editors in advance to determine 
whether the topic that they propose is of current potential interest to the Journal. 
Review articles should be no longer than 4,000 words in the main text, include no 
more than four figures and tables, and no more than 60 references. The author 
should mention the source and/or request authorization for use of previously publi-
shed figures or tables.

Consensus Statements 
Consensus Statements related to the endocrine and metabolic health standards and 
healthcare practices may be submitted by professional societies, task forces, and 
other consortia. All such submissions will be subjected to peer review, must be 
modifiable in response to criticism, and will be published only if they meet the usu-
al editorial standards of the Journal. Consensus Statements should typically be no 
longer than 3,600 words in the main text, include no more than six figures and ta-
bles, and no more than 60 references. 

Brief Report 

The Brief Report consists of new data of sufficient importance to warrant immediate 
publication. It is a succinct description of focused study with important, but very 
straightforward, negative or confirmatory results. Brevity and clarity are always like-
ly to enhance the chance of a manuscript being accepted for publication. A maximum 
of 1,500 words in the main text plus up to 20 references and normally no more than 
two illustrations (tables or figures or one of each) are acceptable for Brief Reports. 

Case Report 

A Case Report is a brief communication presenting collected or single case reports 
of clinical or scientific significance. These reports should be concise and focused on 
the issue to be discussed. They should address observations of patients or families 
that add substantially to the knowledge of the etiology, pathogenesis, and delinea-
tion of the natural history or management of the condition described. Case Reports 
should be 2,000 words or less, with no more than four figures and tables, and no 
more than 30 references. 

We emphasize that only case reports that offer important basic translational or clini-
cal contributions, preferentially together with a review of the literature, will be con-
sidered for publication.

Letters to the Editor 
Letters to the Editor may be submitted in response to manuscript that has been pu-
blished in the Journal. Letters should be short commentaries related to specific 
points of agreement or disagreement with the published manuscript. Letters are not 
intended for the presentation of original data unrelated to a published article. Letters 
should be no longer than 500 words, with no more than five complete references, 
and should not include any figures or tables. 

MANUSCRIPT PREPARATION 
GENERAL FORMAT 
The Journal requires that all manuscripts be submitted in a single-column format 
that follows these guidelines: 

•  The manuscript must be submitted in MS-Word format.
•  All text should be double-spaced with 2 cm margins on both sides using 11-point 

type Times Roman or Arial font.
•  All lines should be numbered throughout the entire manuscript and the entire 

document should be paginated.
•  All tables and figures must be placed after the text and must be labeled. Submit-

ted papers must be complete, including the title page, abstract, figures, and ta-
bles. Papers submitted without all of these components will be placed on hold 
until the manuscript is complete. 

ALL SUBMISSIONS MUST INCLUDE: 
• A cover letter requesting the evaluation of the manuscript for publication in 

AE&M, and any information relevant to the manuscript. The manuscript´s 
originality and exclusivity should be stated, as well as the contribution of each 
author, Elsewhere on the submission form, authors may suggest up to three 
specific reviewers and/or request the exclusion of up to three others.

The manuscript must be presented in the following 
order: 
1. Title page.
2.  Structured abstract (or summary for case reports).
3.  Main text.
4.  Tables and figures. They must be cited in the main text in numerical order.
5.  Acknowledgments.
6.  Funding statement, competing interests and any grants or fellowships suppor-

ting the writing of the paper. 
7.  List of references. 

Title Page 
The title page must contain the following information: 

1.  Title of the article (a concise statement of the major contents of the article).
2.  Full names, departments, institutions, city, and country of all co-authors.
3.  Full name, postal address, e-mail, telephone and fax numbers of the correspon-

ding author. 
4.  Abbreviated title of no more than 40 characters for page headings.
5.  Up to five keywords or phrases suitable for use in an index (the use of MeSH 

terms is recommended).
6.  Word count – excluding title page, abstract, references, figures/tables and their 

legends.
7.  Article type 

Structured Abstracts 
All Original Articles, Brief Reports, Reviews, Case Reports should be submitted with 
structured abstracts of no more than 250 words. The abstract must be self-contained 
and clear without reference to the text, and should be written for general journal 
readership. The abstract format should include four sections that reflect the section 
headings in the main text. All information reported in the abstract must appear in 
the manuscript. Please use complete sentences for all sections of the abstract. 

Introduction 
The article should begin with a brief introductory statement that places the study in 
historical perspective, and explains its objective and significance.
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Materials and Methods 
These should be described and referenced in sufficient detail for other investigators 
to be able to repeat the study. The source of hormones, unusual chemicals and rea-
gents, and special pieces of apparatus should be stated. For modified methods, only 
the modifications need be described. 

Results and Discussion 
The Results section should briefly present the experimental data in text, tables, and/
or figures. For details on preparation of tables and figures, see below. The Discus-
sion should focus on the interpretation and significance of the findings, with conci-
se objective comments that describe their relation to other studies in that area. The 
Discussion should not reiterate the Results. 

Authorship 
The AE&M ascribes to the authorship and contributorship guidelines defined by the 
International Committee of Medical Journal Editors (www.ICMJE.org). Unrestricted 
joint authorship is allowed. A maximum of two corresponding authors is allowed. 
The uniform requirements for manuscripts submitted to medical journals state that 
authorship credit should be based only on substantial contribution to: 
1.  The conception and design, or analysis and interpretation of data. 
2.  The drafting of the article or its critical review for important intellectual content.
3.  The final approval of the version to be published.
All these conditions must be met. The corresponding author is responsible for ensu-
ring that all appropriate contributors are listed as authors, and that all authors have 
agreed with the content of the manuscript and its submission to the AE&M. 

Conflict of interest 
A conflict of interest statement for all authors must be included in the main document, 
following the text, in the Acknowledgments section. If authors have no relevant con-
flict of interest to disclose, this should be indicated in the Acknowledgments section. 

Acknowledgments 
The Acknowledgments section should include the names of those people who con-
tributed to a study but did not meet the requirements for authorship. The correspon-
ding author is responsible for informing each person listed in the acknowledgment 
section that they have been included and providing them with a description of their 
contribution so they know the activity for which they are considered responsible. 
Each person listed in the acknowledgments must give permission – in writing, if 
possible – for the use of his or her name. It is the responsibility of the corresponding 
author to provide this information.

References 
References to the literature should be cited in numerical order (in parentheses) in the 
text and listed in the same numerical order at the end of the manuscript on a separa-
te page or pages. The author is responsible for the accuracy of references. The num-
ber of references cited is limited for each category of submission, as indicated above. 

Tables 
Tables should be submitted in the same format as the article (Word), and not in 
another format. Please note: we cannot accept tables as Excel files within the ma-
nuscript. Tables should be self-explanatory and the data they contain must not be 
duplicated in the text or figures. Tables must be constructed as simply as possible 
and be intelligible without reference to the text. Each table must have a concise 
heading. A description of experimental conditions may appear together with foot-
notes at the foot of the table. Tables must not simply duplicate the text or figures. 

Figures and Legends 
All figures must display the figure number. Sizing the figure: the author is responsi-
ble for providing digital art that has been properly sized, cropped, and has adequate 
space between images. All color figures will be reproduced in full color in the online 
edition of the journal at no cost to the authors. Authors are requested to pay the cost 
of reproducing color figures in print (the publisher will provide price quotes upon 
acceptance of the manuscript). 

Photographs 
The AE&M strongly prefers to publish unmasked patient photos. We encourage all 
prospective authors to work with families prior to submission and address the issue 
of permission for review and possible publication of patient images. If your submis-
sion contains ANY identifiable patient images or other protected health information, 
you MUST provide documented permission from the patient (or the patient’s pa-
rent, guardian, or legal representative) before the specific material circulates among 
editors, reviewers and staff for the purpose of possible publication in AE&M. If it is 
necessary to identify an individual, use a numerical designation (e.g. Patient 1) ra-
ther than using any other identifying notations, such as initials. 

Units of Measure 
Results should be expressed in metric units. Temperature should be expressed in 
degrees Celsius and time of day using the 24-hour clock (e.g., 0800 h, 1500 h). 

Standard Abbreviations 
All abbreviations must be immediately defined after it is first used in the text. 

Experimental Subjects 
To be considered for publication, all clinical investigations described in submitted 
manuscripts must have been conducted in accordance with the guidelines of The 
Declaration of Helsinki, and must have been formally approved by the appropriate 
institutional review committees or their equivalent. 

The study populations should be described in detail. 

Subjects must be identified only by number or letter, not by initials or names. Pho-
tographs of patients’ faces should be included only if scientifically relevant. The 
authors must obtain written consent from the patient for the use of such photogra-
phs. For further details, see the Ethical Guidelines. 

Investigators must disclose potential conflict of interest to study participants and 
should indicate in the manuscript that they have done so. 

Experimental Animals 
A statement confirming that all animal experimentation described in the manuscript 
was conducted in accordance with accepted standards of humane animal care, as 
outlined in the Ethical Guidelines, should be included in the manuscript.

Ethical Guidelines
All studies involving human research must be in accordance with the Declaration of 
Helsinki and must have been formally approved by the appropriate institutional re-
view board, ethical review committee, or equivalent. Concerning research conduc-
ted in Brazil, all studies must inform the CAAE (Certificado de Apresentação para 
Apreciação Ética) registration number generated in Plataforma Brasil. 

In all experiments involving human subjects, it should be stated that informed con-
sent was obtained from the participants and that an institutional human research 
committee had approved the investigations. This should be stated in the Methods 
section of the manuscript.

Regarding studies involving experimental animals, a statement confirming that all 
experimentation was performed according to accepted standards of humane ani-
mal care should be included in the manuscript.

Molecular Genetic Description 
• Use standard terminology for variants, providing rs numbers for all variants re-

ported. These can be easily derived for novel variants uncovered by the study. 
Where rs numbers are provided, the details of the assay (primer sequences, PCR 
conditions, etc.) should be described very concisely.

•  Pedigrees should be drawn according to published standards (See Bennett et al. 
J Genet Counsel (2008) 17:424-433 - DOI 10.1007/s10897-008-9169-9). 

Nomenclatures 
• For genes, use genetic notation and symbols approved by the HUGO Gene No-

menclature Committee (HGNC) – (http://www.genenames.org/). 
• For mutation nomenclature, please use the nomenclature guidelines suggested 

by the Human Genome Variation Society (http://www.hgvs.org/mutnomen/) 
• Provide information and a discussion of departures from Hardy-Weinberg equili-

brium (HWE). The calculation of HWE may help uncover genotyping errors and 
impact on downstream analytical methods that assume HWE. 

• Provide raw genotype frequencies in addition to allele frequencies. It is also de-
sirable to provide haplotype frequencies. 

• Whenever possible, drugs should be given their approved generic name. Where 
a proprietary (brand) name is used, it should begin with a capital letter. 

• Acronyms should be used sparingly and fully explained when first used.

Papers must be written in clear, concise English. 
Avoid jargon and neologisms. The journal is not prepared to undertake major correc-
tion of language, which is the responsibility of the author. Where English is not the 
first language of the authors, the paper must be checked by a native English speaker.
For non-native English speakers and international authors who would like assistan-
ce with their writing before submission, we suggest Voxmed Medical Communica-
tions, American Journal Experts or PaperCheck.
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