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Abstract

Adipose tissue (AT) is a well-established target of growth hormone (GH) and is altered in clinical 

conditions associated with excess, deficiency and absence of GH action. Due to the difficulty in 

collecting AT from clinical populations, genetically modified mice have been useful in better 

understanding how GH affects this tissue. Recent findings in mice would suggest that the impact 

of GH on AT is beyond alterations of lipolysis, lipogenesis or proliferation/ differentiation. AT 

depot-specific alterations in immune cells, extracellular matrix, adipokines, and senescence 

indicate an expanded role for GH in AT physiology. This mouse data will guide additional studies 

necessary to evaluate the therapeutic potential and safety of GH for conditions associated with 

altering AT, such as obesity. In this review, we introduce several relatively new intricacies of GH’s 

effect on AT, focusing on recent studies in mice. Finally, we summarize the clinical implications of 

these findings.
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Adipose tissue

Our understanding of adipose tissue (AT) has evolved over the past few decades, revealing a 

much more complex and interactive tissue than once thought. Traditionally, AT was believed 

to serve mainly as an energy reservoir for triglycerides, armed to release or store energy in 

response to afferent signals. As such, many hormone receptors, such as the growth hormone 

receptor (GHR), insulin receptors and B-adrenergic receptors, are abundantly expressed on 

AT. More recent studies reveal additional characteristics of AT important to its function. For 

example, AT contains abundant non-adipocyte cells that contribute to tissue function, an 

extracellular matrix (ECM) and vascularity that regulate its expandability, an inherent 

endocrine role through the production and secretion of adipokines and a capacity to remodel 

and take on a thermogenic potential. Furthermore, AT depots from distinct anatomic 

locations have been shown to possess different properties and metabolic features. For these 

reasons, it is important to study AT from different sites, at the cellular as well as whole 

tissue level, and to consider other factors such as age and diet when describing the impact of 

a hormone, such as growth hormone (GH), on this tissue.

Properties of Adipose tissue

AT is a loose connective tissue consisting of adipocytes as well as a number of other cells 

collectively referred to as the stromal vascular fraction (SVF). SVF cells include endothelial 

cells, fibroblasts, preadipocytes, mesenchymal stem cells [1], and cells of the innate and 

adaptive immune systems. In total cell number, these nonadipocyte cells within AT can 

predominate and have been shown to be somewhat dynamic, depending on the state of the 

tissue [2, 3]. In particular, the diversity of the immune cells is now better appreciated and 

includes the more abundant macrophage population (of varying activation state and 

antigenicity), but also various T cell populations, natural killer (NK) cells, dendritic cells, B 

cells, eosinophils and mast cells [2, 4]. The shift from a lean to an obese state is 

accompanied by dynamic shift in these immune cells, which includes a loss of T regulatory 

cells [5] and eosinophils, but increases in neutrophils, specific T cell subsets, B cells, 

dendritic, NK and mast cells [6–8]. Besides infiltrating cells, SVF cells resident to AT, such 

as preadipocytes, can radically change in phenotype or function. Examples of this include 

the capacity for the preadipocyte, which can account for 15–50% of total cells in AT, to 

become a mature adipocyte as well as the tendency of preadipocytes to senescence with 

advancing age [9]. Collectively, the cell types and their functional state have a profound 

effect on the microenvironment and function of AT.

Furthermore, AT is also not a homogeneous tissue. That is, there are depot specific 

differences within an organism, and as a result, AT depots are sometimes considered mini-

organs because of how they differ in secretory profile, function, and structure [10]. The 

factors, such as GH, that control these differences are of high significance since the regional 
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distribution of AT is strongly associated with metabolic disorders, with visceral AT being 

most problematic. This heterogeneity is, in part, due to the different cellular composition, as 

noted in the previous paragraph but also influenced by other structural factors such as neural 

innervation, lymphatics or blood vessels within the tissue. For example, in the mesenteric 

depots, the lymphatics and lymph nodes are pronounced providing a means to transport 

ingested fat, which results in exposure of cells in this depot to the subset of exogenous fats 

that may contribute to a unique secretory profile [11]. There are also marked differences in 

the types of immune cells that infiltrate the tissue and the expandability of the individual 

depots. While the cause of depot specific differences could be structural or cellular, there is 

also evidence of genetic and epigenetic differences depot to depot [12]. While the factors 

responsible for establishing and maintaining depot specific differences are not fully 

elucidated, these data illustrate the need to sample multiple depots to understand how a 

hormone influences AT and to be cautious in extrapolating the findings from a single depot 

to the tissue as a whole.

Contributing to the complexity of AT are several other relatively recent advances. First, there 

are distinct classes of AT (brown/BAT and white/WAT) as well as adipocytes including 

white, brown and beige/brite adipocytes. These different adipocyte classes reside in specific 

depots and have very distinct functions with white adipocytes mainly functioning to store 

energy and the other two having more thermogenic capacity [reviewed in 13]. Increasing 

beige or brown adipocytes in response to exogenous or endogenous signals is associated 

with significant improvements in glucose and lipid metabolism [13]; as a result, these 

signals have garnered significant attention as a target for therapeutic intervention for obesity. 

Second, the extracellular matrix (ECM) plays a critical role in the structure and function of 

AT. In WAT, the ECM proteins, such as collagen VI, elastin, laminin, and fibronectin that 

crosslink with collagen, are needed for restructuring to accommodate increases and 

decreases in triglyceride storage [14, 15]. There are many fibrous proteins involved in the 

structure of the ECM, but collagen VI in particular plays an important role [16]. Healthy AT 

expansion appears to occur when the extracellular matrix is flexible; however, an imbalance 

in ECM synthesis and degradation may promote fibrosis in the tissue, limiting proper 

growth, contributing to tissue inflammation and dysfunction [17]. Fibrosis and ECM 

remodeling of AT has been implicated in metabolic dysregulation in many recent animal and 

human studies. Third, even the processes that control lipolysis, which was the focus of much 

of the earlier work on AT, have additional layers of complexity. The discovery of adipose 

triglyceride lipase (ATGL) in 2004 uncovered the main lipase involved in the triglyceride 

(TG) lipolysis while the better understood hormone sensitive lipase was determined to be 

more important for lipolysis of diglycerides. Furthermore, the perilipin family of proteins, 

along with other lipid droplet associated proteins, coat the surface of lipid droplets and 

actively regulate basal and stimulated lipolysis [18]. Fourth, while not as recent, AT is now 

acknowledged as an active endocrine tissue actively secreting adipokines. Classic examples 

of adipokines, such as leptin and adiponectin, have been studied for years and continue to be 

ascribed new physiological functions. For example, leptin has been shown to regulate both 

the number of somatotrophs as well as the secretion of GH [19]. In addition, newer 

adipokines are routinely uncovered with recent examples including chemerin [20, 21] and 

Metrnl/subfatin [22, 23], as well as the paracrine/autocrine secretions of immune and 
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senescent cells (the so called senescence secretory phenotype or SASP [24]). While this is 

not an exhaustive list, these examples illustrate a relatively recent evolution in our 

understanding of the molecular/cellular complexity of this once simple tissue.

Growth Hormone

Growth hormone (GH) is a pleiotropic protein hormone that promotes growth, as its name 

implies, through the alteration of nutrient metabolism and partitioning. Overall, GH has 

anabolic effects on almost all tissues promoting the growth of that tissue. However, GH has 

a dramatic effect on AT. In AT, GH promotes the release of stored energy by increasing 

lipolysis and decreasing lipogenesis as well as influencing proliferation and differentiation 

of the preadipocytes [25]. Thus, GH can drastically alter lipid metabolism and decrease AT 

mass.

As illustrated in Figure 1, GH is secreted from the somatrophs of the anterior pituitary in a 

pulsatile manner in response mainly to the balance of GH releasing hormone and 

somatostatin. GH action is initiated with GH binding to the growth hormone receptor 

(GHR), a receptor which is ubiquitously expressed in most tissues including muscle, 

adipose, liver, kidney, heart, intestine, and lung. Proper binding of GH to its predimerized 

cognate receptor triggers a conformational change leading to transphosphorylation and 

activation of associated tyrosine kinases (JAK2). Activated JAK2 then phosphorylates 

tyrosines in the cytoplasmic domain of GHR, which results in the recruitment of additional 

intracellular signaling molecules [26]. As a result, signal transduction occurs though several 

pathways. One of the main pathways is via Signal Transducer and Activator of Transcription 

5 (STAT5) a and b, which are phosphorylated and dimerize, allowing them to bind to STAT 

responsive elements of promoter/enhancer regions of genes related to metabolism, body 

growth, and insulin like growth factor-1 (IGF-1) production [26]. JAK2-independent 

signaling pathways are also activated utilizing the Src family kinases rather than JAK2 to 

stimulate p44/42 mitogen-activated protein kinase (MAPK) activity and the transcription 

activator Elk-1.

As noted, one outcome of the GH-GHR signaling cascade is the production of IGF-1. IGF-1 

is a critical growth factor released mainly from the liver but also extrahepatic tissues. 

Because of the tight association between GH induced signaling and IGF-1 production, it is 

often difficult to discern the effects of GH directly versus that of IGF-1. As will be described 

below, while there are some animal models that have allowed one to dissect the effect of GH 

versus IGF-1 (e.g. LiGHRKO), generally these two hormones are impacted in a coordinated 

manner.

Clinical Conditions Caused by Absence, Decrease, or Excess in GH action

The dramatic effects of GH on the AT can be observed in clinical conditions related to the 

absence, decrease, or excess of GH action. Laron Syndrome (LS), which is an autosomal 

recessive disorder characterized by insensitivity to GH, is caused by mutations to genes that 

encode molecules in the GHR signaling pathway with the majority of cases occurring in the 

GHR gene itself [27]. Individuals with LS have notable gains in fat mass yet are protected 
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from cancer [28] and, at least in an Ecuadorian cohort, retain enhanced insulin sensitivity 

with a resistance to diabetes [29, 30]. LS also results in altered circulating adipokine levels 

with both high molecular weight and total adiponectin levels increased while leptin levels 

tend to be elevated in some but not all studies [30–32]. Besides LS, the well characterized 

Itabaianinha cohort of dwarfs in Brazil provide data regarding genetic isolated GH 

deficiency due to homozygous GH-releasing hormone receptor (GHRHR) mutations. This 

population has been reported to have elevated central or visceral obesity [33] or no 

significant alterations in fat mass [34] along with no change in lifespan [35] or no apparent 

protection from diabetes [36].

Likewise, patients with GH deficiency (GHD) exhibit marked increases in fat mass, 

primarily due to increased adipocyte volume, whereas cell numbers are lower [37]. GHD can 

result from genetic defects, traumatic brain injury, irradiation, or organ lesions, such as a 

pituitary or hypothalamic tumors, which cause a destruction of somatotrophs or GHRH-

producing neurons. The clinical manifestations of GHD depend, in part, on whether it 

develops during childhood or during adult life. The patients have altered body composition 

with markedly decreased lean mass and increased fat mass, which is most pronounced in the 

abdominal area. They suffer from hypoglycemia and dyslipidemia and have altered 

adipokine protein expression pattern (usually elevated leptin, adiponectin and visfatin) [37–

39].

At the opposite end of the spectrum is acromegaly, a condition of GH hypersecretion usually 

caused by a pituitary adenoma [40]. Acromegaly confers various physical and metabolic 

consequences, such as enlarged hands, feet, and facial bones, and insulin resistance [40] 

Relevant to this review, AT mass is dramatically reduced with acromegaly in both subQ and 

visceral depots with an unusual ectopic fat deposition in intermuscular AT [41]. As with LS 

and GHD, acromegaly is accompanied by altered adipokines, including lower leptin and 

adiponectin and higher visfatin levels [42, 43]. In fact, the important role of AT in disease 

progression is highlighted by recent evidence that visfatin may serve as an index of disease 

activity as well as AT dysfunction [42].

Because of the difficulty in collection AT samples from distinct depots from these clinical 

populations, many have turned to the use of animal models that closely mimic these 

conditions to better understand GH’s impact on AT. While there are obvious differences in 

mouse and man, these mouse lines have provided clues as to how GH may alter this tissue at 

the molecular or cellular level. These mouse lines will be described below with particular 

attention given to the newer complexities of AT alluded to above. Collectively, the findings 

from clinical studies and mouse lines have confirmed that GH has profound effects on AT, 

its effects are depot dependent, and GH impacts more than the lipolytic, lipogenic, and 

proliferative processes.

AT in mice with alterations in GH action

Many different mouse lines are available to better understand the relationship between GH 

and AT physiology. These different mice can be generally classified as having increased or 

decreased GH action. A summary of those that will be discussed in this review and their 
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phenotype is outlined in Table 1; the mice are listed in order from no GH action to increased 

GH action. It is important to note that Ames and Snell dwarf mice have mutations that 

interfere with the proper development of the anterior pituitary and thus have primary 

deficiencies in GH, prolactin and thyroid-stimulating hormone. New technologies for 

genetic manipulation of mice has provided other means to manipulate GH action 

conditionally, usually either temporally or tissue-specifically to study its role in AT. For 

example, Luque et al. [44] describe an adult GH deficient mouse in which they ablate the 

somatotrophs with a Cre system that utilizes diphtheria toxin thus attempting to eliminate 

some of the confounding effects due to the dwarf size of the GHR−/− mice. Circulating 

levels of GH and IGF-1 are decreased but are still detectable in these mice. Interestingly, 

even partial GH deficiency, as shown in these mice, has a dramatic impact on AT. In 

addition, the effects of tissue-specific disruption of GHR have been reported by several 

groups using cre/lox technology. Only the liver- [45], adipose- [46] and macrophage- [47] 

specific disruptions of GHR will be discussed because of their relevance to this review.

As shown in Table 1, absence, reduction, and excess of GH-induced signaling has profound 

effects on adiposity, which is age- and depot-dependent. Mice with reductions in GH action 

are relatively obese throughout life [48, 49]. However, the increased adiposity in several of 

these lines, such as GH receptor gene distupted (GHR−/−), dwarf Lit/Lit, GH antagonist 

transgenic (GHA), Adult onset inducible GHD (AOiGHD), Ames dwarf and Snell dwarf 

mice, is not uniform with the subQ depot disproportionately enlarged and with minimal 

changes in the epididymal fat pad [44, 48, 50–52]. Because these mice have preferential 

enlargement of subQ AT and, as subQ AT is thought to be “healthier” than other adipose 

depots, it is tempting to speculate that the subQ enlargement is in part responsible for the 

favorable metabolic phenotype of these long-lived dwarf mice. However, there is also 

evidence of a benefit for the other fat pads in these dwarf mice. For example, removal of the 

same epididymal and retroperitoneal fat pads in GHR−/− and Ames dwarf mice significantly 

decreases circulating adiponectin and impairs glucose metabolism [53]. This further 

supports an inherent functional difference of these depots in the long-lived mice.

GHA transgenic mice are worthy of additional discussion as they are an interesting 

exception to the trend of increased lifespan and improved metabolic profile noted for the 

other dwarf lines. GHA mice have dramatic increases in the subQ depot at all ages, similar 

to the other lines, but eventually all depots become enlarged with advancing age [52]. The 

age at which the non-subQ depots increase corresponds with the transition to a more insulin 

resistant state, presumably a result of the marked adiposity gains. The more dramatic gains 

in fat mass and loss of insulin sensitivity likely counterbalance any positive effect that GH 

reduction may have on lifespan in these mice.

bGH transgenic mice show a change in AT as a function of age. More specifically, AT mass 

is increased at younger ages, but is dramatically reduced compared to controls with 

advancing age [54]. The depot differences in AT mass are not as apparent in bGH as all 

depots appear to be similarly decreased. However, specific molecular and cellular properties 

of the AT depots in bGH mice are still evident and become more dramatic with advancing 

age, as we will discuss in more detail below.
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Metabolic effects of GH in adipose tissue

It is well accepted that GH decreases fat mass by stimulating lipolysis, reducing glucose 

uptake by counteracting insulin action thus inhibiting lipogenesis [25]. GH has been known 

to promote lipolysis via increasing hormone sensitive lipase (HSL) activity for many years 

[25, 55, 56]. However, our understanding of lipolysis has evolved and the direct impact of 

GH on the more recent key players in lipolysis, such as adipose tissue triglyceride lipase 

(ATGL) and perilipin, has not been systematically studied in whole animal models. GH 

likely alters these other molecules as well to promote lipolysis as GH increases the 

expression of ATGL in primary adipocytes [57] and perilipin and ATGL are increased in 

human omental AT explants treated with GH and dexamethasone (although though there is 

no significant effect of GH alone in this experimental system) [58]. Evaluating these key 

lipolytic proteins in the mouse lines would be of great interest.

GH also alters fat mass by influencing preadipocyte differentiation and proliferation 

although the results are mixed with some studies showing an increase, others a decrease and 

some pointing to IGF-1 as the main hormone responsible for this effect [59]. Importantly, 

there is evidence that the role of GH on these processes is depot dependent. For example, a 

difference in proliferation and differentiation potential has been reported for periovarian but 

not subQ depots of GHR−/− mice [60]. Likewise, in a recent study, isolated AT 

mesenchymal stem cells from GHR−/− mice are shown to have increased adipogenesis 

potential only in the subQ depot; this finding could partially explain the disproportionate 

increase in subQ fat in these mice. This same study also showed that GH’s ability to impair 

adipogenesis in bGH mice may involve activation of the Wnt/β-catenin signaling pathway 

[61]. Interestingly, some of the earlier studies focused on cell lines or primary cultures 

derived from a single depot [59], which may contribute to the discrepancy in the literature.

GH and endocrine properties of AT

GH greatly alters the endocrine output of AT. In general, leptin, adiponectin, and resistin are 

all reduced with increased GH action, which may be due to the direct action of GH, the 

indirect action of IGF-1, or a consequence of other features of these mice such as their 

reduction in fat mass. In contrast, these hormones are generally elevated in the mice with 

reduced GH action such as the GHR−/− mice [54, 62–64]. Evidence for a direct effect of 

GH on the expression of adiponectin expression has been provided by cell culture studies in 

which GH treatment of differentiated 3T3-L1 adipocytes results in a decrease in adiponectin 

levels [65].

A better understanding of the role of GH on the endocrine properties of AT have been 

provided by the fat- and liver specific gene-disrupted mouse lines (FaGHRKO and 

LiGHRKO, respectively) in which these adipokines are distinctly regulated and different 

from what has been reported with global GHR gene disruption (GHR−/− mice). FaGHRKO 

mice have higher levels of leptin in accordance with their extreme obesity and similar to the 

mice with global GHR disruption (GHR−/−) but low and normal levels of adiponectin and 

resistin, respectively [46]. This suggests that that the mass of AT itself or the action of GH 

on AT is not the major driver of at least adiponectin and resistin production, but indicate that 
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there are other factor besides GH that influence the secretion pattern of these adipokines 

from AT. The levels of adipokines reported in the LiGHRKO mice would suggest that the 

liver plays a central role in altering these adipokines in AT. That is, the adipokine profile of 

LiGHRKO mice closely resembles that of the global GHR−/− mice [45].

GH and senescence of AT

Cellular senescence describes the process in which division competent cells enter a state of 

irreversible growth arrest. Importantly, senescent cells also become resistant to apoptotic cell 

death, which prohibits their clearance from the tissue. Senescent cells remain metabolically 

active, secreting a range of chemokines, cytokines, proteases and other factors – collectively 

called the senescence-associated secretory phenotype (SASP) - that can promote 

inflammation and impair tissue function [66]. Important to AT, when preadipocytes become 

senescent they can no longer differentiate into functional adipocytes; consequently, as 

senescent cells accumulate, adipogenesis is impaired and AT loses its ability to store lipid 

[66]. This phenomenon has been suggested to explain the decreased lipid storage capacity in 

subQ AT depots with advancing age and the lipid being redirected to visceral and ectopic 

depots over time resulting in lipotoxicity [67].

GH activity has been demonstrated to influence AT senescence. That is, increased GH action 

in bGH mice as well as in chronically GH-injected mice results in significantly greater 

senescent cell accumulation in AT [68]. Likewise, decreased GH action, as in Snell dwarf 

and GHR−/− mice, results in lower senescent cell burden [68]. Thus, the well-documented 

enlargement of the subQ AT depot in the GHR−/− and Snell dwarf mice may be a result of 

this phenomenon. Interestingly, GHA mice appear to be an exception to this trend as their 

AT senescence levels are comparable to control mice despite a decrease in GH action [69]. 

Perhaps the discrepancy is due to the fact that GHA mice have a more modest reduction in 

GH action than Snell or GHR−/− mice or that senescence reflects longevity and GHA mice 

do not have an increased lifespan. Regardless, the normal levels of senescent cell burden in 

GHA AT could be considered a positive outcome as these mice are also extremely obese, 

and obesity itself has been shown to accelerate AT senescence [70].

GH and AT immune cells

The GHR is expressed in a wide array of innate and adaptive immune cells [71] Thus, it is 

not surprising that GH has been shown to alter immune function with most published data 

focusing on the hormone’s ability to influence T cell development and function [71]. Several 

recent studies have focused on the role of GH on AT immune cells. Studies using mice with 

a targeted deletion of GHR in macrophages reveal the importance of GH action on 

macrophages in regulating adipogenesis [72] and AT inflammation during diet-induced 

obesity [73]. More recently, our laboratory demonstrated that GH action influences WAT 

immune cell distribution in a depot specific manner [74]. In this study, we report that bGH 

mice have an increase in the amount of total leukocytes in the mesenteric (visceral) depot as 

compared to control mice. Furthermore, macrophages represent a higher percentage of the 

SVF in bGH subQ and mesenteric depots relative to wild-type controls; these macrophages 

in bGH mice more commonly exhibit an anti-inflammatory or M2 phenotype. T helper cells 
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are also more abundant in the subQ WAT of bGH mice relative to controls. Finally, 

transcriptome profiling of AT from GHR−/− mice relative to controls suggests increased 

dendritic cells in AT of these dwarf mice although quantification of cell populations in GHR

−/− AT from these mice has not been reported [75]. To date, these are the only published 

studies that have attempted to address the role of GH on altering the immune cell population 

numbers or function in AT; however, these data are striking and represent a novel means by 

which GH could influence the health and function of this tissue and ultimately the organism.

GH and Fibrosis

AT fibrosis, or the buildup of extracellular matrix (ECM) proteins, primarily collagen, is a 

recently recognized hallmark of obesity. While high levels of GH have been shown to 

promote fibrosis in numerous other tissues such as muscle, bone, and skin [76, 77], the role 

of the GH in AT fibrosis has not been fully examined. However, preliminary data from our 

laboratory does suggest a significant role for GH in collagen deposition in AT (Householder 

et al, submitted). That is, bGH mice appear to have elevated collagen content/fibrosis in AT, 

with the subQ depot showing the most pronounced fibrosis. The depot difference is 

particularly interesting since the decrease in AT mass of bGH mice is similar in all depots, 

yet the fibrosis is highly depot dependent. Likewise, GHA and GHR−/− mice appear to have 

a decrease in ECM deposition, which again is mainly apparent in subQ depots. This 

interesting observation would suggest that in addition to GH directly altering proteins 

involved in lipolysis, lipogenesis and proliferation/differentiation, GH may also alter AT 

expansion by restricting adipocyte enlargement directly via a rigid ECM.

What does this mean for the clinical use of treatments that modify GH 

action?

Acromegaly

Acromegaly can be treated with surgery, radiotherapy, and/or pharmacologically, all with the 

goal of decreasing both GH and IGF-1 to within normal limits. Treatment is critical as GH 

hypersecretion leads to a multisystem disease state that result in several comordities, 

psychological alterations, physical disfigurement as well as premature death. With treatment, 

the decrease in GH action is accompanied by increases in subQ and visceral AT, albeit to a 

greater extent in men than in women, decreases in intramuscular fat deposition, and 

increases in ectopic fat deposition in liver [41]. The studies described in this review for bGH 

mice, which share many features with the clinical condition of acromegaly, would suggest 

that the decrease in AT mass with acromegaly is accompanied by a depot-specific increase in 

the flux of unfavorable immune cells [74], fibrosis (Householder et al, submitted) and 

preadipocyte senescence [68], all of which are hallmarks of unhealthy AT. Thus, while the 

acromegaly treatment methods may increase AT, the AT is likely healthier with treatment, or 

in other words, the quantity of AT may not reflect the overall quality of the tissue. Future 

studies in clinical populations that assess more than just AT mass and that are able to sample 

multiple depots are needed to confirm the results in bGH mice.
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Growth disorders and GHD

Treatment of children and adults with GH deficiency consists of replacement therapy with 

recombinant human GH. GH treatment improves height, body composition, bone density, 

and overall quality of life. Importantly, it results in an overall reduction of fat mass, 

including a shift in adipocyte volume and size toward normal [78, 79]. Levels of insulin and 

adipokines are partly normalized, and especially in adult GHD, lipid metabolism is 

improved [39, 80]. Patients with LS show clinical manifestations that are similar, although 

not identical, to GHD. The patients are GH insensitive; thus, there is no shortage of GH. LS 

patients are currently treated with IGF-1 with or without IGF binding protein 3 [81]. Studies 

are limited as to the impact of this treatment on AT. While an initial reduction in fat mass is 

observed with recombinant IGF-1 treatment, long term gains in adiposity have been noted. A 

recent study reports that lower doses injected twice daily may be more beneficial as it results 

in less fat accumulation [82, 83].

Obesity

With a doubling in worldwide obesity and with nearly one-third of US adults now 

considered obese [84], alternative methods for obesity management are desperately needed. 

Human obesity, especially in the visceral depots, is associated with a markedly suppressed 

spontaneous GH secretion and a decreased response to GH stimuli, such as GH releasing 

hormone [85]. The suppression of GH is secondary to obesity and is, in part, explained by 

hyperinsulinemia and increased leptin, reduced ghrelin activity and elevated free fatty acids 

[86]. Circulating IGF-1 levels remain unaffected or slightly lowered, whereas free IGF-1 

tends to increase, probably due to an insulin-mediated reduction in IGF binding protein 

(IGFBP)-1 and -2 [86]. Substantial weight loss and a decrease in insulin resistance are able 

to restore GH secretion.

Since the late 1980s, a large amount of attention has focused on recombinant human GH and 

its effects on body composition and metabolic disturbance in the setting of obesity [recently 

reviewed in 85]. In most clinical studies, GH at therapeutic levels has failed to demonstrate a 

striking impact on health. In these studies, generalized or abdominal obese individuals 

typically do not respond to recombinant human GH administration with weight loss. 

However, despite unaltered bodyweight, most studies show a reduction in visceral AT and an 

improvement in glucose and lipid profile, and some trials also demonstrated reductions in 

subQ mass [87]. It was suggested that the ability of GH to directly affect proteins involved in 

lipolysis and lipogenesis was the main cause of AT reduction. However, some of the recent 

findings in mice may suggest other mechanisms, such as fibrosis or senescence, as described 

elsewhere in this review. Importantly, the data in mice would suggest that the reduction in 

AT mass with GH therapy would not be accompanied by favorable changes in AT. Further, 

GH is a diabetogenic agent that may have ill-effects on glucose metabolism. Thus, its use as 

a therapeutic agent to reduce obesity is likely limited.

Expert commentary

For the past decades, the rate of overweight and obesity has increased dramatically posing a 

major challenge in clinical practice. GH, because of its favorable impact on body 
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composition in decreasing AT - particular abdominal and visceral stores - and increasing 

lean mass, has been postulated to be a pharmacological method to complement lifestyle 

changes. In humans, it is well known that obesity reduces GH levels and that obese 

individuals with the lowest GH secretion exhibit the most severe metabolic consequences. 

Thus, GH appears to be a reasonable candidate for therapy. However, most studies with 

recombinant GH therapy show no or only modest change in body weight in obese patients 

although there is striking evidence of the direct ability of GH therapy to decrease AT and in 

particular abdominal/visceral AT stores. However, these studies are often limited by small 

sample size, short duration of follow-up, and the potential adverse effect of GH on glucose 

homeostasis.

This review describes the impact of GH on AT based on recent findings in animal models as 

well as the insight provided by clinical conditions associated with the absence (LS), 

decrease (GHD) or excess (acromegaly) in GH action. Collectively, these data from clinical 

populations and from animal models would suggest that overall health of AT is 

compromised with excess GH even though fat mass is reduced. The mechanisms for AT 

reductions are likely to be much more complex than first thought and go far beyond the 

ability of GH to regulate lipolysis, lipogenesis or preadipocyte differentiation/proliferation. 

As illustrated by the GH mouse lines, GH is able to affect adipocyte senescence, leading to 

impaired adipogenesis and reduced lipid accumulation in a depot specific manner. It alters 

AT immune cell population, perhaps by increasing the amount of leukocytes in visceral 

depots, as seen in the bGH mouse. Finally, GH increases collagen deposition and promotes 

fibrosis, which may restrict adipocyte expansion. These findings are striking and represent 

novel means by which GH influence AT and have profound effects on health and function of 

this tissue. Further, these mouse lines with modifications in GH-induced intracellular 

signaling suggest that clinical readouts related to immune function, adipokine shifts, 

senescence or fibrosis may serve as better indicators of AT health in the clinical setting than 

simple measures of mass. Finally, to understand the many effects of GH on AT, it is 

necessary to acknowledge the importance of cross talk and interaction among different 

tissues. This has become especially obvious from studies in mice with tissue-specific 

alterations in GH signaling. These concerns make it unlikely that GH will be of therapeutic 

value in obesity in the near foreseeable future

Five-year view

The increasing prevalence of obesity and obesity-related metabolic disorders will increase 

the search for alternative treatment strategies. Currently available drugs for the treatment of 

obesity show low or moderate efficacy, are expensive, and/or require long-term treatment to 

maintain a weight-loss. GH does decrease AT mass. Thus, the field of research related to AT 

and the GH/IGF system may well increase within future years. However, more research is 

warranted to better understand how GH influences AT at the molecular and cellular level to 

better understand its efficacy. Importantly, possible health benefits need to balance against 

safety concerns.

Two other important lessons gleaned from the studies on GH and AT are that 1) not all AT is 

created equal and 2) AT mass as an indicator of AT health is likely not appropriate. Because 
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of this, there is a need to determine clinical markers of AT quality versus quantity as well as 

of the anatomical location of the AT. Although evaluating location and functional changes in 

AT is challenging in clinical populations, mouse lines with modifications in GH-induced 

intracellular signaling would suggest that clinical readouts related to immune function, 

adipokine shifts, senescence or fibrosis may serve as better indicators AT health and depot 

location in the clinical setting than simple measures of overall AT mass.
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Key issues

• Adipose tissue (AT) is significantly more complex than previously thought, 

requiring one to reevaluate how a hormone, such as growth hormone (GH), 

alters the tissue.

• Clinical disorders associated with excess, decrease or absence of GH action, 

such as acromegaly, growth hormone deficiency and Laron Syndrome, 

respectively, are associated with significant alterations in AT mass and 

adipokine profiles.

• Mouse lines with altered GH action provide a useful means for a comparative 

analysis of GH action in obesity as well as clinical disorders associated with 

GH action (LS, GHD and acromegaly).

• GH is an important regulator of AT metabolism well documented to decrease 

AT mass via stimulating lipolysis, inhibiting lipogenesis, and affecting 

adipocyte proliferation and differentiation. However, newer finding in mice 

reveal novel ways in which GH alters AT including endocrine regulation, 

senescence, immune cell modulation and extracellular matrix deposition.

• Finding from clinical populations with altered GH action and animal models 

confirm that GH does not alter AT uniformly with subQ and visceral AT 

differentially impacted and that as GH decreases the quantity of fat, the 

quality of AT may be compromised.

• Obese patients present with a markedly suppressed spontaneous as well as 

stimulated GH secretion. GH treatment of obese subjects has little effect on 

bodyweight. However, visceral depot size is decreased and metabolic profile 

is generally improved. Based on mouse data, the health of the AT with GH 

treatment is likely compromised.
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Figure 1. Target tissues and intracellular signaling of growth hormone (GH)
GH is released in a pulsatile fashion from the anterior pituitary. Its release is triggered by 

growth hormone releasing hormone (GHRH) from the hypothalamus while somatostatin 

(SST) inhibits GH release. GH action is induced by binding to the predimerized growth 

hormone receptor (GHR) on target tissues such as liver, bone, kidney, muscle and adipose 

tissue. Binding induces a rotation in the dimerized receptor resulting in a realigning of the 

associated Janus kinase 2 (JAK2) molecules, triggering autophosphorylation of tyrosine 

residues of JAK2 and then phosphorylation of the cytoplasmic domain of GHR. GH-
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activated JAK2 also phosphorylates and activates multiple signaling proteins and pathways 

including Signal Transducer and Activator of Transcription 5, IRS and PI-3 kinase and 

MAPK. The binding of GH to GHR may also activate Src tyrosine kinase, initiating other 

signaling pathways. Upon phosphorylation, STAT5 dimerizes and migrates to the nucleus 

where it increases transcription of a variety of genes involved in growth and metabolism, 

including IGF-1. IGF-1 acts in a negative feedback manner to decrease GH secretion and 

also acts on target tissues in autocrine/paracrine/endocrine manner. With kind permission 

from Springer Science+Business Media: Living Large: What Mouse Models Reveal about 

Growth Hormone and Obesity. 2015. Berryman DE, Householder L, Lesende V, List EO, 

Kopchick JJ. Figure 4.2.
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