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Abstract

Growth hormone (GH) induces pleiotropic effects on growth and metabolism via binding and
subsequent activation of the growth hormone receptor (GHR) and its downstream signaling
pathways. Growth hormone insensitivity (GHI) describes a group of disorders in which there is
resistance to the action of GH and resultant insulin-like growth factor I (IGF-I) deficiency. GHI is
commonly due to genetic disorders of the GH receptor causing GH receptor deficiency (e.g. Laron
Syndrome (LS)), decreased activation of GHR, or defects in post-receptor signaling molecules.
Genetically altered mouse lines have been invaluable to better understand the physiological impact
of GHI due to the ability to do invasive and longitudinal measures of metabolism, growth, and
health on a whole animal or in individual tissues/cells. In the current review, the phenotype of
mouse lines with GHI will be reviewed. Mouse lines to be discussed include: 1) GHR-/- mice
with a gene disruption in the GHR that results in no functional GHR throughout life, also referred
to as the Laron mouse, 2) mice with temporal loss of GHR (aGHRKO) starting at 6 weeks of age,
3) mice transgenic for a GHR antagonist (GHA mice), 4) mice with GHI in select tissues or cells
generated via Cre-lox or related technology, and 5) assorted mice with defects in post-receptor
signaling molecules. Collectively, these mouse lines have revealed an intriguing role of GH action
in health, disease, and aging.

1. Introduction

Understanding the function of hormones and how they may contribute to the metabolic or
physiologic processes of complex systems requires /n vivo models. That is, hormones affect
multiple organs simultaneously; thus, /n vivo mammalian models provide specific
advantages over /n vitro models, which are limited to investigation of isolated systems. To
that end, genetically engineered mice have played a vital role in our understanding of many
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hormones due to their ease in genetic tractability, shorter lifespan, and genetic similarity to
humans. ‘Transgenic animals’ that carry a foreign or over-expressed gene and ‘knockout
mice’ in which the expression of a particular gene is disrupted globally, temporally or tissue-
specifically can yield valuable information about the physiological or metabolic function of
that protein.

Many mouse lines with alterations in GH action have been generated and have uncovered
novel roles for GH. In the current review, we will discuss several mouse lines with varying
levels of GH insensitivity (Figure 1). Specifically, we will discuss the phenotype of: 1) mice
with complete GHI throughout life via GHR gene disruption (GHR—-/- mice); 2) mice with
partial GHI starting at 6 weeks of age due to temporal disruption of GHR (aGHRKO); 3)
mice with decreased GH action via transgenic expression of a GHR antagonist (GHA mice);
4) mice with loss of GHR function in particular cells or tissues; and 5) mice with transgenic
over-expression or deletion of targets that are activated or produced upon GH binding to
GHR. Note that several of these mouse lines share features with clinical conditions (e.g.
GHR-/- mice and (LS)), while others, such as the tissue specific lines, have no comparable
clinical correlate. Regardless, these mice collectively provide valuable insight into the role
of GH and its receptor in physiological and metabolic processes at the cell, tissue, and
organismal level. While mice are vital for studying biological processes or tissue function
that are evolutionarily conserved, caution is required when extrapolating the findings from
mice to clinical populations due to vast differences in size, in response to experimental
interventions, in adaptation to very distinct environments, in metabolic rate, and in
differences in domestication and breeding/housing [1]. Despite this caveat, one mouse line
that will be discussed later in this review (GHA mice), provided the foundational knowledge
for the development of a drug that alters GH action, reaffirming the translatability of the
findings from mice to humans.

2. GHR-/- Mice

The GHR-/- mouse line was generated in the laboratory of Dr. John Kopchick in 1991
using homologous recombination to create a global knockout of the growth hormone
receptor/binding protein gene in the mouse germline [2]. As such, the mouse line serves as
an excellent model of GHI, known as Laron Syndrome (LS), due to postnatal growth
retardation, short stature, elevated serum GH concentrations, and decreased serum IGF-1
concentrations [2]. The GHR-/- mouse line has since become an important /n vivo research
tool in distinguishing the importance of somatotropic (GH/IGF-1) action in growth,
longevity, obesity, reproduction, insulin and glucose metabolism, to name a few [3]. To date,
these mice have been characterized in over 200 papers, illustrating the widespread
application of GHR—/- mice in studying GHI and the somatotropic axis.

2.1 Growth and Organ Size

The GHR-/- mice are distinct from wild-type (WT) mice in body weight and tissue weight.
That is, both male and female GHR-/- mice are significantly smaller in mean body weight

at all time points measured, from 53% of the size of WT controls at 6 weeks of age, to 56%
for males and 44% for females of WT controls at 104 weeks of age [4]. Body length follows
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the same trend. However, there is no difference in body size or weight at birth [2]. In
accordance with their diminutive size, the absolute weights of most tissues (e.g. liver, bone,
stomach, testis, muscle, spleen, heart, most adipose depots and kidney) are decreased when
compared to the WT control [4]. Most of these tissues are proportional to their smaller body
size; however, there are exceptions. For example, several reports show kidney mass is
reduced in both absolute and normalized weights in GHR—/- mice, while the brain [5] and
interscapular brown fat [6] are decreased in absolute weight but greater when normalized to
body weight. In the pancreas, islet beta-cell mass compared to body weight is 50% lower in
GHR-/- mice compared to WT controls, though the pancreas itself exhibits no significant
decrease [7]. Interestingly, subcutaneous fat is greater in absolute and relative weight in
males despite their extreme short stature, and strikingly greater when normalized to body
weight in both sexes [4].

Body composition has also been assessed over two years in male and female GHR-/- mice.
Once again, because of the significant difference in body weights for GHR-/- mice
compared to WT mice, it is important to consider fat mass changes relative to body weight
[4]. When normalized to body weight, GHR—/— mice have a greater percent fat mass with no
significant difference in absolute fat mass throughout life, though this difference is far more
pronounced in male than female mice [3]. Lean mass, however, shows an opposite trend
with percent lean mass relatively proportional to size between genotypes, but absolute lean
mass is reduced in GHR-/- mice [4].

2.2 Endocrine and Metabolic Phenotype

The metabolic phenotype of GHR-/- mice has received significant attention. As expected
with GHI, the GH/IGF-1 axis is perturbed. GHR-/- mice exhibit high serum GH levels and
circulating IGF-1 levels less than 20% of the levels found in WT controls [5]. Additionally,
circulating levels of various IGF binding proteins (proteins that attenuate the action of IGF)
are significantly reduced at most adult time points. These include IGFBP-1, IGFBP-3, and
IGFBP-4. In contrast, IGFBP-2 levels are significantly increased in the GHR-/- mice
relative to WT controls [5].

Counterintuitive to this animal displaying obesity and in line with GH’s diabetogenic action,
GHR~-/- mice show improved glucose homeostasis. Fasting glucose levels in young GHR-/
— mice are reduced to 65-86% the level of WT controls, though these levels are not
sustained into adulthood [5]. Insulin levels, however, are significantly reduced to 10-26%
the level of WT control mice [5] and remain lower than WT controls for their entire life,
which may be partially explained by the decreased beta cell mass of the GHR—/- mice [7].
The altered glucose metabolism in GHR~-/- mice is clarified by glucose and insulin
tolerance tests. That is, when administered a glucose tolerance test (GTT), the GHR-/- mice
exhibit decreased glucose tolerance compared to WT controls [3]; however, they exhibit
elevated insulin sensitivity when administered an insulin tolerance test [7]. When fed a high
fat diet, GHR—-/- mice gain additional fat mass and display increased circulating insulin, but
insulin levels still remain lower than WT mice and GHR—-/- mice do not experience
significant alterations in fasting glucose levels [8] nor alterations in insulin sensitivity [9].
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As might be expected with the severe obese phenotype, adipokine levels are altered in these
mice. Serum leptin levels are elevated, consistent with the phenotype of the GHR-/- mice
[10]. Although adiponectin is normally low in obesity, adiponectin levels in the GHR-/-
mice are high, which is consistent with adiponectin’s positive correlation to insulin
sensitivity [10].

In addition to obesity, there are several other notable morbidities of the GHR-/- mouse line.
The GHR-/- mice exhibit hepatic steatosis, even when fed a normal chow diet [11]. One
study reports a marked decrease in GHR—/- osteocyte mitochondrial function, which is
correlated to changes in bone matrix composition and decreases in skeletal health [12].
Additionally, there are sexual maturation consequences in the GHR-/- mouse as puberty is
delayed in both sexes. For example, the male mouse fertility is reduced, and the female
mouse fertility is preserved, though preovulatory follicles and corpora lutea are decreased
[13].

2.3 Disease and Aging

The GHR-/- mice are incredibly long-lived, despite obesity and the aforementioned
morbidities. In fact, one GHR—/- mouse holds the record for the longest-lived laboratory
mouse at nearly 5 years old [14]. When compared to WT controls, the GHR-/- mice have
significantly longer lifespans for both sexes, though to varying degrees (depending on the
genetic background strain used), and this has been replicated in numerous laboratories [5].
In the GHR-/- mice, caloric restriction, which improves longevity in numerous other
conditions, has no effect on longevity or insulin sensitivity [15].

The remarkable longevity of the GHR—-/- mice is hypothesized to be a result of several
interacting mechanisms. Some studies consider altered energy metabolism and improved
glucose homeostasis, which correlates to a decreased respiratory quotient and increased
oxygen consumption, as key factors in the longevity of the GHR-/- mice [16]. Others look
to alterations in mTOR signaling, depletion of senescent cells (a pro-inflammatory cytokine
source) or increased expression of anti-inflammatory cytokines, like adiponectin, to explain
the fascinating relationship between decreased GH signaling and slowed aging [17].
Interestingly, the longevity experienced by global GHR deletion is not fully replicated in
targeted deletion of GHR in tissues such as liver, muscle and adipose, despite metabolic
parameters still being impacted [17], as will be discussed below.

In addition to longevity, GHR—/— mice experience protection from several diseases
associated with aging. In a study done by Wolf et al., when compared with the WT control,
GHR-/- mice demonstrate a significant delay in the development of age-related cataracts
[18]. When type 1 diabetes is induced using streptozotocin, GHR—/- mice show no evidence
of diabetic kidney disease, but their WT counterparts exhibit glomerulosclerosis among
other kidney morbidities [19]. A handful of studies have highlighted that, in addition to a
delay in physical aging, GHR—/- mice experience delays in mental aging [20]. Suppression
of GH signaling is also shown to decrease the incidence of tumors, decrease the tumor
burden (the number of different tumors found), and delay the progression of fatal neoplastic
disease in GHR-/- mice when compared to WT counterparts [21]. Overall, GHR—/- mice
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provide striking evidence, at least in a controlled laboratory atmosphere, that complete GHI
in mice is beneficial to healthspan and lifespan.

3.0 Adult GHR-/- Mice

Global knockout of the GHR in the germline creates some fascinating effects as detailed in
the previous section. This generated interest in what the possible effects of GHR ablation
would be if initiated at an older age. To answer this question, the Kopchick laboratory
generated in 2014 an adult model of GHR-/- (aGHRKO) using an inducible Cre-lox system
[22]. The GHR gene in these mice is flanked with LoxP sites, allowing Cre recombinase
(activated by tamoxifen injection in this mouse line) to excise the sequence [23]. In this
scenario, tamoxifen binds to the mutated estrogen receptor ligand domain, releasing the Cre
recombinase to the nucleus where the floxed gene is recognized and disrupted. Unlike
standard Cre-lox systems, the tamoxifen inducible system has the capability of being
induced at any time point.

Currently, only one published paper characterizes the phenotype of aGHRKO mice [22]. In
this paper, the GHR gene is disrupted at six weeks of age, at which mice are fertile but are
not yet fully grown or considered fully mature adults [24]. Based on GHR gene expression
data using quantitative PCR, the GHR gene is successfully, but not completely, disrupted.
GHR mRNA expression is significantly reduced, albeit still detectable, in all tissues except
for the heart, indicating at least partial GHI. Reductions in tissue-level IGF-1 expression are
also indicative of GHI. For example, tissue IGF-1 levels are reduced up to 99% in the liver
of aGHRKO mice compared to controls. A 29% and 57% reduction of IGF-1 is also
observed in the retroperitoneal and perigonadal fat pads of both sexes, highlighting the
differential level of GHI between tissues.

As would be expected with GHI, GH levels are much higher and IGF-1 levels much lower in
the serum of male and female aGHRKO mice. Specifically, at 9 months of age male and
female aGHRKO have an increase of circulating GH level of 2748% and 626%, respectively,
compared to controls. Further evidence of reduced GH action is given by the severe
reduction in serum IGF-1 levels, with levels approximately 9% of control mice in both sexes
at 9 months of age in aGHRKO mice. This trend for GH and IGF-1 levels is maintained in
the 19 month old cohort. Similar to GHR-/— mice, IGFBP-2 is significantly increased and
IGFBP-3 decreased in both sexes of the aGHRKO mice when compared to littermate WT
controls.

3.1 Body Composition and Metabolism

A significant reduction in the overall weight of aGHRKO mice is observed starting at 8
weeks of age in males and at 10 weeks of age in females (2 and 4 weeks post injection,
respectively) compared to controls. The weight gap gradually widens throughout life. By
dissection at 9 and 19 months of age, male mice have an average reduction in body weight
of 14.8% and 16.2%, respectively, while female mice have a reduction in body weight of
18.6% and 12.6%, respectively. Body length is also reduced in both sexes when compared to
WT controls.
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Similar to the global GHR-/- mice, these mice have a significant increase in total adiposity
when adjusted for body weight as well as an overall reduction in lean mass. Like GHR-/-
mice, most of the fat mass increase is due to expansion of the subcutaneous fat pad in both
sexes. Perigonadal fat is increased in male aGHRKO but not female, brown adipose tissue is
significantly increased in the female aGHRKO mice but not males, and neither group shows
a significant increase in the size of the mesenteric or retroperitoneal fat pads. Relative brain
size is increased in the aGHRKO mice of both sexes. All the other measured tissues
including liver, kidney, heart, spleen, lung, and quadriceps muscle have significant decrease
in total size when compared to controls. The general decrease in organ sizes and increase in
fat pads are similar to, but less extreme than, those seen in the germline GHR-/- mice.

Regarding glucose homeostasis and hormone levels, the phenotype of aGHRKO mice
resembles the global GHR—/- in many respects. That is, aGHRKO mice are less glucose
tolerant than control mice at both 5mo and 13mo of age even though they are more insulin
sensitive via insulin tolerance tests. Total circulating insulin is lower in the plasma of male
aGHRKO mice but not females. Overall, levels of adiponectin are elevated in both sexes, but
leptin does not differ from controls. Resistin and IL-6 levels are higher in the female
aGHRKO mice but not male. Despite increased adiposity, liver triglycerides are not
increased in aGHRKO mice and are in fact lower in the female mice when compared to
controls.

As increased longevity has been observed at several institutions, in both sexes, and in
multiple background strains of global GHR—/— mice [3], the authors evaluated lifespan in
aGHRKO mice. Median and maximal survival is not significantly different between male
control and aGHRKO mice. For females, while there is no significant difference in median
survival between controls and aGHRKO mice (125.5 vs 124 weeks, respectively), female
aGHRKO mice do have a significant (P=0.025) increase in maximal lifespan relative to
controls (177 weeks vs 150 weeks, respectively. While lifespan extension is not as extreme
as in global GHR-/- mice and is specific to a particular sex, the aGHRKO mice provide
evidence that GHR disruption does not have to initiate at conception to receive the benefits
to lifespan. As these aGHRKO mice (with GHR gene disruption initiated at 6 weeks of age)
are smaller in stature throughout life, there remains a debate as to whether the diminutive
size of these mice may confer the longevity advantage. As such, studies are underway to
disrupt the GHR gene at older ages when the mice are nearly fully grown.

4.0 GHA Mice

The growth hormone receptor antagonist (GHA) mouse was developed in the laboratory of
Dr. John Kopchick in 1991. This group modified amino acids in the third alpha helix of
bovine GH [25] to produce a complete amphipathic configuration and potentially a more
efficacious GH [26]. Unexpectedly, the alterations to the 3" alpha helix produced mice
small in stature compared to WT mice [27]. Subsequent studies identified the glycine at
position 119 to be the critical amino acid for the antagonistic effect. If glycine in this
position is changed to anything except alanine, improper/dysfunctional binding of GH to the
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second receptor within the GHR homodimer occurs, thus creating a classic GHR antagonist.
This discovery was the first to suggest that the GH molecule had two regions or sites (now
referred to as Site 1 and Site 2) necessary for activating the GHR. Thus, this GH analog
competitively inhibits the binding of endogenous GH to the GH receptor (GHR), blocking
its function [28]. Mice transgenic for the mutated bovine GH gene in which the codon for
glycine at position 119 is replaced with lysine are referred to as the growth hormone
receptor antagonist or GHA mice.

4.1 Body Composition and Metabolism

4.2 Aging

GHA mice are quite distinct from their WT counterparts as well as from GHR-/- mice. Like
GHR-/- mice, GHA mice have significant decreases in lean mass and significant increases
in adipose tissue mass, which tends to accumulate mostly in their subcutaneous fat pad at
early ages but increases in all depots at advanced ages [29]. As for body size, they are
significantly smaller than WT mice (mean growth ratio of 0.7 compared to WT littermates)
[27], but notably larger than GHR-/- mice (Figure 1). However, this weight phenotype
disappears in later life, as the GHA mice catch up with WT in body weight but not length
[30]. Organ weights are also affected, with significant decreases in the weights of kidney,
liver, heart, and gastrocnemius observed when normalized to body weight. GHA appears to
have a negative effect on the production of brown adipose tissue (BAT), as the size of the
interscapular BAT depot is decreased in GHA mice when compared to WT mice [6].

Many studies have evaluated hormone levels or glucose homeostasis in these mice, with
levels changing with advancing age. Despite increased serum GH, there is a 75-80%
decrease in serum IGF-1, while levels of IGFBP-3 are also 30% lower in these mice at 11
months of age, while other IGFBPs (-1,-2, and —4) are unchanged [5]. Fasting glucose,
fasting insulin and glucose tolerance are similar to controls for both males and females for
the first year of life, although insulin levels are increased by 72 weeks of age in GHA males
compared to controls [30]. Interestingly, GHA mice are protected from hyperinsulinemia
and glucose intolerance when placed on a high fat diet despite increases in body fat [31].
Adiponectin levels are increased in the GHA mice and increase to a greater extent with
advancing age and obesity, strongly correlating with leptin levels [32]. Similarly to the GHR
—/- mice, GH antagonism seems to protect the kidneys of GHA mice, as glomerular
hypertrophy and upregulated albumin excretion do not develop in streptozotocin-induced
diabetic GHA mice [33].

Although GHR-/- mice and GHA mice both have a reduction in GH action, they are still
phenotypically distinct in several ways. For example, GHA mice have no significant changes
in lifespan of either male or female mice compared to littermate WT controls [5]. This lack
of lifespan extension in GHA mice has garnered significant attention as most mouse lines
that have a decrease in IGF-1 action and an increase in adiponectin see significant increases
in lifespan [34]. However, it is important to note that GHR—/— mice have a lifelong
progressive accumulation of adipose tissue in all adipose depots, which is typically
considered detrimental to lifespan. Accordingly, GHA have increased insulin at advanced
ages [30], contrasting the insulin profile of aged GHR—/- mice [35]. Thus, the fact that they
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have a normal lifespan despite obesity and elevated insulin is noteworthy and suggests some
benefits to GHR antagonism. Further evidence for beneficial effects of GHR antagonism is
shown in the failure of GHA mice to develop cellular senescence in white adipose tissue
(WAT) of 18-month old female GHA mice [35]. As senescence has emerged as a potent
contributor to aging and age-related diseases, normal levels of senescence in WAT of GHA
mice in the context of increased adiposity/insulin could be interpreted as a positive outcome
given that obesity is known to accelerate WAT senescence [36].

The most important legacy of the GHA mice is the creation of the GHR antagonist drug
Somavert™ (Pegvisomant for injection; hereafter referred to as pegvisomant). Pegvisomant
was approved by the FDA for treatment of patients with acromegaly in 2003 and shortly
thereafter in Europe and Japan. Currently sold by Pfizer, pegvisomant is marketed
worldwide and is used as a treatment of acromegaly and could have other potential
therapeutic uses such as a treatment against cancer, diabetic nephropathy, and diabetes [37,
38]. The drug has also been suggested as a possible intervention to slow aging in humans
[39]. Importantly, the discovery of pegvisomant through the generation of genetically
modified mice highlights the translatability and value of mouse models to examine the
function of GH and its receptor.

5.0 Tissue-specific GHR-/- Mice

Discussion up until this point has focused on models in which GH signaling is altered
systemically, but GH’s effects differ depending on the tissue in which it is acting. For
example, GH acts on the liver to induce IGF-1 production while its primary effect in bone is
longitudinal bone growth and has catabolic effects on adipose tissue, increasing lipolysis and
inhibiting adipogenesis. Thus, multiple groups have used Cre-lox technology to create
mouse lines in which GH insensitivity is isolated to a specific tissue or cell type.
Consequently, the GHR gene has been disrupted in classical GH target tissues such as liver,
muscle, adipose, and bone as well as brain, heart, macrophages, pancreatic beta cells, the
intestine, and hematopoietic stem cells. A brief summary of the phenotypes of these mouse
lines is presented in Table 1, and these mice have been more fully characterized in several
recent reviews [40, 41]. As might be expected, none of the tissue-specific lines recapitulate
the extreme short stature, longevity or other characteristics of the global GHR-/- mice.

5.1 Liver-specific GHR knockout

As perhaps the major effect of GH is its stimulation of IGF-1 in the liver, the first reported
tissue-specific GHR disruption was in the liver by Fan et al. in 2009 [42]. Liver-specific
GHR disruption has subsequently been reported by List et al. in 2014 [43], Liu et al. in 2016
[44], and Fang et al. in 2019 [45]. All the reported models use Cre-lox technology to disrupt
the GHR gene in the liver using the albumin promoter to drive Cre recombinase expression.
A unique feature of these mice is that they have high serum GH but low serum IGF-1, while
still being sensitive to GH in most tissues. The phenotypes of the mice are reported in a
variety of ages (List and Liu were the only to include data from mice over 6 months of age),
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and only the paper by List reports both sexes, while the other articles are limited to male
mice only.

The reported phenotypes of liver specific GHR knockout mice are broadly similar, with
minor variations that may be due to the differences in ages and sexes reported. Surprisingly,
despite decreased serum IGF-1, body weight is unchanged, except in the List cohort. Body
composition also differs in the List cohort, with decreased fat mass and increased percent
lean mass observed in both males and females. This may be due to the longitudinal
observation of body composition in the List cohort, capturing changes seen at multiple time
points. The other cohorts have no change in overall body composition, although the
epididymal fat mass is increased in the Fang cohort. Glucose metabolism is impaired except
for the Fang cohort, with either high fasting glucose, glucose intolerance and/or insulin
resistance. More evidence of metabolic dysfunction consistently reported in male liver GHR
knockout mice is liver steatosis and increased liver triglycerides, presumably due to the loss
of the lipolytic and anti-lipogenic effects of GH in the liver, and consistent with an increase
in liver weight.

Other phenotypes are reported in select cohorts. For example, the mice from the Fan cohort
have decreased bone density, while the List cohort have increased grip strength and
increased circulating adipokine (leptin, resistin, and adiponectin). Overall, the liver-specific
GHR knockout animals show that despite dramatic decreases in serum IGF-1, they do not
have a decrease in body weight, with only one cohort showing any decrease at all [43].
These results demonstrate that local GH action and IGF-1 production are important for
growth. Liver-specific GHR knockout mice also lack the increased lifespan seen in global
GHR-/-, as they have a normal lifespan.

The work using mice with a lifelong liver GHR disruption was expanded through the
generation of an adult-onset liver GHR knockout (aLivGHRkd) model by Cordoba-Chacon
et al [46]. The Cre-lox system was also used for these mice, but Cre expression was induced
using an adeno-associated virus with the thyroxine binding globulin promoter. These mice
also have decreased circulating IGF-1 (decreased by ~89% in males, ~38% in females), but
no change to circulating GH. aLivGHRkd mice have increased hepatic de novo lipogenesis,
leading to steatosis in males. Both sexes show increased liver weight, while females have
increased epididymal fat weight. In this study, the mice are dissected only seven days after
liver GHR disruption, which demonstrates the potent effect GH signaling has on hepatic
lipid accumulation but does not give an indication of longer-term effects in this model.

5.2 Muscle-specific GHR Knockout

GH and IGF-1 are central to muscle development and function, but individual contributions
to muscle physiology were uncertain, leading to the development of muscle-specific GHR
knockout mice. Three laboratories independently developed muscle GHR knockout mice,
and the results were reported by Mavalli et al. in 2010 [47], Vijayakumar et al. in 2012 [48],
and List et al. in 2015 [49].

The Cre-lox system was used in each case, but two different promoters were used to drive
Cre recombinase expression. The Mavalli cohort used the mef-2c-73k promoter, while the
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other two groups use the muscle creatine kinase (MCK) promoter. The difference in
promoter can be observed in the phenotypes reported, with the two models using the MCK
promoter having phenotypes that are more similar to each other than they are to the
mef-2c-73k-generated model. The Mavalli cohort have increased body weight and body fat
with glucose intolerance and insulin resistance, while the other cohorts have the opposite,
with decreased body weight, lean and fat mass, and improved glucose tolerance and insulin
sensitivity. None of the three mouse lines have changes in serum GH or IGF-1. The
Vijayakumar cohort are protected from high-fat diet induced hepatic steatosis and have
normal muscle structure, while the Mavalli cohort have smaller and weaker muscles. In
terms of longevity, the List cohort is the only one to assess longevity with only male mice
having an increased lifespan.

5.3 Adipose-Specific GHR knockout

The GH axis is well known to have lipolytic and anti-lipogenic properties, so mice with
GHR knocked out specifically in the adipose tissue were developed by two labs and with
two different promoters driving Cre recombinase expression. List et al. first used the Fabp4
promoter in 2013 (called FaAGHRKO mice) [50] and subsequently used the adiponectin
(AdipoQ) promoter in 2019 (called ADGHRKO mice) [51], while Fang et al also used the
AdipoQ promoter in 2019 [45]. The newer mouse lines developed using the AdipoQ
promoter are considered to be more specific to adipocytes within the tissue and more
uniformly impact various depots [52].

As with the muscle knockouts, there are differences among mice with different promoters
driving Cre, but there are also similarities in the case of the adipose GHR knockout lines.
The FaGHRKO mice, despite increased body weight, fat mass, and a male-specific 21.9%
increase in serum IGF-1, have an otherwise normal metabolic phenotype, with normal
glucose metabolism and no hepatic steatosis. The AAGHRKO mice also have increased fat
mass and males have increased lean mass, but no significant change in body weight.
AdJGHRKO mice have improved insulin sensitivity and decreased hepatic steatosis, and
normal circulating GH and IGF-1 levels. Both FAGHRKO and AAdGHRKO have increased
circulating adiponectin levels, while other adipokines (leptin, resistin, adipsin) differ
between the two mouse lines. The Fang cohort are reported to have normal body
composition, glucose metabolism, and serum GH levels.

5.4 Bone-specific GHR knockout

To separate GH and IGF-1 effects on bone development and physiology, Liu et al created a
bone-specific GHR knockout mouse in 2016 [53] using the Cre-lox system with the dentin
matrix protein-1 promoter driving Cre expression. Despite lacking GHR in the bone and
having increased serum GH at 8 weeks of age, these mice have no change in body weight or
composition. However, knockout animals had impaired bone development, including radial
growth and mineral acquisition. Other metabolic phenotypes were not reported.

5.5 Brain-specific GHR knockout

Although GH is produced in the pituitary gland, the brain was not considered to be a major
target tissue of GH except in the hypothalamus for feedback inhibition of GH production.
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More recently, GHR has been shown to be expressed on a variety of brain cells including
areas that regulate metabolism. To better understand the role that GH signaling in the brain
plays in metabolism, GHR was knocked out by two different laboratories using three
different promoters with the Cre-lox system. GHR has been knocked out in brain cells
expressing agouti-related protein (AgRP) [54], leptin receptor (LepR) [54, 55], and nestin
[54].

The AgRP-expressing cell-specific GHR knockout (AgRP GHR KO) animals have a normal
metabolic phenotype, with normal body weight, body length, body composition, glucose
tolerance and insulin tolerance. When stressed with caloric restriction, AQRP GHR KO mice
exhibit decreased body weight, fat mass, and lean mass and decreased glucose. LepR GHR
knockout animals have been generated in two laboratories and reported in 2017 by Cady et
al. [55] and in 2019 by Furigo et al. [54]. The Cady cohort have normal body weight, length,
and composition as well as normal serum GH, IGF-1 and adiponectin. These mice have
impaired glucose metabolism, with glucose intolerance and insulin resistance. In contrast,
the Furigo cohort mice have increased body length and weight, with increased fat mass and
no change to lean mass. Despite the increased fat mass, this cohort has decreased circulating
leptin. Under caloric restriction, the Furigo cohort have decreased body weight and fasting
glucose compared to controls on caloric restriction. The third type of brain-specific
knockout is the nestin promoter-driven GHR knockout, called “Brain GHR KO” by the
authors. Brain GHR KO mice have increased body weight and body length; the increase in
body weight seems to come from lean mass, which is increased while fat mass is unchanged.
Under caloric restriction, body weight is decreased, but no change to glucose metabolism is
reported.

5.6 Heart-specific GHR knockout

Because systemic GH alteration was previously shown to affect cardiac function, an
inducible cardiac-specific GHR knockout (iC-GHRKO) mouse line was developed by Jara et
al. [56]. By inducing GHR knockout in adult mice, the possible developmental defects of the
heart are avoided. Interestingly, iC-GHRKO mice have no changes to cardiac function but
have an unexpected metabolic phenotype. That is, iC-GHRKO mice have normal body
weight and body length but have altered body composition with increased lean mass and
increased fat mass. Glucose metabolism changes with age, as 6 month old iC-GHRKO mice
have normal glucose tolerance and increased insulin sensitivity, and mice over a year of age
have glucose intolerance and insulin resistance. The changes in glucose metabolism coincide
with changes in serum IGF-1 levels: IGF-1 is normal in the younger mice and decreased in
the aged mice.

5.7 Macrophage-specific GHR knockout

The expansion of adipose tissue in obesity is accompanied by infiltration of pro-
inflammatory macrophages into adipose tissue. GH is also known to regulate macrophage
cytokine expression, and GH alterations are associated with obesity. To clarify the role of
GH signaling in macrophages during obesity, Lu et al generated a macrophage-specific GHR
knockout mouse line [57, 58] and placed them on a high fat diet. Despite the high fat diet,
the macrophage GHR knockout mice have no change in body weight or body composition.

Rev Endocr Metab Disord. Author manuscript; available in PMC 2022 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Young et al. Page 12

They do, however, have impaired glucose metabolism with glucose intolerance and insulin
resistance. Despite impaired adipocyte differentiation and unchanged total fat mass,
epididymal depot weight is increased, and the adipose tissue shows increased expression of
inflammatory cytokines such as IL-1B, IL-6, and TNF-A.

5.8 Pancreatic beta cell-specific GHR knockout

As demonstrated by almost every model of GH alteration, GH and glucose metabolism are
closely linked. To further investigate this relationship and determine the GH-specific effects
on part of the endocrine pancreas, Wu et al generated a beta cell-specific GHR knockout
mouse line [59]. No change in body weight is observed in these animals, but they have
decreased beta cell mass. They also have impaired glucose metabolism (glucose intolerance
and decreased glucose-stimulated insulin secretion) when placed on a high fat diet,
cementing the relationship between glucose metabolism and the GH axis.

5.9 Intestine-specific GHR knockout

GHR is expressed throughout the intestine, and recombinant GH is FDA-approved to treat
short bowel syndrome. Evidence from mouse studies of intestinal inflammation and off-label
use of recombinant GH on clinical populations also show that GH improves outcomes in
cases of intestinal inflammation. To explore the relationship between GH and intestinal
function, Young et al generated an intestinal epithelial cell-specific GHR knockout
(INtGHRKO) mouse [60] using the villin promoter for Cre expression. INNGHRKO mice
have no change in body weight, length or composition, but females have glucose intolerance
and insulin resistance. Additional sex specific differences are seen in gut barrier function
and fat absorption.

5.10 Hematopoietic stem cell specific GHR knockout

GH alterations can affect hematopoiesis, but whether this effect is direct on hematopoietic
stem cells or indirect through another target cell is undetermined. To address this, Stewart et
al developed a hematopoietic stem cell-specific GHR knockout mouse [61]. In this model,
hematopoietic stem cell function was normal, and no growth or metabolic phenotypes were
reported. Thus, the function of GH in these cells remains unresolved.

6. Disruption of downstream signaling that interrupts GH action

As discussed above, GHI is a group of rare genetic disorders in which the body is not
responsive to GH, leading to a reduction or absence of the biological effects of GH though
there are normal or even elevated GH levels [62—65]. All mouse lines discussed thus far have
alterations in GHR levels or GH binding; however, GHI can also be caused by mutations in
downstream signaling proteins, such as Janus kinase 2 (JAK?2), or signal transducer and
activator of transcription 5b (STAT5b). GHI can also be studied by disrupting the products
of GH action, including IGF-1, IGFBP-3 and acid-labile subunit (ALS) [66, 65].

There are multiple mouse lines established in the past decade with disruption of GH
downstream signaling, exhibiting the phenotypes of GHI, which are summarized in Table 2
[65]. Mice with disruptions in GH signaling pathways include the knockout of JAK2,
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STAT5b or suppressor of cytokine signaling-2 (SOCS2). Although JAK2 and STAT5b make
up the canonical signaling pathway of GH, they are not specific to GH action and may also
be activated by other cytokines or growth factors [67—70]. SOCS2, a negative regulator of
STATS5b signaling, may also be induced by other factors, so it is not specific to GH signaling
either [67], but disruption of SOCS2 has some interesting growth phenotypes. Curiously,
different doses of SOCS2 have opposite effects in GHR downstream signaling and activities
in vitro [71]. In addition, the acceleration of growth of SOCS2 knockout mouse has been
shown to be STAT5b-dependent [71].

GH action induces the production of three major important products - IGF-1, IGFBP-3, and
ALS - in the liver [72], and these factors have also been disrupted in mouse lines. IGF-1, as
a potent growth factor involved in growth and development, is predominantly synthesized in
the liver in response to GH [67]. IGFBP-3 and ALS are produced to bind to IGF-1 and form
complexes, thereby extending the half-life of IGF-1 in serum and extending its biological
activities [73, 72]. In Table 2, we also briefly summarize the phenotypes of these GHI mouse
lines. Overall, short stature, elevated serum GH and decreased serum IGF-1 levels, and
decreased bone growth are observed in some of these GHI mouse lines, sharing similar
characteristics of GHI in humans [65].

7. Summary and Future Directions

The impact of GHI in laboratory mice is fairly consistent and well-documented, and these
mice have allowed for more invasive measures than would be feasible in limited clinical
populations. Overall, GHI commonly results in mice that are smaller in size with increased
GH, decreased IGF-1 levels, increased adiposity, reduced lean mass, and improved glucose
homeostasis. As discussed in a separate paper in this thematic issue, many of the findings
obtained in GHI mice apply to other mammalian species, such as humans. In fact, and as
noted previously, studies in these genetically engineered mice have resulted in the discovery
of a highly efficacious drug, pegvisomant, which demonstrates the clinical relevance of
findings from mice. Still, inconsistencies, controversies and further questions exist.

Among the various phenotypes of these mice, the increase in healthspan and longevity has
likely garnered the most attention. Most studied are the GHR—-/- mice, which have
measurable delays or decreases in many established markers of aging and morbidity along
with a robust increase in longevity, at least in the laboratory setting. Impressively, the health
benefits observed in GHR—/- mice match or even exceed the effects of all reported genetic,
environmental (e.g. diet, habitat), or pharmacological interventions to extend lifespan in
mice, making them highly studied in the aging field. However, the mechanisms responsible
for these observations and their relevance to humans are still debated. Afterall, multiple
mechanisms have been implicated to contribute to their longevity, and patients with LS,
despite many commonalities in phenotype, have not been reported to experience lifespan
extension. Could the healthspan and longevity phenotype with GHI be species-specific?
While definitely possible due to the known differences in gene expression, tissue function
and structure of complex systems, it is also likely that the well-controlled laboratory setting
for mice allows for more pronounced and measurable differences. The many confounding
variables for humans (e.g. socioeconomic status, genetic variation, disease state,
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environment, habitat, diet, exercise, and drug/pharmaceutical use) undoubtedly mask
underlying and detectable differences. Although one would expect studies across species to
vary, species-specific differences in gene networks, metabolism, and pathophysiology appear
irrevocably distinct between the species. These circumstances should be considered in all
interpretations with these mice and clinical GHI.

Despite the limitations of working with mice to study GHI, many questions remain that can
only be studied in mice due to the invasive nature of the research or their ease of genetic
manipulation. We anxiously await the additional tissue- or cell-specific mouse lines, mice
with GHR gene disruption at more advanced ages, mice that combine genetic manipulation
of the GH/IGF-axis with other dietary or pharmacological agents, and mice that target other
GH downstream molecules as we continue to unravel to the role of growth hormone on
biological processes.

This work was funded by NIH grant R01 AG059779
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GHR-/- GHA WT

Figure 1.
Relative size of mouse models of GHI. This representative sample of GHR-/- mice, GHA

mice, and WT controls demonstrates the size change that occurs when a mouse is GH
insensitive (GHR—/-) or expresses a GHR antagonist (GHA)

Rev Endocr Metab Disord. Author manuscript; available in PMC 2022 March 01.



Page 21

Young et al.

[19] TABA 1190 was anaiodorewaH
[09] < < < ullitA OMYHOW aunsa|
[6s] < | unnsu; ey OMYHOd 1180 ¢
[8s] < < NsAT OMYHO%EN abeydoloey
log] e g uea | | HECFIOT - < | sn-ouAn OMYUHO-O! (INpY) eaH
[ss] < < < < < ddsT | YHOVddAHde
Jed <> uea | V 404 AN | unssN O dHO ulelg
[¥s] Ted 1 Uea] | ¥otriaNy Yda OX YH9 yda e
YO ed ® Uea] 1 !AN < < | Y21 AN < dyby UHO dyby
AM ET <
[es] 1%00€~ - 1-dna OMYHO-dNA auog
BIMg |
[sy] « i Oodipy -/-1y9-e4
[1e] s oA o URST < < < < Oodipy OMAHOPY 4
[og] LTEE SENN N i . ' peqed OMyHO®S
‘%6°TZ:0)
[6v] | 1472 ues7 | ‘o 1ed %9 uea ¢ < < < 5101 MOW OMYHONIA
[sy] led 79 Ued 1 < “ “ 1 MOW OMyHOW BJoSNIA
[2v] ted | - « | | MeL-oz-pew YHOV
lot] o mowmmww - 08LAYY PRIHONTe GInpy) JoniT
[ry] i unwng|y OMYHO-1N
[sy] < %002~ | < unng|y -/-1y9-1
[r ‘€] Ted 4 ‘Uea | &wmm% o\mwmmww 0 0 unwng|y OMYHOIT .
[ev] « %16 1 %EET | « < ulwng|y aTdHo
ERIEIETEN| uonisodwod Apog T-491 HO | yibua 1YbIaN J19j0Wwo.ad aweN 118D/8NSSIL

(uonatnsal aLI0ed = YD “181p [ewlou = gN) "pariodal 10U a1am 1ey) sislaweled
a1eaIpul |92 ue|g ‘uonisodwod Apog pue ‘S|aAs| T-49| pue HO wnuas ‘yibua] ‘ybrem Buipnjoul ‘sadAjousyd ps1asjas pue uondnisip auab aaLIp
0} pasn Jayowoud ay) Inoge uolrewogul Buipn|aul ‘saul| IN0X20UY J14198ds 8nssi) pallodal 8y J0 ArewwNgG *Saul] 8SNOW IN0XI0UY YHO I14198ds-anssi |

‘TalqeL

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Rev Endocr Metab Disord. Author manuscript; available in PMC 2022 March 01.



Page 22

119
pasredwi 1ybram
- a1el 21|0geIaW 4:S[9A?) uoissaiboud ‘urpnsut Ssew 1WA |[elano . }
log-v8] unosuodipe 9 ewseyd ¢ Jaoued Bunyy e | ‘asoon|f 1 issew afosnwi | | yuig e T <> | OX-€d8a9l
poojq abueyod oN
Bunsey |
uo\mcu_:wm
‘ yoeas 9,89 Ajuo ‘(- S| B
(8281 | /- w401 40 1eup e ssoy) Sl f "] vonoerap mojeg OA =91
Aleyis feyeuoau ybiH
Aisuap
° ue
[18 ‘08l < « [essulw 1 £dadolp < oM STV
au0g 1 T-49| wnJas 4
uonisodap wnJas
[6L ‘8] uabe|]02 aAISSaIXa P R U1 32UBJIaYIP OU O 2S20S
| e
‘siwap Jo Buruasory L ‘T-491 [ed0] |,
[121 ETMIEE| anssiy asodipe 1 ! 91 ¢S00S
punoibxoeq Aoueubaid
e jJuelsisal-as|nd (Ajuo (Ajuo (Ajuo
[22'92 ‘0L '69] . onaush 1us1o3p anss asodipe 4 (saxas ypog) 1 OM 051VLS
HO ‘ymolb arey jo Aejag £q saLEn uone1e] 100d sajew) 1 sajew) 1 alew) |
[52] pairedwi sisalodoiyifig leyia] OMX 2AVL
3ouapIoul Aoeded ISTIMTETES ymoab uonisodwod A[IETY ) [ELE]]
S9oUaIR4eY $330U 1310 189ueD anionpoaday urnsuj auog Apog | 8z1s Apog 1931 T-491 HO saull ssnow

Rev Endocr Metab Disord. Author manuscript; available in PMC 2022 March 01.

Young et al.

"pa1i0dal 10U 3JaM TRy Si1aWieled a1eaIpUI S|[99 MuR|g "9dUspIdUIl Jadued pue ‘Alioeded
aAnonpoJdal ‘AlIARISuUssS uljnsul ‘yimolB auoq ‘ybiam pue a8z1s Apoq ‘s|ans] T-49| pue HO wnias se yans ‘papnjoul ale sadAjouayd ps1osjes "buljeubis HO
[eWIOU SHgIYul 1Byl YHO 40 Weansumop uondnisip e Yiim saul| asnow payodal sy Jo Arewiwins "uonoe Ho Jo uondnisip Weassumop Yim saul] asnoj

‘¢ slqeL

Author Manuscript Author Manuscript Author Manuscript Author Manuscript



	Abstract
	Introduction
	GHR−/− Mice
	Growth and Organ Size
	Endocrine and Metabolic Phenotype
	Disease and Aging

	Adult GHR−/− Mice
	Body Composition and Metabolism
	Aging

	GHA Mice
	Body Composition and Metabolism
	Aging
	Legacy

	Tissue-specific GHR−/− Mice
	Liver-specific GHR knockout
	Muscle-specific GHR Knockout
	Adipose-Specific GHR knockout
	Bone-specific GHR knockout
	Brain-specific GHR knockout
	Heart-specific GHR knockout
	Macrophage-specific GHR knockout
	Pancreatic beta cell-specific GHR knockout
	Intestine-specific GHR knockout
	Hematopoietic stem cell specific GHR knockout

	Disruption of downstream signaling that interrupts GH action
	Summary and Future Directions
	References
	Figure 1.
	Table 1.
	Table 2.

