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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.
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1 Introduction

Understanding the function of hormones and how they may
contribute to the metabolic or physiologic processes of com-
plex systems requires in vivo models. That is, hormones affect
multiple organs simultaneously; thus, in vivo mammalian
models provide specific advantages over in 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 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 physio-
logical or metabolic function of that protein.
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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 (Fig. 1).
Specifically, we will discuss the phenotype of: 1) mice
with complete GHI throughout life via GHR gene disrup-
tion (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 trans-
genic 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 spe-
cific lines, have no comparable clinical correlate.
Regardless, these mice collectively provide valuable in-
sight 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 pro-
cesses or tissue function that are evolutionarily conserved,
caution is required when extrapolating the findings from
mice to clinical populations due to vast differences in
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Fig. 1 Relative size of mouse lines of GHI. This representative sample of
male adult 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)

size, in response to experimental interventions, in adapta-
tion 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 foundation-
al 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 de-
creased serum IGF-1 concentrations [2]. The GHR—/— mouse
line has since become an important in 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.
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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 the same trend. However, there is no difference in
body size or weight at birth [2]. In accordance with their di-
minutive size, the absolute weights of most tissues (e.g. liver,
bone, stomach, testis, muscle, spleen, heart, most adipose de-
pots 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 exam-
ple, several reports show kidney mass is reduced in both ab-
solute and normalized weights in GHR—/— mice, while the
brain [5] and interscapular brown fat [6] are decreased in ab-
solute 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 com-
pared 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 signif-
icant 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 ge-
notypes, but absolute lean mass is reduced in GHR—/— mice

[4].
2.2 Endocrine and metabolic phenotype

The metabolic phenotype of GHR—/— mice has received sig-
nificant 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
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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 adult-
hood [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 clar-
ified 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 dis-
play increased circulating insulin, but insulin levels still re-
main lower than WT mice and GHR—/— mice do not experi-
ence significant alterations in fasting glucose levels [8] nor
alterations in insulin sensitivity [9].

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 mor-
bidities 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 mito-
chondrial 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
atnearly 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 nu-
merous laboratories [5]. In the GHR—/— mice, caloric restric-
tion, which improves longevity in numerous other conditions,
has no effect on longevity or insulin sensitivity [15].

The remarkable longevity of the GHR—/— mice is hypoth-
esized to be a result of several interacting mechanisms. Some
studies consider altered energy metabolism and improved glu-
cose 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 alter-
ations 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 protec-
tion 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 develop-
ment of age-related cataracts [18]. When type 1 diabetes is
induced using streptozotocin, GHR—/— mice show no evi-
dence 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
provide striking evidence, at least in a controlled laboratory
atmosphere, that complete GHI in mice is beneficial to
healthspan and lifespan.

3 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 scenar-
io, 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 ca-
pability of being induced at any time point.

Currently, only one published paper characterizes the phe-
notype 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,
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disrupted. GHR mRNA expression is significantly reduced,
albeit still detectable, in all tissues except for the heart, indi-
cating 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 0f 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 main-
tained 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.

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—/—
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in many respects. That is, aGHRKO mice are less glucose
tolerant than control mice at both 5Smo 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.

3.2 Aging

As increased longevity has been observed at several institu-
tions, 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 signifi-
cantly 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 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 configu-
ration and potentially a more efficacious GH [26].
Unexpectedly, the alterations to the 3rd 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 posi-
tion is changed to anything except alanine, improper/
dysfunctional binding of GH to the 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
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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

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 in-
creases 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 (Fig. 1). However, this weight phenotype dis-
appears in later life, as the GHA mice catch up with WT in
body weight but not length [30]. Organ weights are also af-
fected, 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 advanc-
ing age. Despite increased serum GH, there is a 75-80% de-
crease in serum IGF-1, and while levels of IGFBP-3 are also
30% lower in these mice at 11 months of age, 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 com-
pared 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 in-
crease 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].

4.2 Aging

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 im-
portant 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], contrast-
ing the insulin profile of aged GHR—/— mice [35]. Thus, the
fact that they have a normal lifespan despite obesity and ele-
vated 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 dis-
eases, 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].

4.3 Legacy

The most important legacy of the GHA mice is the creation of
the GHR antagonist drug Somavert™ (Pegvisomant for injec-
tion; hereafter referred to as pegvisomant). Pegvisomant was
approved by the FDA for treatment of patients with acromeg-
aly 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 high-
lights the translatability and value of mouse models to exam-
ine the function of GH and its receptor.

5 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 tech-
nology 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 hemato-
poietic stem cells. A brief summary of the phenotypes of these
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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 recapitu-
late 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 dis-
rupt 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

Table 1 Tissue-specific GHR knockout mouse lines. Summary of the
reported tissue specific knockout lines, including information about the
promoter used to drive gene disruption and selected phenotypes,

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), 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 composi-
tion, 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

including weight, length, serum GH and IGF-1 levels, and body compo-
sition. Blank cells indicate parameters that were not reported. (ND = nor-
mal diet; CR = calorie restriction)

Tissue/Cell Name Promoter Weight Length GH IGF-1 Body composition References
Liver GHRLD Albumin “ — 1233% 1 94% “ [42]
LiGHRKO Albumin ! l 13:~275% 13:~94% 1 Lean, | Fat [43, 74]
Q:~333% Q:~88%
L-Ghr—/— Albumin - 1 ~200% - [45]
Li-GHRKO Albumin > [44]
Liver (Adult) aLivGHRkd AAV-TBG — 13:~89% [46]
Q:~38%
Muscle AGHR mef-2¢-73 k 1 > > 1 Fat [47]
mGHRKO MCK l e e — | Lean & Fat [48]
MuGHRKO MCK 18,19 © “ — | Lean & Fat &, 1 Lean [49]
& Fat @
Fat FaGHRKO Fabp4 1 — 13:21.9%; <> Q@ 1 Fat & Fluid [50]
AdGHRKO AdipoQ - - - P 1 Lean d; 1 Fat & @ [51]
Fat-Ghr—/— AdipoQ > — [45]
Bone DMP-GHRKO  DMP-1 . 18 wk.: [53]
~300%; < 13
wk
Brain AgRP GHR AgRP —ND;| < < ND; | Lean & Fat CR [54]
CR
LepR GHR KO LepR TND;| 1 > Lean | Fat
CR
Brain GHR KO  Nestin TND;| 71 1 Lean < Fat
CR
LeprFYFPAGHR LepR > > > > > [55]
Heart (Adult) iC-GHRKO Myh6-Mer < — < young; | 1 Lean | Fat [56]
old:~25%
Macrophage MacGHRKO LysM — — [58]
B Cell BGHRKO Rat Insulin =« [59]
Intestine IntGHRKO Villin — — > [60]
Hematopoietic Vavl [61]
Stem Cell
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dysfunction consistently reported in male liver GHR knockout
mice is liver steatosis and increased liver triglycerides, pre-
sumably 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 exam-
ple, the mice from the Fan cohort have decreased bone densi-
ty, while the List cohort have increased grip strength and
increased circulating adipokine (leptin, resistin, and
adiponectin). Overall, the liver-specific GHR knockout ani-
mals 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 demon-
strate 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 circulat-
ing GH. aLivGHRkd mice have increased hepatic de novo
lipogenesis, leading to steatosis in males. Both sexes show
increased liver weight, while females have increased epididy-
mal fat weight. In this study, the mice are dissected only seven
days after liver GHR disruption, which demonstrates the po-
tent 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 func-
tion, but individual contributions to muscle physiology were
uncertain, leading to the development of muscle-specific
GHR knockout mice. Three laboratories independently devel-
oped muscle GHR knockout mice, and the results were report-
ed 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 differ-
ent promoters were used to drive Cre recombinase expression.
The Mavalli cohort used the mef-2c-73 k promoter, while the
other two groups use the muscle creatine kinase (MCK) pro-
moter. 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-73 k-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 specifi-
cally in the adipose tissue were developed by two labs and
with two different promoters driving Cre recombinase expres-
sion. List et al. first used the Fabp4 promoter in 2013 (called
FaGHRKO 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.
AdGHRKO mice have improved insulin sensitivity and de-
creased hepatic steatosis, and normal circulating GH and IGF-
1 levels. Both FAGHRKO and AAGHRKO 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 have impaired bone
development, including radial growth and mineral acquisition.
Other metabolic phenotypes are not reported.
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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.
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, AgRP 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 af-
fect 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 glu-
cose tolerance and increased insulin sensitivity, and mice over
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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 tis-
sue. GH is also known to regulate macrophage cytokine ex-
pression, and GH alterations are associated with obesity. To
clarify the role of GH signaling in macrophages during obesi-
ty, 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. They do, how-
ever, have impaired glucose metabolism with glucose intoler-
ance and insulin resistance. Despite impaired adipocyte differ-
entiation 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 inves-
tigate 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 de-
creased beta cell mass. They also have impaired glucose me-
tabolism (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 in-
flammation. To explore the relationship between GH and in-
testinal function, Young et al. generated an intestinal epithelial
cell-specific GHR knockout (IntGHRKO) mouse [60] using
the villin promoter for Cre expression. IntGHRKO 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.
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the phenotypes of these GHI mouse lines. Overall, short stat-
ure, 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 in-
vasive 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 at-
tention. Most studied are the GHR—/— mice, which have mea-
surable 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 ben-
efits observed in GHR—/— mice match or even exceed the
effects of all reported genetic, environmental (e.g. diet, habi-
tat), 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, mul-
tiple 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 pro-
nounced and measurable differences. The many confounding
variables for humans (e.g. socioeconomic status, genetic var-
iation, disease state, 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 irrevoca-
bly distinct between the species. These circumstances should
be considered in all interpretations with these mice and clini-
cal GHL
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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.
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