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Abstract

It is clear that IGF1 is important in supporting growth and regulating metabolism. The IGF1 found 

in the circulation is primarily produced by the liver hepatocytes, but healthy mature hepatocytes do 

not express appreciable levels of the IGF1 receptor (IGF1R). Therefore, the metabolic actions of 

IGF1 are thought to be mediated via extra-hepatocyte actions. Given the structural and functional 

homology between IGF1/IGF1R and insulin receptor (INSR) signaling, and the fact that IGF1, 

IGF1R and INSR are expressed in most tissues of the body, it is difficult to separate out the tissue-

specific contributions of IGF1/IGF1R in maintaining whole body metabolic function. To 

circumvent this problem, over the last 20 years investigators have taken advantage of the Cre/loxP 

system to manipulate IGF1/IGF1R in a tissue-dependent, and more recently an age-dependent 

fashion. These studies have revealed that IGF1/IGF1R can alter extra-hepatocyte function to 

regulate hormonal inputs to the liver and/or alter tissue-specific carbohydrate and lipid metabolism 

to alter nutrient flux to liver, where these actions are not mutually exclusive, but serve to integrate 

the function of all tissues to support the metabolic needs of the organism.
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Introduction

Although many tissues produce IGF1, it is now recognized that the hepatocyte is the primary 

source of circulating IGF1 (LeRoith 2008; Sjogren, et al. 1999; Yakar, et al. 1999). Despite 

the fact that the hepatocyte is the major contributor to circulating IGF1, mature hepatocytes 

do not express appreciable levels of the IGF1 receptor (IGF1R). However, IGF1R is 

expressed during early hepatocyte development (Waraky, et al. 2016) and in hepatocellular 

carcinomas (Liu, et al. 2011; Scharf and Braulke 2003), a topic beyond the scope of this 

review. The majority of IGF1 circulates bound to IGF1 binding proteins (IGFBP3 or 
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IGFBP5) and acid labile subunit (ALS) (Hjortebjerg, et al. 2014). These ternary complexes 

serve to extend the half-life of IGF1 and regulate its bioavailability (see XXX et al current 

issue for details). In the healthy liver, growth hormone (GH) signaling through the GH 

receptor (GHR)/Jak2/Stat5B pathway is required to maintain hepatocyte expression of IGF1, 

ALS and IGFBP3 (Feigerlova, et al. 2013; Rotwein 2012). Both IGF1 and GH work together 

to promote longitudinal growth (Wit and Camacho-Hubner 2011), as well as modulate 

metabolic function in adults, as previously reviewed in detail (Clemmons 2012; Moller and 

Jorgensen 2009). In brief, IGF1 works in in conjunction with insulin to inform cells of 

adequate nutrient stores to support protein accretion, cell growth and proliferation. 

Circulating IGF1 levels are reduced under fasting conditions and type 1 diabetes, associated 

with elevated GH levels. Given the healthy hepatocyte does not express appreciable levels of 

the IGF1R, the metabolic actions of IGF1 are thought to be due to extra-hepatocyte actions.

Although a metabolic role for IGF1 is well accepted, there are several challenges in regards 

to understanding how IGF1 mediates these effects. Although the hepatocyte is the primary 

contributor to circulating IGF1, it is also locally produced by the majority of cells in the 

body, where most (except the mature hepatocyte) express the IGF1R. Therefore, the relative 

role of circulating vs. locally produced IGF1 has been difficult to differentiate. In addition, 

as the name implies, IGF1 shares high homology to insulin, and in fact, in most non-

vertebrate species only a single insulin-like molecule is found. It is thought that the insulin 

and IGF1 genes arose from duplication of the common ancestral gene (McRory and 

Sherwood 1997). In mammals, it is commonly accepted that the primary action of IGF1 is to 

promote structural growth, while the primary action of insulin is to regulate nutrient 

utilization in response to a meal. Despite these primary actions, IGF1 and insulin 

demonstrate important crossover effects on growth and metabolism (Messina 2010). Some 

of these effects may be due to the high structural and functional homology of the IGF1R and 

insulin receptor (INSR) (Siddle 2011). However, this interaction may only be relevant when 

IGF1 or insulin levels are at patho/supra-physiologic levels or in the context of in vitro 
experiments, where the levels of bioactive IGF1 applied can be many fold that observed in 
vivo, when binding proteins are absent. In vitro, it has also been shown that the IGF1R and 

INSR can interact by forming hybrid receptors or by crosstalk of downstream intracellular 

signaling pathways, thereby modifying the response to their respective ligands (Belfiore, et 

al. 2009; Belfiore, et al. 2017). In vivo, the relative expression level of IGF1R and INSR 

varies between tissues and across development stages, and these changes serve to dictate the 

relative tissue-specific role of IGF1 vs. insulin in regulating metabolic function.

Congenital whole body knockout of IGF1 results in severe growth retardation and, 

depending on the genetic background, mice die shortly after birth, while others can survive 

into adulthood (Liu, et al. 1993; Powell-Braxton, et al. 1993). Congenital whole body 

knockout of IGF1R is embryonic lethal (Powell-Braxton et al. 1993). Therefore, in order to 

understand the role IGF1/IGF1R play in regulating metabolism, and to separate the action of 

IGF1/IGF1R from that of insulin/INSR, over the last two decades multiple laboratories have 

taken advantage of the Cre recombinase/loxP system (Van Duyne 2015) to manipulate IGF1 

and IGF1R in a tissue-specific fashion. This review will focus on those studies, as they relate 

to how IGF1/IGF1R may regulate tissues to alter production of metabolic hormones and/or 

alter insulin sensitivity to ultimately control substrate utilization. It is important to note that 
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the phenotype observed in the mouse models described below may not only be due to loss of 

function of IGF1/IGF1R actions, but also due to the model of the floxed mouse used, 

including background strain and the position of the loxP sites (Dietrich, et al. 2000; 

Holzenberger, et al. 2000; Kloting, et al. 2008; Liu, et al. 1998) and the promoter and 

method used to drive Cre expression (see below and Table 1 for model details). Where the 

later will dictate time (i.e. developmental stage) of gene knockdown and tissue (cell) 

specificity.

As summarized in the following sections, IGF1/IGF1R can alter extra hepatocyte function to 

regulate hormonal inputs to the liver and/or alter tissue-specific carbohydrate and lipid 

metabolism to alter nutrient flux to liver, where these actions are not mutually exclusive, but 

serve to integrate the function of all tissues to support the metabolic needs of the organism, 

as illustrated in Fig. 1.

IGF1 can indirectly regulate (hepatocyte) metabolism through modulation 

of hormonal inputs

Hepatocyte-specific reduction in IGF1 increases GH

The first application of the Cre/loxP system to study IGF1/IGF1R was the work of LeRoith 

and colleagues who crossbred IGF1fl/fl mice with the hepatocyte-specific albumin promoter-

Cre mice (expressed early in embryonic development), referred to as liver IGF1 deficient 

(LID) mice (LeRoith 2008; Yakar et al. 1999), or the interferon inducible liver/lymphocyte-

specific Mx-Cre mice (Sjogren et al. 1999; Wallenius, et al. 2001). In both models, 

circulating IGF1 levels were less than 20% of controls, and GH levels were elevated, but 

structural growth was relatively normal. When LID mice were crossbred to ALSKO mice, 

circulating IGF1 levels were reduced further, leading to reduced bone growth, but not to the 

extreme observed in mice with whole body knockout of IGF1 (Liu et al. 1993; Powell-

Braxton et al. 1993). These studies revealed that locally produced IGF1 is critical to support 

normal growth during development.

Despite relatively normal growth, adult LID mice exhibit systemic insulin resistance and 

impaired response of skeletal muscle to acute insulin challenge (Yakar, et al. 2001). Under 

hyperinsulinemic/euglycemic clamp conditions, LID mice also exhibit impaired insulin-

mediated hepatic glucose suppression (Yakar, et al. 2004). Importantly, the alterations in 

systemic insulin resistance and hepatic glucose output were normalized in LID mice when 

treated with a GH releasing hormone (GHRH) antagonist, or when crossbred to transgenic 

mice expressing a GH antagonist (Yakar et al. 2001; Yakar et al. 2004). Like LID mice, 

mouse models with congenital, liver-specific knockout of the GHR or its downstream 

effectors, Jak2 or Stat5, have extremely low levels of IGF1 and high levels of GH, associated 

with systemic insulin resistance (Cui, et al. 2007; Fan, et al. 2009; List, et al. 2014; Mueller, 

et al. 2011; Sos, et al. 2011). When congenital, hepatocyte-specific GHR knockout mice are 

crossbred to mice expressing an IGF1 transgene in the liver, GH levels are reduced and 

systemic insulin resistance normalized (Liu, et al. 2016). Taken together, these studies 

indicate that liver-derived, circulating IGF1 mediates some of its metabolic effects indirectly 

by controlling GH secretion, as discussed below in more detail.
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Although systemic insulin resistance develops in congenital liver-specific IGF1 knockout 

mice, as well as mice with liver-specific knockout of GHR signaling, the liver phenotype is 

dramatically different. LID mice show little change in hepatic lipid content, while mice with 

defects in hepatocyte GH signaling develop extreme fatty liver. More recently it has been 

shown that adult-onset loss of hepatocyte GH signaling increases de novo lipogenesis and 

promotes fatty liver (Cordoba-Chacon, et al. 2015), where this action maybe, in part, 

independent of reduced IGF1 (Liu et al. 2016). Therefore, the lack of hepatic fat 

accumulation in the LID mouse, compared to models with hepatocyte defects in GH 

signaling, may be due to high levels of circulating GH acting through intact, hepatocyte 

GHR to suppress de novo lipogenesis.

The metabolic phenotype of mice with hepatocyte IGF1 deficiency is consistent with an 

increase in GH actions, where GH antagonizes the actions of insulin and enhances lipid 

oxidation (Moller and Jorgensen 2009). Also, GH can promote white adipose tissue (WAT) 

lipolysis under physiologic conditions when relatively unopposed by insulin, or at 

pathophysiologic levels, as in acromegaly (Moller and Jorgensen 2009; Rabinowitz and 

Zierler 1963; Sakharova, et al. 2008). In the context of normal physiology, these actions of 

GH are important under fasting conditions, where insulin and IGF1 levels are low and GH 

levels are elevated, helping to shift nutrient utilization towards lipids, to maintain circulating 

glucose levels to support neuronal function.

IGF1 works through IGF1R to suppress somatotrope function

The rise in circulating GH levels in the LID mice and in mice with defects in hepatocyte 

GHR signaling is due to loss of negative feedback inhibition of circulating IGF1 on 

hypothalamic/pituitary regulation of GH secretion. Specifically, GH is produced by a 

subpopulation of anterior pituitary cells, called somatotropes. Regulation of somatotrope 

function is dependent on the hypothalamic neuropeptides, GHRH and somatostatin (SST), 

which stimulate and inhibit GH secretion, respectively. GH is released into the systemic 

circulation in a pulsatile fashion, where the pattern of GH release dictates function. GH 

interacts with multiple target tissues, including the hepatocyte, to stimulate the synthesis of 

IGF1. Comprehensive reviews of the literature related to GH/IGF1 axis regulation and 

function, through 1999, are available online (http://www.comprehensivephysiology.com/

WileyCDA/Section/id-420628.html). GH output is tightly controlled by negative feedback 

loops, where GH and IGF1 feedback at the level of the hypothalamus to reciprocally 

regulate SST and GHRH input to the pituitary somatotrope, to control GH secretion. It 

remains to be determined what neuronal cell types dictate these changes in GHRH and SST, 

and if IGF1 working directly through IGF1R is involved. However, IGF1 does act directly at 

the level of the somatotrope to suppress GH gene transcription in primary pituitary cell 

cultures in all species tested, including primates (Luque, et al. 2006). It should be noted that 

pituitary somatotropes express both IGF1R and INSR, but in vitro IGF1 exclusively works 

through the IGF1R, not INSR, to suppress somatotrope function (Gahete, et al. 2013).

The importance of the direct inhibitory action of IGF1 in regulating somatotrope function in 
vivo has been confirmed using the Cre/loxP system. Specifically, IGF1Rfl/fl mice were 

crossbred with mice that express Cre-recombinase only in the GH-producing cells of the 
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anterior pituitary, rGHp-Cre mice (Luque, et al. 2007), leading to somatotrope-specific 

knockout of the IGF1R [SIGFRKO; (Gahete et al. 2013; Romero, et al. 2010)]. The gross 

morphology of the SIGFRKO pituitary was not altered, however pituitary GH and GHRH 

receptor (GHRHR) mRNA levels were increased and this was associated with an increase in 

circulating GH and total IGF1 levels. In contrast, somatotrope-specific knockout of the 

INSR (SIRKO) did not impact GH and GHRHR gene expression but did enhance GH 

secretory vesicle release, indicating IGF1 and insulin act through unique mechanisms at the 

level of the pituitary to control GH output. Consistent with the parallel actions of IGF1 and 

insulin in suppressing GH output, mice with somatotrope-specific knockout of both the 

IGF1R and INSR have elevated circulating GH levels greater than observed in SIGFRKO 

and SIRKO mice (Gahete, et al. 2011; Gahete et al. 2013). Of note, although the 

hypothalamus is commonly thought to be a master regulator of GH output, the fact that 

circulating GH and IGF1 are elevated in SIGFRKO mice indicates that negative feedback at 

the level of the hypothalamus cannot fully compensate for the loss of IGF1 negative 

feedback at the level of the pituitary. Therefore, both central and pituitary regulatory loops 

are critical in maintaining appropriate GH output.

In the first study that examined the metabolic phenotype of SIGFRKO mice (Romero et al. 

2010), when knockouts were compared to pooled controls of different genotypes, body 

weight was reduced and this was attributed to a decrease in fat mass, without overtly 

impacting systemic insulin sensitivity. In contrast, in the second report (Gahete et al. 2013), 

when SIGFRKO mice (IGF1Rfl/fl/rGHp-Cre) were compared only to their IGF1Rfl/fl 

littermate controls, body weight and body composition did not differ up to 20 weeks of age, 

when mice were maintained on either a low-fat or high-fat diet. However, in the later study, 

sex-and diet-dependent changes in metabolic function were observed in SIGFRKO mice that 

were indicative of mild insulin resistance (Gahete et al. 2013). Taken together, these studies 

demonstrate IGF1 directly inhibits pituitary production of GH, where IGF1 mediated 

changes in GH secretion impact systemic insulin sensitivity, that could ultimately remodel 

body composition. However, it should be noted that the rather mild insulin resistant 

phenotype observed in SIGFRKO mice, compared to congenital, liver-specific loss of GHR 

signaling or IGF1 production, is likely due to the anti-insulin effects of elevated GH being 

off-set by the insulin-sensitizing effects of elevated IGF1.

IGF1 works through the IGF1R to enhance pancreatic β-cell function

Insulin promotes WAT tissue glucose uptake, lipid synthesis and storage (anti-lipolytic) and 

acts directly on hepatocytes to suppress glucose production, stimulate glycogen and lipid 

production and suppress VLDL triglyceride release (Titchenell, et al. 2017). Insulin is also 

required for maximum hepatocyte expression of IGF1, by augmenting IGF1 gene expression 

and maintaining hepatocyte GHR expression (Dong, et al. 2008; Phillips, et al. 1998). These 

actions may in part be responsible for reduced hepatic IGF1 production in states of fasting 

and diabetes type I.

Relevant to this review, intact IGF1R signaling is required to maintain normal β-cell 

function, based on reports showing rat insulin promoter 2-Cre mice crossbred to two 

different models of IGF1Rfl/fl mice, exhibit impaired glucose tolerance, without impacting 
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β-cell mass (Kulkarni, et al. 2002; Xuan, et al. 2002). The lack of an impact of IGF1R loss 

on β-cell mass in vivo is somewhat at odds with studies showing IGF1 augments β-cell 

replication that used cell lines or overexpression models (Chowdhury, et al. 2014; Huang 

and Chang 2014). These differential effects could be related to the fact that cell lines are not 

fully representative of β-cells in vivo and overexpression of IGF1 may lead to activation of 

the INSR, which has been shown to be important in establishing β-cell mass (Otani, et al. 

2004).

In vitro, islets from β-cell specific IGF1R KO mice had reduced expression of Glut2 and 

glucokinase, and a reduction in glucose- and arginine-stimulated insulin release. Although 

the impact of β-cell loss of IGF1R is relatively mild, similar to that reported for β-cell loss 

of INSR, knockout of both IGF1R and INSR causes early onset overt diabetes (Ueki, et al. 

2006). Taken together these observations suggest IGF1 works in conjunction with insulin to 

establish optimal β-cell function to allow appropriate insulin release in response to nutrient 

stimulation. Also, early loss of one receptor may in part compensate for the loss of the other. 

Appropriate models remain to be developed to test how IGF1/IGFIR directly mediates β-cell 

function in the adult islet.

IGF1 working through the IGF1R supports thyroid hormone production

Thyroid hormone, under fasting conditions, reduces insulin sensitivity, promotes lipolysis 

and directly enhances hepatic glucose output (Martinez and Ortiz 2017). A direct role in 

thyroid hormone-mediated hepatic IGF1 production appears to be species specific and 

concentration dependent. However, IGF1 can directly support thyroid hormone production 

based on the observation that IGF1Rfl/fl mice, crossbred to thyroglobulin promoter/enhancer 

driven Cre mice showed relatively normal thyroid hormone levels associated with elevated 

TSH, indicative of subclinical hypothyroidism. Curiously, this was only observed in male 

mice which showed an increase in weight gain, with age-associated increase in fat mass 

(Muller, et al. 2011). This direct action of IGF1 on thyroid function may explain in part the 

subclinical hypothyroidism observed in patients with isolated GH deficiency (Aguiar-

Oliveira, et al. 2017). However, it should be noted that the GH-independent actions of IGF1 

on thyroid function are somewhat controversial, as recently reviewed (Giavoli, et al. 2017).

IGF1 working through the IGF1R is essential for granulosa cell (estrogen) development 
and function

Estrogens have profound effects on overall metabolic function, as exemplified by the 

enhanced prevalence of obesity, insulin resistance, diabetes and fatty liver in postmenopausal 

compared to normal cycling women (Clegg 2012). The positive metabolic actions of 

estrogen, at least on controlling excess hepatic fat accumulation, appear to be mediated by 

extra-hepatic actions, since hepatic lipid accumulation does not differ between liver-specific 

ERα knockout and control mice, under chow or high-fat fed conditions (Hart-Unger, et al. 

2017). Estrogen can enhance hepatic IGF1 production (Venken, et al. 2005), but at high 

levels estrogens antagonize the actions of GH (Birzniece and Ho 2017).

Recent evidence indicates IGF1 acts directly to modulate granulosa cell development and 

function. Inhibition of IGF1R signaling in vivo and in vitro using siRNA or pharmacologic 
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strategies, blocks the ability of IGF1 to augment FSH-mediated steroidogenic enzyme 

production in granulosa cells (Zhou, et al. 2013). In addition, granulosa cell knockout of the 

IGF1R by crossbreeding IGF1Rfl/fl mice with mice heterozygous for both the Esr2-Cre and 

Cyp19-Cre transgenes (Baumgarten, et al. 2017), required for maximal recombination, led to 

impairment of follicular growth and estrogen production, as well as infertility. Of note, using 

the same strategy to knockout the INSR in the granulosa cells had no appreciable effect. We 

might speculate that reduced IGF1 input to granulosa cells during catabolic states may 

contribute to infertility.

IGF1R and INSR appear to fully compensate for each other to support normal adrenal and 
Leydig cell development and function (glucocorticoids/testosterone)

Glucocorticoids, derived from the adrenal cortex, stimulate glucose production in the liver, 

antagonize the actions of insulin and decrease insulin secretion from the pancreatic β-cells 

(Whirledge and DeFranco 2018). Glucocorticoid receptors (GR) physically interact with 

Stat5b in the liver to promote IGF1 and ALS (Tronche, et al. 2004), but at high levels can 

decrease the production of IGF1, in part by acting on the hypothalamus to suppress GH 

secretion (Ferrau and Korbonits 2015). Androgens have gender dependent effects on 

metabolism, many of which are mediated by tissue specific conversion to estrogen by 

aromatase (Bianchi and Locatelli 2018; Birzniece 2018). Androgens work in combination 

with GH/IGF1 to stimulate skeletal and muscle growth (Giannoulis, et al. 2012).

In order to investigate the direct role IGF1R plays in adrenal cortical and Leydig cell 

development/function, IGF1Rfl/fl mice were crossbred to Cyp11a1 promoter driven Cre 

mouse (SCC-Cre), which drives Cre expression in the adrenogonadal primordium 

(Neirijnck, et al. 2018). Knockout of the IGF1R had no appreciable impact on adrenal 

function and resulted in a modest reduction in testicular size without altering androgen 

production or fertility. A similar phenotype was observed when the INSR was knockout. 

However, combined IGF1R/INSR knockout resulted in impaired adrenal cortical and 

testicular development associated with low glucocorticoid and testosterone production. Due 

to lack of tissue specificity, it remains to be determined how the impact of receptor loss in 

each tissue may indirectly impact the other tissue. However, these results clearly indicate 

that with respect to adrenal cortical and Leydig cell development, the IGF1R and INSR can 

fully compensate for each other’s loss. Nonetheless, appropriate models remain to be 

developed to directly test how IGF1 directly and independently mediates adrenal cortical 

and leydig cell function in adults, and how these actions would ultimately impact metabolic 

function. It should be noted that IGF1 may also support male fertility via regulation of 

Sertoli cell development (Cannarella, et al. 2018), however Sertoli-specific manipulation of 

IGF1/IGF1R remains to be explored.

IGF1 works through the IGF1R to support M2-like macrophage activation

It is now becoming appreciated that the macrophage can transition from a pro-inflammatory 

(M1) to an anti-inflammatory (M2) state, where differentially expressed cytokines impact 

adipose and liver metabolism. In general the M1 phenotype is associated with insulin 

resistance (Vergadi, et al. 2017). Of note, M2 macrophages show high expression of IGF1, 

relative to M0/M1 macrophages (Spadaro, et al. 2017). Knockout of the IGF1R in the 
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myeloid lineage, which includes macrophages, by crossbreeding IGF1Rfl/fl mice with LysM-

Cre mice (Spadaro et al. 2017) reduced expression of M2 markers. When these mice were 

placed on a high-fat diet they became more obese and insulin resistant, compared to their 

IGF1R intact counterparts. These results indicate IGF1 supports an anti-inflammatory 

macrophage phenotype that may protect against the development of obesity-associated 

insulin resistance.

It should be noted here that some reports show an increase in hepatic expression of IGF1R in 

animal models and patients with chronic liver disease, including non-alcoholic 

steatohepatitis (NASH). At least in the early stage of the disease, this increase in IGF1R 

expression is likely due to non-hepatocyte cells types within the liver, which could include 

resident macrophages (Kupffer cells), infiltrating macrophages, activated hepatic stellate 

cells, cholangiocytes and vascular endothelial cells. However, very low levels of IGF1R 

expression in the mature hepatocyte might play a functional role, which could be tested in 

future investigations using adult-onset, hepatocyte-specific IGF1R knockdown. Nonetheless, 

treatment with IGF1 has been shown to reduce liver injury and fibrosis, at least in part acting 

on these non-hepatocyte cells (Takahashi 2017). As liver disease progresses to hepatocellular 

carcinoma, the hepatocytes dedifferentiate to again express the IGF1R, which is thought to 

contribute to cancer progression (Liu et al. 2011; Scharf and Braulke 2003) (REF include 

review in current issue on IGF1 and cancer).

IGF1 can indirectly regulate (hepatocyte) metabolism through altering the 

development and function of key metabolic tissues

IGF1 works through the IGF1R to directly enhance adipose tissue function

Adipose tissue is essential to store nutrients and control glucose/lipid homeostasis, where 

lack of adipose tissue (lipodystrophy) is associated with extreme systemic insulin resistance 

and fatty liver. Diet-induced obesity is also associated with adipose tissue insulin resistance 

and development of fatty liver (Polyzos, et al. 2017).

The direct impact of IGF1 on adipocyte function, in vivo, was first investigated by 

crossbreeding IGF1Rfl/fl mice with aP2 promoter driven Cre mice (Kloting et al. 2008). 

These mice had increased fat mass and adipocyte size. However, after this publication 

appeared, it was shown that the aP2 promoter Cre mice were not adipocyte specific, where 

recombination of the floxed allele could also occur in peripheral and central nervous tissue 

and the adrenal medulla (Martens, et al. 2010). Based on these observations, subsequent 

studies using the Cre/loxP system to manipulate floxed alleles in the adipocytes have turned 

to the adipocyte-specific adiponectin Cre mice. To this end, crossbreeding IGF1Rfl/fl mice 

with adiponectin Cre mice resulted in a reduction in subcutaneous and brown fat mass, 

reduced expression of lipogenic genes in visceral fat depots, and reduced levels of 

circulating leptin and adiponectin (Boucher, et al. 2016). However, these changes did not 

result in appreciable changes in response to glucose and insulin challenge. Of note, knockout 

of the INSR in adipocytes had a more severe metabolic phenotype, while combined loss of 

both IGF1R and INSR resulted in lipodystrophy and ectopic accumulation of fat in the liver 

and muscle (Boucher et al. 2016; Softic, et al. 2016). Although additional follow up studies 
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are required to understand the full metabolic impact of IGF1 signaling in adipocytes, it is 

clear the actions of IGF1 are distinct from insulin, where both are required for adipocyte 

maturation and adult function.

IGF1/IGF1R plays an age-dependent role in muscle development and function

Active muscles preferentially oxidize lipids for energy and promote overall metabolic health 

(Lundsgaard, et al. 2018). During myocyte development, IGF1R expression is predominant, 

while in the differentiated muscle INSR expression predominates (O’Neill, et al. 2016). 

Crossbreeding IGF1Rfl/fl mice with mice with mef-2c-73k promoter Cre expressed early in 

development (Mavalli, et al. 2010) impaired muscle fiber formation and reduced muscle 

weight, but did not impact glucose homeostasis. However, knockout of muscle IGF1R using 

the actin promoter (Acta) driven Cre, expressed in differentiated muscle cells (O’Neill, et al. 

2015), did not impact normal body weight or muscle mass, but did modestly impair muscle 

function (wheel running). Muscle-specific INSR had a more pronounced phenotype, while 

combined IGFIR/INSR deficiency (MIGIRKO) showed severe impairment in muscle mass 

leading to premature death due to respiratory complications. Surprisingly, MIGIRKO did not 

impact glucose or insulin tolerance.

In contrast to the muscle-specific knockout models, muscle IGF1 receptor (IGF1R)-lysine-

arginine (MKR) mice expressing a dominant-negative mutant IGF1R in skeletal muscle and 

heart are diabetic with insulin resistance in muscle, liver, and adipose tissue (Fernandez, et 

al. 2001). Of note, crossbreeding the MKR mice with mice lacking both IGF1R and INSR in 

the muscle (MIGIRKO) led to exacerbation of metabolic dysfunction which could not be 

attributed to changes in heart function, suggesting the mutant IGF1R can interact with 

receptors other than IGFR1, INSR or downstream targets to alter skeletal muscle metabolism 

(O’Neill et al. 2015).

Similar to skeletal muscle loss of IGF1R, loss of IGF1R in heart using muscle creatine 

kinase promoter driven Cre mice, did not promote changes in heart function or whole body 

glucose metabolism. However, by 6 months of age the loss of the INSR led to a deficit in 

heart function, while combined loss of IGFR and INSR led to alterations in heart glucose 

metabolism and function, leading to death by one-month of age (Laustsen, et al. 2007). 

Therefore, insulin signaling, not IGF1 signaling, appears to dominate with respect to 

controlling aspect of mature skeletal and cardiac muscle function.

Future lessons to be learned from age-dependent, tissue-specific 

inactivation/activation of IGF1/IGFR signaling

Although tremendous progress has been made in understanding the tissue-specific role IGF1 

plays in regulating metabolic function, in the majority of mouse models discussed above, the 

IGF1 or IGF1R gene is deleted early in development, where compensation by insulin/INSR 

or other unknown factors may contribute to the metabolic phenotype observed in the adult. 

Given that metabolic disease typically develops after sexual maturation, due to excess 

caloric intake and reduced physical activity, it is important to understand how changes in 

IGF1 production and tissue-specific sensitivity impacts disease progression, in order to 
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identify key targets for treatment, and prevent off-target effects of pharmacologic reduction 

or enhancement of IGF1/IGF1R signaling. To this end, animal models are required that 

allow for tissue-specific, inducible, Cre recombinase-mediated inactivation of floxed alleles 

at specific ages. As discussed previously, this strategy was first used to examine the impact 

of hepatocyte loss of IGF1 using the interferon inducible Mx-Cre model (Sjogren et al. 

1999; Wallenius et al. 2001). More recently this technology has been applied to generate an 

adult-onset, whole body knockdown of IGF1R (Francois, et al. 2017). Specifically IGF1Rfl/fl 

mice were crossbred to tamoxifen-inducible ubiquitin promoter driven Cre mice (Ubc-

CRET2), and offspring were treated with tamoxifen starting at postnatal day 3.5, 31 or 90 

(adults). Complete recombination of the IGF1Rfl/fl allele was confirmed in all tissues tested. 

Specifically focusing on adult-onset loss of IGF1R signaling, circulating GH levels were 

elevated leading to an increase in IGF1, consistent with the importance of negative feedback 

of IGF1 to suppress GH production (Gahete et al. 2013; Romero et al. 2010). This was 

associated with mild hyperglycemia, glucose intolerance and insulin resistance, with reduced 

fat mass, which may be the consequence of loss of the “insulin-like” effects of IGF1, 

combined with the antagonist actions of GH on insulin signaling. Interestingly females, but 

not males, showed reduced fertility, which may be related to loss of IGF1 support on 

granulosa cell function (Baumgarten et al. 2017; Zhou et al. 2013). Further characterization 

of this unique model with respect to thyroid, adrenal, immune, adipocyte and muscle, under 

different physiologic and nutritional conditions, will enhance our understanding as to how 

IGF1/IGF1R integrates the functions of metabolically relevant tissue to maintain adult 

metabolic function.

Further application of the inducible Cre recombinase system is required to ultimately 

understand how raising or lowering IGF1 input regulates the function of adult tissues to 

achieve metabolic homeostasis. However, a limitation of the inducible Cre recombinase 

models, as in congenital Cre-mediated knockout models, remains tissue specificity of the 

promoter. In addition, in some inducible models, low levels of Cre expression may occur, 

“leak”, independent of the inducer. Also, the necessity of repeated treatment of the inducer 

(tamoxifen, doxycycline, or interferon) can have effects independent of inducing Cre 

recombinase expression.

Another strategy to induce efficient, age- and tissue-specific knockdown or expression of a 

transgene is the use of adeno-associated viral vectors (AAV) using tissue-specific promoters, 

where the serotype of the AAV also preferentially targets some tissues over others. This 

strategy has advantages over the use of adenoviral vectors because it is more efficient, long 

lasting and does not evoke an acute inflammatory response. This strategy has been most 

applied to study the role of factors in hepatocyte metabolism using AAV8-throxine binding 

globulin promoter (TBGp) driven transgenes. Although this strategy has not yet been 

directly applied to knockdown IGF1 in adult hepatocytes, it has been used to knockdown the 

GH receptor. Specifically, adult GHRfl/fl mice were treated with a single injection of AAV8-

TBGp-Cre, leading to loss of the GHR exclusively in hepatocytes. As in developmental loss 

of the hepatocyte GHR (GHRfl/fl mice crossbred to albumin promoter driven Cre), 

circulating IGF1 levels are dramatically reduced and GH levels are elevated. However, in 

contrast to the congenital model which is thought to develop fatty liver indirectly due to GH-

mediated development of systemic insulin resistance and WAT lipolysis, shifting nutrient 
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flux to the liver (Cui et al. 2007; Fan et al. 2009; List et al. 2014; Mueller et al. 2011; Sos et 

al. 2011), mice with adult-onset loss of the hepatocyte GHR developed fatty liver due to 

enhanced de novo lipogenesis, independent of systemic insulin resistance (Cordoba-Chacon 

et al. 2015; Wolf Greenstein, et al. 2017). Taken together these studies demonstrate the 

phenotype of tissue-specific, adult-onset loss of gene function, may not replicate that 

observed in tissue specific, congenital knockout models. Therefore, the AAV strategy can be 

used in future studies to better understand the hepatocyte-specific role of GH/IGF1 in 

regulating adult metabolism. Such studies may include, but are not limited to 1) determining 

if adult-onset loss of hepatocyte IGF1 replicates the phenotype observed in LID mice, 2) 

differentiating between the direct hepatocyte actions of GH from those mediated by 

elevation in circulating GH due to loss of IGF1 feedback by knockout of the GHR in the 

adult hepatocyte, combined with reconstitution of hepatocyte IGF1 expression, 3) directly 

testing if hepatocyte IGF1R plays any role in regulating adult hepatocyte function.

Although the AAV delivery of transgenes represents a powerful tool, once again the tissue-

specificity is dependent on the promoter used to drive transgene expression. Also, AAV does 

not incorporate into the genome, so if applied to rapidly dividing cells, or the transgene 

induction enhances cell division, the vector will become diluted in subsequent cell 

generations. In addition, antibodies do develop to AAVs, not allowing for the sequential 

application of AAV vectors.

Summary

Although all the Cre/loxP models have limitations, use of these models has allowed us to 

refine our knowledge regarding how IGF1/IGF1R regulates metabolism, independent of the 

actions of insulin. It is clear from these studies that IGF1/IGF1R acts on many tissues to fine 

tune metabolism, where future applications of these strategies will continue to focus our 

understanding of the age-dependent, tissue-specific role IGF1/IGF1R plays in health and 

disease.

References

Aguiar-Oliveira MH, Souza AHO, Oliveira CRP, Campos VC, Oliveira-Neto LA, Salvatori R. 2017; 
MECHANISMS IN ENDOCRINOLOGY: The multiple facets of GHRH/GH/IGF-I axis: lessons 
from lifetime, untreated, isolated GH deficiency due to a GHRH receptor gene mutation. Eur J 
Endocrinol. 177:R85–R97. [PubMed: 28428227] 

Baumgarten SC, Armouti M, Ko C, Stocco C. 2017; IGF1R expression in ovarian granulosa cells is 
essential for steroidogenesis, follicle survival, and fertility in female mice. Endocrinology. 
158:2309–2318. [PubMed: 28407051] 

Belfiore A, Frasca F, Pandini G, Sciacca L, Vigneri R. 2009; Insulin receptor isoforms and insulin 
receptor/insulin-like growth factor receptor hybrids in physiology and disease. Endocr Rev. 30:586–
623. [PubMed: 19752219] 

Belfiore A, Malaguarnera R, Vella V, Lawrence MC, Sciacca L, Frasca F, Morrione A, Vigneri R. 
2017; Insulin receptor isoforms in physiology and disease: an updated view. Endocr Rev. 38:379–
431. [PubMed: 28973479] 

Bianchi VE, Locatelli V. 2018; Testosterone a key factor in gender related metabolic syndrome. Obes 
Rev. 19:557–575. [PubMed: 29356299] 

Birzniece V. 2018Hepatic actions of androgens in the regulation of metabolism. Curr Opin Endocrinol 
Diabetes Obes. 

Kineman et al. Page 11

J Mol Endocrinol. Author manuscript; available in PMC 2020 December 07.

V
A

 A
uthor M

anuscript
V

A
 A

uthor M
anuscript

V
A

 A
uthor M

anuscript



Birzniece V, Ho KKY. 2017; Sex steroids and the GH axis: Implications for the management of 
hypopituitarism. Best Pract Res Clin Endocrinol Metab. 31:59–69. [PubMed: 28477733] 

Boucher J, Softic S, El Ouaamari A, Krumpoch MT, Kleinridders A, Kulkarni RN, O’Neill BT, Kahn 
CR. 2016; Differential roles of insulin and IGF-1 receptors in adipose tissue development and 
function. Diabetes. 65:2201–2213. [PubMed: 27207537] 

Cannarella R, Condorelli RA, La Vignera S, Calogero AE. 2018; Effects of the insulin-like growth 
factor system on testicular differentiation and function: a review of the literature. Andrology. 6:3–9.

Chowdhury S, Wang X, Srikant CB, Li Q, Fu M, Gong YJ, Ning G, Liu JL. 2014; IGF-I stimulates 
CCN5/WISP2 gene expression in pancreatic beta-cells, which promotes cell proliferation and 
survival against streptozotocin. Endocrinology. 155:1629–1642. [PubMed: 24552398] 

Clegg DJ. 2012; Minireview: the year in review of estrogen regulation of metabolism. Mol Endocrinol. 
26:1957–1960. [PubMed: 23051593] 

Clemmons DR. 2012; Metabolic actions of insulin like growth factor I in normal physiology and 
diabetes. Endocrinol Metab Clin North Am. 241:425–43.

Cordoba-Chacon J, Majumdar N, List EO, Diaz-Ruiz A, Frank SJ, Manzano A, Bartrons R, Puchowicz 
M, Kopchick JJ, Kineman RD. 2015; Growth hormone inhibits hepatic de novo lipogenesis in 
adult mice. Diabetes. 64:3093–3103. [PubMed: 26015548] 

Cui Y, Hosui A, Sun R, Shen K, Gavrilova O, Chen W, Cam MC, Gao B, Robinson GW, 
Hennighausen L. 2007; Loss of signal transducer and activator of transcription 5 leads to 
hepatosteatosis and impaired liver regeneration. Hepatology. 46:504–513. [PubMed: 17640041] 

Dietrich P, Dragatsis I, Xuan S, Zeitlin S, Efstratiadis A. 2000; Conditional mutagenesis in mice with 
heat shock promoter-driven cre transgenes. Mamm Genome. 11:196–205. [PubMed: 10723724] 

Dong XC, Copps KD, Guo S, Li Y, Kollipara R, DePinho RA, White MF. 2008; Inactivation of hepatic 
Foxo1 by insulin signaling is required for adaptive nutrient homeostasis and endocrine growth 
regulation. Cell Metab. 8:65–76. [PubMed: 18590693] 

Fan Y, Menon RK, Cohen P, Hwang D, Clemens T, DiGirolamo DJ, Kopchick JJ, Le Roith D, Trucco 
M, Sperling MA. 2009; Liver specific deletion of the growth hormone receptor reveals essential 
role of growth hormone signaling in hepatic lipid metabolism. J Biol Chem. 284:19937–19944. 
[PubMed: 19460757] 

Feigerlova E, Hwa V, Derr MA, Rosenfeld RG. 2013; Current issues on molecular diagnosis of GH 
signaling defects. Endocr Dev. 24:118–127. [PubMed: 23392100] 

Fernandez AM, Kim JK, Yakar S, Dupont J, Hernandez Sanchez C, Castle AL, Filmore J, Shulman GI, 
Le Roith D. 2001; Functional inactivation of the IGF-I and insulin receptors in skeletal muscle 
causes type 2 diabetes. Genes Dev. 15:1926–1934. [PubMed: 11485987] 

Ferrau F, Korbonits M. 2015; Metabolic comorbidities in Cushing’s syndrome. Eur J Endocrinol. 
173:M133–157. [PubMed: 26060052] 

Francois JC, Aid S, Chaker Z, Lacube P, Xu J, Fayad R, Cote F, Even P, Holzenberger M. 2017; 
Disrupting IGF signaling in adult mice conditions leanness, resilient energy metabolism, and high 
growth hormone pulses. Endocrinology. 158:2269–2283. [PubMed: 28881863] 

Gahete MD, Cordoba-Chacon J, Anadumaka CV, Lin Q, Bruning JC, Kahn CR, Luque RM, Kineman 
RD. 2011; Elevated GH/IGF-I, due to somatotrope-specific loss of both IGF-I and insulin 
receptors, alters glucose homeostasis and insulin sensitivity in a diet-dependent manner. 
Endocrinology. 152:4825–4837. [PubMed: 21990313] 

Gahete MD, Cordoba-Chacon J, Lin Q, Bruning JC, Kahn CR, Castano JP, Christian H, Luque RM, 
Kineman RD. 2013; Insulin and IGF-I inhibit GH synthesis and release in vitro and in vivo by 
separate mechanisms. Endocrinology. 154:2410–2420. [PubMed: 23671263] 

Giannoulis MG, Martin FC, Nair KS, Umpleby AM, Sonksen P. :2012–377.Hormone replacement 
therapy an physical function in healthy older men. Time to talk hormones. Endocr Rev. 33 314–
377.

Giavoli C, Profka E, Rodari G, Lania A, Beck-Peccoz P. :2017–78.Focus on GH deficiency and thyroid 
function. Best Pract Res Clin Endocrinol Metab. 31 71–78.

Hart Unger S, Arao Y, Hamilton KJ, Lierz SL, Malarkey DE, Hewitt SC, Freemark M, Korach KS. 
2017; Hormone signaling and fatty liver in females: analysis of estrogen receptor α mutant mice. 
Int J Obes (Lond). 41:945–954. [PubMed: 28220039] 

Kineman et al. Page 12

J Mol Endocrinol. Author manuscript; available in PMC 2020 December 07.

V
A

 A
uthor M

anuscript
V

A
 A

uthor M
anuscript

V
A

 A
uthor M

anuscript



Hjortebjerg R, Flyvbjerg A, Frystyk J. 2014; Insulin growth factor binding proteins as therapeutic 
targets in type 2 diabetes. Expert Opin Ther Targets. 18:209–224. [PubMed: 24261835] 

Holzenberger M, Leneuve P, Hamard G, Ducos B, Perin L, Binoux M, Le Bouc Y. 2000; A targeted 
partial invalidation of the insulin like growth factor I receptor gene in mice causes a postnatal 
growth deficit. Endocrinology. 141:2557–2566. [PubMed: 10875258] 

Huang Y, Chang Y. 2014; Regulation of pancreatic islet beta cell mass by growth factor and hormone 
signaling. Prog Mol Biol Transl Sci. 121:321–349. [PubMed: 24373242] 

Kloting N, Koch L, Wunderlich T, Kern M, Ruschke K, Krone W, Bruning JC, Bluher M. 2008; 
Autocrine IGF-1 action in adipocytes controls systemic IGF-1 concentrations and growth. 
Diabetes. 57:2074–2082. [PubMed: 18443199] 

Kulkarni RN, Holzenberger M, Shih DQ, Ozcan U, Stoffel M, Magnuson MA, Kahn CR. 2002; beta-
cell-specific deletion of the Igf1 receptor leads to hyperinsulinemia and glucose intolerance but 
does not alter beta-cell mass. Nat Genet. 31:111–115. [PubMed: 11923875] 

Laustsen PG, Russell SJ, Cui L, Entingh Pearsall A, Holzenberger M, Liao R, Kahn CR. 2007; 
Essential role of insulin and insulin-like growth factor 1 receptor signaling in cardiac development 
and function. Mol Cell Biol. 27:1649–1664. [PubMed: 17189427] 

LeRoith D. 2008; Clinical relevance of systemic and local IGF-I: lessons from animal models. Pediatr 
Endocrinol Rev. 5(Suppl 2):739–743. [PubMed: 18317445] 

List EO, Berryman DE, Funk K, Jara A, Kelder B, Wang F, Stout MB, Zhi X, Sun L, White TA, et al. 
2014; Liver-specific GH receptor gene-disrupted (LiGHRKO) mice have decreased endocrine 
IGF-I, increased local IGF-I, and altered body size, body composition, and adipokine profiles. 
Endocrinology. 155:1793–1805. [PubMed: 24517230] 

Liu JL, Grinberg A, Westphal H, Sauer B, Accili D, Karas M, LeRoith D. 1998; Insulin-like growth 
factor-I affects perinatal lethality and postnatal development in a gene dosage-dependent manner: 
manipulation using the Cre/loxP system in transgenic mice. Mol Endocrinol. 12:1452–1462. 
[PubMed: 9731712] 

Liu JP, Baker J, Perkins AS, Robertson EJ, Efstratiadis A. 1993; Mice carrying null mutations of the 
genes encoding insulin like growth factor I (Igf-1) and type 1 IGF receptor (Igf1r). Cell. 75:59–72. 
[PubMed: 8402901] 

Liu X, Jiang W, Aucejo F, Kim R, Miller C, Byrne M, Lopez R, Yerian L. 2011; Insulin-like growth 
factor I receptor beta expression in hepatocellular carcinoma. Hum Pathol. 42:882–891. [PubMed: 
21292299] 

Liu Z, Cordoba-Chacon J, Kineman RD, Cronstein BN, Muzumdar R, Gong Z, Werner H, Yakar S. 
2016; Growth Hormone Control of Hepatic Lipid Metabolism. Diabetes. 65:3598–3609. [PubMed: 
27679560] 

Lundsgaard AM, Fritzen AM, Kiens B. 2018; Molecular regulation of fatty acid oxidation in skeletal 
muscle during aerobic exercise. Trends Endocrinol Metab. 29:18–30. [PubMed: 29221849] 

Luque RM, Amargo G, Ishii S, Lobe C, Franks R, Kiyokawa H, Kineman RD. 2007; Reporter 
expression, induced by a growth hormone promoter driven Cre recombinase (rGHp-Cre) 
transgene, questions the developmental relationship between somatotropes and lactotropes in the 
adult mouse pituitary gland. Endocrinology. 148:1946–1953. [PubMed: 17289844] 

Luque RM, Gahete MD, Valentine RJ, Kineman RD. 2006; Examination of the direct effects of 
metabolic factors on somatotrope function in a non-human primate model, Papio anubis. J Mol 
Endocrinol. 37:25–38. [PubMed: 16901921] 

Martens K, Bottelbergs A, Baes M. 2010; Ectopic recombination in the central and peripheral nervous 
system by aP2/FABP4-Cre mice: implications for metabolism research. FEBS Lett. 584:1054–
1058. [PubMed: 20138876] 

Martinez B, Ortiz RM. 2017; Thyroid hormone regulation and insulin resistance: insights from animals 
naturally adapted to fasting. Physiology (Bethesda). 32:141–151. [PubMed: 28202624] 

Mavalli MD, DiGirolamo DJ, Fan Y, Riddle RC, Campbell KS, van Groen T, Frank SJ, Sperling MA, 
Esser KA, Bamman MM, et al. 2010; Distinct growth hormone receptor signaling modes regulate 
skeletal muscle development and insulin sensitivity in mice. J Clin Invest. 120:4007–4020. 
[PubMed: 20921627] 

Kineman et al. Page 13

J Mol Endocrinol. Author manuscript; available in PMC 2020 December 07.

V
A

 A
uthor M

anuscript
V

A
 A

uthor M
anuscript

V
A

 A
uthor M

anuscript



McRory JE, Sherwood NM. 1997; Ancient divergence of insulin and insulin-like growth factor. DNA 
Cell Biol. 16:939–949. [PubMed: 9303436] 

Messina, JL. Compr Physiol. John Wiley & Sons, Inc; 2010. Insulin as a growth-promoting hormone. 

Moller N, Jorgensen JO. 2009; Effects of growth hormone on glucose, lipid, and protein metabolism in 
human subjects. Endocr Rev. 30:152–177. [PubMed: 19240267] 

Mueller KM, Kornfeld JW, Friedbichler K, Blaas L, Egger G, Esterbauer H, Hasselblatt P, Schlederer 
M, Haindl S, Wagner KU, et al. 2011; Impairment of hepatic growth hormone and glucocorticoid 
receptor signaling causes steatosis and hepatocellular carcinoma in mice. Hepatology. 54:1398–
1409. [PubMed: 21725989] 

Muller K, Fuhrer D, Mittag J, Kloting N, Bluher M, Weiss RE, Many MC, Schmid KW, Krohn K. 
2011; TSH compensates thyroid specific IGF-I receptor knockout and causes papillary thyroid 
hyperplasia. Mol Endocrinol. 25:1867–1879. [PubMed: 21980075] 

Neirijnck Y, Calvel P, Kilcoyne KR, Kühne F, Stévant I, Griffeth RJ, Pitetti J-L, Andric SA, Hu M-C, 
Pralong F, et al. 2018Insulin and IGF1 receptors are essential for the development and 
steroidogenic function of adult Leydig cells. The FASEB Journal. 

O’Neill BT, Lauritzen HP, Hirshman MF, Smyth G, Goodyear LJ, Kahn CR. 2015; Differential role of 
insulin/IGF-1 receptor signaling in muscle growth and glucose homeostasis. Cell Rep. 11:1220–
1235. [PubMed: 25981038] 

O’Neill BT, Lee KY, Klaus K, Softic S, Krumpoch MT, Fentz J, Stanford KI, Robinson MM, Cai W, 
Kleinridders A, et al. 2016; Insulin and IGF-1 receptors regulate FoxO mediated signaling in 
muscle proteostasis. J Clin Invest. 126:3433–3446. [PubMed: 27525440] 

Otani K, Kulkarni RN, Baldwin AC, Krutzfeldt J, Ueki K, Stoffel M, Kahn CR, Polonsky KS. 2004; 
Reduced beta-cell mass and altered glucose sensing impair insulin secretory function in betaIRKO 
mice. Am J Physiol Endocrinol Metab. 286:E41–49. [PubMed: 14519599] 

Phillips LS, Pao CI, Villafuerte BC. 1998; Molecular regulation of insulin-like growth factor I and its 
principal binding protein, IGFBP-3. Prog Nucleic Acid Res Mol Biol. 60:195–265. [PubMed: 
9594576] 

Polyzos SA, Kountouras J, Mantzoros CS. 2017; Adipose tissue, obesity and non-alcoholic fatty liver 
disease. Minerva Endocrinol. 42:92–108. [PubMed: 27711029] 

Powell Braxton L, Hollingshead P, Warburton C, Dowd M, Pitts-Meek S, Dalton D, Gillett N, Stewart 
TA. 1993; IGF-I is required for normal embryonic growth in mice. Genes Dev. 7:2609–2617. 
[PubMed: 8276243] 

Rabinowitz D, Zierler KL. 1963; A Metabolic regulating device based on the actions of human growth 
hormone and of insulin, singly and together, on the human forearm. Nature. 199:913–915. 
[PubMed: 14079908] 

Romero CJ, Ng Y, Luque RM, Kineman RD, Koch L, Bruning JC, Radovick S. 2010; Targeted 
deletion of somatotroph insulin-like growth factor I signaling in a cell-specific knockout mouse 
model. Mol Endocrinol. 24:1077–1089. [PubMed: 20211984] 

Rotwein P. :2012–193.Mapping the growth hormone–Stat5b–IGF-I transcriptional circuit. Trends 
Endocrinol Metab. 23 186–193.

Sakharova AA, Horowitz JF, Surya S, Goldenberg N, Harber MP, Symons K, Barkan A. 2008; Role of 
growth hormone in regulating lipolysis, proteolysis, and hepatic glucose production during fasting. 
J Clin Endocrinol Metab. 93:2755–2759. [PubMed: 18413425] 

Scharf JG, Braulke T. 2003; The role of the IGF axis in hepatocarcinogenesis. Horm Metab Res. 
35:685–693. [PubMed: 14710347] 

Siddle K. 2011; Signalling by insulin and IGF receptors: supporting acts and new players. J Mol 
Endocrinol. 47:R1–10. [PubMed: 21498522] 

Sjogren K, Liu JL, Blad K, Skrtic S, Vidal O, Wallenius V, LeRoith D, Tornell J, Isaksson OG, Jansson 
JO, et al. 1999; Liver derived insulin-like growth factor I (IGF-I) is the principal source of IGF-I in 
blood but is not required for postnatal body growth in mice. Proc Natl Acad Sci U S A. 96:7088–
7092. [PubMed: 10359843] 

Softic S, Boucher J, Solheim MH, Fujisaka S, Haering MF, Homan EP, Winnay J, Perez-Atayde AR, 
Kahn CR. 2016; Lipodystrophy due to adipose tissue-specific insulin receptor knockout results in 
progressive NAFLD. Diabetes. 65:2187–2200. [PubMed: 27207510] 

Kineman et al. Page 14

J Mol Endocrinol. Author manuscript; available in PMC 2020 December 07.

V
A

 A
uthor M

anuscript
V

A
 A

uthor M
anuscript

V
A

 A
uthor M

anuscript



Sos BC, Harris C, Nordstrom SM, Tran JL, Balazs M, Caplazi P, Febbraio M, Applegate MA, Wagner 
KU, Weiss EJ. 2011; Abrogation of growth hormone secretion rescues fatty liver in mice with 
hepatocyte specific deletion of JAK2. J Clin Invest. 121:1412–1423. [PubMed: 21364286] 

Spadaro O, Camell CD, Bosurgi L, Nguyen KY, Youm YH, Rothlin CV, Dixit VD. 2017; IGF1 shapes 
macrophage activation in response to immunometabolic challenge. Cell Rep. 19:225–234. 
[PubMed: 28402847] 

Takahashi Y. 2017; The role of growth hormone and insulin-like growth factor I in the liver. Int J Mol 
Sci. 18

Titchenell PM, Lazar MA, Birnbaum MJ. 2017; Unraveling the regulation of hepatic metabolism by 
insulin. Trends Endocrinol Metab. 28:497–505. [PubMed: 28416361] 

Tronche F, Opherk C, Moriggl R, Kellendonk C, Reimann A, Schwake L, Reichardt HM, Stangl K, 
Gau D, Hoeflich A, et al. 2004; Glucocorticoid receptor function in hepatocytes is essential to 
promote postnatal body growth. Genes Dev. 18:492–497. [PubMed: 15037546] 

Ueki K, Okada T, Hu J, Liew CW, Assmann A, Dahlgren GM, Peters JL, Shackman JG, Zhang M, 
Artner I, et al. 2006; Total insulin and IGF-I resistance in pancreatic beta cells causes overt 
diabetes. Nat Genet. 38:583–588. [PubMed: 16642022] 

Van Duyne GD. 2015; Cre Recombinase. Microbiol Spectr. 3

Venken K, Schuit F, Van Lommel L, Tsukamoto K, Kopchick JJ, Coschigano K, Ohlsson C, Moverare 
S, Boonen S, Bouillon R, et al. 2005; Growth without growth hormone receptor: estradiol is a 
major growth hormone independent regulator of hepatic IGF I synthesis. J Bone Miner Res. 
20:2138–2149. [PubMed: 16294267] 

Vergadi E, Ieronymaki E, Lyroni K, Vaporidi K, Tsatsanis C. 2017; Akt signaling pathway in 
macrophage activation and M1/M2 polarization. J Immunol. 198:1006–1014. [PubMed: 
28115590] 

Wallenius K, Sjogren K, Peng XD, Park S, Wallenius V, Liu JL, Umaerus M, Wennbo H, Isaksson O, 
Frohman L, et al. 2001; Liver-derived IGF-I regulates GH secretion at the pituitary level in mice. 
Endocrinology. 142:4762–4770. [PubMed: 11606442] 

Waraky A, Aleem E, Larsson O. 2016; Downregulation of IGF-1 receptor occurs after hepatic linage 
commitment during hepatocyte differentiation from human embryonic stem cells. Biochem 
Biophys Res Commun. 478:1575–1581. [PubMed: 27590586] 

Whirledge S, DeFranco DB. 2018; Glucocorticoid signaling in health and disease: insights from tissue-
specific GR knockout mice. Endocrinology. 159:46–64. [PubMed: 29029225] 

Wit JM, Camacho-Hubner C. 2011; Endocrine regulation of longitudinal bone growth. Endocr Dev. 
21:30–41. [PubMed: 21865752] 

Wolf Greenstein A, Majumdar N, Yang P, Subbaiah PV, Kineman RD, Cordoba-Chacon J. 2017; 
Hepatocyte-specific, PPARgamma-regulated mechanisms to promote steatosis in adult mice. J 
Endocrinol. 231:107–121.

Xuan S, Kitamura T, Nakae J, Politi K, Kido Y, Fisher PE, Morroni M, Cinti S, White MF, Herrera PL, 
et al. 2002; Defective insulin secretion in pancreatic beta cells lacking type 1 IGF receptor. J Clin 
Invest. 110:1011–1019. [PubMed: 12370279] 

Yakar S, Liu JL, Fernandez AM, Wu Y, Schally AV, Frystyk J, Chernausek SD, Mejia W, Le Roith D. 
2001; Liver specific igf-1 gene deletion leads to muscle insulin insensitivity. Diabetes. 50:1110–
1118. [PubMed: 11334415] 

Yakar S, Liu JL, Stannard B, Butler A, Accili D, Sauer B, LeRoith D. 1999; Normal growth and 
development in the absence of hepatic insulin-like growth factor I. Proc Natl Acad Sci U S A. 
96(7324):7329.

Yakar S, Setser J, Zhao H, Stannard B, Haluzik M, Glatt V, Bouxsein ML, Kopchick JJ, LeRoith D. 
2004; Inhibition of growth hormone action improves insulin sensitivity in liver IGF-1 deficient 
mice. J Clin Invest. 113:96–105. [PubMed: 14702113] 

Zhou P, Baumgarten SC, Wu Y, Bennett J, Winston N, Hirshfeld-Cytron J, Stocco C. 2013; IGF-I 
signaling is essential for FSH stimulation of AKT and steroidogenic genes in granulosa cells. Mol 
Endocrinol. 27:511–523. [PubMed: 23340251] 

Kineman et al. Page 15

J Mol Endocrinol. Author manuscript; available in PMC 2020 December 07.

V
A

 A
uthor M

anuscript
V

A
 A

uthor M
anuscript

V
A

 A
uthor M

anuscript



Figure 1. 
Summary of the information gained by use of the Cre/loxP system to assess the importance 

of hepatocyte-specific production of IGF1 and to determine the tissue-specific role of IGF1R 

on metabolic function. These studies have revealed IGF1/IGF1R can alter extra-hepatocyte 

function which may regulate hormonal inputs to the liver and/or alter tissue-specific 

carbohydrate/lipid metabolism to alter nutrient flux to liver, where these actions would not 

mutually exclusive, but serve to integrate the function of all tissues to support the metabolic 

needs of the organism (as depicted by the thick gray shaded arrows forming the circle). Solid 

green lines (with arrowheads) denote a positive action, while red lines with flat heads denote 

a negative action. Dashed lines indicate pathways not yet explored or questions remain 

requiring further investigation. * Asterisk denotes direct IGF1 signaling plays a minimal role 

in how muscle mediates whole body metabolic function.
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Table 1

Summary of studies employing the Cre/loxP system to study the role of IGF1/IGF1R signaling

Gene Tissue Promotor Driven 
Cre Phenotype Ref

Igf1a, b Whole Body Knockout -No IGF1/elevated GH
-Severe growth retardation
-Early death

Liu et al. 1993
Powell Braxton et al. 1993

Igf1a Liver (hepatocyte) Albumin -Very low IGF1/elevated GH
-Insulin resistance
-Minimal growth defect

LeRoith 2008
Yakar et al. 1999
Yakar et al. 2001
Yakar et al. 2004

Igf1a Liver/Lymphocyte Interferon-inducible 
Mx1-Cre

-Very low IGF1/elevated GH
-Minimal growth defect

Sjogren et al. 1999

Igf1rc Somatotrope rGHp-Cre -Elevated GH and IGF1
-Mild insulin resistance

Luque et al. 2007
Gahete et al. 2013

Romero, et al. 2010

Igf1rd Pancreatic β-cell Insulin promoter 2 -Impaired nutrient mediated insulin release without 
change in β-cell mass

Kulkarni et al. 2002
Xuan et al. 2002

Igf1re Ovarian Granulosa 
Cells

Esr2 + Cyp19 -Decrease granulosa cell differentiation, 
proliferation and estrogen production

Baumgarten et al. 2017

Igf1re Leydig Cells and 
adrenal cells

SCC-Cre -No IGF1R-specific effect Neirijnck et al. 2018

Igf1rc Muscle Actin -No impact on body weight, muscle mass or 
metabolism

O’Neill et al. 2015

Igf1rd Heart Creatine Kinase -No changes in heart function or whole body 
glucose metabolism

Laustsen et al. 2007

Igf1rc Adipose Tissue Adiponectin -Reduced fat mass
-reduced fat synthesis
-reduced adipokines
-No change on glucose homeostasis

Boucher et al. 2016

Igf1rc Adipose Tissue Brain/
Adrenal Medulla

aP2 -Increased fat mass
-Reduced relative brain weight

Klöting et al. 2008

Igf1re Myeloid Cells 
(Macrophages)

Lys2 -M2 to M1 polarization
-Increased fat mass and insulin resistance in 
response to high-fat feeding

Spadaro et al. 2017

Igf1rc Thyrocyte Thyroid-specific 
thyroglobulin

-Subclinical hypothyroidism
-Increased fat mass (males only)

Muller et al. 2011

Superscripts a–e indicate the specific floxed model used:

a
Liu JL et al 1998, Igf1 exon 4 flanked by loxP sites

b
Powell-Braxton L et al 1993, Igf1 exon 3 flanked by loxP sites

c
Kloting N et al 2008, Igf1r exon 3 flanked by loxP sites

d
Holzenberger M et al 2000, Igf1r exon 3 flanked by loxP sites

e
Dietrich P et al 2000, Igf1r exon 3 flanked by loxP sites.
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