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Abstract

Objective—IGF1 regulates differentiation and growth of tissues and reduces stress and injury. 

IGF1 also in a tissue specific manner modulates the differentiation and lipid storage capacity of 

adipocytes in vitro, but its roles in adipose tissue development and response to stress are not 

known.

Methods—To study IGF1 in vivo, we identified the cellular sources of adipose tissue Igf1 

expression and generated mice with targeted deletion in adipocytes and macrophages. We studied 

the effects of adipocyte and macrophage deficiency of IGF1 on adipose tissue development, and 

the response to a chronic (high fat feeding) and acute (cold challenge) stress.

Results—The expression of Igf1 by adipose tissue is derived from multiple cell types including 

adipocytes and macrophages. In lean animals, adipocytes are the primary source of IGF1 but in 

obesity expression by adipocytes is reduced and by macrophages increased, so as to maintain 

overall adipose tissue Igf1 expression. Genetic deletion studies reveal that adipocyte-derived IGF1 

regulates perigonadal but not subcutaneous adipose tissue mass during high fat feeding and the 

development of obesity. Conversely, macrophage-derived IGF1 acutely modulates PGAT (PGAT) 

mass during thermogenic challenges.

Conclusions—Local IGF1 is not required in lean adipose tissue development but required to 

maintain homeostasis during both chronic and acute metabolic stresses.

Introduction

IGF1 is an anabolic factor that promotes differentiation, growth and survival during 

development and following injury or stress (1). In mammals homozygous null mutations of 

Igf1 cause severe intrauterine growth retardation, developmental defects and perinatal 

mortality (2–4). While IGF1 is detectable in the circulation of mammals, its primary actions 
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are paracrine. Hence, genetic deletion of hepatic IGF1 (the primary source of circulating 

IGF1) reduces blood concentrations by ~ 75% but causes no gross developmental or 

metabolic abnormalities (5, 6).

IGF1 signaling has been implicated in the differentiation and metabolic regulation of 

adipocytes (7–10). In the absence of IGF1, pre-adipocytes differentiation is prevented in 

vitro; this can be overcome by addition of insulin, which at sufficient concentration will 

activate the IGF1 receptor (IGF1R) (7). During the processes of differentiation, canonical 

insulin signaling is required for the initial proliferation of preadipocytes and the terminal 

differentiation (8). Deletion of both the IGF1R and the insulin receptor (IR) in adipocytes 

leads to a severe lipodystrophy (11). In addition to its development roles, IGF1 also can 

regulate adipocyte metabolism, suppressing lipolysis in a manner analogous to insulin (12). 

While IGF1 can powerfully regulate adipocytes in vitro (7), its in vivo source and function 

are not known. Targeted deletion of IGF1R suggests that adipocytes produce IGF1 in an 

autocrine fashion and in a complex regulatory loop (10). Although the receptors of insulin 

and IGF1 are distinct, the ability of each to bind the other’s receptor (albeit at lower affinity) 

and common downstream signaling molecules make for partially redundant and overlapping 

functions (11, 13). In pathological states of overproduction, cross-activation of receptors 

leads to predicted phenotypes; in patients with uncontrolled gestational diabetes, 

hyperinsulinemia leads to macrosomy (14) consistent with activation of the IGF1 receptor in 

a developing fetus, and in patients with tumors that secrete IGF1, hypoglycemia is common 

(15). While this complex biology makes functionally isolating the role of each molecule 

difficult, it is important to begin to define the role of local versus systemic insulin/IGF1 

action.

In addition to its role as a developmental factor, IGF1 is important in responses to stress and 

injury. IGF1 plays a critical role in the responses of muscle and bone to physical stress and 

is required for myocyte hypertrophy, osteoblast survival and elaboration of bone in response 

to tissue damage (16, 17). Recently it has been also recognized that immune cells, in 

particular macrophages, produce IGF1 and contribute to local tissue homeostasis (18–20). In 

muscle injury, IGF1 is required for the proliferation of satellite cells, myocyte precursors 

necessary for repair (21). Similarly, in an ischemic brain injury, microglia-derived IGF1 

promotes neuronal survival (22).

The role of local IGF1 in adipose tissue development and function is unknown, but we 

hypothesized that local IGF1 promotes the differentiation and survival of adipocytes, and the 

accumulation of lipid. Given that obesity is associated with adipocyte stress and death, we 

predicted that local production of IGF1 in adipose tissue would play a critical role in the 

response to the development of obesity. Furthermore, given that with the onset of obesity 

macrophages accumulate in adipose tissue we speculated that adipose tissue macrophages 

may provide a critical source of IGF1 to maintain adipocyte hypertrophy and hyperplasia.

To understand the role of local IGF1 in adipose tissue we identified cells that express Igf1 

within adipose tissue, determined the regulation of Igf1 expression during the development 

of obesity, and defined the effects of genetic deletion of Igf1 from ATMs and adipocytes. 

We found that homeostatic mechanisms maintain overall Igf1 in adipose tissue during 
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development of obesity despite reductions in adipocyte-derived Igf1. We also discovered 

that while neither adipocyte nor macrophage IGF1 is required for adipose tissue 

development in lean animals, they respectively play a role in tissue maintenance during 

chronic or acute stress. In obesity, adipocyte-derived IGF1 contributes to tissue expansion 

while ATM-derived IGF1 maintains adipose tissue mass during an acute thermogenic 

challenge.

Methods

Animal and Animal Care

C57BL/6J male mice were obtained from the Jackson Laboratory at six – eight weeks of 

age. C57BL/6J male mice were made obese by feeding them with a high-fat diet (60% kcal 

high fat, Research Diet, Inc) for indicated periods. Mice carrying a Cre-recombinase 

inserted into the Lysozyme2 locus (Lyz2-Cre) on the C57BL/6J background were obtained 

from the Jackson Laboratory and C57BL/6J mice carrying alleles of the Igf1 locus in which 

the fourth exon was flanked by LoxP sites (Igf1 fl/fl) were provided by Derek LeRoith (Mt. 

Sinai School of Medicine, NY). Mice were housed in ventilated Plexiglas cages within 

pathogen-free barrier facility maintained in a 12-hour light/12-hour dark cycle. All protocols 

were approved by the Columbia University Institutional Animal Care and Use Committee.

Generation of macrophage-specific IGF1 Knockout Mouse (Mac-IKO)

Mice on the C57BL/6J background carrying Igf1 fl alleles were intercrossed with Lyz2-Cre 

mice to delete Igf1 in myeloid cells, but because both Lyz2 and Igf1 reside on mouse 

chromosome 10 we generated animals carrying a chromosome with both alleles. To achieve 

complete deletion of Igf1 in myeloid cells, including macrophages, we intercrossed the mice 

carrying the Lyz2-Cre; Igf1 fl chromosome with Igf1 fl/fl animals. Control animals for all 

studies were littermates carrying two floxed alleles in the absence of Cre. To assess 

recombination, we extracted genomic DNA from purified ATMs, as well as peritoneal 

macrophages, and amplified the region flanking exon 4. The amplicon product from Igf1 fl/fl 

(control) genomic DNA size was ~1000 base pairs. Amplification of the deleted allele 

yielded an amplicon of ~ 200 base pairs.

Generation of adipocyte-specific IKO mice (Adipo-Igf1 KO)

To generate adipocyte-specific deletion of Igf1 we intercrossed Igf1 fl/fl mice with mice 

carrying a BAC in which the expression of Cre recombinase was driven by the Adiponectin 

promoter. Adipo-IKO mice (C57BL/6J Igf1 fl/fl; Adiponectin-Cre) were compared to 

control littermate mice (C57BL/6J Igf1 fl/fl).

PGAT targeted deletion of Igf1

To delete IGF1 from adipose tissue ex vivo, PGAT from lean and obese Igf1 fl/fl mice was 

cultured as described previously (23). Adenoviruses that express either Green Fluorescent 

Protein-Cre (Ad-GFP-Cre) or Red Fluorescent Protein (Ad-RFP) under the control of the 

CMV promoter were obtained from Cell Bio Labs and used to infect PGAT. Five days after 

infection, RNA was extracted from the PGAT samples for analysis. For in vivo whole tissue 

Igf1 deletion, PGAT pads were identified after a laparotomy and injected with either Ad-
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GFP-Cre (right side) or Ad-RFP (left side). The incision was sutured and the animals treated 

with analgesics for 24 hours then permitted to recover. Five days after adenovirus injection, 

PGAT weight was measured and collected for analysis.

Adipose Tissue Explant

PGAT from lean and obese male mice was cut into ~1mm pieces (120 mg total weight) 

cultured in phenol-free DMEM (Invitrogen) containing 2% fatty acid–free BSA (Sigma-

Aldrich) at 37°C and 5% CO2. After 4 hours of culture, the medium was replaced with fresh 

medium. To deplete ATMs adipose tissue explant was treated with clodronate-encapsulated 

liposomes (23); to delete Igf1, adipose tissue from mice carrying Igf1 fl/fl mice was infected 

with adenoviruses expressing either RFP (control) or GFP conjugated with Cre.

Adipose Tissue Macrophages (ATMs) Depletion

Adipose tissue explants were incubated in DMEM (Invitrogen) without serum 

supplementation. After 4 hours, the medium was exchanged for fresh medium containing 

20% (v/v) liposomes. Control liposomes containing PBS and ATM depleting liposomes 

containing clodronate were prepared as previously described (23). Explants were maintained 

for 24 hours at 37°C in at 5% CO2. After 24 hours, tissue pieces were collected for RNA 

extraction or immunohistochemical (IHC) analysis. Sample analyzed by IHC were fixed in 

zinc-formalin fixative (Anatech Ltd.) as described previously (23).

Quantitative RT-PCR

RNA was extracted from frozen adipose tissue samples by using an acid-phenol reagent 

according to the manufacturer’s instructions (TRIZOL; Invitrogen). RNA was further 

purified using a silica-membrane technique (QIAGEN RNeasy Minikit) and used as 

template for cDNA synthesis (qScript cDNA SuperMix, Quanta Biosciences). Quantitative 

RT-PCR was performed using DNA Engine Opticon 2 system instruments (Bio-Rad) and 

PCR SYBR Green I QuantiTect Master Mix (Qiagen). The mRNA expression was 

normalized to Rps3 expression and expressed in relative units using the DDCT-2 method

Flow Cytometry

Stromal vascular cells were isolated using standard methods from PGAT and collected in 

FACS buffer (PBS, 0.2%, fatty acid depleted-BSA, 5 mM EDTA) (24). Information about 

antibodies is found in the Supplemental Methods.

Immunohistochemistry

Adipose tissue was fixed in zinc-formalin, processed and stained for macrophages as 

previously described (23). To quantify ATM content of adipose tissue, images of sections 

were analyzed using four to eight different fields per section from each of four different 

sections. The areas of each slide to be analyzed were identified a priori to prevent bias. The 

ATM content for each area analyzed was calculated by dividing the nuclei associated with 

F4/80 expression by the total nuclei. Adipocyte size was measured as cross-sectional area 

for each field using image analysis software Image-Pro Plus 7.0 (Media Cybernetics). 

Adipocyte number was calculated from fat pad weight and fat pad volume (25, 26).
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Cold Challenge Experiment

Mice were individually housed and fed ad libitum before and during cold challenge. Mice 

were placed in 4 ° C for 3–4 hours to induce an adrenergic stimulus. Rectal temperatures of 

mice were monitored and measured using a MicroTherma Handheld Thermometer 

(Braintree Scientific, Inc). Mice were sacrificed immediately following cold challenge.

Results

Adipocytes and macrophages express Igf1 to maintain adipose tissue expression

As a first step to study local production of IGF1 by adipose tissue we fractionated cells from 

PGAT, into adipocytes, immune cell populations, endothelial cells and non-immune 

mesenchymal cells. In both lean mice and high fat fed obese animals adipocytes, 

macrophages and mesenchymal cells expressed measurable amounts of Igf1 (Figure 1A); no 

other cells detectably expressed Igf1. However, with the onset of obesity, adipocyte and 

mesenchymal expression of Igf1 was reduced and while the expression in a CD11c+ 

subpopulation of adipose tissue macrophages increased (Figure 1A). This population of 

ATMs represents the majority of macrophages in adipose tissue in obese animals, especially 

within intra-abdominal fat depots (24, 27). While the expression of Igf1 was dynamically 

regulated among cells within adipose tissue, surprisingly the overall expression of Igf1 was 

not altered by obesity (Figure 1B).

To confirm ATMs’ contribution to local Igf1 expression directly, we took advantage of 

liposome encapsulated clodronate’s ability to acutely deplete macrophages from adipose 

tissue. Treatment of PGAT ex vivo with clodronate liposomes effectively reduced 

macrophages in adipose tissue (Supplemental Figure 1). Consistent with our prediction, 

depletion had no consistent effect on adipose tissue Igf1 expression from lean animals but 

reduced by ~75% Igf1 expression in adipose tissue from obese animals (Figure 1C and 1D). 

These data argued that with the onset of obesity and adipocyte hypertrophy, Igf1 expression 

is reduce by adipocytes, but an influx of ATMs serves in part to maintain overall adipose 

tissue Igf1 expression.

To cause acute deletion of Igf1 in whole adipose tissue either ex vivo or in vivo we injected 

PGAT from C57BL/6 Igf1 fl/fl with adenovirus expressing the Cre-recombinase and GFP 

under a CMV-promoter (Ad-Cre). As a control we injected the contralateral PGAT from the 

same animals with a control virus expressing RFP (Ad-RFP). When fat pads were 

transduced ex vivo with Ad-GFP-Cre virus there was a 70% reduction in Igf1 expression as 

compared to control fat pads transduced with Ad-RFP (Figure 2A). Consistent with the role 

of IGF1 regulation of adipocytes differentiation and survival, a 70% reduction in Igf1 

expression was associated with reductions in expression of adipogenic genes, including 

Cebpa and Dgat (Data not shown). However, when PGAT depots were transduced in vivo 

there was no consistent reduction in Igf1 expression, again suggesting the existence of a 

system which maintains local IGF1 in adipose tissue in vivo through recruitment of Igf1 

expressing cells and upregulation by resident cell expression (Figure 2B and C).
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Deletion of Igf1 from adipocytes or macrophages does not alter adipose tissue in lean 
animals

To understand the contribution of adipocyte and macrophage derived IGF1 on adipose tissue 

development and function, we deleted Igf1 in either adipocytes or myeloid cells, including 

adipose tissue macrophages. C57BL/6 Igf1 fl/fl mice were intercrossed with mice carrying 

the Cre-recombinase driven by an Adiponectin promoter (ADIPO-IKO) or the Lysozyme 2 

(Mac-IKO). Deletion occurred in each compartment as expected (Supplemental Figure 2).

Consistent with expression data from purified cell populations, in lean animals deletion of 

adipocyte-derived Igf1 reduced overall Igf1 expression, whereas myeloid deletion had no 

consistent effect on fat Igf1 expression (Figure 3A and 3B). Despite a reduction in Igf1 in 

adipose tissue (Figure 3C and 3D), adipose tissue from Adipo-IKO mice had normal weight, 

morphology or histology (Figure 4D, 4E, 4F,5C and 5D). No functional defect in adipose 

tissue was apparent from systemic measures of lipid or glucose homeostasis in lean Adipo-

IKO mice (Supplemental Table 2). As expected, given the small contribution of ATM-

derived IGF1 in adipose tissue of lean animals there were also no consistent effects on 

adipose tissue or systemic measures of metabolism in the Mac-IKO mice (Figure 4A, 4B, 

4C, 5A, 5B and Supplemental Table 1). Arguing that adipose tissue does not contribute 

substantially to circulating IGF1, none of the mutant mice had plasma [IGF1] that differed 

from that control mice (Data not shown). These data demonstrate that adipocyte and 

macrophage-derived IGF1 are dispensable for normal adipose tissue development and 

function in lean animals without metabolic stress.

Local IGF1 maintains PGAT mass in high fat fed and cold-challenged animals

In vitro IGF1 regulates differentiation, promotes survival and suppresses lipolysis of 

adipocytes (7, 9). Obesity induces adipocyte stress and increases lipolysis, (28) and hence, 

we hypothesized that local IGF1 may play a critical role in expanse and metabolic function 

of adipose tissue in obese individuals. To test this, we fed Adipo-IKO mice a high fat diet 

for 16 weeks. In vivo, deletion of adipocyte-derived Igf1 had a depot specific effect on 

adipose tissue mass: subcutaneous adipose tissue mass, morphology and histology were not 

affected, but the mass of PGAT was reduced by ~25% (Figure 6E). Histological analysis 

revealed no reduction in adipocyte size but to account for a reduction in mass there was a 

reduction in adipocyte number, implying a defect in obesity-induced adipocyte hyperplasia 

or survival (Figure 6F, 6G and 6H).

The limited reduction in PGAT mass and adipocyte number did not measurable decrease 

overall body weight (Figure 6C and 6D). Although reductions in “metabolically good” 

subcutaneous are associated with lipodystrophic phenotypes, reduction in intra-abdominal 

fat specifically is unusual and would not be expected to impair systemic metabolism. 

Consistent with these observations there were no effects on systemic glucose or lipid 

homeostasis in the high fat fed obese Adipo-IKO mice (Supplemental Table 3 and 

Supplemental Figure 3). Similarly, there was no evidence of hepatic ectopic lipid deposition 

beyond that seen in control littermates on a high fat diet (Data not shown).
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In contrast to our findings in Adipo-IKO mice, we did not find any consistent alterations in 

adipose tissue mass, adipocyte number or systemic metabolism in Mac-IKO (Figure 7E and 

7F; Supplemental Table 4). We have previously shown that in response to lipolysis 

macrophages accumulate in adipose tissue depots (23); this is especially pronounced in 

obese animals. To test whether ATM-derived Igf1 might play a role in local regulation in 

response to the natural lipolytic stimulus of a cold challenged, we placed Mac-IKO and 

control littermate mice at 4 °C. During a cold challenge mice mobilize TG as substrate for 

uncoupled oxidation and increase food intake to maintain fat depot mass. Igf1 expression is 

maintained in whole adipose tissue despite a trend for a reduction in adipocyte Igf1 

expression (Supplemental Figure 5; Figure 8G). Recent reports have found a recruitment of 

macrophages to subcutaneous and BAT fat depots during a cold challenge (29), that may in 

part maintain local IGF1. However, in Mac-IKO mice, a cold challenge reduced PGAT mass 

compared to PGAT from control animals (Figure 8C). Previous studies have revealed 

CCR2-dependent recruitment of macrophages to adipose tissue depots during a cold 

challenge. Some of these macrophages, the M2-polarized ones, produce catecholamines 

(29). However, cold challenge of mice did not induce expression of Tyrosine hydroxylase, 

the gene that encodes the committed step in catecholamine synthesis, in ATMs from these 

mice (Figure 8G). These data argue that myeloid-derived IGF1 maintains adipose tissue 

mass during an acute metabolic challenge and does not effect catecholamine expression.

Discussion

The high expression of IGF1 by adipose tissue (6), classic in vitro IGF1 studies of adipocyte 

differentiation and metabolism (7), and the adipose tissue phenotypes of mice harboring 

deletion of the IGF1 receptors in adipocytes (10) all argued that local IGF1 has important 

development and metabolic functions in fat. Previous receptor studies had implicated the 

adipocyte as a source of Igf1 (30). Indeed, we found that adipocytes express Igf1 at high 

levels, contributing the majority of its expression in adipose tissue from lean animals. 

However, in addition to adipocytes, we found that ATMs are an important source of IGF1 in 

fat. This observation echoes findings from muscle and tumor microenvironment in which 

macrophage IGF1 contributes substantially to local production (21, 31). In these systems, 

Igf1 plays homeostatic roles, responding to stress. In the case of muscle, macrophage-

derived Igf1 is critical for the response to injury (21), while in certain neoplasm tumor 

associated macrophage-derived trophic factors such as IGF1 have been implicated in the 

response to tumor induced hypoxia (18, 32). Our data argue that in adipose tissue, 

macrophage-derived IGF1 plays a role in response to an acute metabolic stress.

During a cold challenge when non-shivering thermogenesis is activated, adipose tissue 

lipolysis is increased but adipose tissue mass is not reduced. Instead, animals increase 

caloric intake and maintain fat mass. While circulating and local catecholamines 

concentrations rise in adipose tissue during a cold challenge and are known to be catabolic, 

inducing lipolysis in adipose tissue (29), the identity of any anabolic signals that help 

maintain adipose tissue mass during a cold challenge have remained obscure. Our data now 

identify ATM-derived IGF1 as critical for maintaining adipose tissue mass during a cold 

challenge, at least in depots that have little thermogenic potential, e.g. perigonadal fat. 

Deletion of IGF1 from ATMs did not have a consistent effect on other measured phenotype, 
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although in some cohorts the serum concentration of non-esterified fatty acids was higher 

(Data not shown).

In contrast to the effects of ATM-derived IGF1 on an acute metabolic stress, adipocyte-

derived IGF1 is required to maintain fat mass but in response to a chronic metabolic stress – 

high fat feeding. With high fat feeding C57BL/6 mice gain weight with a marked increase in 

adiposity. Overall, Adipo-IKO mice had similar adiposity to littermate controls but a 

specific reduction in PGAT mass suggests that local IGF1 from adipocytes is important for 

maintaining PGAT mass during the development of obesity. The specificity of the 

phenotype is intriguing. During the development of obesity, PGAT undergoes extensive 

remodeling more so than other depots (33). While little is known about the signals 

regulating the remodeling process our findings suggest that IGF1 may play a role.

Our studies found that the expression of Igf1 is dynamically regulated and maintained even 

during the development of obesity when changes in the expression by adipocytes appear to 

be balanced by larger numbers of ATMs. We also were surprised to find that our in vivo 

attempt to acutely lower Igf1 expression via target deletion was not successful, despite our 

ability to do so ex vivo. These findings suggest that a dynamic system exists to maintain 

IGF1 expression. Given that obesity is not associated with consistent changes in circulating 

GH concentrations our findings argue that another regulatory mechanism is at work. Indeed, 

previous studies have found that the macrophage regulate Igf1 expression via a non-

canonical promoter site (19). Our findings suggest a model in which adipocytes reduce their 

expression of Igf1 as they undergo hypertrophy and that this reduction is sensed leading to 

recruitment of macrophages that in part maintain IGF1 in fat. The system by which ATMs 

maintain Igf1 expression, however, can be overwhelmed in the absence of all adipocyte-

derived IGF1. Similarly, following an acute loss of IGF1 or an acute stress, adipocytes 

cannot adapt and increase Igf1 expression.

Defining more clearly the local anabolic and catabolic signals that regulate adipose tissue 

has the potential to identify pathways that are dysregulated in metabolic disease and 

therapeutic targets to improve the development and maintenance of healthy adipose tissue.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Known Previously

• IGF1 regulates adipocyte differentiation and development in vitro

• Paradoxically, deletion of IGF1 Receptors in adipose tissue inCreases adipose 

tissue mass through a poorly-defined feedback mechanism

• Local, in vivo role of IGF1 in adipose tissue development and function is not 

known
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Novel Findings

• Through coordinated regulation adipocytes and macrophages express IGF1 in 

adipose tissue

• In unstressed adipose tissue IGF1 is not required for development or metabolism

• In metabolically stressed states - obesity and cold challenge - adipocyte and 

macrophage IGF1 maintain tissue mass and homeostasis
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Figure 1. Regulation of local Igf1 expression is dynamically maintained during the development 
of obesity
(A) Expression of Igf1 in purified cell populations from PGAT of lean (Lep +/+) and obese 

(Lep ob/ob) mice (n=5). (B) Gene expression of F4/80 (Emr1) and Igf1 in both lean and 

obese PGAT (n=3). Expression of F4/80 (Emr1) and Igf1 in PGAT explants from (C) lean 

mice (n=5) and (D) high fat fed obese animals (n=3). (E) Expression of Igf1 in purified 

adipocytes and purified adipose tissue macrophages (ATMs) population from lean and obese 

PGAT. Fluorescence activated cell sorting was used to purify cells from adipose tissue 

(n=5). All data are presented as mean ± SD *p-value <0.05 **p-value <0.01.
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Figure 2. Compensation in vivo but not ex vivo of adipose tissue IGF1 deletion
(A) Igf1 expression in Ad-RFP injected and Ad-GFP-Cre injected PGAT explants from 18-

week-old obese Igf1 fl/fl mice. (n=4) (B) GFP expression in Ad-RFP treated (left side) and 

Ad-GFP-Cre treated (right side) and liver of 14-week-old lean Igf1fl/fl mice (n=3). (C) Igf1 

gene expression in Ad-RFP treated (left side) and Ad-GFP-Cre treated (right side) PGAT of 

14-week-old lean Igf1fl/fl mice (n=3) (D) Ad-RFP treated (left side) and Ad-GFP-Cre 

treated (right side) weight of 14-week-old lean Igf1fl/fl mice (n=3). All data are presented as 

mean + SD **p-value <0.01.
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Figure 3. In lean animals adipose tissue IGF1 is primarily adipocyte-derived
F4/80 (Emr1) and Igf1 expression in (A) perigonadal and (B) subcutaneous adipose tissue of 

24-week-old lean mice and those in which IGF1 had been genetically deleted from myeloid 

cells (Mac-IKO) (n=9–16). F4/80 (Emr1) and Igf1 expression in (C) perigonadal or (C) 

subcutaneous adipose tissue of 26-week-old lean control mice and those in which IGF1 had 

been genetically deleted from adipocytes (Adipo-IKO) (n=5). All data are presented as mean 

+ SD *p-value <0.05.
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Figure 4. Neither myeloid nor adipocyte IGF1 is required for normal development in lean 
animals
(A) Body weights of 6- to 24-week-old lean control and Mac-IKO male mice (n=9–16). (B) 

Body compositions (fat, lean, and fluid mass) of 24-week-old lean control and Mac-IKO 

male mice as measured by MRI (n=9–16). (C) Organ weights of 24-week-old lean control 

and Mac-IKO male mice (n=9–16). All data are presented as mean + SD. (D) Body weights 

of 12- to 26-week old lean control and Adipo-IKO male mice. n=5/genotype. (E) Body 

compositions of 26-week-old lean control and Adipo-IKO male mice. n=5/genotype. (F) 

Organ weights of 26-week-old lean control and Adipo-IKO mice. n=5/genotype. All data are 

presented as mean + SD.
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Figure 5. Adipose tissue develops normally in the absence of adipocyte or myeloid IGF1 in lean 
animals
(A) PGAT histology (hemotoxylin and eosin stained) and (B) adipocyte size (area um2) 

distribution of 24-week-old lean control and Mac-IKO male mice (n=9–16). (C) PGAT 

histology (hemotoxylin and eosin stained) and (D) adipocyte size (area um2) distribution of 

26-week-old lean control and Adipo-IKO male mice. All data are presented as mean + SD.
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Figure 6. Adipocyte-derived IGF-1 is required to maintain perigonadal adipose tissue mass 
during chronic high fat feeding
(A) F4/80 (Emr1) and Igf1 expression in PGAT of 48-week-old control (white bars) and 

Adipo-IKO (black bars) obese male mice (n=5–7). (B) IGF1 protein concentration in PGAT 

of 48-week-old control and Adipo-IKO obese male mice. (n=5–7) (C) Body weights of 4- to 

48-week-old control (empty circles) and Adipo-IKO (filled circles) high fat fed male mice. 

(D)Body compositions of 48-week-old male mice (n=5–7). (E) SCAT, PGAT, BAT, liver, 

and kidney weights of 45-week-old control (white bars) and Adipo-IKO (black bars) high fat 

fed mice (n=5–7). (F)PGAT histology (H&E stained) of 48-week-old male obese mice. (G) 

Quantification of perigonadal adipocyte size from figure 8F. (H) Relative adipocyte number 

in PGAT of 45-week-old control (white bars) and Adipo-IKO (black bars) high fat fed mice 

(n=5–7) p-value § =0.08, * <0.05 **<0.01. All data are presented as mean + SD.
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Figure 7. ATM-derived IGF-1 is not required for adipose tissue development during the onset of 
obesity
(A) F4/80(Emr1) and Igf1 mRNA gene expression of PGAT in 45-week-old control and 

Mac-IKO obese male mice (n=5–6/genotype) (B) Total IGF1 protein level (as measured by 

ELISA) of PGAT in 45-week-old control and Mac-IKO obese male mice (n=5–6). (C) Body 

weights of 4- to 45-week-old control and Mac-IKO obese male mice. Mice were fed high-fat 

diet from 5-week of age. (n=8–15) (D) Body compositions of 45-week-old control and Mac-

IKO obese male mice. n=5–6 per genotype. (E) Tissue weights of 45-week-old control and 

Mac-IKO obese male mice (n=5–6) (F) PGAT histology (H&E stained) of 45-week-old 

control and Mac-IKO obese male mice (n=5–6). All data are presented as mean ± SD.
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Figure 8. ATM-derived IGF1 is required to maintain perigonadal adipose tissue during a cold 
challenge in obese animals
(A) Body temperature of 46-week-old control (white diamonds) and Mac-IKO mice (filled 

circles) during a cold challenge at 4 °C (n= 8–15). (B) PGAT, and SCAT weights of cold 

challenged 46-week-old male obese mice. (C) Liver weight of cold challenged 46-week-old 

obese mice (D) PGAT histology, (E) adipocyte size distribution and (F) adipocyte number 

of PGAT from 46-week-old male obese mice following a cold challenged for 3 hours at 4 ° 

C. (G) 9-week old lean male mice were placed at either 25°C or 4°C for 72 hours and 

F4/80+ macrophage and adipocytes were purified. Expression of Igf1 and Tyrosine 

Hydroxylase (Th) were measured qPCR (n=10 per genotype), *p-value<0.05 relative to 

F4/80+ cells. All data are presented as means + SD. *p-value <0.05.
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