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Abstract

Growth hormone (GH) excess in bovine (b)GH transgenic mice has been shown to alter white 

adipose tissue (WAT) immune cell populations. The current study aimed to evaluate the effects of 

GH resistance on WAT immune cell populations using GH receptor knockout (GHR−/−) mice. 

Eight- and 24-month-old, male GHR−/− and wild type mice were used. Body composition and 

tissue weights were determined, and systemic inflammation was assessed by measuring serum 

cytokine levels. The stromal vascular fraction (SVF) was isolated from three distinct WAT depots, 

and immune cell populations were quantified using flow cytometry. GHR−/− mice at both ages 

had decreased body weight but were obese. While no significant changes were observed in serum 

levels of the measured cytokines, SVF cell alterations were seen and differed from depot to depot. 

Total SVF cells were decreased in epidydimal (Epi), while SVF cells per gram adipose tissue 

weight were increased in mesenteric (Mes) of GHR−/− mice relative to controls. T cells and T 

helper cells were increased in Mes at 8 months old, while cytotoxic T cells were decreased in 

subcutaneous (SubQ) at 24 months old. Other cells were unchanged at both ages measured. This 

study demonstrates that removal of GH action results in modest and depot-specific changes to 

several immune cell populations in WAT of intra-abdominal depots (Epi and Mes), results that are 

somewhat surprising because the SubQ has the largest change in size, while the Mes has no size 

change. Taken together with previous results from bGH transgenic mice, these data suggest that 

GH induces changes in the immune cell population of WAT in a depot-specific manner. Notably, 

GHR−/− mice appear to be protected from age-related WAT inflammation and immune cell 

infiltration despite obesity.
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1. Introduction

An interaction between the somatotropic axis and immune system is well documented. This 

interaction was first described in rats in the 1930s in which hypophysectomy was reported to 

accelerate the rate of thymic involution (1). More recently, data from several mouse lines 

with altered GH action show further alterations in immune function. For example, in the 

Snell and Ames dwarf mice, which show multiple pituitary deficiencies including GH, the 

humoral and cell mediated immune response is impaired but can be reversed with GH 

treatment (2). Likewise, mice with an excess in GH, such as bovine GH transgenic (bGH) 

mice, have increased T cell differentiation and migration in blood, thymus and spleen (3–5). 

Clinical conditions of altered GH action, such as GH deficiency and acromegaly, also result 

in altered inflammatory status, which is indicative of changes in immune function (6). 

Although there is a clear link between the somatotropic axis and immune function, the 

importance of these changes and their influence on immune cells within white adipose tissue 

(WAT) have yet to be fully evaluated.

White adipose tissue (WAT) serves as an important energy reservoir and has been shown to 

possess an adaptable immune cell population that contributes to the metabolic and endocrine 

functions of the tissue (7). The immunological properties of WAT are clearly illustrated in 

the changes that occur with obesity. In an obese state, WAT expansion is accompanied by 

infiltration of immune cells (such as cytotoxic T cells and macrophages) and phenotypic 

switching of resident immune cells (such as anti-inflammatory M2 macrophages to 

inflammatory M1)(8–10). Collectively, these observations suggest a dynamic situation in 

which immune cells are recruited to WAT and participate in remodeling and inflammation of 

the tissue. With advanced age, WAT mass tends to shift from subcutaneous (SubQ) to 

visceral depots (11). Along with this shift in location comes a shift in the immune cell 

profile in the tissue. Aged mice have a decrease in M2 macrophages, and coinciding with the 

changes in macrophage population is an increase in T cell population in the epididymal 

WAT, including the T helper and cytotoxic T cell subsets (11). As a whole, aged mice tend to 

have increased WAT inflammation.

In addition to a role in immune function, GH is well known to alter WAT, promoting 

lipolysis and inhibiting lipogenesis in a depot specific manner. For example, several mouse 

lines with a decrease or absence in GH action, such as GHR−/− mice, have a distinct 

accumulation of WAT in the SubQ depot along with an increase in adipocyte size (11–13). 

However, few published studies have investigated the role of GH on WAT immune cell 

populations. One example includes the MacGHRKO mouse line, in which the GHR gene is 

disrupted in macrophages; in these mice, AT macrophages are polarized to the inflammatory 

M1 phenotype in the epididymal depot (14). Even fewer studies examine multiple adipose 

depots. One study reports that GHR−/− have reduced IL-6 levels in perinephric and 
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epididymal (Epi) AT relative to normal mice (15). At the other extreme, excess GH action in 

bGH mice reveal greater macrophage and regulatory T-cell infiltration in SubQ and 

mesenteric (Mes) WAT depots when compared with controls (16). Additionally, this study 

provides results from RNA sequencing that confirmed T-cell infiltration and activation 

pathways are increased in the SubQ depot of bGH mice. Collectively, these studies show 

alterations in WAT immune cell number or phenotype due to GH although not all have 

explored depot differences and most focused solely on the macrophage populations (17–19).

Growth hormone receptor knockout mice (GHR−/−) represent a unique model of “healthy 

obesity.” That is, they have increased adiposity due to a preferential increase in SubQ WAT, 

enhanced insulin sensitivity, and are long lived (20–24). While there is published evidence 

that macrophages are decreased in the SubQ depot of GHR−/− mice (17), a survey of the 

subsets of macrophages and other immune cells in various depots of GHR−/− mice is 

needed to better understand how these cells may contribute to the health of this tissue and 

the animal. Therefore, to complement a previous study with bGH mice (16) and to better 

understand the immune cell populations, we sought to determine if a lack of GH action 

alters WAT immune cell populations in different depots and at different ages. To do this, 

SVF cells, total leukocytes, T cell subsets (T helper and cytotoxic) and ATMs (M1 and M2) 

were quantified in SubQ, Epi, and Mes WAT of GHR−/− and littermate control mice at 8 

and 24 months of age.

2. Materials and methods

2.1 Animals

GHR−/− mice in the C57BL/6J background strain were bred at Edison Biotechnology 

Institute of Ohio University as previously described (24). Eight male GHR−/− mice and 

eight male wild type littermate controls at 8 and 24 months of age were used. Mice were 

housed 2–4 per cage in controlled 14-hour light/10-hour dark cycles at 22 ± 2 ˚C, and 

standard rodent chow (ProLab RMH 3000, PMI Nutrition International, Inc., St. Louis, MO) 

and water were provided ad libitum. All animal procedures were approved by the Ohio 

University Institutional Animal Care and Use Committee.

2.2 Body weight and body composition

Body weight and body composition were measured 1 day prior to dissection. Body 

composition measurements for fat, free body fluid, and lean tissue were collected using a 

quantitative nuclear magnetic resonance (NMR) apparatus (Bruker Minispec) according to 

methods previously described (25–27).

2.3 Stromal vascular fraction isolation

Three fat depots were examined in this study. These include inguinal subcutaneous (SubQ), 

Epididymal (Epi) and Mesenteric (Mes). Mice were bled retroorbitally and killed by cervical 

dislocation prior to dissection. Blood was kept on ice until processing. Immediately after 

dissection, WAT depots were weighed and placed on ice in a conical tube containing Krebs-

Henseleit buffer. SVF isolation was performed according to previously established methods 

with slight modifications (16). Briefly, WAT samples were minced and treated with 2.5 
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mg/ml of type II collagenase (Sigma-Aldrich, St. Louis, MO). Samples were then placed in 

a shaking incubator at 37 ˚C for approximately 20 min at 200–300 rpm. Samples were 

filtered through 100 μm mesh strainers (Fisherbrand) and centrifuged at 500xg for 10 min at 

4 ˚C to separate the adipocytes from the SVF portion. Final pellets were suspended in 180 μl 

of FACS blocking buffer [FACS buffer: 1X phosphate buffered saline, 2% characterized fetal 

bovine serum (HyClone™) and 0.05% sodium azide plus 10% horse serum (Life 

Technologies™) plus CD16/32 (93) from eBioscience, San Diego, CA at a 1:100 dilution] to 

prevent nonspecific binding.

2.4 Flow cytometry

Samples were stained with monoclonal anti-mouse antibodies according to a previously 

developed staining protocol (16). Fluorochrome-conjugated monoclonal antibodies (Tables 1 

and 2) were used in this study followed by incubation with streptavidin eFluor® 615 at a 

1:200 dilution. All antibodies were used at the manufacturer recommended dilution. Isotype 

and fluorescence minus one (FMO) controls were also used. Samples were stored in 

Cytofix™ (BD Biosciences) and subjected to multicolor flow cytometry the following day 

on the FACSAria (8 months) or MACSQuant 10 (24 months) flow cytometer. 

Approximately 10,000–100,000 events were collected per sample. Results were analyzed 

with FlowJo V10 software.

2.5 Serum Cytokines

Blood collected at dissection was allowed to clot at room temperature for 30 minutes, 

followed by centrifugation at 8000xg for 10 minutes at 4°C. The serum was transferred to a 

new tube for storage at −80°C; serum measurements were performed from samples collected 

at 8 and 24 months of age. IL-6, monocyte chemoattractant protein 1, and TNF-α were 

measured using a mouse metabolic magnetic bead panel (catalog no. MMHMAG-44K; 

MilliporeSigma, Burlington, MA). Other cytokines were measured using a mouse cytokine/

chemokine metabolic bead panel (catalog no. MCYTOMAG-70K-PMX). Kits were 

completed according to the manufacturers’ instructions.

2.6 Statistical Analysis

GraphPad Prism 7.0 was used for statistical analysis. All group means were reported as 

mean ± SEM. Independent t tests were used to evaluate each data set and determine if there 

were any differences between WT and GHR−/− mice. For data that violated the assumptions 

of equal variances, a Welch’s t test was performed. When data violated the assumption of 

normality, the Mann-Whitney U test was performed. For comparisons between different ages 

of mice, a one-way ANOVA with Tukey’s post-hoc test was used. For all tests, p<0.05 was 

considered significant.

3. Results

3.1 Body weight, body composition, tissue weight and serum cytokine levels

To characterize the immune cell population in adult mice and to be able to compare results 

with our previous study in bGH mice, we initially started with 8 month old GHR−/− mice. 

Body weight of GHR−/− mice was significantly decreased (61% decrease) at 8 months of 
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age as compared to littermate controls (Figure 1A; p<0.0001, t=22.17, df=13). Because of 

the large difference in body weight between the genotypes, body composition data are 

normalized to body weight. Fat mass was doubled GHR−/− mice (Figure 1B; p<0.0001, 

t=10.47, df=13), while lean mass (Figure 1B) was significantly decreased (an 11% decrease; 

p=0.0004, t=4.773, df=13), and normalized fluid mass was not significantly different from 

WT mice (Figure 1B; p=0.1218, t=1.655, df=13). When looking at individual depots, there 

was no difference in the absolute mass of SubQ (WT 0.6 ± 0.1, GHR−/− 0.7 ± 0.1; p = 

0.17); however, Epi and Mes were significantly decreased in GHR−/− mice (Epi: WT 1.1 ± 

0.2, GHR−/− 0.2 ± 0.02; p = 6.6−11 Mes: WT 0.4 ± 0.1, GHR−/− 0.1 ± 0.02; p = 0.006). 

When normalized as percent of body weight, SubQ was tripled in GHR−/− compared to WT 

(p<0.0001, t=9.126, df=13), while Epi was decreased by half (p=0.0018, Welch-corrected 

t=4.326, df=9.289), and there was a significant 26% decrease in Mes (Figure 1C; p=0.0401, 

U=10).

To assess the systemic inflammation in 8-month old GHR−/− mice, serum levels of 3 

cytokines (IL-6, MCP-1, and TNFα) were assessed (Figure 1D). No significant changes in 

any of these cytokines were observed in the GHR−/− mice, but mean circulating TNFα in 

GHR−/− mice was 50% of that in controls (Fig 1D; TNFα p=0.075, t=1.937, df=13; IL-6 

p=0.3969, U=20; MCP-1 p=0.2654, t=1.937, df=13). Of note there was a significant 

increase in G-CSF and decrease in IL-1a and KC in the serum of GHR−/− at this age. 

(Supplemental Figure 5)

3.2 Stromal vascular fraction quantification

There was no difference in the number of SVF cells isolated from SubQ and Mes in 8 month 

old GHR−/− as compared to WT (SubQ: WT 1.4×105 ± 3×104, GHR−/− 1.6×105 ± 2.7×104; 

p=0.6525, t=0.4601, df=14. Mes: WT 4.2×105 ± 7.2×104, GHR−/− 2.3×105 ± 5.3×104; 

p=0.0537, t=2.106, df=14); however, the number of SVF cells from Epi was significantly 

decreased in GHR−/− relative to WT (WT: 3.2×105 ± 6.9×104, GHR−/−: 9.9×104 ± 2.2×104, 

p=0.0171, welch-corrected t= 3.078, df=7.249). As in other studies of WAT immune cells in 

obese states, (28) due to the difference in the size of the WAT depots in GHR−/− mice, 

immune cell data were then normalized to tissue weight. In this analysis, the only significant 

genotype difference was in Mes, in which GHR−/− mice had significantly increased (121%; 

p=0.014, U=7) SVF cells/g of tissue (Figure 2A; SubQ p=0.6903, t=0.4075, df=13; Epi 

p=0.2552, t=1.2, df=11).

3.3 Quantification of immune cells

3.3.1 -Leukocytes—Leukocytes were identified as CD45+ cells. CD45+ MHCII+ cells 

were considered antigen presenting cells (which includes overall macrophages, B cells and 

dendritic cells). There were no statistically significant differences in leukocytes and antigen 

presenting cells in GHR−/− mice relative to controls in any depot at 8 months of age (Figure 

2 B–C; Leukocyte SubQ p=0.6943, U=24; Epi p=0.1226, Welch-corrected t=1.705, 

df=8.955; Mes p=0.2345, U=20: Antigen-presenting cell SubQ p=0.4634, U=21; Epi 

p=0.065, U=14; Mes p=0.6454, U=27)).
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3.3.2 -T cells—Total T cells included all CD3+CD45+ cells. In figure 3B, the number of 

T cells per gram of WAT is shown. This corresponds to the histograms in figure 3A, which 

shows the relative intensity of CD3+ and CD45+ used to quantify T cells. A significant 

increase (115%; p=0.0281, U=11) in Mes T cells was observed in GHR−/− compared to WT 

animals at 8 months of age (Figure 3 A–B: SubQ p=0.4634, U=21; Epi p=0.1304, U=17). 

There were no statistically significant genotype differences in the number of T cells in the 

other depots.

T helper cells, which are required for almost all immune responses as they promote adhesion 

to target and antigen presenting cells (APCs), were identified as CD45+CD3+CD4+ (Figure 

4A). A statistically significant increase in T helper cells was only observed in the GHR−/− 

Mes depot (Mes 118% increase; p=0.0148, U=9; SubQ p=0.9551, U=27; Epi p=0.4347, 

t=0.8042, df=14) compared to controls. Cytotoxic T cells were identified as 

CD45+CD3+CD4- cells in the 8 month cohort (Figure 4B) and have the ability to directly 

kill infected cells and contribute to obesity-related inflammation that precedes macrophage 

infiltration to WAT (29). GHR−/− animals had twice the number of cytotoxic T cells in the 

Mes depot compared to controls at 8 months of age but this increase was not statistically 

significant (Mes p=0.0662, t=1.993, df=14; SubQ p=0.9551, U=27; Epi p=0.2786, U=21.). 

No other statistically significant changes in T helper cells or cytotoxic T cells were 

observed.

3.3.3 -Adipose tissue macrophages—Adipose tissue macrophages (ATMs) were 

identified as CD45+MHC-II+F4/80+. GHR−/− mice had no significant changes in ATMs/g 

of tissue compared to controls (Figure 4C: SubQ p=0.4634, U=21; Epi p=0.4418, U=24; 

Mes p=0.1679, t=1.454, df=14). Because of the heterogeneity of macrophage phenotypes, 

ATMs were further classified as anti-inflammatory, M2 (CD45+F4/80+CD206+) or pro-

inflammatory, M1 (CD45+F4/80+CCR2+ in 8 month cohort and CD45+F4/80+CD38+CD80+ 

in 24 month cohort). Both populations have been implicated in regulating the WAT 

microenvironment (30). No significant changes were observed between GHR−/− mice and 

controls in M1 (SubQ p=0.2319, U=17; Epi p=0.1944, U=19; Mes p=0.3823, U=23) or M2 

(SubQ p=0.28, t=1.127, df=13; Epi p=0.3823, U=23; Mes p=0.1605, U=18) macrophages at 

8 months of age (Figure 5).

3.4 Aged (24 Month) Cohort

Because dramatic changes in immune cells were not apparent at 8 month of age and because 

GHR−/− mice have extended longevity, we next evaluated the immune cell population in 

aged adult mice at 24 months of age. Due to the differences in the antibodies used and gating 

strategy, direct comparisons between the 8 month and 24 month cohort cannot be made; 

however, these data provide an opportunity to examine general trends. At 24 months of age, 

body composition results showed similar trends to the 8 month results. That is, body weight 

was 68% decreased in GHR−/− mice (Figure 6A; p<0.0001, t=12.95, df=12), and fat mass 

was significantly increased (196%; p<0.0001, t=5.815, df=12)(Figure 6B). There were 

corresponding decreases in lean mass (18.67%, p=0.0006, U=0) and fluid mass (7.05%, 

p=0.0024 t=3.826, df=12); however, there were no significant differences in depot weights at 
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24 months of age (Supplemental Figure 1), although GHR−/− mice had 219% increase in 

SubQ (p=0.1649, U=13).

At 24 months, there was no difference between GHR−/− and controls in the serum levels of 

IL-6, MCP-1 or TNF-α (Figure 6C: IL-6 p=0.6402, U=27; MCP-1 p=0.2092, Welch-

corrected t=1.356, df=8.704; TNF-α p=0.4462, U=24.5), and there were no significant 

differences comparing 8 month mice to 24 month mice by one-way ANOVA. (IL-6 

F30=3.388 p=0.0324 (no significant differences in pairwise tests), MCP-1 F31=1.577 

p=0.218, TNF-α F31=1.251 p=0.3109) In the aged mice, there was once again a significant 

decrease in absolute SVF cells in GHR−/− Epi but no change when normalized to tissue 

weight. There were no changes in total T cells, T helper cells, or M1 or M2 macrophages 

(Supplemental Figures 2–4). The only significant difference between GHR−/− mice and 

controls was a 93% decrease (p=0.0105, U=5.5) in Cytotoxic T cells in the SubQ depot of 

GHR−/− mice (Figure 6D).

4. Discussion

The goal of this study was to quantify select immune cell populations within WAT in adult 

GHR−/− male mice. Our data show that the immune cells of the Mes depot are the most 

profoundly affected by a lack of GH action, at least at 8 months of age, while those in the 

SubQ depot are relatively unaffected by the lack of GH signaling. The lack of change in the 

SubQ is surprising because it is the most changed in size (enlarged) in GHR−/− mice. In 

contrast, the tissue weight of the mesenteric depot is unchanged, but GHR−/− mice have a 

significant increase in SVF cells, total T cells, and T helper cells per gram of mesenteric 

tissue. Thus, while quantity of the Mes depot is unaltered, the cellular makeup of this depot 

is altered in GHR−/− mice. In addition, at advanced age, SubQ and Epi show subtle changes, 

with a decrease in cytotoxic T cells in the SubQ being the only significant difference. 

Because Mes was not measured at 24 months, it is unclear if the changes seen at 8 months 

would persist at an advanced age.

The GHR−/− mice in this study demonstrate a similar phenotype to previous reports. 

Specifically, GHR−/− mice weigh significantly less, have greater percentage fat mass and 

less percentage lean mass than WT controls (31, 32). In addition, the increase in fat mass for 

GHR−/− mice is not uniform, with SubQ being the only depot significantly increased 

relative to body weight and comparable to WT mice in absolute weight, although this 

difference weakens at older ages.

Depot differences in GHR−/− mice are not limited to size of the depot. In a previous report 

examining expression of GH-related genes in GHR−/− mice in different adipose depots (33), 

GHR−/− SubQ was found to have increased insulin receptor and IGF-1 receptor gene 

expression and decreased IGF-1 expression. GHR−/− Epi, on the other hand, have increased 

IGF-1 receptor gene expression, decreased IGF-1 gene expression and no change in insulin 

receptor expression, while GHR−/− Mes have increased insulin receptor and IGF-1 receptor 

gene expression and no change in IGF-1 expression. Other depot differences are well 

established in these mice (for review see Berryman et al (34)).
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Interestingly, despite being the only enlarged depot and the depot with the most consistently 

changed GH-related gene expression, there was only one genotype difference in SubQ 

immune cell populations and only at one age. In accordance with our results, a previous 

study found increased expression of genes related to nonimmune cells, such as fibroblasts, 

endothelial and stromal cells in SubQ WAT of GHR−/− mice compared to controls (35). 

These data suggest that the specific immune cells analyzed here do not contribute to the 

unique expansion of the SubQ depot in GHR−/− mice and instead point towards the 

importance of the other SVF cells not identified in this study (Figure 7). Examples of these 

unexamined SVF cells could include fibroblasts, preadipocytes,(36) beige adipocytes,(37) 

endothelial cells, stem cells, and some additional immune cells, such as B cells, mast cells, 

dendritic cells, and eosinophils. The difference that we observed in SubQ was a significant 

decrease in the cytotoxic T cell population in GHR−/− mice at 24 months of age, cells which 

have previously been reported to be involved in initiation of adipose tissue inflammation 

(38). The decrease in cytotoxic T cells result could help explain the lack of changes seen in 

macrophage infiltration in this model. The SubQ WAT phenotype observed not only 

demonstrates that GH levels have different action on immune infiltration on different depots, 

but also suggests that GH can shape the inflammatory infiltrate in WAT. This result is 

particularly interesting taking into account the characteristics of healthy obesity observed in 

GHR−/− mice.

The epididymal depot has a decrease in total SVF cells, but no change is observed when 

normalized to tissue weight. This suggests that the total SVF cell population changes along 

with depot size. In accordance with this, in the epididymal depot, there are no significant 

changes in the normalized number of cells in any of the cell types that were measured at 

either age. This is despite a significant decrease in the weight of the depot. The disconnect 

between WAT mass and immune cell alterations is further supported by the results observed 

in the mesenteric depot. The mesenteric depot is the most consistently changed in GHR−/− 

mice regarding immune cells despite no change in tissue weight. GHR−/− Mes WAT has 

increased SVF cells normalized to tissue weight, and despite no observed difference in 

leukocytes or antigen presenting cells, GHR−/− Mes has increased T cells and T helper cells 

compared to wild type, with no changes in activated macrophages or macrophage subsets. 

Because we could not distinguish between T helper cell subsets in this experiment, it is 

unclear the functional significance of the increase in T helper cells in the context of WAT 

inflammation.

Monocyte-macrophage populations are plastic and can differentiate into various subsets 

according to changes in the environment (39). Although no differences in total ATMs were 

observed in SubQ, a previous study recently reported a decrease in SubQ ATMs compared to 

controls (17). Interestingly, the previous study used 12 month old GHR−/− mice, an 

intermediate age to the ones used in the current study, but an additional marker was used for 

ATMs, which could explain the discrepancy between the previous study and the current one. 

Like total activated ATMs, M1 macrophages were unchanged in all three depots of GHR−/− 

mice. M1 macrophages are pro-inflammatory and are usually associated with not only 

obesity but also metabolic dysfunction of WAT (40). The lack of increase in pro-

inflammatory macrophages and the decrease in cytotoxic T cells in the WAT of GHR−/− 

mice despite their obesity could help explain their ‘healthy’ obesity phenotype. M2 
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macrophages were also unchanged at both ages and in all three depots. In contrast to GHR−/

− mice, bGH transgenic mice have increased M2 macrophages in all depots, which is 

interesting because M2 macrophages are generally anti-inflammatory and are associated 

with healthy WAT, but bGH mice are less healthy than GHR−/− mice and have dysfunctional 

WAT. M2 macrophages are also implicated in tissue remodeling, however, and the excess 

collagen deposition in WAT of bGH mice (41) may explain the increase seen in M2 

macrophages. It is important to note that there is a large spectrum of ATMs, all with distinct 

phenotypes (42), and the binary categorization into M1 or M2 overlooks some of the 

complexity of macrophage phenotypes. Overall, these results indicate that WAT health is 

more complex than can be described by examining macrophage populations alone.

Studies in bGH and GHR−/− mice have previously shown that GH alters T cell number and 

function in various tissues. For example, GHR−/− mice have an increase in naïve T cell 

populations in the spleen at an old age (17). Here, we show T helper cells are increased in 

Mes in GHR−/− mice. However, we did not distinguish between T helper subsets such as 

Th1, Th2 or Th17 cells. Further investigation into these subsets may be interesting as Th2 

cells are associated with reversal of chronic inflammation, and transplantation of Th2 cells 

reverses weight gain and insulin resistance in obese mice (43–45). Data from our lab show 

that excess GH in bGH mice significantly alters pathways related to T cell activation and 

infiltration in the SubQ depot (16). In addition, increases in cytotoxic T cells, which are 

known producers of IL-6, TNF-α and IL-1β (46), have been demonstrated in WAT (Epi) of 

bGH mice. The GHR−/− mice demonstrate a decrease in the cytotoxic T cell population in 

the SubQ, at least at older ages. Collectively, these studies in mice with altered GH indicate 

that T cell populations in WAT are a major target of GH action and should be the focus of 

further studies that explore the immune cell subsets. The flow cytometry results of the bGH 

mice and both ages of GHR−/− mice are summarized in Figure 8.

Individuals with obesity often experience chronic, systemic, low grade inflammation in 

addition to WAT inflammation. This chronic inflammation is related to the pathology of 

obesity (47). GHR−/− mice are generally healthy despite their obesity, demonstrated by their 

increased lifespan (23). In addition to the lack of immune cell infiltration in GHR−/− WAT, 

GHR−/− mice lack chronic systemic inflammation, as measured by the serum cytokines 

IL-6, MCP-1, and TNF-α. In fact, the GHR−/− mice have a 50% decrease in TNF-α 
(p=0.075), indicating that they may have decreased systemic inflammation at 8 months of 

age, although the no change is seen at the older age.

In summary, flow cytometry was used to quantify the number of immune cell populations in 

WAT depots in 8- and 24-month-old GHR−/− mice compared to WT controls. We saw a 

large increase in the quantity of the SubQ WAT, but subtle changes to the immune cells. Mes 

WAT showed opposite results, with no change in quantity but many changes in immune 

populations. Therefore, it is likely that other SVF cells or immune cells not identified in this 

experiment play a larger role in expansion of the SubQ depot. The depot differences in 

immune cells we observed could have potential physiological implications, such as has been 

reported with decreased fertility when Epi is depleted(48) or the divergent adipogenesis 

profiles of each depot(49). In addition, functional studies will be important to determine the 
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metabolic phenotype, the pathogen sensing machinery, and the immune cell trafficking 

mechanisms in the absence of GH in WAT immune cells.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Characteristics of 8-month-old WT and GHR−/− mice. A. Body weight, p<0.0001, t=22.17, 

df=13. B. Body composition as percent of body weight: Fat p<0.0001, t=10.47, df=13; Lean 

p=0.0004, t=4.773, df=13; Fluid p=0.1218, t=1.655, df=13. C. Adipose tissue depot weights 

expressed as percent of total body weight: SubQ p<0.0001, t=9.126, df=13; Epi p=0.0018, 

Welch-corrected t=4.326, df=9.289; Mes p=0.0446, t=2.223, df=13. D. Serum cytokine 

levels: IL-6 p=0.3969, U=20; MCP-1 p=0.2654, t=1.937, df=13; TNFα p=0.075, t=1.937, 

df=13. Data are expressed as mean ± SEM. WT n = 8 and GHR−/− n = 8. * indicates a 

significant difference; p < 0.05.
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Figure 2. 
Quantification of SVF, CD45+ leukocytes, and MHC-II antigen presenting cells in 8 month 

old WT and GHR−/− mice. A. Estimated total SVF cells normalized to gram of WAT: SubQ 

p=0.6903, t=0.4075, df=13; Epi p=0.2552, t=1.2, df=11; Mes p=0.014, U=7. B. Number of 

CD45+ cells per gram of tissue: SubQ p=0.6943, U=24; Epi p=0.1226, Welch-corrected 

t=1.705, df=8.955; Mes p=0.2345, U=20. C. Number of activated (MHC-II+) CD45+ cells 

normalized to gram of WAT: SubQ p=0.4634, U=21; Epi p=0.065, U=14; Mes p=0.6454, 

U=27. Data are expressed as mean ± SEM. WT n = 8 and GHR−/− n = 8. * indicates a 

significant difference; p < 0.05.
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Figure 3. 
Quantification of adipose tissue T cells in WT and GHR−/− WAT depots at 8 months of age. 

A. Dot plot distribution of T cells (CD3+ CD45+) in WT and GHR−/− male mice. The y-axis 

and x-axis of the dot plots represent fluorescent intensity. B. Number of CD3+CD45+ T cells 

normalized to depot weight in WT and GHR−/− male mice: SubQ p=0.4634, U=21; Epi 

p=0.1304, U=17; Mes p=0.0281, U=11. Data are expressed as mean ± SEM. WT n = 8 and 

GHR−/− n = 8. * indicates a significant difference; p < 0.05
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Figure 4. 
Quantification of WAT T cell subsets and MHC-II+ activated adipose tissue macrophages 

(ATMs) at 8 months of age. A. Number of CD3+CD4+ T helper cells: SubQ p=0.9551, 

U=27; Epi p=0.4347, t=0.8042, df=14; Mes 118% increase; p=0.0148, U=9. B. Number of 

CD3+CD4- cytotoxic T cells: SubQ p=0.9551, U=27; Epi p=0.2786, U=21; Mes p=0.0662, 

t=1.993, df=14. C. Number of MHCII+ activated ATMs: SubQ p=0.4634, U=21; Epi 

p=0.4418, U=24; Mes p=0.1679, t=1.454, df=14. Data are reported as the mean of the 

number of cells per gram of tissue ± SEM. WT n = 8 and GHR−/− n = 8. * indicates a 

significant difference; p < 0.05.
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Figure 5. 
Comparisons of M2 and M1 populations in WT and GHR−/− mice at 8 months of age. A 

and C. Distribution and quantification of M2 macrophages (A) and M1 macrophages (C) in 

WT and GHR−/− male mice. The y-axis represents relative number of events normalized to 

mode and the x-axis represents the intensity of the fluorescent signal. Isotype control, WT 

and GHR−/− are represented by gray, blue and red peaks respectively. B and D. Distribution 

and quantification of M2 macrophages (B: SubQ p=0.28, t=1.127, df=13; Epi p=0.3823, 

U=23; Mes p=0.1605, U=18) and M1 macrophages (D: SubQ p=0.2319, U=17; Epi 
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p=0.1944, U=19; Mes p=0.3823, U=23) in WT and GHR−/− male mice. M2 and M1 

populations were derived from F480+CD11b+CD45+ ATM parent population. It should be 

noted that because cells over a certain fluorescence threshold were counted, the variation in 

intensity of the fluorescence shown in A and C is not reflected in the enumeration of cells 

reported in B and D. Data are reported as the mean of the number of cells per gram of tissue 

± SEM.
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Figure 6. 
Notable results from the 24 month cohort of GHR−/− mice. A. Body weight p<0.0001, 

t=12.95, df=12. B. Body composition expressed as percent of body weight: Fat p<0.0001, 

t=5.815, df=12; lean p=0.0006, U=0; fluid p=0.0024 t=3.826, df=12. C. Serum cytokine 

levels: IL-6 p=0.6402, U=27; MCP-1 p=0.2092, Welch-corrected t=1.356, df=8.704; TNF-α 
p=0.4462, U=24.5. D. Number of CD3+CD8+ cytotoxic T cells, reported as the mean of the 

number of cells per gram of tissue ± SEM: SubQ p=0.0105, U=5.5; Epi p=0.7523, U=18.5. 

WT n = 8 and GHR−/− n = 8. * indicates a significant difference; p < 0.05.
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Figure 7. 
Proportion of immune cells and other SVF cells in WAT depots in WT and GHR−/− male 

mice at 8 months of age. Number of T cytotoxic cells, T helper cells, M1 macrophages, M2 

macrophages, and other CD45+ leukocytes in WT and GHR−/− male mice normalized to 

gram of adipose tissue. WT n = 8 and GHR−/− n = 8.
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Figure 8. 
Summary of flow cytometry results. The flow cytometry results of three different cohorts of 

GH-altered mice (bGH(16), GHR−/− 8 months, and GHR−/− 24 months) are summarized in 

this figure. A significant increase is indicated by a blue cell, significant decrease an orange 

cell, no significant change is indicated by a grey cell and no measurement is a signified by a 

white cell.
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Table 1.

Flow Cytometry Antibodies (8 Months)

Target Conjugate Manufacturer Catalog # RRID

CD206 AF488 BioRad MCA2235A488 AB_324891

Ly-6C PerCP-Cy5.5 Thermo Fisher 45–5932-80 AB_1518762

MHC-II Biotin Thermo Fisher 13–5321-81 AB_466661

F4/80 PE-Cy7 Thermo Fisher 25–4801-82 AB_469653

CD11c APC Thermo Fisher 117–0114-81 AB_469345

CD45 APC-eFluor 780 Thermo Fisher 47–0451-82 AB_1548781

CD11b Alexa Fluor 700 Thermo Fisher 56–0112-80 AB_657586

CCR2 Phycoerythrin R&D Systems FAB5538P AB_10718414

NK1.1 FITC Thermo Fisher 11–5941-81 AB_465317

NKT Phycoerythrin BD Biosciences 550082 AB_393552

CD44 Biotin Thermo Fisher 13–0441-81 AB_466441

CD4 PerCP-Cy5.5 Thermo Fisher 45–0042-80 AB_906231

CD3 PE-Cy7 Thermo Fisher 25–0031-81 AB_469571

CD25 APC Thermo Fisher 17–0251-81 AB_469365

CD62L Alexa Fluor 700 Thermo Fisher 56–0621-80 AB_494004

CD45 Alexa Fluor 700 Thermo Fisher 56–0451-80 AB_891456

CD16/CD32 Thermo Fisher 14–0161-82 AB_467133

Streptavidin eFluor 615 Thermo Fisher 42–4317-80 AB_11218079

J Neuroendocrinol. Author manuscript; available in PMC 2021 November 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Young et al. Page 24

Table 2.

Flow Cytometry Antibodies (24 Months)

Target Conjugate Manufacturer Catalog # RRID

CD11b VioGreen Miltenyi Biotec 130–113-811 AB_2726328

CD11c APC-Vio770 Miltenyi Biotec 130–110-841 AB_2654715

CD206 APC BioLegend 141707 AB_10896057

CD25 PE Miltenyi Biotec 130–108-996 AB_2656655

CD3 APC-Vio770 Miltenyi Biotec 130–109-840 AB_2657087

CD38 PE-Vio770 Miltenyi Biotec 130–109-258 AB_2657842

CD4 VioGreen Miltenyi Biotec 130–109-413 AB_2657964

CD44 PE-Vio770 Miltenyi Biotec 130–110-085 AB_2658157

CD45 VioBlue Miltenyi Biotec 130–110-802 AB_2658222

CD62L PerCP-Vio700 Miltenyi Biotec 130–107-046 AB_2660523

CD80 PE Miltenyi Biotec 130–116-460 AB_2727557

CD8a FITC Miltenyi Biotec 130–102-490 AB_2659883

F4/80 PerCP-Vio700 Miltenyi Biotec 130–102-161 AB_2651711

GITR APC Miltenyi Biotec 130–116-427 AB_2727531
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