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Abstract

Background—Growth hormone (GH) resistant/deficient mice experience improved glucose 

homeostasis and substantially increased lifespan. Recent evidence suggests long-lived GH 

resistant/deficient mice are protected from white adipose tissue (WAT) dysfunction, including 

WAT cellular senescence, impaired adipogenesis and loss of subcutaneous WAT in old age. This 

preservation of WAT function has been suggested to be a potential mechanism for the extended 

lifespan of these mice.

OBJECTIVE—The objective of this study was to examine white adipose tissue (WAT) 

senescence, WAT distribution, and glucose homeostasis in dwarf growth hormone receptor 

antagonist (GHA) transgenic mice, a unique mouse strain having decreased GH action but normal 

longevity.

METHODS—18mo old female GHA mice and wild type (WT) littermate controls were used. 

Prior to dissection, body composition, fasting blood glucose, and glucose and insulin tolerance 

tests were performed. WAT distribution was determined by weighing four distinct WAT depots at 

the time of dissection. Cellular senescence in four WAT depots was assessed using senescence-

associated β-galactosidase (SA-β-gal) staining to quantify the senescent cell burden and real time 

qPCR to quantify gene expression of senescence markers p16 and IL-6.

RESULTS—GHA mice had a 22% reduction in total body weight, 33% reduction in lean mass, 

and a 10% increase in body fat percentage compared to WT controls. GHA mice had normal 
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fasting blood glucose and improved insulin sensitivity; however, they exhibited impaired glucose 

tolerance. Moreover, GHA mice displayed enhanced lipid storage in the inguinal subcutaneous 

WAT depot (p<.05) and a 1.7 fold increase in extra-/intraperitoneal WAT ratio compared to 

controls (p<.05). Measurements of WAT cellular senescence showed no difference between GHA 

mice and WT controls.

CONCLUSIONS—Similar to other mice with decreased GH action, female GHA mice display 

reduced age-related lipid redistribution and improved insulin sensitivity, but no change in cellular 

senescence. Similar abundance of WAT senescent cells in GHA and control mice suggests that 

any protection against generation of senescent cells afforded by decreased GH action, low IGF-1 

and/or improved insulin sensitivity in the GHA mice may be offset by their severe adiposity, since 

obesity is known to increase senescence.

Keywords

growth hormone; adipose tissue; cellular senescence; growth hormone antagonist

Introduction

Aging humans undergo distinctive redistribution of fat characterized by a decrease in 

subcutaneous adipose tissue (SAT) and an increase in visceral adipose tissue (VAT) [1–3]. 

SAT is found underneath the skin, mostly in the legs, back and anterior abdominal wall, and 

is specialized for long-term storage of free fatty acids and triglycerides, while VAT 

surrounds the abdominal viscera and is more metabolically and lipolytically active than SAT 

[3, 4]. Importantly, VAT mass is highly associated with many negative metabolic outcomes 

seen in obesity such as impaired glucose and lipid metabolism [3–6]. Thus, age-related lipid 

redistribution is thought to contribute to the development of aging associated metabolic 

diseases including diabetes, cardiovascular disease, metabolic syndrome, and cancer [3–6].

Recent studies suggest that age-associated adipose tissue redistribution may be related to 

cellular senescence of adipocyte progenitor cells [2, 7, 8]. Cellular senescence describes the 

process in which division competent cells enter into a state of essentially irreversible growth 

arrest in response to genomic damage or oncogenic stress [9, 10]. Senescent cells are 

defined by permanent growth arrest, increased cell size, expression of a senescence-

associated β-galactosidase (SA-β-gal), and activation of tumor suppressor pathways, most 

commonly the p16 pathway [9, 10]. In the short term, senescence prevents malignant cells 

from becoming cancerous; however, senescent cells accumulate with age in a number of 

tissues, including adipose tissue, with detrimental effects [8–10]. Senescent cells remain 

metabolically active and secrete a range of chemokines, cytokines, proteases, and other 

factors in what is known as the senescence associated secretory phenotype or SASP [8–11]. 

These SASP secretions can disrupt normal cell signaling, promote inflammation, and impair 

tissue function [8–11]. Moreover, when preadipocytes become senescent, they can no longer 

differentiate into functional adipocytes; consequently, as senescent cells accrue over time in 

an adipose tissue depot, the ability to store lipid in that depot becomes compromised [2, 8]. 

Thus, accumulation of senescent cells in white adipose tissue (WAT) likely contributes to 

impaired adipogenesis and decreased lipid storage capacity in subcutaneous WAT depots, 

resulting in increased lipid being displaced to visceral and ectopic depots over time [2, 7, 8].
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The growth hormone (GH) induced intracellular signaling pathway is positively correlated 

with aging. Mice and other species with loss-of-function mutations to the growth hormone 

(GH)/ insulin-like growth factor-1 (IGF-1) axis consistently display delayed aging 

phenotypes, whereas animals with increases in GH/IGF-1 action experience accelerated 

aging [12, 13]. Evidence suggests that this dogma may hold true for humans as well. For 

example, low IGF-1 levels are predictive of greater longevity in older humans [14], and 

certain clinical populations with disruptions of the GH/IGF-1 pathway show similar 

improvements as mice in terms of glucose homeostasis, cancer, and/or longevity [15–18]. 

Moreover, several single nucleotide polymorphisms in the insulin/IGF-1 pathway have been 

associated with human longevity [19]. Recently, Stout et al [7] showed that female mice 

with decreased GH/IGF-1 activity and increased longevity (GHR−/−, Ames, and Snell dwarf 

mice) experience decreased cellular senescence in WAT, improved capacity for 

preadipocyte differentiation and reduced age-related lipid redistribution. Additionally, they 

report that mice with increased GH signaling experience the opposite effects: increased 

senescence, impaired adipogenesis, and smaller ratio of extra-/intra-peritoneal WAT [7]. 

Their results suggest that chronically elevated GH/IGF-1 action induces senescence of 

progenitor cells within WAT, either directly or indirectly, leading to impaired adipogenesis, 

accelerated lipid redistribution, and lipotoxicity. Promoting WAT cellular senescence, 

therefore, could be one mechanism by which the GH/IGF-1 axis influences the aging 

process. Moreover, it should be noted that mice with reduced GH action typically exhibit 

enhanced insulin sensitivity and improved glucose homeostasis [12, 20]. Since 

hyperglycemia is associated with increased cellular senescence [21], the decreased senescent 

cell burden in long-lived GH-deficient/resistant mice could be related to better insulin 

responsiveness.

GH receptor antagonist (GHA) mice are unique in that, unlike other GH deficient/resistant 

mouse strains, they do not exhibit extended longevity [22]. GHA mice express a GH 

receptor (R) antagonist which competes with endogenous GH for binding to the GHR 

resulting in reductions in IGF-1 levels to approximately 25% that of controls and a dwarf 

phenotype [22–24]. GHA mice show important age- and sex-dependent differences with 

respect to body composition and glucose homeostasis when compared to other dwarf strains 

of mice, namely GHR gene disrupted (GHR−/−) mice [25, 26]. Therefore, the purpose of the 

current study was to expand on the report of Stout et al [7], by examining WAT cellular 

senescence in GHA mice, a mouse strain with decreased GH/IGF-1 action but no 

improvement in lifespan. Based on the fact the GHA mice have reduced GH action and 

evidence showing GHA mice have enhanced ability to store fat in subcutaneous depots with 

age [26], we initially hypothesized that these mice would exhibit decreased WAT cellular 

senescence but not to the same extent as mice with more dramatic reductions in GH 

signaling.

Materials and Methods

Animals

All animal procedures were approved by the Ohio University Institutional Animal Care and 

Use Committee. All mice were housed in the facility at the Edison Biotechnology Institute 
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where they were kept on a 14-hour light/10-hour dark cycle and had ad libitum access to 

water and normal chow (Prolab RMH 3000, which contains 14% of energy from fat, 60% 

from carbohydrates, and 26% from protein). Development and breeding of GHA transgenic 

mice has been described previously [22, 24]. Two cohorts of GHA and WT mice were used 

in this study. A group of 18mo old female WT and GHA mice (n=6 for each group) was 

used for senescence staining and real time PCR. A separate cohort of 18mo old female WT 

and GHA mice (n=12 GHA; n=13 WT) was used for all other assays.

Tissue Weights

All mice were euthanized by CO2 and tissues were immediately excised and weighed. For 

the senescence studies, five WAT depots were collected including inguinal (Ing), 

subscapular (Scap), paraovarian (Para), retroperitoneal (Retro), and mesenteric (Mes). For 

the mice used for body composition and glucose homeostasis studies, four depots were 

collected (Ing, Para, Retro, Mes) as well as other select tissues (interscapular BAT depot, 

heart, spleen, kidney, liver, and gastrocnemius muscle) for future analyses. All tissues were 

flash-frozen in liquid nitrogen and stored at −80°C. The Ing, Scap, and Retro depots are 

considered extra-peritoneal depots while the Para and Mes depots are considered intra-

peritoneal. Extra-/intra-peritoneal WAT ratios were calculated by dividing the sum of the 

weights of the Ing and Retro depots by the sum of the weights of Para and Mes. 

Unfortunately, the Scap depot was not included in this calculation because it was not 

weighed for all mice.

Body weight and body composition

Body weight and body composition measurements were conducted one week prior to 

dissection. Body composition measurements were done on un-anesthetized mice using a 

Minispec mq benchtop nuclear magnetic resonance analyzer (Bruker Instruments, Billerica, 

MA) as previously described [25].

Measurement of Fasting Blood Glucose

Blood was collected from the tail tip following a 12h fast. Fasting blood glucose levels were 

determined using the first drop of blood collected from the tip of the tail. A LifeScan 

OneTouch glucometer and OneTouch Ultra test strips (LifeScan, Inc., Milpitas, CA) were 

used to measure blood glucose.

Glucose and Insulin Tolerance Tests

Glucose tolerance tests were performed two weeks prior to dissection. Mice were fasted for 

12 hours prior to the measurements. Intraperitoneal injections of 0.01mL 10% glucose in 

sterile phosphate-buffered saline per gram body weight were administered. Glucose 

measurements were performed using a LifeScan OneTouch glucometer and OneTouch Ultra 

test strips (LifeScan, Inc.) prior to glucose injection and at 15, 30, 45, 60, 90, 120, and 150 

minutes after injection. Insulin tolerance tests (ITT) were performed one week prior to 

dissection. Intraperitoneal injections of 0.01ml of .075u/ml insulin (HumulinR, Eli Lilly and 

Company) per gram body weight were administered. Blood glucose measurements using a 

LifeScan OneTouch glucometer and test strips (LifeScan, Inc.) were performed before 
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insulin injection and at 15, 30, 45, 60, 90, and 120 minutes after injection. Mice were not 

fasted prior to ITT’s but were denied access to food during the tests.

Senescence Associated β-galactosidase staining

To determine the accumulation of senescent cells, dissected adipose tissue was stained for 

senescence-associated-β-galactosidase (SA-β-gal) activity immediately post-dissection as 

described previously [7]. Briefly, adipose tissue was fixed for ten minutes in 10% 

formaldehyde with 1% gluteraldehyde, incubated overnight at 37° in the staining solution 

containing X-galactose (1mg/ml X-gal, 40mM citric acid/Na phosphate buffer, PH 6.0), then 

rinsed and stored in PBS at 4°C. Percentages of SA-β-gal positive cells were determined by 

comparing phase and DAPI images of four different fields of each sample.

Real Time PCR

Adipose tissue from 18-month-old female GHA and WT mice was flash frozen at the time 

of dissection and stored at −80°C. RNA extraction was performed using TRIzol reagent 

following the manufacturer’s protocol (Fisher Scientific). cDNA was synthesized using 

Maxima First Strand cDNA Synthesis Kits and quantitative real-time PCR was performed 

using Maxima SYBR Green/Fluorescein qPCR Master Mix (Thermo Scientific) with a BIO-

RAD iCycler Thermal Cycler (Bio-Rad Laboratories, Inc, Hercules, California). Primer 

sequences used for IL-6 were 3’-TCCGGCACCAACAGTGGTCG-5’ forward and 3’-

CCTTTACTCTTTTCTCAACACGT-5’ reverse and for p16 primers were 3’-

CGCTCTGGCTTTCGTGAAC-5’ forward and 3’-TTGCCCATCATCATCACCTGG-5’ 

reverse. Expression levels were normalized to the housekeeping genes beta 2 microglobulin 

(B2m) and ribosomal protein S3 (Rps3). For Rps3 the primer sequences were 3’-

ATCAGAGAGTTGACCGCAGTT-5’ forward and 3’-

AATGAACCGAAGCACACCATA-5’ reverse. For B2m the forward sequence was 3’-

CTGGTCTTTCTATATCCTGGCT-5’ and the reverse was 3’-

CATGTCTCGATCCCAGTAGAC-5’. Analysis of qPCR data was performed with 

Biogazelle qbasePLUS software.

Statistical analyses

Comparisons were made either using Student’s unpaired t-test or, where multiple 

comparisons were made, by two way ANOVA followed by Fisher’s LSD post hoc tests. All 

statistical analysis was performed using SPSS version 17.0.

Results

Body Length, Body composition, Depot Weights, and Extra-/Intra-peritoneal WAT Ratio

As expected, 18mo female GHA mice had significantly shorter body length (87.3±.6cm 

GHA vs 100.6±.7cm WT; p<.001) and significantly lower body weights than littermate 

controls (33.8±1.7g GHA vs 43.7±2.9g WT; p<.01, Fig.1A). Thus, the GHA mice in this 

study can be considered dwarf compared to wild type mice. In terms of body composition, 

GHA mice had significantly decreased lean mass (15.9±0.5g GHA vs 23.8±0.8g WT; p<.

001) and significantly decreased fluid mass (4.9±0.2g GHA vs 6.3±0.4g WT; p<.01). 

However, there was no significant difference in absolute fat mass compared to WT mice 
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(14.6±1.1g GHA vs 14.8±1.8g WT). Because GHA mice have significantly decreased total 

body weight, we also assessed fat, lean, and fluid composition as a percentage of total body 

weight. When normalized to total body weight, GHA mice exhibited significantly increased 

percent fat (p<.001, Fig.1B), significantly decreased percent lean (p<.01, Fig.1B), and no 

difference in percent fluid (Fig.1B). Given the well-known influence of fat depot locale on 

the tissues metabolic and endocrine functions, we assessed weights of four distinct white 

adipose depots: inguinal subcutaneous (Ing), paraovarian (Para), retroperitoneal (Retro), and 

mesenteric (Mes). The Ing depot surrounds the inguinal lymph node and is classified as 

subcutaneous and extra-peritoneal because it lies underneath the skin and outside the 

peritoneal cavity. The Retro depot is found behind the kidneys outside of the peritoneum and 

is therefore classified as extra-peritoneal but not subcutaneous. The Para depot, which 

surrounds the ovaries, is considered intra-peritoneal. The Para depot is commonly referred to 

as a visceral depot; however, it does not fit the strict definition of visceral adipose tissue as it 

does not drain into the portal vein. The Mes depot, which is found intertwined along the 

length of the intestines, is considered intra-peritoneal and is the only true visceral WAT 

depot in mice. No significant differences were found between genotypes with respect to the 

absolute mass of any of the individual adipose tissue depots examined. However, after 

normalizing to total body weight, GHA mice did show a significant increase in the relative 

mass of the Ing depot (p<.05, Fig.1C). To further assess the adipose distribution, the ratio of 

extra-peritoneal WAT to intra-peritoneal WAT was calculated for GHA and control mice. 

This metric revealed a 1.7 fold increase in the extra-/intra-peritoneal WAT ratio in GHA 

mice versus WT littermates (p<.01, Fig.1D).

Glucose Homeostasis

There was no significant difference in fasting blood glucose (Fig.2A) or fasting insulin 

levels (Fig.2B) between GHA mice and WT littermate controls. Interestingly, GHA mice 

displayed enhanced insulin sensitivity. During insulin tolerance tests GHA mice showed 

significantly lower blood glucose at 15min (p<.01), 30 min (p<.01), and 45 min (p<.05) post 

injection (Fig.2C). However, GHA mice were less efficient than WT controls at clearing 

blood glucose after glucose injection. During glucose tolerance tests, GHA mice had 

significantly greater blood glucose at 15min, 30 min, and 45 min after glucose injection 

(Fig. 2D, p<.05). Moreover, GHA mice had significantly greater area under the curve 

calculated one (p<.01) and two hours (p<.05) post-injection (Fig.2E) indicating decreased 

glucose tolerance in female GHA mice at this age.

Senescence Results

No significant difference was found in the percent of senescent positive cells between GHA 

and WT in any of the five WAT depots examined (Fig.3b). However, we did find a 

significant effect of depot on senescent cell accumulation with the Retro and Mes depots 

showing higher percentages of senescent cell accumulation than the Ing and Para depots (p<.

05, Fig.3b). In agreement with the senescent adipocyte counting data, no significant 

differences were found in mRNA expression levels of the senescence markers p16 or IL-6 

when comparing GHA to WT within the same depot (Fig.4 B,C), but there was a significant 

effect of depot on p16 expression, with the Mes depot having significantly greater p16 

expression than the other three WAT depots and BAT (P<.01, Fig.5A). Additionally, no 
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significant difference was found in IL-6 expression with respect to genotype or depot (Fig.

4B).

Discussion

GHA mice are useful to study as they are one of the few examples of a mammal with 

decreased GH/IGF-1 axis signaling that do not experience extended longevity. Thus, 

discovering the physiological differences between GHA mice and long lived GH deficient/

resistant mice could help pinpoint traits that are important for extending lifespan. Previous 

research has suggested that differences in adipose tissue mass and distribution between 

GHA and long lived GHR−/− mice could be important factors contributing to differences in 

lifespan and metabolism between these two lines [25, 26]. WAT cellular senescence has 

been implicated as a contributing factor to adipose tissue redistribution and impairment of 

adipogenesis during the aging process [2, 7, 8]. Indeed, 18 month old female GHR−/− mice 

are reported to have decreased WAT senescence, which is thought to contribute to their 

marked expansion of subcutaneous WAT [7]. The current study is the first to examine WAT 

cellular senescence in GHA mice. Our results indicate that, at 18 months of age, female 

GHA mice experience enhanced lipid storage in extra-peritoneal depots in conjunction with 

normal glucose and insulin levels, improved insulin sensitivity, and impaired glucose 

tolerance; however, we did not detect any difference in WAT cellular senescence in GHA 

mice compared to littermate controls.

The majority of previous studies examining the impact of the GHA genotype on body size 

and composition have focused on male mice. These studies show that male GHA mice have 

reduced body weight at young ages, but by approximately 11 months of age they no longer 

differ from controls in total body weight due to extraordinary gains in fat mass [22, 25, 26]. 

Fewer studies have been published examining female GHA mice. A prior study that 

longitudinally assessed body weight changes in female GHA mice reveals that, unlike male 

GHA mice, females retain significantly lower body weights than littermate controls at least 

until 84 weeks of age [26]. Additionally, the GHA mice in this study had decreased body 

length which is consistent with previous reports that GHA mice are dwarf compared to WT 

mice [22, 24]. In terms of body composition, male and female GHA mice have been shown 

to have increased body fat percentage and decreased lean fat percentage throughout life, 

although males show greater increases in adiposity as they age than do females [22, 26]. Our 

data showing 18 month old female GHA mice have a 22% reduction in total body weight, 

33% reduction in lean mass, and a 10% increase in body fat percentage are consistent with 

these previous reports.

Increased adiposity in GH deficient/resistant mice is associated with preferential expansion 

of subcutaneous adipose tissue (SAT) [7, 26, 27]. This feature has been suggested to be 

important for the improved metabolic health seen in these mice as SAT is thought to play a 

metabolically protective role by sequestering cytotoxic fatty acids for long term energy 

storage [2, 4]. Studies with GHA mice indicate that they too display enhanced WAT storage 

in subcutaneous depots. For example, 5mo old male and female GHA mice show 

significantly increased subcutaneous fat on both a low fat and high fat diet in both sexes 

[28], and expanded SAT mass is also reported in 20mo old female GHA mice [26]. In 
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agreement with these previous studies, we report a significant relative enlargement of the 

Ing depot in 18mo old female GHA mice. Moreover, we observed an approximate 1.7 fold 

increase in the ratio of extra-peritoneal WAT to intra-peritoneal WAT in GHA mice 

compared to WT controls. This increase is not as dramatic as that reported for 18mo female 

mice from the long-lived GH resistant/deficient mouse strains (Ames, Snell, and GHR−/− 

mice exhibit increases in the extra-/intra-peritoneal WAT ratio of 3-, 2- and 2.3-fold, 

respectively)[7]; however, a direct comparison is not possible since Stout et. al. [7] included 

one additional extra-peritoneal depot (the subscapular depot) in their calculation. Previous 

reports support the notion that GHA mice have reduced lipid redistribution compared to WT 

mice although evidence suggests that GHA mice have a more generalized fat distribution 

than do GHR−/− mice. For example, we previously found that both GHA and GHR−/− mice 

gain substantial fat mass in the Ing depot as they age, but GHA mice gain significantly more 

total fat mass than GHR−/− mice [26]. Additionally, we show that GHA mice gain greater 

fat mass in non-subcutaneous depots than GHR−/− mice with advancing age [26]. The 

greater overall adipose load in GHA mice may be offsetting the protective benefits of 

enhanced subcutaneous fat storage that are seen in long lived GH deficient/resistant mutants 

such as improved glucose homeostasis and enhanced lifespan. Nonetheless, enhanced lipid 

storage in subcutaneous depots in GHA mice could help explain why these mice are 

protected from metabolic impairment that would be anticipated from the extreme obesity 

they develop in old age or in the context of high fat diet feeding [26, 28].

Long lived mice with reductions in the GH/IGF-1 axis generally display improvements in 

glucose homeostasis, and this is believed to be an important factor in the extended lifespan 

of these animals [12, 20]. Long lived GHR−/− mice, for instance, remain hypoinsulinemic 

and insulin sensitive throughout life [22]. Male GHA mice have low to normal glucose and 

insulin levels in early life but become hyperinsulinemic by approximately 16 months of age 

[22, 23, 26, 28]. Few studies have longitudinally examined glucose homeostasis in female 

GHA mice. We recently showed that female GHA mice have decreased blood glucose at 

younger ages followed by normoglycemia from 52 weeks onward [26]. Additionally, we 

previously found that female GHA mice have normal circulating insulin levels up to 84 

weeks of age and normal glucose tolerance at 73 weeks (~16mo) of age [26]. Similar to 

previous reports, we report here that, at 18 months of age, female GHA mice have normal 

fasting blood glucose and insulin levels. However, we found that GHA mice have enhanced 

insulin sensitivity and a significant decrease in glucose tolerance compared with controls, 

which has not been previously reported. This paradoxical result could potentially be 

explained by a decreased capacity for insulin secretion from the pancreas, likely due to 

decreased islet cell mass, as is suggested for GHR−/− mice [29]. Indeed, a study by Guo 

et.al. [29] showed that restoring pancreatic IGF-1 levels to normal in GHR−/− mice results 

in increased islet cell mass, improved insulin secretion, and improved glucose tolerance. 

Future studies are needed to more thoroughly assess the changes in glucose homeostasis that 

are occurring in GHA mice of both sexes particularly at older age points.

The accumulation of senescent cells in subcutaneous WAT is thought to impair adipogenesis 

in this depot leading to increased lipid storage in visceral and ectopic sites [2, 8]. Of note, 

the senescence associated β-galactosidase staining assay used in this study is not able to 

distinguish among different WAT cell types. The senescence positivity could arise from any 

Comisford et al. Page 8

Gerontology. Author manuscript; available in PMC 2017 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



division competent cells in WAT including preadipocytes, endothelial progenitor cells, 

immune progenitor cells, or other precursor cells that may be present in WAT. Senescence 

of preadipocytes directly limits the capacity for adipogenesis while senescence of non-

adipose cells could impair adipogenesis indirectly by promoting inflammation [8]. Stout and 

colleagues [7] previously showed that long-lived Snell and GHR−/− dwarf mice have 

increased extra-peritoneal WAT storage as well as reduced WAT senescent cell 

accumulation. Thus, the finding for preservation of extra-peritoneal WAT in GHA mice 

predicts that these mice would show decreased cellular senescence in extra-peritoneal WAT 

depots. Our results, however, did not reveal any significant differences in WAT senescence 

between GHA and WT mice by senescence associated β-galactosidase staining or by gene 

expression analysis of the senescence markers p16 and Il-6. Comparable senescence 

prevalence between GHA and WT in the current study suggests that the conservation of 

subcutaneous WAT mass in old GHA mice is not the result of decreased cellular senescence. 

However, based on evidence showing obesity increases cellular senescence [30, 31], one 

could argue that GHA mice would be expected to show increased WAT cellular senescence 

compared to WT due to their increased adiposity. Thus, it is conceivable that the dampened 

GH/IGF-1 signaling in these mice is protecting against an obesity-driven increase in WAT 

cellular senescence.

Why might GHA mice differ from other GH resistance/deficient mice in regards to WAT 

cellular senescence? Long lived Ames, Snell, and GHR−/− have reduced WAT senescence 

and all of these mouse strains exhibit reduced IGF-1, glucose, and/or insulin levels 

throughout their lifespan [32, 33] all of which are known to promote senescence in vitro 

[34–36]. Conversely, short lived growth hormone transgenic mice display increased WAT 

senescence as well as increased IGF-1, glucose, and insulin levels [7, 33]. GHA mice show 

reduced IGF-1 levels but not to the same extent as the long lived GH resistant/deficient mice 

[22, 23]. Thus, it could be that the reduction in IGF-1 experienced by GHA mice is not 

sufficient to elicit benefits. Alternatively, normal levels of WAT senescence in GHA mice 

could be due to lack of improvements in glucose homeostasis in GHA mice compared to the 

long lived mouse strains. Indeed, elevated glucose [34] and insulin [36] can drive cellular 

senescence in cell culture experiments; moreover, diabetes is associated with increased 

senescence in multiple tissues in humans and experimental animals [21]. Long lived GHR−/

− mice show low to normal glucose levels, very low circulating insulin levels, and 

substantially enhanced insulin sensitivity throughout their life span [32]. Likewise, both 

Ames and Snell dwarf mice exhibit severely reduced circulating levels of plasma insulin and 

glucose [33]. GHA mice, on the other hand, do not show consistent improvements in 

glucose or insulin throughout their lifespan with some impairment with advancing age [22, 

26]. However, it should be noted that GHA mice do not have increased senescence despite 

obesity, suggesting that decreased IGF-1 and/or normal glucose homeostasis in these mice 

might be affording some protection against obesity-induced cellular senescence. It is 

important to note that GHA mice remain a relatively understudied mouse strain in 

comparison to those mouse lines with lifespan extension. Thus, there are numerous other 

physiologic mechanisms related to aging that remain unexplored in the GHA mouse strain 

that could potentially explain their apparent lack of life extension. GHR−/− mice, for 

instance, are reported to exhibit delayed reproductive capacity [37], elevated antioxidant 
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enzyme levels [38], increased energy expenditure per unit body weight [39], reduced core 

body temperature [40], reduced thyroid hormone levels [40], and increased corticosteroid 

levels [40]. All these factors have been implicated as being potentially important to the 

extended lifespan of GHR−/− mice but have yet to be examined in GHA mice. Thus, there 

are numerous avenues for future studies using these animals that will be helpful for 

determining which factors are most influential to lifespan extension.

In summary, this study assessed the impact of the GHA genotype on cellular senescence in 

white adipose tissue of older female mice. Here, we show that 18mo old female GHA mice 

have enhanced lipid storage in extra-peritoneal adipose tissue. As well, GHA mice exhibit 

euglycemia and insulin sensitivity despite having increased adiposity. These results support 

the notion that improved ability to sequester fatty acids in subcutaneous WAT depots is 

important for the “healthy” obese phenotype of GHA mice. Contrary to what was previously 

reported for the long-lived GH deficient/resistant dwarf mice, the preservation of 

subcutaneous WAT in female GHA mice was not associated with any change in WAT 

senescent cell burden in the present study. This finding suggests that reduced WAT 

senescence is not required for the enhanced subcutaneous WAT storage seen in GHA mice. 

Moreover, our findings are consistent with the intriguing possibility that senescent cell 

burden is related to lifespan and / or health span. That is, senescent cell abundance is low 

and lifespan increased in Ames, Snell, and G HR−/− mice [7], while we report here that 

senescent cell burden is similar to controls in GHA mice, which have normal lifespan. 

Additionally, normal levels of senescence in GHA WAT in the context of increased 

adiposity could potentially be interpreted as a positive outcome given that obesity is known 

to accelerate WAT senescence [30, 31].
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Fig. 1. 
Body Composition and WAT distribution in 18mo female GHA (n=12) and WT (n=13) 

mice. Panel A: Comparison of absolute body weight. Panel B: Percent fat, lean, and fluid 

was determined by dividing fat, lean, and fluid mass by total body weight. Panel C: Relative 

WAT depot weight for the inguinal subcutaneous (Ing), paraovarian (Para), retroperitoneal 

(Retro), and mesenteric (Mes) depots was determined by dividing absolute depot weights by 

total body weight for each mouse. Panel D: The ratio of extra-peritoneal to intra-peritoneal 

WAT mass was determined by dividing the combined mass of the Ing and Retro depots by 

the combined mass of the Para and Mes depots. Data are expressed as mean ± SEM. *, 

significantly different from WT littermate controls (P<0.05).

Comisford et al. Page 13

Gerontology. Author manuscript; available in PMC 2017 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. 
Glucose homeostasis in 18mo old female GHA (n=12) and WT (n=13) mice. Panel A: 

Comparison of plasma glucose levels after a 12h fast. Panel B: Comparison of circulating 

insulin levels after 12h fast. Panel C: Insulin tolerance tests showing glucose levels 

following intraperitoneal injection of 0.075u/ml insulin. Panel D: Glucose tolerance tests 

showing change in glucose levels following intraperitoneal injection of 10% glucose 

solution at 0.01 ml/g body weight. Panel E: Comparison of glucose tolerance test area under 
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the curve after 1 hour and 2 hours. Data are expressed as mean ± SEM. *, significantly 

different from WT littermate controls (P<0.05).
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Fig. 3. 
WAT senescence results for 18mo old female GHA (n=6) and WT (n=6) mice. Panel A: 

Representative images of Ing WAT from WT (top row) and GHA (bottom row) mice. 

Images on the left show nuclei stained with DAPI viewed under fluorescence settings 

(nuclei are light blue); images on the right show the same field viewed under phase contrast 

settings to visualize SA-βgal+ senescent cells. SA-βgal+ senescent cells give off a blue color 

when stained with X-galactose (indicated by black arrows). Percent of SA-βgal+ cells is 

calculated by dividing the number of SA-βgal+ cells by the number of nuclei in each image 
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and the results represent the average of four images taken for each depot from each mouse. 

Panel B: Percent of SA-βgal+ cells in the inguinal subcutaneous (Ing), subscapular (Scap), 

paraovarian (Para), retroperitoneal (Retro), and mesenteric (Mes) WAT depots in 18mo old 

female GHA (n=6) and WT (n=6) mice. Superscript letters refer to the mean of the depot. 

Means shown with a common superscript letter are not significantly different, p>0.05. Data 

are expressed as mean ± SEM.

Comisford et al. Page 17

Gerontology. Author manuscript; available in PMC 2017 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 4. 
Gene expression of senescent markers in 18mo female GHA (n=6) and WT (n=6) mice. 

Panel A: Comparison of p16 expression. Panel B: Comparison of IL6 expression. Data are 

expressed as mean ± SEM. Superscript letter refer to the mean of the depot. Means shown 

with a common superscript letter are not significantly different, p>0.05. Ing, inguinal 

subcutaneous; Scap, subscapular; Para, paraovarian; Retro, retroperitoneal; Mes, mesenteric; 

BAT, interscapular brown adipose tissue. N.S., no significant differences.

Comisford et al. Page 18

Gerontology. Author manuscript; available in PMC 2017 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


