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Abstract 

Over 93 million Americans are obese, and 66 million suffer from metabolic syndrome 

(MetS). Obesity is defined by an accumulation of adipose tissue (AT). Although MetS 

correlates with obesity, 30% of obese individuals remain metabolically healthy (MHO; 

no MetS criteria aside from obesity), and ~15% of lean individuals still have MetS 

(MUL). The imperfect association of excess AT and MetS suggests that AT differs in 

healthy and unhealthy obese (MHO and MUO), and in healthy and unhealthy lean 

(MHL and MUL) individuals. AT depots differentially impact health, with 

subcutaneous (SQ) AT considered protective against metabolic abnormalities, while 

visceral (VIS) AT expansion generally increases inflammation. Our preliminary data 

in MHO/MUO and MHL/MUL nonhuman primates (NHPs) indicated that AT 

distribution does not differ by metabolic health status, leading us to hypothesize 

that AT dysfunction - not distribution - underpins metabolic defects. This dissertation 

aimed to define novel mediators of AT dysfunction by 1) determining SQ and VIS AT 

adipocyte and macrophage features that confer metabolic abnormalities, 2) 

disentangling the cell sources of SQ and VIS AT inflammatory markers, and 3) 

quantitating the in vivo effects of reducing pro-inflammatory senescent cells in AT. 

Aims 1 and 2 determined differences in adipocytes, macrophages, and inflammatory 

markers in the SQ and VIS AT of the four metabolic health groups through 

histological, immunohistochemical, transcriptomic, and protein analyses. Aim 3 

defined the impacts of clearing AT senescent cells on these attributes. We utilized 

translationally relevant NHP models that demonstrate naturally occurring 

obesity and the range of metabolic abnormalities observed in people. We determined 

that healthiness corresponded with M2 macrophage-enriched distributions in both AT 

depots. Higher M2 macrophages were observed with greater SQ fatty acid oxidation 
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gene expression in healthy obesity. Unhealthiness was characterized by lower M2 

macrophages, immune activation, and a distinct Gram-negative enriched VIS AT 

microbiome. Additionally, we found that senolytic therapy combined with low 

percentage caloric restriction improves glycemia and body composition, and reduces 

systemic inflammation. Together, these data identify new targets - namely M2 

macrophages, the visceral microbiome and senolytic drugs - that may mitigate health 

group-specific adipose tissue and systemic metabolic dysfunction. 

 

  



 

 
1  

Chapter I 

 

Introduction 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Alistaire Ruggiero prepared this chapter with Kylie Kavanagh acting in an advisory 

and editorial capacity 

 



 

 
2  

The obesity epidemic continues to impact the globe, as more than 1.9 billion 

individuals in 2016 were identified as overweight (body mass index [BMI]: 25-

29.9kg/m2) and 650 million were identified as obese (BMI: >30 kg/m2) (1). Obesity is 

a risk factor for metabolic syndrome (MetS), which is defined as a cluster of 

conditions that increases a person’s risk for cardiovascular disease (CVD) (2, 3). 

These include hypertension, hyperglycemia, and dyslipidemia (2, 3). Roughly 65% of 

obese individuals demonstrate MetS, and are defined as metabolically unhealthy 

obese (MUO) (3, 4). However, the other roughly 35% of obese individuals do not 

develop metabolic abnormalities and are termed metabolically healthy obese (MHO) 

(4, 5). On the contrary, over 10% of lean individuals demonstrate two or more MetS 

risk factors and are identified as metabolically unhealthy lean (MUL) (4, 6).  To date, 

these metabolic health phenotypes – the metabolically healthy lean (MHL), MHO, 

MUL and MUO – are defined only by their clinical classifications. Comprehensive 

physiological characterizations of these groups do not currently exist. The MUL and 

MHO groups provide evidence that complex interactions exist between adiposity and 

systemic health, as MUL individuals demonstrate a three-fold increase in their risk for 

all-cause mortality and CVD development compared to MHL (6, 7), whereas MHO 

individuals do not (8). Lipodystrophic nonhuman primates (NHPs) and human 

patients demonstrate increased incidences of type II diabetes (T2D) (9) and 

hyperlipidemia (10), while weight loss improves MUL persons’ glucose tolerance and 

lipid profiles (11), further implicating adipose tissue function in systemic metabolic 

health.  

 

Adipose tissue, colloquially referred to as “fat,” is now appreciated as an endocrine 

organ. Adipose tissue (AT) plays essential roles in energy management, 
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inflammatory signaling, and metabolic homeostasis. In states of caloric excess, AT 

stores free fatty acids (FFAs) in the form of triglycerides (TGs) in adipocytes via 

esterification to glycerol. These FFAs are released back into circulation during 

periods of energy deficit (12). Fat metabolism is regulated by nutrient and hormonal 

signaling, where reduced glucose levels during fasting result in a release of FFAs 

through lipolysis. On the contrary, postprandial increases in glucose and lipids result 

in insulin-mediated FFA transport and lipogenesis (13). White AT,  the predominant 

AT type in people, is defined by unilocular adipocytes and is deposited under the skin 

(subcutaneous [SQ] depot), around the organs (visceral [VIS] depot), between 

muscles, or within bone marrow or breast tissue (13). Increased local and systemic 

inflammation and metabolic dysfunction have been shown to correspond with 

adipocyte size, as enlarged – or hypertrophic - adipocytes secrete pro-inflammatory 

signaling molecules that recruit macrophages into the tissue. MUL people have 

demonstrated increased adipocyte sizes compared to MHL individuals (14). Poor AT 

expansion could drive increased adipocyte size, as radiation induces lipodystrophy 

by damaging adipose progenitor cells (9, 15). Aside from adipocytes, white AT 

contains connective tissue, stromal cells, and immune cells that function as a unit to 

accomplish endocrine functions (16, 17). In addition to modulating TG storage, both 

adipocytes and immune cells in white AT secrete proteins that regulate 

neuroendocrine, autonomic, and immune functions by acting on distant cells or 

tissues (16). These include glucocorticoids, complement factors, and cytokines like 

transforming growth factor β (TGFβ), interleukin (IL)-6, IL-1β, IL-10, tumor necrosis 

factor α (TNFα), monocyte chemoattractant protein (MCP)-1, and plasminogen 

activator inhibitor (PAI)-1 (13). As most obese individuals demonstrate MetS, 

previous research has focused on identifying sources of inflammation and negative 
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correlations between fat mass and metabolic health. The goal of the work presented 

here is to evaluate depot-specific differences in AT biology to better understand the 

clinically defined metabolic health phenotypes, provide rationale for clinical care, and 

find new targets for intervention. 

 

The location of white AT accumulation is thought to contribute to its inflammatory 

profile. SQ AT deposits in the femerogluteal regions, the back, and the anterior 

abdominal wall, and drains through systemic veins (18). VIS AT deposits in the 

mesentery and omentum and drains through the portal vein into the liver (19). 

Increased VIS AT accumulation is associated with excess pro-inflammatory cytokine 

secretion and immune cell infiltration that results in insulin resistance (18, 20). Pro-

inflammatory cytokines TNF-α and IL-6 induce insulin resistance both locally in AT 

and in remote insulin-sensitive tissues by increasing the activity of c-Jun N-terminal 

kinase (JNK) and nuclear factor-κB (NF-κB), which catalyze serine/threonine kinase 

activation and decrease insulin receptor substrate 1 (IRS1) and glucose transporter 

type 4 (GLUT-4) (21). Concentrations of pro-inflammatory IL-6 and TNF-α tend to be 

higher in VIS AT (22). Conversely, increased SQ AT accumulation corresponds with 

improved FFA and TG uptake, decreased inflammatory signaling, increased 

expression of the insulin-sensitizing hormone adiponectin, and improved glucose 

disposal (18, 20, 23). Some studies indicate AT deposition differs between metabolic 

health groups, where MHO individuals demonstrate increased SQ AT accumulation 

compared to MUO (24-26). However, variations in glucose tolerance have been 

observed between obese persons matched for VIS and SQ AT (27). Consistent with 

this, removal of VIS AT did not alter health, but transplantation of SQ AT into the 
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visceral cavity improved insulin sensitivity, highlighting the function of AT cells from 

these distinct depots rather than AT distribution as a driver of health outcomes (28).  

 

As the most predominant leukocyte in AT, macrophages provide a link between AT 

and systemic insulin sensitivity and metabolic health. In lean states, macrophages 

constitute roughly 5% of AT cellular composition, and this can increase to roughly 

50% in obese states (29). Macrophages exist along an inflammatory spectrum and 

their activation state reflects stimuli in their environment, though they are most often 

defined by the extremes of their inflammatory states. AT homeostasis requires a 

balance of macrophage subtypes, as their primary functions in AT are to remove 

dead adipocytes and absorb released FFAs in times of starvation or dysfunctional 

lipolysis (30).  Classically activated, or M1 macrophages, are recruited into AT and 

are considered highly pro-inflammatory, secreting pro-inflammatory cytokines like IL-

6, TNF-α, and IL-1β (31, 32). Alternatively activated, or M2 macrophages, are 

embryo-derived, proliferating cells resident in AT, and are referred to as anti-

inflammatory, secreting anti-inflammatory cytokines like IL-10 and IL-4 (31, 32). In 

human AT, macrophages can take on a mixed inflammatory phenotype, where they 

simultaneously express both M1 and M2 macrophage markers (31). Recent work has 

described metabolic activation of AT macrophages that differs from what is seen 

during infection (33), defined by increased glycolysis (34). However, this activation 

state also results in pro-inflammatory cytokine release (33, 34). The importance of 

macrophage balance is demonstrated by excess M1 macrophage infiltration resulting 

in increased tissue inflammation, while an overabundance of M2 macrophages can 

hamper adipocyte progenitor proliferation and lead to aberrant fibrogenesis, limiting 

the remodeling required for AT to respond to changing lipid storage needs (35, 36). 
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M2 macrophage accumulation also occurs when adipocyte apoptosis is induced in 

mice, demonstrating that adipocyte death alone is not sufficient to drive recruited M1 

infiltration (37).  

  

In AT tissue, macrophages polarize in response to environmental factors. MUL 

individuals’ unique display of metabolic derangements in the absence of excess 

adiposity corresponds with increased systemic pro-inflammatory signaling and a 

decreased AT expansion capacity. MUL people and animals have been shown to 

demonstrate increased circulating concentrations of pro-inflammatory IL-1β, IL-6, 

TNF-α, and MCP-1 (38-40). The number of total macrophages was also increased in 

the epididymal AT of lipodystrophic mice and NHPs, though the specific macrophage 

subtypes present were not determined (9, 38).  Increased SQ AT TNF-α, chemokine 

(C-C motif) ligand (CCL) 2, and 3 gene expression coincided with increased total 

macrophage infiltration in lipoatrophic people (41).  MUL individuals were found to 

have increased resident M2 macrophage-related gene expression in their SQ AT 

compared to their MHL counterparts, the macrophage phenotype which can 

aberrantly impede AT expansion (42). However, confirmation of the presence of 

these cells in the tissue was not performed. A comprehensive description of the 

previous findings and drivers of AT macrophage polarization in MHO and MUO 

phenotypes is provided in Chapter II. However, to date, profiling of AT macrophage 

subtypes across all metabolic health groups has not been performed. 

 

Cellular senescence, a state in which cells remain metabolically active but 

experience replicative arrest, is increased with ageing and chronic disease 
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development (43). Cellular senescence was first identified by Hayflick and Moorhead, 

who discovered that human fibroblasts have a finite proliferative capacity in vitro (44). 

Cellular senescence occurs when cells experience 1) metabolic stressors like high 

glucose or saturated fatty acids, 2) DNA damage in the form of telomere shortening, 

oncogene activation, radiation, or insertions, 3) inflammation through inflammatory 

cytokines or chemokines, and 4) damage signals like misfolded proteins or damage 

associated molecular patterns (DAMPs) (45).  Senescent cells develop a 

senescence-associated secretory phenotype (SASP), where they secrete pro-

inflammatory and pro-fibrotic factors that induce immune cell infiltration, neighboring 

cell senescence, promote matrix remodeling, and interfere with stem and progenitor 

cell function (45). More frequently observed SASP factors include IL-6, IL-1β, MCP-1, 

matrix proteases, and PAI-1 (45). As they are under replicative arrest, senescent 

cells demonstrate increased expression of the cyclin-dependent kinase inhibitors 1A 

(p21) (46) and 2A (p16) (47).  P21 and p16 perform the activation of cell cycle 

inhibitor and tumor suppressor retinoblastoma (Rb) by induction of cyclin-dependent 

kinase 2 (CDK2) and CDK4/6, respectively (48). Senescent cells likewise avoid 

apoptosis by relying on pro-survival pathways (49). While senescent cells are found 

in the skin, liver, and kidney (50-52), they preferentially accumulate in AT (53). With 

ageing and chronic disease development, low-grade inflammation and overutilization 

causes preadipocytes and mesenchymal cells to become senescent and secrete pro-

inflammatory signaling molecules (53), perpetuating local and systemic inflammation 

and dysfunction. One month post-transplantation of senescent preadipocytes into 

healthy six-month old mice, the animals demonstrated decreased walking speed and 

grip strength in a dose-dependent manner (54).  
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Macrophages in AT become senescent during periods of chronic inflammation, 

though evidence indicates that they remain able to respond to polarizing stimuli while 

expressing senescence markers. Macrophage accumulation has been shown to 

correspond with the number of p16+ cells in the AT of diet-induced obese mice (55, 

56). Recent work demonstrated that up to 70% of identified macrophages in obese 

human SQ and VIS AT are also positive for the senescence marker, senescence-

associated beta galactosidase (SA-βgal) (57). Senescent macrophages have also 

been identified in the AT of aged mice (58). Expression of p16 has been shown to 

modulate macrophage polarization, where p16 deficiency resulted in an M2-like 

phenotype and a decreased response to interferon (IFN)γ and LPS (59). Work by 

Hall et al. revealed that p16+SA-βgal+ macrophages remained responsive to and 

were reversibly modulated by M1 and M2 macrophage-associated stimuli (60), 

mirroring the behavior of tumor-associated macrophages (61) and highlighting 

macrophages as an important cell type in modulating health outcomes.  

 

In addition to tissue-resident cells, circulating immune cells, particularly monocytes, 

demonstrate senescence. Monocytes emerge from bone marrow and comprise 

roughly 10% of circulating white blood cells (62). They represent immune effector 

cells as they are equipped with chemokine and adhesion receptors that mediate 

migration from blood to tissues during infection (63). Three subtypes of monocytes 

have been identified: classical, intermediate, and nonclassical. Classical monocytes, 

identified as CD14+CD16-, comprise 80-95% of circulating monocytes and are 

described as highly phagocytic and important scavengers (64). Intermediate 

monocytes, identified as CD14+CD16+, make up 2-8% of circulating monocytes and 

are known for their production of reactive oxygen species, antigen presentation, 
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inflammatory response, and proliferation and stimulation of T cells (64). Nonclassical 

monocytes, identified as CD14-CD16+, make up 2-11% of circulating monocytes. This 

particular subtype is inherently mobile and patrols the vascular endothelium (64). 

Nonclassical monocytes demonstrate pro-inflammatory responses to infection and 

chronic disease (64, 65). Deuterium labeling determined that intermediate and 

nonclassical monocytes emerge sequentially from classical monocytes (66). 

Classical monocytes were found to exist in circulation for roughly 1.6 days, while 

intermediate and nonclassical monocytes have longer circulating lifespans of roughly 

4 and >7 days, respectively (66). Chronic diseases, including obesity and T2D, 

increase intermediate and nonclassical monocytes and their coincident pro-

inflammatory cytokine secretion (67). Transcriptomic profiling identified CD16- 

monocytes as proliferative while CD16+ monocytes were identified as anti-

proliferative (68). Both nonclassical and intermediate monocytes demonstrate 

hallmarks of cellular senescence, with nonclassical monocytes exhibiting the clearest 

hallmarks (69). Additionally, nonclassical monocyte accumulation and co-occurring 

increases in pro-inflammatory TNF-α have been observed in the elderly (69). 

Increased abundances of nonclassical and intermediate monocytes correspond with 

cellular senescence and increased systemic inflammation, though monocyte 

subtypes across the four metabolic health groups have yet to be described.  

 

Pharmacological senescent cell clearance has recently been shown to improve 

systemic health. Using transcript array analysis to evaluate senescent and 

nonsenescent preadipocyte gene expression, Zhu et al. determined that senescent 

cells exploit pathways including ephrin ligand (EFN) B1 and 3, p21, plasminogen 

activator inhibitor-2 (PAI-2), the phosphatidylinositol-4,5-bisphosophate 3-kinase 
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delta catalytic subunit (PI3KCD), and BCL-xL (49) to avoid apoptosis (49). Zhu et al. 

found that Dasatinib (D), a tyrosine kinase inhibitor used in chronic myeloid leukemia 

treatment, preferentially induces cell death of senescent human preadipocytes by 

interfering with EFNB-dependent suppression of apoptosis (49). Quercetin (Q), a 

naturally occurring flavonoid, causes cell death of senescent human endothelial cells 

by inhibiting PI3K and other serpines (49). In vitro, 50-100nM of D resulted in 40% 

reduction of senescent preadipocytes, while 10µM of Q reduced senescent 

endothelial cells by 50% (49). Ex vivo, D+Q significantly reduced pro-inflammatory 

cytokines secreted into condition medium by AT explants collected from obese 

individuals (54). In vivo, administration of one dose of 5mg/kg of D and 50mg/kg of Q 

reduced AT and liver senescent cell burden and improved left ventricular ejection 

fraction in old mice (>24 months) (49). The same dose given to ERCC1 deficient 

mice, a model of accelerated ageing, demonstrated improvements in a composite 

score of age-related symptoms, indicating improved healthspan (49). D (5mg/kg) and 

Q (50mg/kg) administered for five consecutive days monthly improved glycemic 

indices and reduced AT macrophage burden in diet-induced obese mice (55). 

Similarly, a three-day dose of 100mg of D and 1000mg of Q given to obese 

individuals with diabetic kidney disease resulted in decreased SQ AT macrophage 

burden and increased preadipocyte proliferation (70). Currently, the concentrations of 

D and Q that accumulate in AT remain undetermined. How D and Q impact AT 

macrophage subtypes, circulating immune cells and inflammatory cytokines, and 

corresponding systemic health also remains unknown.  

 

This study focuses on filling gaps in knowledge regarding AT composition and its 

relationship to metabolic health. Here, we determined differences in adipocytes, 
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macrophages, tissue gene expression, and inflammatory markers in the SQ and VIS 

AT of the four described metabolic health phenotypes, and the impacts of senescent 

cell removal on these attributes. We used unique nonhuman primate models that 

naturally and spontaneously demonstrate the four defined clinical metabolic health 

phenotypes. We determined that combined increases in SQ AT M2 macrophage 

accumulation and enrichment of fatty acid oxidation gene ontology pathways 

correspond to maintained health with obesity (Chapter III). In contrast, accumulation 

of pathogenic Gram-negative bacteria, increased pro-inflammatory signaling, and 

decreased M2 macrophage abundance in VIS AT (Chapter IV), and increases in 

nonclassical monocytes in circulation (Appendix I) correspond with poor metabolic 

health independent of obesity status. Lastly, our SQ and VIS AT investigations 

identified senescent cells as a targetable cell type that correspond with inflammation 

and poor health (Appendix I). We elected to use pharmacological senescent cell 

clearing agents, or senolytics, to systemically remove senescent cells. Administration 

of senolytic agents improved markers of glycemia and pro-inflammatory circulating 

immune cells when coupled with low-percentage weight loss (Chapter V). Overall, 

this work provides translationally relevant insight into the biology of metabolic health 

phenotypes while identifying targets for improving health in the absence of large 

dietary and lifestyle changes. 
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ABSTRACT 

Over 650 million adults are obese (body mass index ≥ 30 kg/m2) worldwide. Obesity 

is commonly associated with several comorbidities, including cardiovascular disease 

and type II diabetes. However, compiled estimates suggest that from 5 to 40% of 

obese individuals do not experience metabolic or cardiovascular complications. The 

existence of the metabolically unhealthy obese (MUO) and the metabolically healthy 

obese (MHO) phenotypes suggests that underlying differences exist in both tissues 

and overall systemic function. Macrophage accumulation in white adipose tissue (AT) 

in obesity is typically associated with insulin resistance. However, as plastic cells, 

macrophages respond to stimuli in their microenvironments, altering their polarization 

between pro- and anti-inflammatory phenotypes, depending on the state of their 

surroundings. The dichotomous nature of MHO and MUO clinical phenotypes 

suggests that differences in white AT function dictate local inflammatory responses 

by driving changes in macrophage subtypes. As obesity requires extensive AT 

expansion, we posit that remodeling capacity with adipose expansion potentiates 

favorable macrophage profiles in MHO as compared with MUO individuals. In this 

review, we discuss how differences in adipogenesis, AT extracellular matrix 

deposition and breakdown, and AT angiogenesis perpetuate altered AT macrophage 

profiles in the MUO compared with the MHO. We discuss how non-autonomous 

effects of remote organ systems, including the liver, gastrointestinal tract, and 

cardiovascular system, interact with white adipose favorably in the MHO. Preferential 

AT macrophage profiles in the MHO stem from sustained AT function and improved 

overall fitness and systemic health. 
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INTRODUCTION 

As of February 2020, more than 1.9 billion adults worldwide were overweight [body 

mass index (BMI): 25–29.9 kg/m2], and over 650 million were obese (BMI ≥ 30 kg/m2) 

(1). Obesity decreases lifespan and increases the risk of developing hypertension, 

dyslipidemia, and type II diabetes (T2D) (2–4). Despite the number and variety of 

deployed weight-loss interventions, very few overweight or obese patients maintain 

weight loss over time, and globally, the number of obese individuals continues to 

increase (5). Across the BMI spectrum, not all obese individuals suffer the same 

comorbidities. Roughly 60% of obese individuals present with dysglycemia, 

hypertension, and/or dyslipidemia, and cutoff criteria associated with each of these 

maladies define obesity as either healthy [metabolically healthy obese (MHO)] or 

unhealthy [metabolically unhealthy obese (MUO)] (6, 7). The majority of individuals are 

classified as MUO; however, between 5 and 40% of obese individuals do not present 

with metabolic abnormalities and are defined as MHO (6–8). Definitions of MHO vary, 

as some studies identify only insulin-sensitive individuals as MHO, whereas others 

identify individuals with two or fewer metabolic abnormalities as MHO (7, 9, 10). A 

recently proposed definition of MHO identifies individuals based on the diagnosis of 

obesity and the following criteria: serum triglycerides ≤150 mg/dl, HDL-cholesterol 

concentrations >40 mg/dl in men or >50 mg/dl in women, systolic blood pressure ≤130 

mmHg, diastolic blood pressure ≤85 mmHg, no antihypertensive treatment as an 

alternative indicator, fasting blood glucose ≤100 mg/dl, and no treatment with glucose 

lowering agents (11). Significant controversy exists over the definitions and stability of 

MHO classifications. There is no universally accepted definition of MHO; many MHO 

individuals progress to MUO over time, and, although MHO individuals do have higher 

all-cause mortality and an increased risk of cardiovascular events compared with 
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healthy lean individuals (12, 13), they are at a decreased risk of cardiovascular 

complications and all-cause mortality compared with MUO individuals. Despite this 

controversy, understanding the biological mechanisms that maintain metabolic health 

with overt obesity would aid the development of therapeutics to convert MUO 

individuals to MHO and ultimately reduce the financial burden of obesity-related 

comorbidities. 

 

Although obesity results in white adipose tissue (AT) expansion, maintenance of 

metabolic function may underlie MHO individuals’ superior metabolic homeostasis. AT 

functions as an endocrine organ that maintains energy equilibrium, but function can 

differ by location. White AT accumulates throughout the body, including in the 

epicardial, mesenteric, omental, retroperitoneal, gonadal, subcutaneous abdominal, 

gluteal, and femoral regions (14). Intra-abdominal, or visceral, and subcutaneous 

white AT depots perform different functions and thus differentially impact metabolic 

health. Visceral AT accumulation is positively associated with cardiometabolic risk 

factors (15) and correlates with decreased insulin sensitivity (16). On the contrary, 

subcutaneous white AT accumulation protects against cardiometabolic risk factors 

(15) and corresponds with maintained insulin sensitivity (17), as evidenced by 

subcutaneous adipose transplantation into visceral depots alleviating metabolic 

dysregulation (18). Both adipocytes and immune cells in AT express and secrete 

bioactive hormones and signaling proteins that regulate metabolism (19–21). The goal 

of this review is to summarize macrophages as key AT immune cells and their 

influences, which drive tissue function (Figure 1). Elucidating changes in white AT 

composition is crucial to unraveling the mechanisms behind the observed metabolic 

differences between MHO and MUO groups. 
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Obesity-associated AT expansion often results in the accumulation of immune cells, 

including macrophages, contributing to low-grade chronic inflammation. 

Macrophages are the most abundant leukocytes in AT and assist in regulating 

physiological processes, including tissue remodeling and insulin sensitivity. 

Macrophage accumulation was originally thought to be universally pro-inflammatory 

and contributory to insulin resistance. However, macrophage subtypes stimulate 

different responses within AT. Macrophage subtypes exist along a continuum, as they 

demonstrate variable metabolic activation and ranges in inflammatory signaling (22, 

23). As such, they are often classified by whether they are more pro-inflammatory or 

more anti-inflammatory. M1 macrophages are thought to be more pro-inflammatory 

and secrete pro-inflammatory cytokines that ultimately inhibit proper insulin signaling 

in adipocytes (23, 24). Contrarily, M2 macrophages are thought to be more anti-

inflammatory and secrete anti-inflammatory cytokines that maintain functional insulin 

signaling (23, 24). 

 

In obese states, macrophages play crucial roles in damage response. Macrophage 

polarization patterns are influenced by environmental cues and inflammatory 

signaling (23), and macrophages accumulate when danger signals propagate and 

incite more inflammation to manage their resolution. In obese states, macrophages 

clear dead adipocytes and other cell debris, exocytose excess lipid, secrete both 

pro- and anti- inflammatory cytokines, and contribute to adipose remodeling (23). 

Macrophage responses are interrupted by insulin resistance, hypoxia, and reactive 

oxygen species generation, metabolic endotoxemia or cell senescence, and death. 

While macrophage accumulation in obese individuals is typically affiliated with 

inflammation and these downstream consequences, healthy obese individuals do not 
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demonstrate the same levels of inflammation as their MUO counterparts. In this 

review, we discuss how differences in white AT components give rise to contrasting 

macrophage M-phenotypes in MHO compared with MUO persons. We also discuss 

how diet and aspects of systemic metabolic health impact AT macrophages. 

 

ADIPOSE MACROPHAGE SUBTYPES 

Obesity alone incites the recruitment and proliferation of AT macrophages, the 

predominant adipose leukocyte population (25, 26). As plastic cells that respond to 

their microenvironments, macrophages range from highly pro-inflammatory, or M1-like, 

to highly anti-inflammatory, or M2-like (27). M1 macrophages fight against intracellular 

pathogens, are induced by pro-inflammatory factors including lipopolysaccharide and 

interferon-γ, and secrete inflammatory cytokines including interleukin (IL)-6, IL- 1β, 

and monocyte chemoattractant protein-1 (MCP-1) (28). Hematopoietic-derived M1 

macrophages utilize glycolysis and are recruited into AT and where they can 

proliferate (29–31). M2 macrophages, on the other hand, contribute to tissue repair 

and produce anti-inflammatory cytokines, including IL-4 and IL-13. Contrary to M1 

macrophages, yolk sac-derived M2 macrophages utilize oxidative phosphorylation 

(31). White AT homeostasis requires a balance of both these pro- and anti-

inflammatory macrophage subtypes. Excess M1 macrophage infiltration results in 

increased tissue inflammation, whereas an overabundance of M2 macrophages can 

lead to aberrant fibrogenesis, limiting the remodeling required for AT to respond to 

changing lipid storage needs (32, 33). In diet-induced obese states, macrophage 

polarization shifts from a 4:1 M2-to-M1 ratio in lean animals to a 1.2:1 ratio in obese 

animals, as M1 macrophages are recruited into white AT (29). 

MHO individuals display an anti-inflammatory adipose macrophage profile that more 
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closely resembles that of metabolically healthy lean individuals, including an increased 

M2:M1 ratio (34). Of note, MHO individuals likely accumulate metabolically active 

adipose macrophages, which is a subtype that may be distinct from coarsely defined 

M1 or M2. Although we will  focus primarily  on M1  and M2 macrophages  in the 

remainder of this text, metabolically active macrophages are associated with 

decreased nicotinamide adenine dinucleotide phosphate oxidase 2, which reduces the 

inflammation associated with obesity and downstream insulin resistance (30, 35, 36). 

These macrophages are thought to better regulate lipid, catecholamine, and iron 

availability and perform other functions, including modulating local inflammation and 

clearing dead adipocytes during prolonged obesity (30, 35, 36). This suggests that, in 

contrast to MUO, MHO individuals’ anti- inflammatory AT macrophage profile helps 

maintain insulin and glucose regulation and deters pro-inflammatory macrophage 

recruitment. In the following sections, we will discuss the relationships between 

aspects of AT function, macrophage polarization, and metabolic regulation in t h e  

MHO compared with the MUO. 

 

ADIPOCYTE FUNCTION AND ADIPOGENESIS 

MHO adipocyte function mediates anti-inflammatory AT macrophage activation and 

polarization (37). Adipocytes secrete cytokines, depending on their inflammatory state, 

that influence immune cells. Secretion of Th2 cytokines, including IL-4 and IL-13, 

induces macrophage peroxisome proliferator- activated receptor (PPAR)δ expression, 

a regulator of fatty acid metabolism (38), which also improves whole-body insulin 

sensitivity (39). Insulin-sensitive obese individuals have higher PPARγ (i.e., PPARγ2) 

messenger RNA (mRNA) expression levels in peripheral blood mononuclear cells and 
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their visceral adipose than do insulin-resistant obese individuals (40, 41). Ablation of 

both PPARγ, a regulator of adipogenesis and lipogenesis, and PPARδ renders 

macrophages unable to transition to the M2 subtype (38, 42, 43). Therefore, in MHO 

individuals, adipocyte cytokine secretion and its downstream effects on fatty acid 

metabolism and adipogenesis regulators incite M2 macrophage polarization and 

whole-body insulin sensitivity while promoting sufficient adipogenesis (i.e., proliferation 

and differentiation of preadipocytes) to manage the concurring nutrient overload. 

 

Fluctuations in AT macrophage ratios correspond to changes in preadipocyte 

differentiation and adipogenic signaling. The factors secreted by pro-inflammatory M1 

macrophages possess anti-adipogenic properties (44). Unlike M1 macrophages, 

both M2 macrophages and inactive macrophages promote preadipocyte survival by 

releasing a platelet-derived growth factor (PDGF) (45). However, excess M2 

macrophages have been shown to impair preadipocyte differentiation through the 

transforming growth factor-beta (TGF-β) pathway (46). The effects of AT macrophage 

balance on preadipocyte differentiation and adipose expansion require further 

investigation (47); however, differences in the AT macrophage profiles of MHO and 

MUO individuals likely drive the rate and format of adipogenesis, as in vitro 

differentiation protocols illustrate that adipogenesis is greater in MHO than MUO 

people (48–51). The nuclear hormone receptor PPARγ acts as a master transcription 

factor of adipocyte differentiation by inducing and maintaining the expression of key 

adipogenic genes, such as GLUT4 and adiponectin, which are necessary for normal 

adipocyte function and downstream insulin sensitivity (52). Diabetic patients treated 

with PPARγ-activating thiazolidinediones, a class of antidiabetic drugs, often 

experience weight gain in the form of subcutaneous AT expansion. Accordingly, the 
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subcutaneous AT expansion that occurs through adipocyte hyperplasia (increasing 

number of cells through differentiation of new adipocytes) appears metabolically 

favorable and contributes to systemic insulin sensitization (53), and the same PPARγ 

signaling promotes an M2-positive AT macrophage balance. In obese states, AT 

macrophages provide signals that communicate with mature adipocytes and 

preadipocytes to incite either adipocyte hypertrophy or preadipocyte differentiation 

and adipocyte hyperplasia. In the MHO, de novo adipogenesis driven by improved 

glucose uptake and anti-inflammatory signaling—including increased PPARγ and 

adiponectin—results in smaller, more numerous adipocytes (54); the resulting 

adipocyte hyperplasia maintains a more anti-inflammatory AT macrophage profile 

(54). In MUO, hypertrophic adipocytes communicate with recruited M1 macrophages 

and secrete pro- inflammatory leukotrienes, such as LTB4, which inhibit insulin 

signaling in metabolic tissues and thus further recruit more pro- inflammatory 

macrophages (55). Proteomic analyses of visceral AT from T2D MUO obese 

individuals revealed mitochondrial dysfunction and reduced adipocyte differentiation, 

which additionally incites M1 macrophage recruitment (56). This vicious cycle 

continues with tumor necrosis factor-alpha and IL- 1β secreted by M1 macrophages, 

further impairing adipogenic differentiation, with reduced adipogenic gene expression 

in subcutaneous AT and, in some cases, increased numbers of small adipocytes (48, 

57, 58). In contrast, normoglycemic obese individuals show an increase in the 

percent of adipose progenitors within their tissue compared with both pre-diabetic and 

T2D obese subjects (59). MHO individuals benefit from a positive insulin sensitizing 

cycle, where anti-inflammatory signals from adipocytes result in M2 macrophage 

polarization, which promotes healthy adipocyte hyperplasia and further anti- 

inflammatory signaling from adipocytes. 
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EXTRACELLULAR MATRIX REMODELING 

Healthy AT expansion requires extracellular matrix (ECM) remodeling. Adipocytes 

are surrounded by a network of ECM proteins that serve as a mechanical support 

and respond to different signaling events (60). AT expansion relies on adaptive 

cellular and extracellular responses to prevent ectopic lipid deposition and lipotoxicity 

(61–63). Within AT, collagens produced primarily by adipocytes and endothelial cells 

comprise most non-cell tissue mass, whereas integrins are the major tissue receptors 

for cell adhesion to ECM proteins (64, 65). Increased interstitial fibrosis due to excess 

collagen deposition likely decreases ECM flexibility and reduces tissue plasticity, 

which leads to adipocyte dysfunction and immune cell infiltration (66). Insulin-

resistant individuals demonstrate aberrant ECM deposition and insufficient ECM 

breakdown (59, 67). 

 

Important protein families that comprise the ECM include matrix metalloproteinases 

(MMPs), enzymes that process and degrade pericellular substrates and play a vital 

role in regulating ECM remodeling in normal and disease states (68). Tissue inhibitors 

of metalloproteinases (TIMPs), which comprise a family of four protease inhibitors, 

inhibit MMPs to achieve a balance in production and breakdown (69). Adipose 

expression of MMP-9, increased in MUO compared with MHO (38, 70), positively 

correlates with insulin resistance and cardiovascular disease risk in obese persons. 

Similarly, visceral AT MMP-14 expression correlates with adipose accumulation and 

insulin resistance in women (71). MMP-11 is also increased in the white adipose 

of obese insulin-resistant mice (72). TIMP-3 regulates white adipose inflammation 

and insulin sensitivity, and its deletion in mice increases M1 macrophage 
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accumulation in white AT (73), whereas its overexpression in macrophages resulted 

in improved glucose tolerance and insulin sensitivity and decreased inflammation in 

high-fat diet-fed mice (74). 

 

Individuals with worsening glycemic control exhibit excess AT deposition of collagens 

I, III, IV, and VI (59). Collagen VI gene expression coincides with more visceral adipose 

mass and pro-inflammatory macrophage accumulation (75, 76). Excess collagen VI 

deposition imparts stress by inhibiting adipocyte expansion (60). AT fibrosis creates 

rigidity, restrains adipocyte expansion, and, ultimately, triggers adipocyte 

inflammation in response to the increased mechanical stress. Collagen IV, which 

accounts for up to 50% of the basement membrane, also increases with TGFβ-1 

and TGFβ-3 gene expression in human subcutaneous adipose, resulting in pro-

inflammatory and pro-fibrotic phenotypes (77). Increases in collagens, including 

Col24α1, are associated with insulin resistance in AT and skeletal muscle (78, 79). 

Also, gene expression of CD44, which regulates cell–cell and cell–matrix interactions, 

is 3-fold higher in subcutaneous AT of MUO individuals, and CD44 density on 

macrophages is associated with the M1 phenotype (80). These data indicate that a 

vicious cycle of aberrant ECM turnover and increased inflammatory signaling, 

including M1 macrophage recruitment, results in insulin resistance in obese AT. 

 

MHO individuals possess improved ECM turnover rates, as their more flexible ECM 

constitution allows for increased lipid storage. As previously mentioned, the 

expandability of MHO individuals’ subcutaneous AT is thought to contribute to their 

decreased visceral AT accumulation and healthier metabolic profile (60), resulting in 

less cell death and decreased M1 macrophage recruitment (23). Decreased amounts 
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of MMPs and TIMPs, including TIMP-1, allow MHO adipocytes to differentiate more 

readily (81), as insulin-sensitive obese patients demonstrate less fibrosis than diabetic 

obese patients before and after bariatric surgery (82). Improving ECM turnover in MUO 

individuals could permit increased subcutaneous fat mass and ameliorate metabolic 

dysfunction and shifts in macrophage balance (83). M2 secretion of TGF-β provides 

essential structural support and necessary remodeling. However, in pathological 

instances, this secretion results in aberrant fibrosis development. Secretion of TGF-β 

by M2 macrophages is intended to promote anti- inflammatory tissue remodeling, 

though if aberrant, results in increased collagen deposition, downstream fibrosis, and 

insulin resistance (84). MHO individuals’ M2/M1 AT macrophage ratio, corresponding 

TGF-β secretion, and adequate ECM turnover allow for decreased adipocyte 

mechanical stress. 

 

Genes and gene product regulation in different obesity subtypes also determine ECM 

turnover by controlling macrophage polarization. For example, microRNAs (miRNAs) 

alter gene expression and modulate downstream glucose metabolism and insulin 

sensitivity in obesity (85), and exosomes from AT-derived stem cells control M2 

macrophage polarization (86). Specifically, exosomal miRNA-34a secreted by 

adipocytes suppresses M2 macrophage polarization and promotes obesity- induced 

adipose inflammation and metabolic dysfunction (87), whereas increased expression 

of miRNA-145 in visceral adipose reduces macrophage expression of pro-

inflammatory cytokines through adenosine diphosphate ribosylation factor 6 (88). 

MiRNA-145 also promotes preadipocyte differentiation and angiogenesis, leading to 

healthier AT (89). Adipocyte-derived exosomes contain many miRNAs still being 

characterized, such as miRNA-23b, miRNA-148b, and miRNA-4429, which are 
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expected to alter TGF-β signaling and potentially mitigate downstream fibrosis (90). 

For example, upregulation of miRNA- 23b mitigated kidney fibrosis in leptin-deficient 

mice (91), suggesting that exosomal miRNAs secreted from MHO adipose likely 

promote both anti-inflammatory macrophage polarization and preadipocyte 

differentiation while mitigating fibrosis. 

 

Current data indicate that MHO adipose   corresponds with sufficient ECM 

deposition and breakdown coupled with balanced AT macrophage populations and 

anti-fibrotic/pro- adipogenic miRNA secretion. Of note, miRNA promotion of 

preadipocyte differentiation co-occurring with new blood vessel formation (89) 

highlights that adipose expansion necessitates vascularization. 

 

ANGIOGENESIS 

Adipose   vascularity   dictates    tissue    metabolism    and insulin sensitivity. In 

obese states, AT expansion requires neovascularization that allows for sufficient 

oxygenation, nutrient delivery, and adipocyte differentiation. Adipose 

microvasculature plays a primary role in glucose homeostasis, as impaired tissue 

perfusion results in decreased glucose uptake and is a hallmark of T2D (92). Adipocyte 

hypertrophy that can occur  within just three days of high-fat diet consumption incites 

signals to increase angiogenesis and alleviate hypoxia (93). Successful 

neovascularization and its concomitant ECM remodeling reduce hypoxia to maintain 

AT health (94). MHO individuals typically accumulate subcutaneous white AT, which 

possesses improved angiogenic capabilities as compared with visceral adipose (95). 

MHO individuals maintain peripheral capillary density similar to metabolically healthy 

lean individuals, which allows for enhanced nutrient flow, and demonstrate improved 
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fitness compared with MUO (96–98). Vascular endothelial growth factor (VEGF) 

contributes to new blood vessel formation, as it induces the growth of both preexisting 

and new vessels (65). Adequate AT VEGF signaling in high-fat diet-fed mice 

protected the animals against insulin resistance by reducing hypoxia and, in turn, 

increasing their M2/M1 tissue macrophage profile (99–101). Increases in capillary 

density coincided with improvements in metabolic function in obese rats with 

metabolic syndrome (98). Improved fitness achieved through aerobic training of high-

fat diet-fed rats increased AT capillary density and increased the number of M2 tissue 

macrophages (102). 

 

Improved vascularity in MHO AT also is likely to increase numbers of adipose 

progenitor cells, as such cells reside within adipose vasculature (103). Increased 

numbers of adipose progenitors allow for hyperplastic expansion, which perpetuates  

an anti-inflammatory immune profile, including an increased M2/M1 macrophage ratio, 

as demonstrated by increased adipocyte hyperplasia in the subcutaneous AT of 

obese women (104). These data suggest that hyperplastic subcutaneous depot 

expansion that co-occurs with increased AT vascularity facilitates an anti-inflammatory 

AT milieu in the MHO. Prolonged hyperglycemia makes the cells within AT vessels 

susceptible to injury and promotes microvascular dysfunction.  A vicious cycle occurs 

in MUO patients, where impaired glycemic control worsens vascular reactivity, which 

then exacerbates AT hypoxia, inflammation, and tissue insulin resistance. MUO 

patients have a 44% decrease in capillary density and 58% lower VEGF signaling in 

the subcutaneous adipose, highlighting the occurrence of vascular rarefaction with 

hyperglycemia (105). Likewise, VEGF expression in both subcutaneous and visceral 

adipose decreases in a stepwise fashion with worsening insulin resistance (106). ECM 
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dysregulation contributes to insufficient vascularization, as obese patients with T2D 

demonstrate increased basement membrane thickness (59) and higher collagen VI 

synthesis, which correlated inversely with AT oxygenation in MUO patients (105). The 

two-hit process of impaired ECM remodeling and poor vascularization stimulates a 

pro-inflammatory immune cell response in MUO adipose, exemplified by CD68 mRNA 

and macrophage inflammatory protein 1α expression inversely correlating with AT 

oxygenation in MUO subjects (105). Accordingly, contrary to MHO adipose, decreased 

angiogenic capacity and   increased   vessel   injury in MUO adipose result in 

increased pro-inflammatory M1 macrophage recruitment and pro-inflammatory 

signaling. 

 

As angiogenic capacity influences adipose macrophage subtypes, existing 

macrophages in adipose impact angiogenesis. Macrophage deletion results in a 

reduction of vascular density in AT (107). Macrophages are a significant source of 

AT PDGF, which assists with blood vessel growth and repair of damaged vessels; 

their deletion also leads to a significant reduction in PDGF mRNA (108). M2 

macrophages promote angiogenic signaling, as evidenced by increased endothelial 

cells and tubular structures in subcutaneous adipose post-M2 macrophage injection 

(109). M2 macrophage polarization, but not the M1 phenotype, caused a substantial 

downregulation of TIMP-1 expression, resulting in the production of the angiogenic 

activated zymogen, proMMP-9 (110). These data suggest that the anti-inflammatory 

MHO adipose macrophage profile stimulates angiogenesis, which not only ensures 

sufficient AT nutrient supply but also contributes to MHO individuals’ improved fitness 

and systemic health. 
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NUTRITION AND ADIPOSE MACROPHAGE  PROGRAMMING 

Nutrient overload caused by excess food consumption is the most common initial 

trigger for obesity, and diet represents the paramount environmental health factor that 

is both modifiable and variable across populations. High caloric intake per se can 

effect macrophage polarization (27); however, dietary factors can influence either 

augmentation of M1 subtype abundance or support M2 programming. Macrophages 

have evolved to be effective responders to pathogen-associated molecular patterns 

(PAMPs) and damage-associated molecular patterns (DAMPs), which share 

common effector pathways. These patterns have been best explored with 

“microbial” inputs where these pathogen signals (endotoxin, lipoproteins, membrane 

proteins, peptidoglycans, DNA fragments, and lipoteichoic acid are examples) bind 

to receptors and initiate both phagocytosis/destruction and activation of inflammatory 

outcomes crucial to effective innate immunity (111). Toll-like receptors (TLRs), 

scavenger receptors, and mannose receptors are pattern recognition receptors 

present in all macrophages, and binding and activation of the inflammasome and 

subsequent release of cytokines and interferons lead to polarization toward the M1 

type of local resident macrophages, recruitment of circulating monocytes for 

activation, and proliferation of macrophages in situ (112). 

 

Diet has profound effects on the magnitude of DAMPs and PAMPs to which 

adipose macrophages are exposed. One of the important observations made in 

people was coined “metabolic endotoxemia,” whereby caloric excess was related to 

increased biomarkers of microbial translocation, such as lipopolysaccharide-binding 

protein 1 (LBP1) (113). LBP1 is released from the liver into the circulation in response 

to PAMPs and functions as a co-receptor for TLRs present on the macrophage cell 
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membrane, thus initiating inflammatory responses in peripheral tissues, such as 

adipose (114, 115). In addition to just caloric excess, specific dietary components 

are known to induce LBP1 and PAMP signaling through modulation of the microbial 

interactions at the intestinal mucosal barrier. Fructose is the best described dietary 

factor proven to increase intestinal barrier dysfunction in rodents, humans, and non-

human primates (116–120). Fructose is additionally associated with excess caloric 

consumption, obesity, and metabolic diseases, such as diabetes and metabolic-

associated fatty liver, and these disease states further augment macrophage 

accumulation and the inflammatory cycle of insulin resistance in AT (27). 

Lipoproteins are additionally recognized as PAMPs, and low-density lipoproteins 

reliably increase in concentration in response to caloric excess and fructose 

exposure, as the liver packages and processes TGs for export (121). This lipoprotein- 

delivered TG is the substrate for AT to uptake and store peripherally, which, in 

unhealthy obesity, may not be an efficient process. Impaired insulin sensitivity and 

excess adipocyte hypertrophy lead to hypoxia, further inflammatory signaling and 

macrophage recruitment, and even adipocyte apoptosis or necrosis—the sequelae 

being more local DAMPs to drive local macrophages to respond, recruit, and 

additionally augment the M1 response. The endotoxemia resulting from caloric 

excess or dietary fructose has been described as sterile; however, more recently, 

antibiotic and probiotic therapy deployed to modify the pathogen response has shown 

effectiveness in improving inflammatory and metabolic outcomes (117). More 

evidence to suggest that local adipose PAMP responses are to actual pathogens 

includes the recent demonstration of an adipose microbiome in obese people (122–

124). These bacteria are confirmed to include whole live organisms and be present 

in the circulation and visceral and subcutaneous AT depots (124). From the data 
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suggesting that dietary calories and ingredients increase microbial translocation and 

shape the microbiome, it is likely that the number and type of microbes filtered out 

into adipose also are diet driven (125) and will influence the abundance and 

polarization of adipose macrophages. 

 

Saturated fat is another dietary component with the ability to function as a 

PAMP/DAMP. Structurally, a longer chain of single carbon–carbon bonds may mimic 

the saturated fatty acids in phospholipids of most microbial membranes and the long 

fatty acid chains incorporated in the structure of endotoxins, which in intact Gram-

negative microbes reside in the outer membrane (126). Saturated fat intake has been 

related to endotoxemia, but studies that include calorie control are not available, and 

caloric excess alone is sufficient to elevate LBP1 and induce peripheral inflammation 

(127–129). Similarly, trans-fatty acids structurally resemble saturated fatty acids and 

are presumed to act as pro-inflammatory danger signals and a potent dietary 

ingredient famous for induction of metabolically unhealthy obesity (130, 131). A diet 

rich in unhealthy attributes, such as excess caloric amounts, high fructose or added 

sugars, cholesterol (132), saturated and/or trans-fatty acids, all drive macrophage 

activation through highly conserved pathways evolved to detect pathogens and 

resolve tissue damage (133). The result perpetuates an inflammatory state and M1 

phenotypic predominance in AT in response to signals that indicate the need for 

active phagocytic and antigen presentation functions. Depot differences are not well-

described; however, some evidence for dietary factors inducing intra-abdominal fat 

shifts do exist. Examples include trans-fat consumption being linked to visceral fat 

accumulation, and in an obese patient cohort, the abundance of ectopic bacteria in 

omental fat tissue was slightly higher than that in subcutaneous fat, both of which 
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are consistent with the body of knowledge that indicates intra-abdominal AT is more 

contributory to unhealthy obesity than is subcutaneous fat expansion (122, 124). 

 

Few dietary factors directly influence macrophages positively to effect an M2 

inflammation-resolving state. Polyunsaturated fatty acids (PUFAs) do have a direct 

role on macrophage function (134), whereas most dietary components have indirect 

contributions to adipose health and consequential reductions in DAMP/PAMP 

sensing by local macrophage populations (135). These indirect effects will not be 

discussed, but examples include dietary fiber, which shifts the microbiome and 

improves mucosal barrier function, thus decreasing LBP1 and endotoxemia (136–138), 

dietary components, such as isoflavones, which are rich in fermented foods, and 

polyphenols, which are rich in fruits and vegetables. Isoflavones can have a lipid-

lowering effect (139), thus decreasing lipoprotein sensing by scavenger receptors, 

and can have estrogen receptor (ER) activity, which indirectly can reduce 

inflammation and promote vascular reactivity. Macrophages express ER 

(predominantly α-isoforms and G-protein coupled ER1), and dietary isoflavones can 

bind and decrease nuclear factor-kappa B (NF-κB) activation and cholesterol 

oxidation in the context of lipid and cholesterol exposure (140), thus facilitating or 

maintaining M2 polarization in culture and vascular tissue, an effect likely to be 

also seen in adipose macrophages (141). Polyphenols can be effective free radical 

scavengers, thus reducing local inflammation and tissue damage signaling (142, 

143). Omega-3 polyunsaturated fatty acids (n-3 PUFA) cannot be synthesized de 

novo by humans due to the lack of delta-12 and delta-15 desaturase   enzymes   

and   must,  therefore,  be acquired from the diet (144). The major n-3 fatty acid 

in the diet, α-linolenic acid (18:3n-3), can be converted to other more anti-
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inflammatory lipids, such as eicosapentaenoic acid (20:5n-3), docosahexaenoic acid 

(22:6n-3), and the less recognized docosapentaenoic acid (22:5n-3), which can be 

directly sourced through consumption of fish and derived fish oils. The utilization 

of dietary n-3 fatty acids in the synthesis of complex PUFAs, such as 

docosahexaenoic acid, eicosapentaenoic acid, and anti-inflammatory 

prostaglandins is well-noted and thought to contribute to the reduction of pathologies 

associated with chronic disease, including metabolic syndrome. The challenge is that 

the conversion of α-linolenic acid into these anti-inflammatory lipids is very limited in 

people; thus, increasing dietary intake, coupled with counseling to reduce the negative 

dietary features described earlier, is a popular strategy to improve metabolic health 

in obesity. N-3 PUFAs directly interact with G-protein coupled receptor (GPR) 120 to 

generate an intracellular signaling complex that inhibits multiple inflammatory 

pathways, such as NF-κB and activated c-Jun N- terminal kinase, which are 

downstream of TLR and cytokine receptors (145). This effect is not limited to 

macrophage signaling and shifting the profile toward a resolving M2 phenotype; 

these healthy long-chain fatty acids also signal through GPR120 on adipocytes to 

reduce inflammation and improve insulin sensitivity, leading to less DAMP signaling 

from hypoxic, stressed adipocytes and decreased paracrine inflammatory effects on 

tissue-resident macrophages.  

 

In summary, healthy dietary features, such as fiber, n-3 PUFAs, and bioactive 

flavonoids can directly and indirectly drive the macrophage profile toward an M2 anti-

inflammatory profile and a healthier state, even if the subject is obese (27). Diet can 

influence the balance of M1 and M2 macrophages in adipose both directly, by 

modifying the burden of DAMP/PAMP signaling, and indirectly by influencing insulin 
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sensitivity and tissue function of adipocytes and vascular cells in adipose. Therapeutic 

strategies that capitalize on dietary mechanisms are in development, including 

synthetic GPR120 ligands, probiotics, and synbiotics to improve intestinal barrier 

function, as methods to improve health in obese persons (70, 138). 

 

IMPACTS OF NON-ALCOHOLIC FATTY       LIVER DISEASE ON ADIPOSE 

MACROPHAGE TYPES 

MHO individuals’ liver composition and inflammatory signaling moderate the anti-

inflammatory profile of their peripheral tissues. Obesity-related nutrient overload 

incites spillover of free fatty acids from AT that are taken up by the liver through 

the portal vein. Accordingly, increased visceral adipose accumulation corresponds 

with liver triglyceride accumulation. The severity of non-alcoholic fatty liver disease 

and non- alcoholic steatohepatitis has been shown to correspond with an expression 

of inflammatory genes in AT (146). Increased pro- and anti-inflammatory 

macrophage infiltration in visceral adipose was observed in obese patients with non-

alcoholic steatohepatitis (146). MHO individuals demonstrate less liver triglyceride 

accumulation and liver fibrosis and overall improved liver function compared with MUO 

individuals (147, 148). Decreased liver fibrosis corresponded with fewer omental AT 

macrophages in obese humans, as macrophage accumulation decreased with 

decreasing fibro-inflammation indexes (149). Adiponectin, an adipokine that promotes 

AT lipid storage, lipid oxidation, and downstream anti-inflammatory signaling, is 

increased in MHO compared with MUO, providing another physiologic mechanism for 

MHO individuals’ decreased liver triglyceride accumulation (150–152). Adiponectin 

has also been shown to correlate with insulin resistance in obese female people (153). 
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Decreased liver triglyceride accumulation and fibrosis, along with increased 

effectiveness of anti-inflammatory signaling from the liver, correspond with reduced 

macrophage accumulation in MHO and allow for improved adipose storage and 

sustained AT glucose uptake. 

 

PARACRINE ADIPOSE EFFECTS ON THE CARDIOVASCULAR SYSTEM 

In addition to their decreased risk of all-cause mortality, MHO individuals experience 

a decreased risk of   heart failure even compared with metabolically unhealthy lean 

individuals (154). The interactions between MHO individuals’ AT and their 

cardiovascular system explain the observed cardiometabolic outcomes. 

 

The perivascular and epicardial fat depots are in direct proximity to cardiovascular 

tissue and interact positively in a paracrine fashion with the myocardium and 

vasculature in MHO persons. Perivascular AT, located around the large arteries, 

produces nitric oxide and secretes adipocyte-derived relaxing factors and other 

adipokines that relax vascular smooth muscle cells and are able to go into 

microcirculation (155). As perivascular adipose maintains vascular bed homeostasis, 

it controls the effects of insulin on microcirculatory systems in metabolic tissues. For 

instance, perivascular adipose successfully facilitates insulin-mediated vasoreactivity 

and glucose uptake in skeletal muscle (156). Interestingly, loss of perivascular AT in 

lipoatrophic mice (A-ZIP/F1) enhances the contractile responses of blood vessels, 

which results in hypertension (157). In instances of pathological perivascular 

dysfunction, the perivascular AT release of adipocyte-derived relaxing factors 

diminishes, whereas its release of pro-inflammatory cytokines, including IL-6, tumor 
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necrosis factor-alpha, and MCP-1, increases, and a negative cycle of perfusion and 

AT dysfunction perpetuates as described earlier. This directly impacts endothelial 

and vascular smooth muscle cells and incites vascular inflammation (155). Pro-

inflammatory perivascular AT signaling is initiated by decreased nitric oxide 

production, increased reactive oxygen species, and pro-inflammatory cytokines 

released by the dysfunctional endothelium, vascular smooth muscle cells, or vascular 

macrophages (155). In MUO individuals, dysfunctional perivascular AT alterations 

stem from adipocyte hypertrophy, hypoxia, oxidative stress, and pro-inflammatory 

macrophage infiltration (158, 159). These data suggest that MHO perivascular AT 

successfully facilitates glucose uptake while promoting anti- inflammatory 

macrophage accumulation. 

 

Like perivascular AT, interactions between healthy epicardial AT and the myocardium 

mitigate pro-inflammatory signaling in MHO individuals. Epicardial AT, located 

between the myocardium and visceral pericardium, acts as an energy source for the 

myocardium, as epicardial adipose has a higher capacity for uptake and release of 

free fatty acids and a lower rate of glucose utilization than other visceral depots (160). 

Given its ability to take up free fatty acids, epicardial adipose is thought to act as a 

buffer for the myocardium against lipotoxicity (160, 161). However, in pathological 

settings, the epicardial adipose may provide excess free fatty acids associated with 

myocardial steatosis and systemic insulin resistance (162). Insulin resistance and 

T2D are associated with increased MCP-1 expression in epicardial adipose, and peri-

coronary adipose displays increased M1 macrophage infiltration compared with other 

regions distal to the coronaries (163, 164). The importance of whole-body health 

highlights that peri-coronary epicardial adipose inflammation may influence vascular 
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function negatively as well as positively (163). In unhealthy obese states, hypoxic 

perivascular adipose transports macrophages that may carry oxidized cholesterol 

from systemic circulation to epicardial adipose through the neovascularized vasa 

vasorum (165, 166). Local epicardial AT inflammation also stems from dysregulated 

miRNA expression. Patients with coronary artery disease demonstrate increased 

miR-103-3b upregulation, which is a potential modulator of the pro-inflammatory 

cytokine CCL13 (167). Insulin resistance and T2D are characterized by changes in 

miRNAs, including miR-29a and miR-143, which regulate AT browning and 

inflammation (168). Importantly, miR-29a has been associated with myocardial 

fibrosis, whereas miR-143 is a biomarker of vascular smooth muscle cell activation 

that is linked to atherosclerosis and hypertension (169, 170). Adipose acts as a local 

renin–angiotensin system by producing angiotensinogen, a precursor to angiotensin 

II (171). The hypertension medication telmisartan—an angiotensin II type 1 receptor 

blocker and PPARγ agonist—improved insulin resistance while decreasing M1 and 

increasing M2 macrophage gene expressions in visceral adipose from high-fat diet-

fed mice (171). These data suggest that a hypertensive MUO person who has more 

M1 macrophages recruited into their adipose, when treated with telmisartan, may 

experience a shift in their adipose macrophage profile and a reduction in local 

inflammation. While epicardial AT function protects MHO individuals from lipotoxicity 

and maintains the anti-inflammatory immune cell profile, more work is needed to 

understand the crosstalk between epicardial adipose miRNAs, the cardiovascular 

system, and their relationship to health and disease. 

 

DISCUSSION 

In this review, we discuss how macrophage phenotypes drive adipose health in MHO 
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and MUO persons, as these immune cells affect the local AT niche and are heavily 

influenced by diet and systemic health characteristics (Figure 1). Improved white 

adipose function in conjunction with the consumption of n-3 PUFAs, polyphenols, and 

fiber results in anti-inflammatory M2 macrophage programming in MHO. Functional 

white adipose adipogenesis, increased tissue vascularization, ECM turnover, and 

downstream anti-inflammatory signaling in combination with consumption of the 

dietary components mentioned earlier propagate M2 maintenance and proliferation 

while abating harmful pro-inflammatory M1 macrophage recruitment. Gut mucosal 

barrier integrity, functional liver-adipose, and cardiovascular system-adipose cross 

talk parallel the effects of diet by decreasing MHO AT pro-inflammatory signaling and 

maintaining insulin sensitivity. Alternatively, increased dietary consumption of 

saturated fat, cholesterols, trans fat, and fructose incites pro-inflammatory adipose 

macrophage recruitment in MUO adipose, which inhibits adipogenesis. Consumption 

of these dietary components, in conjunction with dysfunctional adipogenesis, results in 

augmented adipocyte hypertrophy. This, combined with decreased angiogenic 

signals, disrupted ECM turnover, and downstream pro-inflammatory cytokine 

secretion, stimulates further pro-inflammatory M1 macrophage recruitment. Impaired 

gut mucosal barrier integrity in the MUO drives multi-organ inflammation. This results 

in dysfunctional adipose-liver and adipose-cardiovascular system cross talk, which 

concurrently promote pro-inflammatory M1 macrophage recruitment in MUO adipose. 

Once M1 macrophages enter the tissue, they secrete additional pro-inflammatory 

cytokines that recruit more M1 macrophages. This vicious cycle of inflammation and 

perpetuation of unhealthy AT, further expansion, and greater multisystemic 

dysfunction characterizes MUO individuals. 
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Clearing M1 macrophages from unhealthy adipose may reestablish metabolic health. 

Obesity incites senescent cell accumulation in AT and M1 macrophage recruitment, 

and pharmacological senescent cell clearing agents have effectively reduced 

macrophage accumulation and pro-inflammatory signaling while restoring metabolic 

function in obese mice and people (172–174). Calcium/calmodulin-dependent 

protein kinases (CaMKs) play roles in myocardial ischemia/reperfusion injury, 

regulating food intake and energy expenditure. Activation of CaMK II δ in 

cardiomyocytes prompted pro-inflammatory macrophage recruitment and associated 

NF-κB signaling that results in fibrosis and myocardial dysfunction (175). Loss of 

CaMK kinase II (CaMKK2) reduced AT M1 macrophage- derived NF-κB signaling 

caused by a high-fat diet, highlighting an important function for CaMKK2 in controlling 

diet-induced adipose M1 macrophage inflammation (176). For example, treatment 

with a CAMKK2 inhibitor, tilianin, decreased pro- inflammatory signaling in 

cardiomyocytes (177). The use of CaMKK2 inhibitors in MUO may reduce AT 

inflammation, although more research is needed to determine how CaMK inhibition 

impacts AT immune cell populations over time. 

 

As obesity rates continue to rise and weight-loss interventions prove largely 

unsuccessful, understanding how to mediate the vicious AT macrophage cycle in 

MUO individuals is imperative. Although long-term obesity ultimately increases the 

risks of multisystem adverse events, breaking the pro- inflammatory macrophage 

cycle will potentially shift MUO individuals to MHO and reduce current health burdens. 
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Figure 1. Metabolically healthy obesity (MHO) and metabolically unhealthy 

obesity (MUO) may be defined by differences in AT. This review focuses on 

macrophage phenotypes (M-Types) as a key element driving adipose health, as 

these immune cells have potent effects on the local AT niche and are influenced by 

diet and other systemic health characteristics. Differences in dietary components and 

aspects of adipose expansion perpetuate MHO and MUO adipose macrophage 

phenotypes. Increased consumption of omega 3 polyunsaturated fatty acids (n-3 

PUFAs), polyphenols, and fiber results in anti-inflammatory adipose macrophage 

(M2) programming in MHO. These dietary components combined with improved white 

adipose adipogenesis and corresponding adipocyte hyperplasia increase tissue 

vascularization and extracellular matrix (ECM) turnover, and downstream anti-

inflammatory signaling propagates anti-inflammatory M2 macrophage proliferation 

while abating harmful pro-inflammatory M1 macrophage recruitment into tissue. 
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Parallel to effects of diet and adipose structure, systemic drivers, including functional 

liver-adipose cross talk and improved vasoreactivity, also decrease MHO AT pro-

inflammatory signaling and maintain insulin sensitivity. Alternatively, increased 

consumption of saturated fat, cholesterols, trans fat, and fructose incites pro-

inflammatory macrophage recruitment in MUO adipose. Consumption of these dietary 

components in conjunction with dysfunctional adipogenesis results in adipocyte 

hypertrophy. This, combined with decreased angiogenic signals, disrupted ECM 

turnover, and downstream pro-inflammatory cytokine secretion, stimulates pro-

inflammatory M1 macrophage recruitment. Systemic dysfunction in the form of 

decreased vasoreactivity and oxidative stress concurrently fosters insulin resistance 

while promoting pro-inflammatory M1 macrophage recruitment into MUO adipose. 

Once M1 macrophages enter the tissue, they secrete additional pro-inflammatory 

cytokines that recruit more M1 macrophages. This vicious cycle of inflammation, 

perpetuation of unhealthy AT, and greater multisystemic dysfunction characterize 

MUO individuals who are defined by increased expression of metabolic syndrome 

components. Created with Biorender.com 
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Abstract  

Obesity impacts 650 million individuals globally, often co-occurring with metabolic 

syndrome. Though many obese individuals experience metabolic abnormalities 

(metabolically unhealthy obese [MUO]), ~30% do not (metabolically healthy obese 

[MHO]). Conversely, >10% of lean individuals are metabolically unhealthy (MUL). The 

physiologic drivers of these clinical phenotypes remain unclear. We profiled 

subcutaneous (SQ) adipose tissue (AT) from a nonhuman primate (NHP) model, the 

African green monkey, which naturally demonstrates all four health phenotypes without 

dietary interventions. A 44-animal cohort was selected using metabolic syndrome risk 

criteria adjusted for NHPs (waist circumference>40cm, HbA1c>6, fasting glucose>100 

mg/dL, systolic blood pressure>135mmHg, diastolic blood pressure>85mmHg, 

triglycerides>125mg/dL, HDL cholesterol<50mg/dL). Body composition imaging and SQ 

AT biopsies were collected. Differences in adipocyte size, macrophage subtype 

distribution, gene expression, vascularity and fibrosis were analyzed using digital 

immunohistopathology, unbiased RNA-seq, endothelial CD31, and Masson’s trichrome 

staining, respectively. No differences in AT distributions or adipocyte size were 

observed by health status. MHO NHPs demonstrated significant increases in M2 

macrophages (p=0.02) without changes in macrophage density. MHO AT also 

demonstrated upregulation of fatty acid oxidation-related terms and transcripts, 

including FABP7 (p=0.01), while MUO AT demonstrated downregulation of these terms 

and co-occurring upregulation of immune response terms. These changes occurred in 

the absence of differences in endothelial cells, collagen I deposition, or circulating 

cytokine levels. Without dietary drivers, healthy obesity is defined by increased SQ AT 

M2 macrophage accumulation and fatty acid oxidation gene expression. We highlight 

M2 macrophages and fatty acid oxidation as targets for improving metabolic health with 

obesity. 
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Introduction 

More than 1.9 billion adults worldwide are overweight (BMI: 25-29.9kg/m2), and over 650 

million are obese (BMI >30 kg/m2) (1). Obesity often coincides with metabolic syndrome 

(MetS), which is defined as the presence of two or more of the following: increased waist 

circumference, hypertriglyceridemia, low high density lipoprotein (HDL) cholesterol, 

elevated fasting glucose, and hypertension(2). However, roughly 30% of obese people 

remain free of MetS (3), while over 10% of lean individuals demonstrate metabolic 

abnormalities(2). The mechanisms that sustain the metabolically healthy obese (MHO) 

or propagate the metabolically unhealthy lean (MUL) phenotypes are undetermined. 

 

The MHO and MUL phenotypes are evidence that complex interactions exist between 

adipose (AT) and metabolic regulation. White AT accumulates in two main depots – the 

visceral (VIS) and subcutaneous (SQ) depots. In white AT, adipocytes process and 

propagate signals to maintain energy equilibrium (4). Increased adipocyte size is 

associated with poor metabolic health, while increased adipocyte number protects 

against metabolic dysfunction (5, 6). AT expansion relies on angiogenesis, as AT 

vasculature transports nutrients to and from adipocytes (7). Insufficient AT vasculature 

results in hypoxia (8) and tissue fibrosis (7). Dysregulation of these processes results in 

adipocyte stress that drives tissue inflammation and promotes worsened health in both 

lean and obese states.  

 

Macrophages constitute 5% of white AT cell content in healthy lean states and up to 

50% of cell content in obese states (9). As the predominant leukocyte in AT, 

macrophages respond to stimuli in their microenvironments and range from highly pro-

inflammatory to highly anti-inflammatory (10). While heterogeneous, AT macrophages 
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are often defined by the extremes of their inflammatory states (10). Recruited M1, or 

classically activated, macrophages are prompted by toll-like receptor (TLR) ligands (11, 

12), and demonstrate high antigen presentation and expression of pro-inflammatory 

cytokines (12). Embryo-derived M2 macrophages, or alternatively activated 

macrophages, are induced by anti-inflammatory stimuli (12). Intermediate macrophages 

express both M1 and M2 markers, and associate with insulin resistance and 

demonstrate increases in mitochondria and upregulation of fatty acid metabolism 

enzymes (13). AT metabolic reprogramming adjusts environmental stimuli and 

macrophage polarization (14). Excess M1 macrophage infiltration results in increased 

tissue inflammation, while an overabundance of M2 macrophages can cause aberrant 

fibrosis (15). The spectrum of macrophages present in AT has not been determined in all 

defined metabolic health groups.  

 

AT differences that result from dietary interventions and result in disparate health 

phenotypes have been studied. Here, we evaluated SQ AT differences between the four 

metabolic phenotypes (metabolically healthy lean [MHL] v MHO, MUL, metabolically 

unhealthy obese [MUO]) that occur spontaneously without dietary drivers or changes in 

environment. To do this, we used a unique nonhuman primate model, the African green 

monkey (Chlorocebus aethiops sabaeus), that was maintained on a healthy low-fat, low-

cholesterol, and simple carbohydrate-containing diet. We harnessed a comprehensive 

immunohistochemical approach to evaluate macrophage subtypes, and coupled our 

macrophage assessment with unbiased RNA-seq to evaluate SQ AT transcriptional 

differences between metabolic health phenotypes.  

 

Results  
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Abdominal adipose tissue distribution does not explain poor metabolic health 

By design, obese animals were selected to have increased waist circumferences (Table 

1). On average, obese animals weighed 1.6 kilograms more and their average percent 

body fat was 19 percent higher than lean animals (Table 1; Supplementary Figure 1).  

Unhealthy animals were first selected to have significantly higher fasting glucose and 

triglycerides and then selected to have increased blood pressure (Table 1). MUO 

animals demonstrated significantly increased circulating insulin concentrations (Table 1). 

MHL and MHO NHP circulating insulin concentrations were comparable (Table 1). MUL 

animals demonstrated significantly increased systolic and diastolic blood pressure. 

Seven of the 44 selected NHPs demonstrated hypertension (five MUL and two MUO). 

One point was allotted for each MetS risk criteria. In line with human clinical 

categorizations, MHL animals had a MetS score of zero, MHO animals had a MetS 

score of one for their obesity status only, and MUL and MUO animals had MetS scores 

of two or higher (Figure 1a) (16). Computed tomography (CT) image analysis revealed 

no differences in fat to lean mass ratio, or abdominal SQ or VIS adipose volume by 

health status (Figure 1 b, d, and e). Obese animals demonstrated lower VIS:SQ ratios 

than lean animals (Figure 1c). Lean animals demonstrated significantly less SQ adipose 

and less VIS adipose. The substantially lower amounts of SQ adipose drove the high 

VIS:SQ ratios in lean animals (Figure 1d). Obese animals demonstrated a decrease in 

percent lean mass (Table 1). However, no differences in percent lean mass were 

observed between MHO and MUO groups, and no differences in liver adipose 

accumulation, estimated as liver attenuation, were identified (Table 1). Histological 

evaluation of SQ adipose sections illustrated differences in adipocyte cell size by obesity 

status, where obese animals displayed larger SQ adipocytes (Figure 1f). Our results 

showed differences in adipocyte size only by obesity status and not health status, as 

adipocyte sizes differed by obesity status only, and the number of adipocytes assessed 
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per group did not differ (Figure 1f and g; Supplementary Figure 1). Our results also did 

not show positive associations between adipocyte size and metabolic parameters. 

 

Metabolically healthy obese subcutaneous adipose demonstrates increased anti-

inflammatory M2 macrophage accumulation  

We assessed tissue inflammatory profiles by characterizing SQ AT macrophage 

subtypes. Supplementary Figure 2 shows an example image of the staining 

combinations used to identify undefined, M1, intermediate, and M2 macrophages. This 

staining strategy allowed us to capture a spectrum of macrophage subtypes. SQ AT 

macrophage density was comparable between groups (Supplementary Table 1); 

however, MHO animals demonstrated a significantly higher M2/M1 macrophage ratio 

(p=0.02; Figure 2a-c). No differences in M1 macrophage percentage or total 

macrophage density were observed between metabolic health groups (Supplementary 

Table 1). Only differences in M2 macrophages were observed between groups 

(Supplementary Table 1). Anti-inflammatory M2 macrophages were negatively 

associated with circulating levels of monocyte chemoattractant protein (MCP)-1 (r=-0.34, 

p=0.03; Supplementary Figure 2). Though this association is not overtly strong, it 

indicates that the healthy SQ AT milieu likely initiates less macrophage recruitment for 

harmful inflammation resolution. MUO animals demonstrated the highest percentage of 

both pro-inflammatory M1 and intermediate macrophages (Figure 2b; Supplementary 

Table 1). Of note, a large percentage of SQ adipose macrophages in each group were 

undefined or not yet polarized (Figure 2b).  

 

Metabolically healthy obese subcutaneous adipose demonstrates upregulation of  

lipid handling-related transcripts without immune activation 
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We performed bulk RNA-seq on SQ AT biopsies to identify transcript expression 

differences between groups. In total, 15 423 transcripts were identified after removal of 

non-protein genes and genes ambiguously mapped to chromosomes. Between the MHO 

and MHL groups, 1 092 genes were differentially expressed. A total of 56 genes were 

differentially expressed between the MHO and MUO groups, 154 genes were 

differentially expressed between the MHL and MUL groups, and 347 were differentially 

expressed between the MUL and MUO groups. MHO animals demonstrated 

upregulation of transcripts related to lipid synthesis, lipid dynamics and lipid transport 

and downregulation of transcripts related to inflammation initiation, while MUO animals 

demonstrated the inverse (Tables 2 and 3; Supplementary Figure 5). These transcripts 

included upregulation of fatty acid binding protein 7 (FABP7), ATPase phospholipid 

transporting 8B3 (ATP8B3), and glycerol-3-phosphate acyltransferase 3 (GPAT3), and 

downregulation of C-C motif chemokine receptor 1 (CCR1), pancreatic lipase related 

protein 1 (PNLIP), macrophage scavenger receptor 1 (MSR1), and oxidized low-density 

lipoprotein receptor 1 (OLR1). Activation of MSR1 has been related to a phenotypic 

macrophage switch from anti-inflammatory to pro-inflammatory (17). Therefore, 

downregulation of MSR1 in MHO adipose indicates maintenance of an anti-inflammatory 

macrophage milieu. Upregulation of FABP7 indicates that MHO animals have improved 

signaling for fatty acid movement across membranes (Table 2). The MHO animals’ 

lower expression of CCR1, PNLIP, and  OLR1 likely indicates decreased tissue 

inflammation, atherogenic capacity and lectin activation (18, 19). The sustained anti-

inflammatory environment in the MHO adipose occurred in the absence of differences in 

adipocyte size when compared to the MUO (Figure 1f) and radiographic adipose or SQ 

AT cell density (Table 1) differences. MHL, MHO and MUO animals demonstrated 

comparable circulating free fatty acid levels (Table 1). MUL NHPs illustrated decreased 

circulating free fatty acid levels, though no significant differences in hormone sensitive 
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lipase (HSL) or adipose triglyceride lipase (ATGL) expression were observed. MUO AT 

demonstrated upregulated expression of transcripts related to inflammatory processes 

and glycogen storage (Table 3), including plasminogen (PLG) and glycogen synthase 2 

(GYS2). Though inverse transcript expression was observed between MHO and MUO 

groups (Figure 3c), no differentially expressed transcripts between these groups met 

corrections for multiple comparisons. While they did not met statistical inquiry, transcripts 

associated with inflammation, including CCL19 and CCL22, were downregulated in MHO  

AT compared to MUO, corroborating previous findings (20). Transcripts associated with 

nutrient transport, including solute carrier family (SLC) 22A3 and SLC10A6, were 

upregulated MHO AT compared to MUO (Supplementary Table 2).  

 

Gene ontology term analysis revealed gene pathways specific to healthy obesity. Both 

the “acyl-CoA dehydrogenase activity” and “flavin adenine dinucleotide binding” 

pathways were upregulated in the MHO compared to the MHL, indicating that MHO 

animals upregulate transcripts related to fatty acid oxidation (Figure 3a). MHO animals 

also illustrated enrichment of the “metabolic process” pathway. Importantly, no immune 

response-related pathways were found to be enriched between the MHO and MHL 

groups. On the contrary, MUO animals illustrated downregulation of the “fatty acid 

metabolic process,” “acyl-CoA biosynthetic process,” and “lipid metabolic process” 

pathways compared to MHL (Figure 3b). MUO animals demonstrated increases in 

“immune response” and “cell chemotaxis” pathways compared to MHL, a signature not 

seen in MHO SQ adipose (Figure 3b). The “immune response” gene ontology term is 

comprised of 1973 genes, including those related to the innate immune response, B and 

T cell receptor signaling, and macrophage cytokine production. The “cell chemotaxis” 

gene ontology term is comprised on 316 genes, including those related to lymphocyte 

and T cell chemotaxis. Pathway analysis between MUL and MUO groups identified 
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enrichment of immune regulating pathways with combined obesity and metabolic 

disease (Supplementary Figure 3). MUO AT demonstrated significant downregulation of 

the “cellular respiration” and “tricarboxylic acid cycle” gene ontology pathways compared 

to MHL. This evidence of decreased mitochondrial function in the MUO and not the MHO 

align with our previous study where we identified poor mitochondrial quality control 

markers in MUO compared to MHO NHPs (21). Gene term enrichment identified from 

comparisons of MHO and MUO, and MHL and MUL animals did not survive corrections. 

Enriched gene ontology terms identified between the MHO and the MUO did not survive 

multiple comparisons corrections. While they were ultimately not statistically significant, 

the terms “extracellular region,” “serine-type endopeptidase activity” and 

“transmembrane activity” were enriched in the MHO compared to the MUO 

(Supplementary Figure 4).  

 

Changes in tissue vasculature or fibrosis do not explain poor health but relate to 

adipocyte hypertrophy 

Hematoxylin and eosin staining was used to evaluate adipocyte size differences, while 

CD31 staining and Masson’s Trichrome staining ([MTC]) were used to quantitate tissue 

vasculature and fibrosis, respectively (Supplementary Figure 6). No differences in either 

CD31-positive area or percent MTC-positive staining were present between groups 

(Supplementary Table 3). CD31-positive area correlated positively with adipocyte size 

(r=0.33, p=0.03; Figure 4a), indicating that as adipocyte size increased, the vasculature 

increased possibly to meet adipocyte nutrient requirements. Percent MTC-positive 

staining correlated negatively with increasing SQ adipocyte size (r=-0.34, p=0.03; Figure 

4b) highlighting that as adipocyte size increased, interstitial collagen I formation 

decreased. Additionally, no expression differences in other ECM transcripts, including 
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collagen types V, VI, VII and IX, were observed in MHO AT. Collagens can be 

upregulated in aberrant obesity (8), which is consistent with our MUO gene changes 

(Table 3), and decreased AT vasculature is a known component of type II diabetes (22). 

Our results indicate that neither tissue fibrosis nor vasculature changes explain MetS 

incidence. Rather, we posit that metabolic dysfunction in the presence and absence of 

obesity may be caused by other factors, like immune cell population and adipocyte 

function shifts.  

 

Tissue cytokine burdens match tissue macrophage profiles 

We used ELISAs to evaluate circulating and tissue-resident cytokines. We found no 

group differences in circulating adiponectin, MCP-1, IL-6, IL-1β or PAI-1 (Supplementary 

Table 4), but a number of biologically relevant relationships were present. Circulating 

levels of PAI-1 demonstrated a trend toward associations with the increasing 

percentages of M1 macrophages (r=0.27, p=0.09). Circulating levels of PAI-1 also were 

negatively correlated with percentages of M2 macrophages (r=-0.29, p=0.06), indicating 

that pro-inflammatory PAI-1 concentrations decrease as anti-inflammatory macrophage 

density increases. Tissue concentrations of MCP-1 differed by obesity status (p=0.02), 

where obese animals displayed higher levels. Tissue MCP-1 also demonstrated a trend 

toward significance by health status (p=0.06), where unhealthy animals had higher 

concentrations (Supplementary Table 4). SQ AT levels of anti-inflammatory IL-10 were 

significantly different between groups (p=0.03), where the MHL group had the highest 

detectable tissue levels (Supplementary Table 4). Tissue concentrations of IL-10 also 

differed significantly by obesity status (p=0.004), where obese animals demonstrated 

significantly lower levels (Supplementary Table 4). Tissue levels of TGF-β exhibited 1) a 

trend toward significance (p=0.09), where the MUL group displayed increased tissue 
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levels, and 2) a trend toward a significant difference by health, where unhealthy animals 

illustrated higher tissue levels (p=0.08).  In sum, our tissue cytokines tracked with our 

observed macrophage phenotypic shifts. 

 

Discussion 

In this study, we identify features of healthy obesity in the absence of dietary influences. 

We uniquely determined that the presence of lipid handling-related transcripts and an 

increased percentage of anti-inflammatory M2 macrophages are associated with 

maintained health with obesity, as loss of one results in tissue immune activation and 

metabolic process downregulation. Supporting our findings, spatial mapping revealed 

that the M2 macrophage subtype is the predominant macrophage in human adipose 

(23). Our observed macrophage and transcriptional shifts occurred without changes in 

abdominal adipose distribution or ectopic adipose accumulation. Western dietary 

components redistribute adipose to ectopic sites (24, 25) and drive increases in pro-

inflammatory MCP-1 and AT macrophages (26-28). Our data from nonhuman primates 

unexposed to dietary stimuli suggests that driving AT macrophage polarization toward 

an anti-inflammatory M2 profile and enhancing AT fatty acid oxidation may improve or 

maintain tissue health with obesity onset. Our findings support the implementation of 

lifestyle strategies, such as healthy diets and exercise training, which have been show to 

induce M2 macrophage polarization and improve AT function (29), recapitulating the 

MHO AT state. Stem cell-derived exosomes from healthy adipose induced M2 AT 

macrophage polarization, highlighting a promising future direction for treatment of MUO 

persons (30). AT mesenchymal stem cells regulate the tissue immune response through 

exosomes, as stem cells cluster near M2 macrophages and drive additional M2 

polarization (23, 31). Treatment with bezafibrate induced acyl-coA dehydrogenase and 
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preadipocyte marker Pref-1 mRNA in cultured fibroblasts while decreasing expression of 

adipocyte markers PPARγ and TNF-α (32), replicating a MHO-like physiologic state, 

where fatty acid degradation is increased.  

 

Long-term follow up on MHO patients suggests 50% transition to MUO; however, half of 

MHO individuals do not develop metabolic abnormalities within ten years (33). Our 

findings validate the MHO classification and highlight differences in a key endocrine 

tissue that contribute to maintaining health with obesity. We used a NHP model that 

naturally and reliably demonstrates the four health groups without dietary intervention. 

We used a strict definition of metabolically healthy obesity, which diverges from some 

current literature, as several studies have classified MHO people and animals as those 

with only one metabolic derangement in addition to their obesity status (34). While the 

animals in this study were all female and hormones, including 17-β-estradiol, can protect 

against metabolic derangements (35), the selected NHPs demonstrated distinct health 

profiles with significant differences in metabolic syndrome risk factors that categorized 

them into the four clinically defined metabolic health groups. We evaluated the most 

predominant immune cell type in SQ white adipose but acknowledge that there are 

significant numbers of B and T cells that reside in this tissue, and these cells play key 

immune modulatory and/or functional roles in maintaining metabolic homeostasis (36, 

37). We used positive co-staining of both CD68 and CD163 to identify all macrophages 

as CD163 has been identified as being present in both resident and recruited 

macrophages, and CD163 cells have been noted to be increased in both healthy and 

unhealthy adipose (10). Accordingly, with guidance from the WFSM Department of 

Pathology, we used CD68 and CD163 to confidently identify all in situ macrophages. 

Immunohistochemistry has been shown to identify more in situ macrophages without 

disrupting the tissue inflammatory state than other methodologies (38). We coupled our 
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immunohistochemical approach with tissue cytokine measurements to secondarily 

assess inflammatory markers associated with macrophage types, and unbiased RNA-

seq supported our inflammation-related findings. While this work was underpowered to 

detect significant differences in tissue cytokines, the trends observed corroborate the 

significant tissue immune cell profiles observed, and future work will include increased 

sample sizes. While RNA-seq does not allow for cell type specificity, it provides accurate 

gene expression quantification without requiring qPCR validation, as strong correlations 

have been observed between the two methods (39). Our histological approaches 

assessed tissue vascularity but not nutritive perfusion, though HIF1a and related genes 

were not differentially expressed. Similarly, fibrosis by MTC staining identifies 

predominantly collagen I; however, fibrosis and related gene transcripts were not related 

to MHO M2 enrichment, but changes in MUO AT genes may indicate dysregulation as 

previously described (40). Future studies will include assessments of tissue macrophage 

respirometry and which stimuli tissue macrophages respond to, vascular perfusion and 

additional ECM components. We identify M2 macrophages as a SQ AT component that 

correspond with sustained metabolic health. Our finding that adipocytes were equally 

hyperplastic in obese states and our SQ AT transcript expression profiles suggest that a 

preferred immune cell profile may support adipocyte function.   

 

Methods 

Study Design and Cohort Selection 

A 44-animal age-matched cohort was selected from the Vervet Research Colony (VRC) 

at Wake Forest School of Medicine (WFSM). We used metabolic syndrome (MetS) 

criteria, with only the waist measure adjusted for NHPs (waist circumference>40cm, 
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HbA1c>6, fasting glucose>100 mg/dL, systolic blood pressure>135mmHg, diastolic 

blood pressure>85mmHg, triglycerides>125mg/dL, HDL cholesterol<50mg/dL) to identify 

animals in each health group (21). We have previously described that African green 

monkeys demonstrate similar metabolic health group distributions and MetS risk factors 

similar to people, making this model ideal for this work (21, 41). Waist circumference 

determined obesity. A waist circumference of >40cm corresponds with the upper 20th 

percentile of the VRC animals (41). This percentile cutoff was modeled according to 

where the Adult Treatment Panel III risk waist definition falls for males and females in 

normal human populations (41-44). A waist circumference of 40cm represents mild 

obesity, while a waist circumference of >44.5 cm represents severe obesity and the 

upper 10th percentile of the VRC animals. In total, three animals in each obese group 

were classified as severely obese. Cohort animals were first selected according to 

glycemia and dyslipidemia indices, and then by hypertension measures. Groups were 

selected to balance their relatedness coefficients (Supplementary Table 5) to avoid 

family overrepresentation in any phenotypic group. MetS scores were calculated as the 

sum of each MetS criterion met (21). All animals consumed a low-fat, low-cholesterol, 

high protein and fiber chow with no added sugar (Lab Diet 5038; LabDiet).  

 

Animals diagnosed with type II diabetes according to the American Diabetes Association 

cutoff (fasting blood glucose>126mg/dL) were maintained on insulin twice daily using 

post-prandial glucose measures as previously described (45). Five type II diabetic NHPs 

were included (two MUL and three MUO). Type II diabetes developed in mid-to-late life 

while the animals were socially housed with nondiabetic animals in indoor-outdoor pens 

with equal access to exercise. After diagnosis, diabetic animals were socially housed in 

smaller enclosures to more easily receive insulin therapy without experiencing excess 

stress. We used the animals’ group placements at the time of biopsy when conducting 
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our analyses, allowing for 9-13 observations per group for each endpoint. As with many 

NHP studies, selection from the breeding colony led to our study including only females. 

Pre-determined power analyses using previously collected data indicated that we would 

have 80% power to detect a 1.5 standard deviation difference in M2/M1 macrophage 

ratio between groups with n=11 animals per group. Post-hoc power analyses using our 

M2/M1 macrophage ratio data and n=9 per group indicated that we achieved 100% 

power to detect differences in this endpoint. 

 

All procedures were performed in accordance with the Guide for Care and Use of 

Laboratory Animals. Protocols for avoidance of pain and discomfort were adhered to and 

conducted in compliance with the WFSM Institutional Animal Care and Use Committee.  

 

Blood and Metabolic Measures 

Animals were fasted overnight and anesthetized with intramuscular ketamine injections 

(10-15mg/kg). Animals were weighed and had waist circumference measured with a 

flexible tape measure at the level of the umbilicus. Blood samples were obtained via 

venipuncture of the femoral vein into ethylenediaminetetraacetic acid (EDTA) blood 

tubes and placed on ice until processed for plasma, which was stored at –80°C until 

analyzed. Fasting glucoses were determined by the glucose oxidase method, and 

fasting insulin concentrations were determined by enzyme-linked immunosorbent assay 

(ELISA; Mercodia; cat. no. 10-1113-01). Whole blood was used to measure glycated 

hemoglobin using high-performance liquid chromatography methodology (Afinion Alere). 

Triglyceride, high density lipoprotein cholesterol, circulating free fatty acid (Abcam; cat. 

no. ab65341), and total cholesterol concentrations were measured enzymatically (46). 
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Blood pressure was measured indirectly by sphygmomanometer as previously described 

(46). Triglyceride levels were measured using isolated plasma. 

 

Body Composition 

Computed tomography (CT) scans were performed on a GE 0.625-mm slice Discovery 

MI DR scanner (GE Healthcare). Images were reconstructed with TeraRecon Aquarius 

Intuition software (TeraRecon) and converted into dicom format for analysis. Fat- and 

lean-containing voxels were used to calculate volume results and expressed as a 

percentage of the animal’s total body weight (47). Abdominal fat distribution was 

assessed by regional analysis between the thoracolumbar junction and the fourth lumbar 

vertebrae using automated differentiation of deposits within and outside the body wall 

(47). Liver attenuation values were collected in triplicate (47), where liver attenuation, or 

density, was used to determine liver adipose accumulation. 

 

Tissue Collections 

Animals under isoflurane anesthesia had SQ AT collected from the ventral aspect of the 

caudal abdomen at the umbilicus. Upon collection, tissues were washed twice in 

Dulbecco’s phosphate-buffered saline (DPBS) and either flash frozen in liquid nitrogen 

or placed in 4% paraformaldehyde (PFA).  

 

Cytokine Evaluations 

Protein was extracted from ~100mg of frozen tissue using the Invent Minute Total 

Protein Extraction Kit for Adipose Tissues (cat. no. AT-022) according to manufacturer’s 

instructions.  Extracted protein was quantitated by bicinchoninic acid assay. A total of 

75μg of protein was used to analyze monocyte chemoattractant protein-1 (MCP-1), 
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transforming growth factor beta (TGF-β), interleukin (IL)-6, (R & D Systems; cat. nos. 

DCP00, DB100B, and D6050) and IL-10 by ELISA (U-Cytech Biosciences; cat. no. 

CT146). Frozen plasma samples were used to evaluate circulating MCP-1, IL-6, 

interleukin (IL)-1β (cat. no. DLB50), plasminogen activator inhibitor (PAI)-1 (cat. no. 

DSE100), and adiponectin (cat. no. DRP300) via ELISA (R & D Systems). Assays were 

run in triplicate using predetermined dilutions. 

 

Histology and Immunohistochemistry 

PFA-fixed, paraffin-embedded tissues were used to create histologic sections. Sections 

were stained with fluorescent CD68 and CD163 to evaluate total macrophage infiltration 

(AbD Serotec Bio‐Rad; 1μg/mL), and co-stained with pSTAT1 (Cell Signaling 

Technology, cat. no. 9167S; 1:250 dilution) and CMAF (Abcam, cat. no. ab199424; 

1:250 dilution) identify undefined, M1, intermediate, and M2 macrophages (48).  

Undefined macrophages were identified as CD68+CD163+, M1s were identified as 

CD68+CD163+pSTAT1+, intermediate macrophages were identified as 

CD68+CD163+pSTAT1+CMAF+, and M2s were identified as CD68+CD163+CMAF+. A 

Visiopharm software macro (v.2019.02.1.6005) distinguished between macrophage 

types. Macrophage subtypes were identified across an entire tissue section. 

Macrophage subtype percentages were determined by taking the number of the specific 

macrophage subtype and dividing by the total number of macrophages identified in a 

tissue section. Macrophage density was determined by taking the total number of 

macrophages for a tissue section and dividing by the tissue area, which was calculated 

using a specialized Visiopharm macro.  Unstained sections and lung tissue were used 

as negative and positive controls, respectively. Adipocyte analyses were performed 

using a Visiopharm (v.2019.02.1.6005) macro on hemoxylin and eosin-stained slides 
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that determined total tissue area, total adipocyte number, total adipocyte area, and 

individual adipocyte area. Adipose sections were stained with Masson’s Trichrome 

(Abcam) and CD31 (Biocare Medical; cat. no. CM131C) and evaluated using 

Visiopharm.   

 

Transcriptomic Analyses 

RNA was extracted from 100mg adipose biopsies using the Qiagen RNeasy Lipid Mini 

tissue kit (cat. no. 74804) according to the manufacturer’s protocol. Genomic DNA was 

removed using the Qiagen RNase-Free DNase set according to the manufacturer’s 

protocol. Total RNA was used to prepare cDNA libraries using the Illumina® TruSeq 

Stranded mRNA Library Prep and IDT for Illumina-TruSeq RNA UD Indexes.  RNA 

quality was assessed using the Agilent TapeStation 4150. RIN values ranged from 7.2 to 

9.2. Poly-A selection using oligo-dT magnetic beads occurred and was followed by 

enzymatic fragmentation, reverse-transcription and double-stranded cDNA purification 

using AMPure XP magnetic beads. The cDNA was end repaired, 3′ adenylated with 

Illumina sequencing adaptors ligated onto the fragment ends, and the stranded libraries 

were pre-amplified with PCR.  The library size distribution was validated and quality 

inspected using an Agilent 2100 Bioanalyzer. The quantity of each cDNA library was 

measured using the Qubit 3.0 (Thermo Fisher). The libraries were pooled and 

sequenced to a target read depth of 25M reads per library using single-end, NovaSeq 

6000 SP Reagent Kit (100 cycles) (Illumina Inc.) on the NovaSeq 6000. RNA-seq data 

were screened using FastQC for quality analysis. The STAR sequence aligner and the 

vervet monkey genome (Chlorocebus aethiops) were used to align clean reads (49). 

32.52 ± 5.16 million reads were uniquely mapped. featureCounts quantified RNA-seq 

data as counts (50). Differentially expressed genes (DEGs) were analyzed using the 
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Limma-voom tool in R, where gene counts were used as inputs (51).  Database for 

Annotation, Visualization and Integrated Discovery (DAVID) was to identify biologically 

enriched gene ontology (GO) terms (https://david.ncifcrf.gov/). 

 

Statistical Methods 

The Shapiro-Wilk and Levene’s tests were used to assess normality and homogeneity of 

variance for histological and protein endpoints. Adipocytes under 400um2 in size were 

removed prior to downstream analyses. Endpoints that did not meet assumptions 

underwent logarithmic transformation. Analysis of variance was performed on all 

histological and protein endpoints to determine group differences. Factorial analysis of 

variance determined the main effects of obesity and health status. Pearson’s correlation 

was used to determine associations. A p-value of <0.05 was used to determine 

significance and a p-value of <0.1 was used to determine a trend. Significant DEGs were 

defined as p<0.01 and log2 fold change >|0.585| (1.5-fold change). 
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Figure 1. Nonhuman primate cohort body composition and adipocyte sizes. All 

values are presented as means +SEM. (a) By design, metabolically healthy lean (MHL; 

n=12) animals had a metabolic syndrome (MetS) score of zero and metabolically healthy 

obese (MHO; n=10) animals had a MetS score of one for their obesity status. 

Metabolically unhealthy lean (MUL; n=9) and metabolically unhealthy obese (MUO; 

n=13) animals had MetS scores of two or higher. Analysis of variance determined that 
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MUL and MUO groups had significantly higher MetS scores compared to healthy 

animals (p=0.00016). Analysis of covariance of computed tomography (CT) image 

analysis-derived data, where body weight was a covariate, demonstrated that the (b) fat 

to lean mass ratio (p=<0.0001), (c) the ratio of abdominal visceral (VIS) to subcutaneous 

(SQ) adipose (p=0.00023), (d) abdominal subcutaneous (SQ) adipose volume 

(p=0.0059), and (e) abdominal visceral (VIS) adipose volume (p=0.0095) differed by 

obesity status and not health status. (f) Histological quantification of adipocyte size 

likewise found that adipocyte area increased with obesity status but did not change with 

health status (p=0.00056). The violin plot provided shows the distribution of adipocyte 

sizes in each health group. (g) The total number of adipocytes counted for all animals in 

each group did not differ. Post-hoc testing for group differences is indicated by unlike 

letters denoting p<0.05. 
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Figure 2. Metabolically healthy obese subcutaneous adipose demonstrates 

increases in anti-inflammatory M2 macrophages. (a) The ratio of M2/M1 

macrophages indicated that metabolically healthy obese (MHO) animals demonstrate a 

significantly increased proportion of anti-inflammatory M2 macrophages in their 

subcutaneous (SQ) adipose tissue (AT) compared to the other groups (overall analysis 

of variance (ANOVA) p=0.02). M2/M1 ratios are presented as means +SEM 

(metabolically healthy lean (MHL), n=12; metabolically healthy obese (MHO), n=10; 

metabolically unhealthy lean (MUL), n=9; metabolically unhealthy obese (MUO), n=13). 

While obesity generally induces an increase in AT macrophages, no differences in the 

total number of AT macrophages were observed between groups (data shown in 

supplement). *indicates post-hoc significance of p<0.05 compared to all other groups. 

(b) Pie charts of the macrophage subtype distributions found in the SQ AT of each 

group illustrate that undefined and M2 macrophages comprised the majority of 

macrophages in SQ AT. Obesity status increased the percentage of M2 macrophages; 

however, in situ polarization of undefined macrophages toward the M2-state likely help 

maintain the higher function and anti-inflammatory milieu in MHO adipose. An 
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increased percentage of intermediate macrophages in MUO AT may suggest 

incremental polarization is occurring where M2 macrophages transition toward pro-

inflammatory M1 macrophages due to the pro-inflammatory signals in the tissue. (c) 

Representative M2 macrophage AT heat maps, where increasing green to red 

coloration indicates higher densities of M2 macrophages. MHO SQ AT demonstrated 

the highest density of M2 macrophages. 
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Figure 3. Metabolically healthy obese subcutaneous adipose illustrates increases 

in fatty acid oxidation-related gene ontology terms and downregulation of pro-

inflammatory transcripts. Red coloration indicates pathway upregulation while green 

coloration indicates pathway downregulation. Pathways shown all survived false 

discovery rate multiple comparisons corrections, and reached statistical significance 

(p<0.05). (A) Metabolically healthy obese (MHO; n=10) subcutaneous (SQ) adipose 

tissue (AT) demonstrated increases in pathways related to fatty acid oxidation and 

metabolic processing in the absence of immune activation compared to metabolically 

healthy lean (MHL; n=12). (B) Metabolically unhealthy obese (MUO, n=13) SQ AT, 

contrary to MHO adipose, illustrated decreases in fatty acid oxidation, lipid metabolism, 

mitochondrial function, and metabolic processing pathways compared to MHL (n=12) 

SQ AT. MUO SQ AT also displayed increases in pathways related to immune activation 

and cell motility. (C) Heat map of differentially expressed genes in MHO SQ AT 

compared to MUO. MHO and MUO groups demonstrated mirroring gene expressions 

(MUO n=13; MHO n=10). Specific transcripts are not denoted in this heat map. 
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Figure 4. Endothelial area increases with increasing subcutaneous adipose 

adipocyte size, while fibrosis decreases with increasing subcutaneous adipose 

adipocyte size. (a) CD31-positive staining area positively correlated with SQ adipocyte 

area (r=0.33, p=0.03, n=43). (b) Transformed percent MTC-positive area negatively 

correlated with SQ adipocyte area (r=-0.34, p=0.03, n=43). 
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Measurement MHL MHO MUL MUO 
ANOVA 
p-Value 

Health 
p-Value 

Obesity 
p-Value 

Age (yrs) 
15.15 
(1.30) 

15.14 
(1.55) 

14.32 
(1.99) 

15.87 
(0.92) 

0.74 0.69 0.26 

Body Weight (kg) 
5.25 
(0.26) 

6.47 
(0.24) 

4.95 
(0.24) 

6.91 
(0.26) 

<0.001* 0.19 0.01* 

Waist Circumference 
(cm) 

34.29 
(0.97) 

42.86 
(1.07) 

34.80 
(0.78) 

43.23 
(0.85) 

<0.001* 0.02* <0.001* 

Fasting Glucose 
(mg/dL) 

73.5 
(3.20) 

67.2 
(3.59)  

108.67 
(19.15) 

104.32 
(12.37) 

0.01* 0.36 0.86 

Glycosylated 
Hemoglobin A1c (%) 

4.07 
(0.05) 

4.07 
(0.07)  

4.83 
(0.58) 

5.38 
(0.57) 

0.009* 0.012* 0.31 

Systolic Blood Pressure 
(mmHg) 

114.44 
(3.79) 

110.10 
(5.43) 

144.78 
(4.95) 

111.62 
(5.06) 

<0.001* 0.48 0.31 

Diastolic Blood 
Pressure (mmHg) 

67.53 
(3.38) 

61.57 
(3.80) 

89.22 
(4.70)  

66.79 
(2.46) 

<0.001* 0.25 0.42 

High Density 
Lipoprotein Cholesterol 

(mg/dL) 

68.08 
(3.37) 

56.10 
(5.76) 

73.44 
(10.38) 

62.50 
(4.39) 

0.24 0.33 0.06 

Triglycerides (mg/dL) 
56.34 
(3.46) 

55.90 
(5.89) 

79.10 
(15.67) 

90.52 
(10.80) 

0.03* 0.24 0.76 

Liver Density (HU) 
60.37 
(2.26) 

55.71 
(4.03) 

59.54 
(2.84) 

57.59 
(1.94) 

0.86 0.69 0.83 

% Fat Mass 
18.35 
(2.69) 

36.59 
(2.81) 

16.70 
(2.07) 

35.98 
(3.05) 

0.01* 0.94 0.06 

% Lean Mass 
54.13 
(1.56)  

47.29 
(2.89) 

55.03 
(1.52) 

45.63 
(1.60) 

0.02* 0.91 0.07 

Visceral:Subcutaneous 
Adipose Area (cm2) 

3.44 
(0.46) 

1.78 
(0.19) 

3.86 
(0.83) 

1.73 
(0.30) 

0.31 0.88 0.19 

Plasma Free Fatty 
Acids (nmol/µL) 

915.79 
(61.19) 

987.87 
(122.14) 

542.33 
(53.85) 

810.68 
(86.12) 

0.28 <0.001* 0.26 

Plasma Insulin (mU/L) 
16.80 
(4.15) 

19.98 
(3.87) 

8.84 
(2.08) 

51.12 
(11.18) 

0.0055* 0.71 0.0019* 

 



 

111  

Table 1. Nonhuman primate cohort demographic information. Values are presented 

as means with SEM in parentheses. A total of 44 female African green monkeys were 

selected for investigation. By design, the metabolically healthy obese (MHO, n=10) and 

metabolically unhealthy obese (MUO, n=13) animals demonstrated increased waist 

circumferences compared to the metabolically healthy lean (MHL, n=12) and 

metabolically unhealthy lean (MUL, n=9) groups (p<0.001). Unhealthy animals were 

selected to have two or more metabolic syndrome risk factors. Accordingly, MUL and 

MUO animals demonstrated increased fasting glucose values (p=0.01), percent 

glycosylated hemoglobin (p=0.009), systolic and diastolic blood pressure (p<0.001), and 

triglycerides (p=0.03). Computed tomography data concluded that obese animals 

exhibited increased percent fat mass (p=0.01) and decreased percent lean mass 

(p=0.02). 
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Transcript Log Fold Change 
Adjusted 
p-Value 

Fatty Acid Binding Protein 7 (FABP7) 1.51 0.010 

Prostaglandin D2 Synthase (PTGDS) 1.53 0.015 

Aldehyde Dehydrogenase 1 Family Member 
B1 (ALDH1B1) 

1.56 0.044 

Transferrin (TF) 1.66 0.024 

Thyroid Stimulating hormone receptor (TSHR) 1.70 0.0036 

Lactate Dehydrogenase D (LDHD) 1.74 0.00016 

Phosphoenolpyruvate Carboxykinase 2 
(PCK2) 

1.77 0.0063 

ATPase Phospholipid Transporting 8B3 
(ATP8B3) 

1.79 0.0063 

Adrenoceptor Beta 3 (ADRB3) 1.79 0.010 

Trefoil Factor 3 (TFF3) 1.88 0.027 

ATP Binding Cassette Subfamily C Member 6 
(ABCC6) 

1.89 0.0051 

Phosphoenolpyruvate Carboxykinase 1 
(PCK1) 

2.05 0.0075 

Monoacylglycerol O-Acyltransferase 1 
(MOGAT1) 

2.12 0.00071 

Glycerol-3-Phosphate Acyltransferase 3 
(GPAT3) 

2.16 0.015 

Protein Phosphatase 1 Regulatory Inhibitor 
Subunit 1B (PPP1R1B) 

2.38 0.034 

ADAM-Like Decysin 1 (ADAMDEC1) -4.11 0.00011 

Cartilage Oligomeric Matrix Protein (COMP) -3.13 0.00022 

Sterile Alpha Motif Domain Containing 5 
(SAMD5) 

-2.98 0.000056 

Dendrocyte Expressed Seven 
Transmembrane Protein (DCSTAMP) 

-2.93 0.014 

R-Spondin 1 (RSPO1) -2.76 0.0034 

Thymic Stromal Lymphopoietin (TSLP) -2.52 0.00067 

Osteoclast Stimulatory Transmembrane 
Protein (OCSTAMP) 

-2.46 0.045 

CUB and Sushi Multiple Domains 2 (CSMD2) -2.31 0.011 

ETS Homologous Factor (EHF) -2.28 0.027 

Oxidized Low Density Lipoprotein Receptor 1 
(OLR1) 

-2.23 0.0063 

Carboxypeptidase Z (CPZ) -2.20 0.029 

C-C Motif Chemokine Receptor 1 (CCR1) -2.17 0.00070 

Serpin Family A Member 5 (SERPINA5) -2.11 0.0020 

Pancreatic Lipase Related Protein 1 
(PNLIPRP1) 

-2.10 0.020 

Macrophage Scavenger Receptor 1 (MSR1) -2.08 0.014 
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Table 2. Top false discovery rate correction-surviving up- and downregulated 

transcripts illustrated in the metabolically healthy obese subcutaneous adipose 

tissue compared to the metabolically healthy lean. Top upregulated transcripts in 

metabolically healthy obese (n=10) subcutaneous adipose tissue include those involved 

in managing lipid synthesis, dynamics, and transport, while top downregulated 

transcripts include those involved in inciting inflammation. 
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Transcript 
Log Fold 
Change 

Adjusted p-
Value 

Glycogen Synthase 2 (GYS2) 3.72 0.0059 

Collagen Type IV Alpha 3 Chain (COL4A3) 2.69 0.0084 

Family with Sequence Similarity 131 Member C 
(FAM131C) 

2.62 0.0067 

Serum Amyloid A4, Constitutive (SAA4) 2.45 0.028 

SH3 Domain Binding Kinase Family Member 2 
(SBK2) 

2.41 0.0011 

Glycine-N-Acyltransferase (GLYAT) 2.40 0.00033 

Plasminogen (PLG) 2.33 0.000012 

Adrenoceptor Beta 3 (ADRB3) 2.28 0.0019 

Stathmin 4 (STMN4) 2.23 0.0456 

C-type Lectin Domain Family 4 Member G (CLEC4G) 2.22 0.0060 

Thyroid Stimulating Hormone Receptor (TSHR) 2.21 0.000049 

Monoacylglycerol O-Acyltransferase 1 (MOGAT1) 2.19 0.00013 

Polypeptide N-Acetylgalactosaminyltransferase 9 
(GALNT9) 

2.17 0.0016 

V-Set And Transmembrane Domain Containing 2 
Like (VSTM2L) 

2.17 0.0043 

Cat Eye Syndrome Chromosome Region, Candidate 
2(CECR2) 

2.11 0.0017 

Glycoprotein Hormones, Alpha Polypeptide (CGA) -2.62 0.0054 

Osteoclast Stimulatory Transmembrane Protein 
(OCSTAMP) 

-2.63 0.013 

WAP Four-Disulfide Core Domain 2 (WFDC2) -2.67 0.00025 

Solute Carrier Family 5 Member 9 (SLC5A9) -2.68 0.00038 

Glutamate Ionotropic Receptor AMPA Type Subunit 1 
(GRIA1) 

-2.91 0.000011 

Cadherin 1 (CDH1) -2.98 0.0047 

Sterile Alpha Motif Domain Containing 5 (SAMD5) -2.99 0.000010 

ETS Homologous Factor (EHF) -3.00 0.00013 

Dendrocyte Expressed Seven Transmembrane 
Protein (DCSTAMP) 

-3.02 0.0040 

WD Repeat Domain 64 (WDR64) -3.12 0.0000085 

Matrix Metallopeptidase 7 (MMP7) -3.29 0.035 

Solute Carrier Family 24 Member 2 (SLC24A2) -3.32 0.00021 

S100 Calcium Binding Protein A7A (S100A7A) -3.32 0.00040 

ADAM Like Decysin 1 (ADAMDEC1) -4.06 0.000028 

Death Associated Protein Like 1 (DAPL1) -4.27 0.000056 
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Table 3. Top false discovery rate correction-surviving up- and downregulated 

transcripts in metabolically unhealthy obese subcutaneous adipose tissue 

compared to metabolically healthy lean. Upregulated transcripts in metabolically 

unhealthy obese (n=13) subcutaneous adipose tissue include those related to 

inflammatory processes, glycogen storage, and extracellular matrix deposition, while 

downregulated transcripts include those pertaining to extracellular matrix breakdown and 

apoptosis. 
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Supplementary Figure 1. Nonhuman primate subcutaneous adipose tissue 

adipocyte size frequency distributions. Adipocyte size frequency distributions for 

each metabolic health group. MHL = metabolically healthy lean (n=12); MHO = 

metabolically healthy obese (n=10); MUL = metabolically unhealthy lean (n=9); MUO = 

metabolically unhealthy obese (n=13).  
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Supplementary Figure 2. Adipose tissue macrophage distributions between 

metabolic health groups. (a) Example image of the immunofluorescent staining used 

to identify four macrophage subtypes. M1 macrophages were identified as 

CD163+CD68+pSTAT1+ and stained green. M2 macrophages were identified as 

CD163+CD68+CMAF+ and stained magenta. Undefined (Und) macrophages were 
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identified as CD163+CD68+ and were stained red. Intermediate (Int) macrophages were 

identified as CD163+CD68+CMAF+pSTAT1+. Nuclei were stained with DAPI and 

appeared blue. This image was taken at 40x magnification. (b)  A correlation analysis 

revealed that circulating monocyte chemoattractant protein (MCP)-1 is negatively 

associated with the percentage of M2 macrophages present in subcutaneous (SQ) 

adipose (r=-0.34, p=0.03, n=43). This association indicates that as more anti-

inflammatory M2 macrophages inhabited the SQ adipose, secretion of pro-inflammatory 

MCP-1 decreased. 
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Supplementary Figure 3. Gene ontology term pathways enriched in metabolically 

unhealthy obese subcutaneous adipose compared to metabolically unhealthy 

lean. The added effect of obesity on poor metabolic health results in upregulation of 

pathways related to immune response and expansion. Pathways displayed remained 

statistically significant (*=p<0.05) after false discovery rate multiple comparisons 

corrections (metabolically unhealthy lean n=9; metabolically unhealthy obese n=13). 

 

 

 



 

120  

0 5 10 15

Transmembrane Transporter Activity

Serine-Type Endopeptidase Activity

Extracellular Region

Fold Enrichment
 

Supplementary Figure 4. Gene ontology term pathways enriched in the 

metabolically healthy obese subcutaneous adipose compared to the metabolically 

unhealthy obese. Healthy obesity results in muted upregulation of term pathways 

associated with moving nutrients across membranes compared to unhealthy obesity. 

However, the pathways shown did not survive false discovery rate multiple comparisons 

corrections, so the data cannot be further interpreted. (metabolically healthy obese 

n=10; metabolically unhealthy obese n=13). Hatched bars indicate values that did not 

reach statistical significance (p>0.05). 
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Supplementary Figure 5. Heat maps of differentially expressed genes between the 

two obese groups and the metabolically healthy lean reference group. (a) A heat 

map of differentially expressed genes (DEGs) between the metabolically healthy lean 

([MHL; n=12) and metabolically healthy obese (MHO; n=10) groups. Purple coloration 



 

122  

indicates gene upregulation while blue coloration indicates gene down regulation. Genes 

upregulated in MHO subcutaneous adipose tissue (SQ AT) are downregulated in MHL 

SQ AT and vice versa. Top differentially expressed gene (DEG) changes are tabulated 

in Table 1. (b) A heat map of DEGs between the MHL and the metabolically unhealthy 

obese (MUO; n=13) groups. The top DEGs are tabulated in Table 2. Genes upregulated 

in the MUO SQ AT are downregulated in the MHL SQ AT. Specific transcripts are not 

denoted in this heat map. 

 

Supplementary Figure 6. Histological staining of subcutaneous adipose. Example 

images of (A) hematoxylin and eosin staining that was quantified to determine adipocyte 

size, (B) CD31 staining that was quantified to determine endothelial cell area, and (C) 

Masson’s trichrome (MTC) staining that was quantified to determine tissue fibrosis.  
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Supplementary Table 1. Subcutaneous adipose macrophage subtype distributions 

by group. All data are presented as means with SEM in parentheses. Macrophage 

density did not differ by group (metabolically healthy lean [MHL] n=12, metabolically 

healthy obese [MHO] n=10, metabolically unhealthy lean [MUL] n=9, metabolically 

unhealthy obese [MUO] n=13). 

 

 

 

 

 

 

 

Measurement MHL  MHO MUL MUO 
ANOVA 
p-Value 

Health 
p-Value 

Obesity 
p-Value 

Macrophage 
Density 

(cells/μm2) 

0.000008 
(0.000001)  

0.000009 
(0.000002) 

0.000006 
(0.000001) 

0.000007 
(0.000002) 

0.75 0.45 0.44 

Total Cell 
Density 

(cells/μm2) 

0.000296 
(0.000027) 

0.000296 
(0.000015) 

0.000296 
(0.000028) 

0.000316 
(0.000026) 

0.91 0.68 0.69  

M1 
Macrophages 

(%) 
0.68 (0.29) 0.23 (0.11) 0.29 (0.12) 1.16 (0.50) 0.18 0.35 0.65 

M2 
Macrophages 

(%) 

44.27 
(5.12) 

62.26 
(3.17) 

41.14 
(7.99) 

51.45 
(5.40) 

0.06 0.23 0.03 

Intermediate 
Macrophages 

(%) 
2.76 (0.88) 1.75 (0.50) 0.62 (0.26) 3.03 (1.33) 0.29 0.83 0.52 

Undefined 
Macrophages 

(%) 

52.28 
(5.77) 

35.76 
(3.15) 

57.95 
(8.19) 

44.36 
(5.65) 

0.07 0.26 0.07 
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Transcript Fold Change 

Death Associated Protein Like 1 (DAPL1) -2.0396572 

Gap Junction Protein Beta 5 (GJB5) -1.9641427 

Translocator Protein 2 (TSPO2) -1.9571609 

Anoctamin  9 (ANO9) -1.6071715 

C-C Motif Chemokine Ligand 22 (CCL22) -1.5141955 

C-C Motif Chemokine Ligand 19 (CCL19) -1.2978421 

Syndecan Binding Protein 2 (SDCBP2) -1.2375281 

Fibroblast Growth Factor 11 (FGF11) -1.1357541 

FERM Domain Containing 5 (FRMD5) -1.0210752 

Transmembrane Protein 176B (TMEM176B) -0.8795489 

Fibronectin 1 (FN1) 0.64572966 

N-Acetylglutamate Synthase (NAGS) 0.68705644 

Solute Carrier Family 22 Member 3 (SLC22A3) 0.73099353 

Synapsin II (SYN2) 0.90941061 

Galanin Receptor 1 (GALR1) 0.96983124 

Alpha Tocopherol Transfer Protein (TTPA) 1.0096383 

Solute Carrier Family 10 Member 6 (SLC10A6) 1.13323914 

NK3 Homeobox 1 (NKX3-1) 1.2754121 

HtrA Serine Peptidase 4 (HTRA4) 1.34643929 

GS Homeobox 2 (GSX2) 1.35730375 

 

Supplementary Table 2. Examples of differentially expressed transcripts between 

the metabolically healthy obese and the metabolically unhealthy obese. 

Metabolically healthy obese ([MHO; n=10) animals demonstrated upregulation of nutrient 

transport transcripts and downregulation of inflammation-associated transcripts 

compared to the metabolically unhealthy obese ([MUO; n=13). However, genes listed did 

not survive corrections.  
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Measurement MHL MHO MUL MUO 
ANOVA 
p-Value 

Health 
p-Value 

Obesity 
p-Value 

% Positive 
CD31 

1.08 
(0.15) 

1.21 
(0.23) 

1.27 
(0.18) 

1.41 
(0.20) 

0.64 0.54 0.59 

% Positive 
MTC 

0.08 
(0.015) 

0.10 
(0.02) 

0.76 
(0.64) 

0.10 
(0.019) 

0.39 0.37 0.50 

 

Supplemental Table 3. Tissue vasculature and fibrosis did not differ by group, 

health or obesity status. All data are presented as tissue positive staining area means 

with SEM in parentheses (metabolically healthy lean [MHL] n=12; metabolically healthy 

obese [MHO] n=10; metabolically unhealthy lean [MUL] n=9; metabolically unhealthy 

obese [MUO] n=13). 
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Measurement Sample MHL MHO MUL MUO 
ANOVA 
p-Value 

Health 
p-Value 

Obesity 
p-Value 

MCP-1 (pg/mL) Plasma 
353.09 
(70.73) 

349.60 
(34.11) 

315.42 
(33.04) 

277.13 
(29.11) 

0.61 0.35 0.92 

Adiponectin 
(ng/mL) 

Plasma 
66.50 
(8.99) 

73.90 
(9.45) 

99.32 
(11.16) 

71.76 
(14.05) 

0.17 0.07 0.59 

PAI-1 (ng/mL) Plasma 
6.66 

(1.96) 
7.01 

(1.79) 
2.95 

(0.57) 
8.84 

(2.47) 
0.36 0.80 0.21 

IL-6 (pg/mL) Plasma 
5.28 

(0.74) 
10.39 
(3.18) 

7.44 
(2.80) 

7.20 
(1.74) 

0.35 0.93 0.93 

IL-1β (pg/mL) Plasma 
1.61 

(0.37) 
3.28 

(0.79) 
3.74 

(1.04) 
3.43 

(1.14) 
0.48 0.55 0.91 

MCP-1 (pg/mL) SQ AT 
3.98 

(0.80) 
8.52 

(2.75) 
6.72 

(2.11) 
10.98 
(2.76) 

0.24 0.06 0.02* 

IL-10 (pg/mL) SQ AT 
53.47 
(8.28) 

24.23 
(4.64) 

46.12 
(8.59) 

27.05 
(4.05) 

0.03* 0.99 0.004* 

TGFβ (pg/mL) SQ AT 
1766.38 
(93.82) 

1844.47 
(73.54) 

2220.74 
(194.39) 

1847.16 
(66.42) 

0.09 0.08 0.38 

 

Supplementary Table 4. Cytokines measured in circulation and in protein 

extracted from subcutaneous adipose explants. All data are presented as means 

with SEM in parentheses (metabolically healthy lean [MHL] n=12; metabolically healthy 

obese [MHO] n=10; metabolically unhealthy lean [MUL] n=9; metabolically unhealthy 

obese [MUO] n=13). Circulating cytokines did not differentiate groups. However, tissue 

measures of interleukin-10 (IL-10) differed between groups (overall ANOVA p=0.03) and 

by obesity status (p=0.004). Tissue concentrations of monocyte chemoattractant protein-

1 (MCP-1) also differed by obesity status (p=0.02), while transforming growth factor β 

(TGF-β) demonstrated a trend toward differing between groups (overall ANOVA p=0.09) 

and by health status (p=0.08). 
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Measurement MHL MHO MUL MUO p-Value 

Relatedness Coefficient 0.0118 0.0171 0.00977 0.0156 >0.05 

 

Supplemental Table 5. The familial relational coefficients of animals in each 

metabolic health group. All data are presented as medians (metabolically healthy lean 

[MHL] n=12; metabolically healthy obese [MHO] n=10; metabolically unhealthy lean 

[MUL] n=9; metabolically unhealthy obese [MUO] n=13). The animals’ relatedness in 

each group was not significantly different.  
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Summary  

Obesity is a key risk factor for metabolic syndrome (MetS); however, >10% of lean 

individuals meet MetS criteria. Visceral adipose tissue (VIS AT) disproportionately 

contributes to inflammation and insulin resistance compared to subcutaneous depots. We 

profiled VIS AT from nonhuman primates (NHPs) that naturally demonstrate four distinct 

health phenotypes despite consuming a healthy diet, namely metabolically healthy lean 

and obese, and metabolically unhealthy lean and obese. VIS AT biopsied from unhealthy 

lean and obese NHPs demonstrated upregulation of immune signaling pathways, a tissue 

microbiome enriched in Gram-negative bacteria including Pseudomonas, and deficiencies 

in anti-inflammatory M2 AT macrophages. VIS AT microbiomes were distinct from fecal 

microbiomes, and fecal microbiomes did not differ by metabolic health group, which was 

in contrast to the VIS AT bacterial communities. We conclude that immune activation with 

Gram-negative VIS AT microbial communities is a consistent feature in elevated MetS 

risk, in both lean and obese states. 
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Introduction 

The obesity epidemic continues to affect people worldwide (Lee et al. 2021). Obesity 

associates with metabolic syndrome (MetS), which is defined as a cluster of conditions 

including dyslipidemia, hypertension, and hyperglycemia (Saklayen 2018). However, >30 

% of individuals with obesity do not demonstrate MetS (metabolically healthy obese 

[MHO]), while >10% of lean individuals do have MetS (metabolically unhealthy lean [MUL]) 

(Aung et al. 2014). The physiological drivers of these disparate clinical phenotypes remain 

poorly understood, though the MHO and MUL groups suggest that adipose tissue function 

rather than mass may affect metabolic regulation.  

 

Inflammation of adipose tissue is a feature observed in unhealthy states. Adipose tissue 

inflammation has been well-described, and includes immune cell influx and activation that 

results in elevated circulating concentrations of cytokines and peripheral tissue insulin 

resistance (Wellen and Hotamisligil 2003). More recently, it has been shown that 

metabolic endotoxemia and inflammation in adipose tissue is possibly derived from the 

gastrointestinal (GI) tract (Clemente-Postigo et al. 2019; Neves et al. 2013). Microbes, 

including Gram-negative bacteria whose cell walls generate the endotoxin 

lipopolysaccharide (LPS), translocate across the GI mucosal barrier when its permeability 

is increased. Individuals with excess adipose tissue, who are aged, and/or have poor 

nutrition, have higher circulatory concentrations of LPS (Thaiss et al. 2018). Intestinal 

permeability allows for the accumulation of potentially pathogenic microbial communities 

into the lamina propria (of the GI tract wall) and, later, into circulation (Vanuytsel, Tack, 

and Farre 2021). This inflammatory stimuli has been associated with increased visceral 

adiposity in individuals prior to metabolic disease onset (Gummesson et al. 2011).  
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Changes in adipose tissue microbial populations due to intestinal permeability affect 

adipose tissue function (Lundgren and Thaiss 2020), and recent works have demonstrated 

that microbial communities accumulate in subcutaneous, omental, and mesenteric 

adipose tissue depots (Serena et al. 2020; Massier et al. 2020; Ha et al. 2020). To date, 

few studies have evaluated specific microbial profiles of adipose. Massier et al. (2020) 

noted the occurrence of different microbial communities in the adipose tissue of individuals 

with combined obesity and type II diabetes compared to individuals with obesity but not 

type II diabetes, where Lactobacillus and Lactococcus were less abundant in their 

mesenteric adipose (Massier et al. 2020). Individuals with obesity and type II diabetes 

were also shown to have decreased bacterial diversity in their mesenteric adipose tissue 

and enhanced levels of Gram-negative bacteria (Anhe et al. 2020). Likewise, patients with 

active Crohn’s Disease demonstrated enrichment of Proteobacteria in their mesenteric 

adipose tissue compared to controls without active Crohn’s Disease (Serena et al. 2020). 

However, the functional role of the microbiota in visceral adipose tissue and its relationship 

to MetS, pre-diabetes, and these phenotypes in non-obese individuals requires further 

elucidation.  

 

In this study, we performed a comprehensive characterization of visceral adipose tissue 

features in each metabolic health group. To do this, we used a unique nonhuman primate 

(NHP) model, the African green monkey, that demonstrates spontaneous obesity and 

MetS development in the absence of dietary drivers and environmental changes 

(Kavanagh et al. 2017). We coupled visceral adipose tissue microbiome, transcriptome, 

and immunohistochemical analyses from a cohort of 44 animals spanning the four clinical 

metabolic health groups (metabolically healthy lean [MHL], MHO, MUL, MUO). We reveal 

that visceral adipose tissue microbiome signatures co-occur with macrophage subtype 
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accumulation and tissue inflammatory signaling, corresponding with metabolic health 

status independent of obesity status. 

 

Results 

3.1. Abdominal adipose tissue distribution and adipocyte size do not explain 

differences in metabolic health 

Adult nonhuman primates (n=150; [NHPs]) underwent MetS risk criteria screening, and 

44 animals spanning the metabolically healthy lean (MHL), metabolically healthy obese 

(MHO), metabolically unhealthy lean (MUL), and metabolically unhealthy obese (MUO) 

groups (n=9-13/group) were selected for visceral adipose tissue analysis. MUL and MUO 

animals were selected to have significantly higher fasting glucose, triglycerides, and blood 

pressure compared to MHL and MHO animals, and obese animals were selected to have 

increased waist circumferences (Supplementary Table 1)1. By design, MHL animals had 

a MetS score of zero, MHO animals had a MetS score of one, and unhealthy animals had 

MetS scores of two or higher (Figure 1A)1. Computed tomography (CT) image analyses 

of adipose tissue distribution revealed that abdominal adipose tissue distribution did not 

explain health status, as lean animals demonstrated higher abdominal visceral (VIS) to 

subcutaneous (SQ) adipose tissue volume ratios compared to obese animals and 

distribution did not differ by health status (Figure 1B, Supplementary Table 1)1. Obese 

animals had significantly higher percentages of body fat (Figure 1C)1, and significantly 

lower percentages of lean mass, though no differences in lean mass were observed 

between MHO and MUO groups (Supplementary Table 1). Digital histopathological 

analyses of hematoxylin and eosin-stained visceral adipose tissue sections (Figure 1E) 

                                                           
1 Data presented in Chapter III 
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determined that obesity status dictated adipocyte size, as obese animals demonstrated 

significantly larger adipocytes in their visceral adipose (Figure 1D). No differences in liver 

attenuation, an estimate of liver fattiness, were observed by group, health status or obesity 

status (Supplementary Table 1). These data indicate that neither abdominal adipose 

distribution nor ectopic deposition of triglyceride (i.e., in the liver) explain MetS prevalence 

in our animal model.  

 

3.2 Visceral adipose tissue from metabolically unhealthy animals demonstrates 

antigenic stimulation and immune activation  

We performed unbiased RNA-seq on visceral adipose tissue biopsies and gene ontology 

term analysis to identify gene pathways that differed between metabolic health groups. 

Figure 2 depicts gene ontology terms that survived false discover rate (FDR) multiple 

comparisons corrections. A total of five terms were enriched in the MUL compared to the 

reference group, the MHL group. A total of three terms were enriched in the MUO 

compared to the MUL group, determining the added effect of obesity. The “MHC class II 

protein complex,” “immune response,” and “integral component of membrane” terms were 

significantly upregulated in both unhealthy groups: the MUL compared to the MHL (Figure 

2A), and MUO NHPs (Figure 2B) compared to the MUL. Enrichment of the “MHC class II 

protein complex” in the MUL group compared to the MHL and the MUO compared to the 

MUL surpassed 30-fold (Figure 2B). The “MHC class II protein complex” term is 

comprised of 11 genes involved in histocompatibility and macrophage recruitment. The 

“immune response” gene ontology term is composed of 1933 genes and 4727 annotations 

primarily relating to innate immune responses as well as interferon gamma (IFN-γ) and T 

cell responses. Therefore, upregulation of these pathways in the MUL and MUO groups 

indicates possible increased accumulation of antigen presenting cells and cells that 
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produce IFN-γ in visceral adipose tissue (Kintscher et al. 2008; Wang and Wu 2018). In 

addition to showing enrichment of the terms listed above, the MUL group demonstrated 

enrichment of the terms “transmembrane signaling receptor activity” and “non-membrane 

spanning protein tyrosine kinase activity.” No gene ontology terms between MHO and 

MHL groups survived FDR multiple comparisons corrections. 

 

We performed differential gene expression analysis to determine visceral adipose tissue 

transcript expression patterns between groups differing in metabolic health. In visceral 

adipose tissue, 15,727 transcripts were identified after removal of non-coding protein 

genes and genes ambiguously mapped to chromosomes. Transcripts with less than one 

count in more than 10 NHP RNA samples were also removed. Of the 15,727 identified 

transcripts, 896 were differentially expressed, where 47 genes were differentially 

expressed between MHO and MUO groups, 352 were differentially expressed between 

MHL and MUL groups, 143 were differentially expressed between MHL and MHO groups, 

and 381 were differentially expressed between MUL and MUO groups. Differentially 

expressed transcripts between groups did not survive FDR multiple comparisons 

corrections; however, several transcript expression differences between the MUO and 

MHO, and the MHL and MUL groups were worth noting as they related to health status. 

Upregulated genes in MUO compared to MHO visceral adipose included extracellular 

matrix (ECM)-related transcripts and those involved in dampening immune response 

(Supplementary Table 2). Upregulation of sarcoglycan gamma (SGCG) and epiphycan 

(EPYC) in the MUO visceral adipose indicates increased visceral adipose ECM 

deposition, and, while not statistically significant, is consistent with metabolic disease 

onset (Ruiz-Ojeda et al. 2019). Genes downregulated in the MUO compared to the MHO 

were those involved in proliferation and post-translational modifications, including 

Homeobox A11 (HOXA11) and A9 (HOXA9), and polypeptide N-
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acetylgalactosaminyltransferase 5 (GALNT5) (Supplementary Table 2). HOX gene 

dysregulation results in decreased angiogenesis and endothelial cell proliferation. 

Downregulation of HOXA9 in the MUO visceral adipose suggests inadequate vascularity 

and nutrient flow, which is a hallmark of metabolic disease (Rössig et al. 2005). GALNT5 

expression has been shown to correlate with insulin signaling (Hlaing et al. 2017), so the 

observed downregulation of GALNT5 in MUO visceral adipose compared to the MHO, 

though not statistically significant, is consistent with these animals having worsened 

glycemic control. MUL visceral adipose tissue demonstrated downregulation of transcripts 

associated with antigen recognition, proteostasis and mitochondrial function, including 

immunoglobulin lambda variable cluster 3-9 (IGLV3-9), ubiquitin D (UBD), and aconitate 

decarboxylase 1 (ACOD1) compared to the MHL (Supplementary Table 3). 

Downregulation of IGLV3-9 indicates downregulation of immunoglobulin formation in MUL 

visceral adipose and potentially an inability to respond to pathogens. Similarly, as a 

negative regulator of toll-like receptor-mediated inflammatory response, non-significant 

downregulation of ACOD1 could potentially indicate increased reactivity of visceral 

adipose tissue to local microbes.   

 

To better understand the inflammatory profile of each metabolic health group, we 

characterized visceral adipose tissue macrophage subtypes. Supplementary Figure 2A2 

depicts the staining strategy used to identify undefined macrophages (CD163+CD68+), M1 

macrophages (CD163+CD68+pSTAT1+), intermediate or M1 and M2-expressing 

macrophages (CD163+CD68+pSTAT1+CMAF+), and M2 macrophages 

(CD163+CD68+CMAF+). This staining strategy, while not capturing metabolically activated 

macrophages, allowed us to capture a spectrum beyond just M1 and M2 macrophage 

                                                           
2 Presented in Chapter III 
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subtypes. Overall, visceral adipose tissue macrophage density did not differ between 

groups (Supplementary Table 4), but MUL and MUO NHPs demonstrated significantly 

fewer anti-inflammatory M2 macrophages in their visceral adipose than MHL and MHO 

animals (Figure 2C). Heat maps of M2 macrophage accumulation reflect the increased 

accumulation of M2 macrophages in healthy visceral adipose tissue (Figure 2D) 

compared to unhealthy visceral adipose (Figure 2E). No differences by group, health or 

obesity status in M1, undefined, or intermediate macrophages were observed. 

Coincidentally, visceral adipose tissue levels of pro-inflammatory interleukin (IL)-6 were 

increased in unhealthy NHPs (Figure 2F; Supplementary Table 1; p=0.03). The pro-

inflammatory visceral adipose tissue milieu observed in the MUO and MUL animals is 

likely driven by activated immune cells, like pro-inflammatory M1 macrophages, that 

release Th1 cytokines. Activation of immune cells in adipose tissue is hypothesized to be 

caused by tissue resident microbiota, and thus, we investigated visceral adipose tissue 

bacterial components.  

 

3.3. Visceral adipose tissue microbial taxa are differentially enriched across 

metabolic health groups 

We performed 16S rRNA gene-based sequencing to profile bacteria resident in the 

visceral adipose tissue of MHL, MHO, MUL and MUO NHPs. Beta (β) diversity profiles 

using PCoA of the unweighted UniFrac distance showed significant separation between 

the four groups (R2 =0.36, p < 0.001) (Figure 3A). Shannon (Figure 3B) and Simpson’s 

indices (p < 0.0001) (Figure 3C) demonstrated that the alpha diversity, thus species 

heterogeneity, was significantly higher in metabolically unhealthy visceral adipose 

compared to the healthy visceral adipose tissue.  Taxonomy-based comparisons of the 

visceral adipose tissue microbiome at the phylum and genus levels indicated differences 
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between groups. The most dominant bacterial phyla detected were Actinobacteria, 

Firmicutes, and Proteobacteria (Figure 4A). However, the proportions of each taxon 

differed between groups. In MHO, the phylum Actinobacteria was 10.7% higher, but was 

15% lower in MUL individuals. Proteobacteria abundance was 41% and 51% higher in 

MUL and MUO groups when compared to the MHL.  Firmicutes were more prevalent with 

obesity (6.6% and 9.6% higher in MHO and MUO respectively), while proportions in MUL 

remained similar to MHL. At the genus level, Allobaculum, Bifidobacterium, Lactobacillus 

and Pseudomonas were the most dominant genera (Figure 4B). Similar to phylum level 

changes, MUL and MUO had higher abundances of Pseudomonas (approximately 700-

fold) compared to MHL and MHO. In contrast, Lactobacillus (13%) and Lactococcus 

(150%) abundances were higher in MHL and MHO compared to MUL and MUO. 

 

We utilized LEfSe analysis to identify key taxa, or populations of microbes, that were 

differentially abundant between the four groups at the phylum level (Figure 4C) and genus 

level (Figure 4D) after FDR multiple comparisons corrections. We observed striking 

differences in phyla abundance between the four groups with differing metabolic health. 

Our analysis revealed significant enrichment of Proteobacteria (p = 8.57E-07, pFDR = 

4.29E-06) and Tenericutes (p = 8.40E-05, pFDR = 0.0001) in the MUL, while Firmicutes 

(p= 8.22E-06, pFDR= 2.05E-05) and Actinobacteria (p= 0.03, pFDR= 0.04) were 

significantly abundant in MHL and MHO groups, respectively.  At the genus level, 

Pseudomonas (p= 8.57E-07, pFDR= 6.86E-06) and Ureaplasma (p= 8.40E-05, pFDR= 

0.0003) were significantly abundant in the MUL, while Lactobacillus (p= 0.0002, pFDR= 

0.0006) and Lactococcus (p= 0.017, pFDR= 0.034) were significantly abundant in the 

MHL. Further, Staphylococcus (p= 0.032, pFDR= 0.05) and Allobaculum (p= 0.023, 

pFDR= 0.045) were significantly enriched in MUO and MHO groups, respectively.  
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3.4. Metabolically unhealthy visceral adipose illustrates a distinct microbiome 

enriched in Gram-negative bacteria  

To further scrutinize our visceral adipose tissue microbial findings, we assessed the 

possible contamination of our samples that could have stemmed from sample handling, 

and the Gram status of the bacteria present in the visceral adipose tissue of the four 

metabolic health groups. The number of operational taxonomic units (OTUs) were equal 

in the four metabolic health groups (Figure 5A) indicating that all individuals had a 

resident, low biomass, tissue microbiome. The magnitude of the bacterial loads as 

measured by visceral adipose tissue OTU counts were many folds higher than those 

observed in negative control samples, including laboratory air and distilled water, 

suggesting that contamination contributions were low impact. The taxonomic-to-

phenotype mapping and visualization revealed phenotypic differences in Gram-type and 

predicted metabolism features between the four groups with differing metabolic health. 

Evaluation of the Gram-type of the bacteria present in each visceral adipose tissue sample 

revealed increased presence of Gram-negative bacteria in MUL (30%) and MUO (30.4%) 

NHP VIS AT compared to MHL (2.2 %) and MHO (1.7%) (Figure 5B-E). In conjunction 

with increased Gram-negative bacteria, we observed changes in microbial-associated 

metabolism, such as increased levels of atrazine metabolism, chitin degradation, nitrogen 

fixation and nitrite reducers in the MUL and MUO groups relative to the MHL and MHO 

groups (Supplementary Figure 1 A-D).  

 

3.5 Visceral adipose tissue microbiome is different from fecal microbiome 

As our microbial analyses of visceral adipose tissue indicated that tissue microbial 

communities were different in animals with different health statuses, we evaluated whether 

the fecal microbiome resembled that of the visceral adipose tissue, and if the fecal 
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microbiome differed between metabolic health groups. Unweighted UniFrac distance 

comparison by PCoA of fecal and visceral adipose tissue samples indicated that 

differences in microbial composition could be clustered by sample type (R2 = 0.83; p-value 

< 0.001) (Figure 6A). In fecal samples alone, we observed no significant differences 

between health groups in alpha diversity by Shannon (Figure 6B) and Simpson’s (Figure 

6C) indexes or beta diversity. The most dominant bacterial phyla in the fecal samples were 

Bacteroidetes, Firmicutes, Actinobacteria and Proteobacteria across the sample type 

(Figure 6D). The proportions of each taxon changed with sample type, fecal versus 

visceral adipose tissue. Fecal samples had a higher abundance of the Bacteroidetes 

phylum, while Firmicutes and Actinobacteria were dominant in visceral adipose tissue 

samples. These data suggest that the fecal and visceral adipose tissue microbiomes from 

a given group did not resemble one another. Given the differences in visceral adipose 

tissue microbial communities between the four groups with differing health and that 

movement of bacteria across the GI mucosa has been identified as a pathway by which 

bacterial communities arrive and populate in adipose tissue, we measured circulating 

lipopolysaccharide binding protein (LBP)-1 as a biomarker of microbial translocation 

(Vemuri, Sherrill, et al. 2021). LBP-1 levels were numerically higher in the MUL and MUO 

groups, but differences did not meet statistical significance (Supplementary Table 1).  

 

3.6 Novel microbial co-occurrence patterns relate to metabolic health  

To understand the complex microbiome community structure in adipose tissue and 

differences present in the study animals, we performed microbial co-occurrence analyses. 

These analyses result in the formation of biological networks around taxonomic clusters 

(Figure 7A-D). These networks are a combination of nodes representing specific taxa, 

and edges drawn as lines, which demonstrate significant positive/co-occurring or 
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negative/co-exclusionary relationships between taxa. Our genus-level network analysis 

revealed eight nodes for all the groups except for MUO, which had nine nodes, and each 

group differed in the number of edges. The MHL had 15 associations, where seven were 

co-occurrences and eight were co-exclusions, while the MHO had 19 associations with 10 

co-occurrences and nine co-exclusions. Conversely, the MUL had 25 associations, where 

nine were co-occurrences and 16 were co-exclusions, while the MUO had 24 associations 

with 11 co-occurrences and 13 co-exclusions. These can be visually appreciated as 

simplified interactive landscapes (Figure 7A-D). Summaries of these co-occurrences 

demonstrate that unhealthy adipose tissue has more co-exclusionary relationships, 

whereas healthy adipose tissue has a more cooperative landscape. The genera with the 

highest numbers of co-occurrences in metabolically healthy animals were Bifidobacterium, 

Streptococcus, Prevotella, while Allobaculum and Rombustsia had the most co-

exclusions. Similarly, in metabolically unhealthy animals, Ureaplasma had the most co-

occurrences, and Streptococcus and Staphylococcus had the most co-exclusions. 

 

Discussion 

To-date, there is little information available on the microbial composition of adipose tissue 

and how it relates to local tissue function and systemic metabolic health. In this study, we 

identify distinct bacterial communities in the visceral adipose tissue of animals spanning 

the four metabolic health groups, and specific tissue immune cell and transcript profiles 

that support a local adipose tissue response to this resident microbiome. Our data extend 

previous adipose tissue microbiome investigations to lean individuals with MetS, and show 

visceral adipose tissue inflammation and the tissue microbiome – or the “adipobiome” – 

to be different in unhealthy animals without the addition of dietary drivers. Our 

comprehensive CT, transcriptomic, and immunohistochemical analyses indicated the 
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following: 1) unhealthy visceral adipose tissue demonstrates increased inflammatory 

signaling evidenced by fold enrichment of “immune response” and “MHC class II protein 

complex” gene ontology terms and decreased M2 macrophages in the absence of 

redistributed abdominal or ectopic adipose; 2) unhealthy visceral adipose tissue illustrates 

increased abundances of Gram-negative bacteria, including more pro-inflammatory 

Pseudomonas and lower relative abundances of anti-inflammatory Bifidobacterium and 

Lactococcus. Unhealthy visceral adipose tissue also demonstrates increased microbial 

diversity compared to healthy animals, which network analyses revealed to be more co-

exclusionary; 3) fecal microbial populations do not differ between metabolic health groups 

and they do not mirror visceral adipose tissue microbial populations.  

 

Like prior reports, the OTUs and 16S gene copy numbers were similar in visceral adipose 

tissue from all four groups, but were many fold higher than laboratory controls and 

significantly less than fecal matter used as a positive control (Anhe et al. 2020; Massier et 

al. 2020). In our analyses, Pseudomonas was a dominant genus only in unhealthy NHPs, 

whereas Staphylococcus and Allobactum were similarly dominant but unaffected by health 

status. Pseudomonas includes soil and water contaminants, making the inclusion and 

filtering by negative control OTUs an important step to confirm the importance of this 

Gram-negative group in adipose tissue.  

 

We found that unhealthy animals demonstrate an increased abundance of Gram-negative 

bacteria in their visceral adipose tissue and coincident decreases in anti-inflammatory M2 

macrophages compared to healthy animals. Gram-negative bacterial accumulation in 

extra-intestinal sites, like visceral adipose tissue, drives a robust immune response 

through nuclear factor-kappa b (NF-kB), which incites pro-inflammatory M1 macrophage 

infiltration and Th1 cytokine release (Torres et al. 2019). Macrophages, the predominant 
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leukocyte in adipose tissue, exist along a spectrum, though they are often defined by the 

extremes of their inflammatory states (Brykczynska et al. 2020), where M1 macrophages 

are considered pro-inflammatory and M2 macrophages are considered anti-inflammatory 

(Ni et al. 2020). Gram-negative bacteria derived-lipopolysaccharide (LPS) lipoproteins are 

absorbed by macrophages in adipose tissue, and have been shown to cause local tissue 

macrophages to shift from anti-inflammatory M2 to pro-inflammatory M1 (Hersoug, Møller, 

and Loft 2016). Additionally, unhealthy animals demonstrated increases in visceral 

adipose tissue IL-6 compared to healthy animals, which has been shown to further drive 

pro-inflammatory macrophage differentiation (Pal, Febbraio, and Whitham 2014). 

However, Lactobacillus species, including gasseri and plantarum, have been shown to 

induce M2 macrophage polarization and decrease M1 macrophage accumulation in both 

epididymal AT and the peritoneum of mice fed a high-fat diet or with colitis, respectively 

(Kawano et al. 2016; Ukibe, Miyoshi, and Kadooka 2015; Jang et al. 2014). These data 

indicate that shifting the visceral adipose tissue microbiome could favorably shift 

macrophage polarization and thus reduce inflammation and metabolic dysfunction. The 

observed down regulation of antigen response-related transcripts in the MUL may result 

in a permissive environment to bacteria. Future studies will determine the presence of 

immune cell deficiencies, and at what life stage deficiencies occur, across metabolic 

health groups. Our profiling of tissue macrophages confirm that pro-inflammatory M1 

macrophages comprised the smallest fraction of identified macrophages, with the bulk of 

macrophages being undefined or M2 and in a steady state (Supplemental Figure 2B). The 

overall high abundance of the M2 macrophage type observed in adipose tissue has 

recently been substantiated by single-cell RNA sequencing of human adipose (Bäckdahl 

et al. 2021) and so our results identify a potential cause for shifting away from this M2 

resident tissue macrophage type. 
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In this work, unhealthy NHPs demonstrated accumulation of Gram-negative bacteria in 

their visceral adipose tissue without consuming high-fat or high-sugar diets and while living 

in controlled environments. We compare our subjects’ fecal microbiomes with their 

visceral adipose tissue microbiomes to determine differences while exposed to consistent 

dietary environments, providing novel information regarding the relationship between the 

fecal microbiome and that of visceral adipose tissue. The lack of fecal microbial 

differences between groups supports the consistency of our animal model’s environment 

and diet (Vemuri, Sherrill, et al. 2021; Wilson et al. 2018). The lack of diet-related 

confounding between health groups also resulted in adipocytes being comparable sizes 

between healthy and unhealthy animals. Thus, we do not have differential adipocyte 

hypertrophy or immune activation by dietary components as a cause for gene profiling 

differences between healthy and unhealthy NHPs. Evidence is collecting that hypertrophic 

adipocytes themselves may not be dysfunctional if the ECM components surrounding 

them are permissive of expansion (Sakers et al. 2022), but this is still an area of 

controversy (Espinosa De Ycaza et al. 2022). Our gene expression data did indicate that 

ECM components were active in MUO thus allowing expansion.  

 

This appropriately powered study incorporates a translationally relevant nonhuman 

primate model that demonstrates metabolic health phenotypes consistent with humans. 

We recognize the limitations of this work. Due to availability limitations, we were only able 

to include female NHPs in this study. While not consistently observed, NHP studies have 

demonstrated sexual dimorphic microbial and inflammatory patterns (Adriansjach et al. 

2020). Additionally, for the first time, we performed co-occurrence network analyses to 

understand the complexity of microbial structures and their interactions in visceral adipose 

tissue. However, we recognize that we cannot fully determine the nature of these 

interactions, though this analysis opens up hypotheses regarding developmental 
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programming of both tissue-resident macrophage types and tissue-resident microbiomes. 

Our network analyses of the “adipobiome” in unhealthy subjects was enriched in co-

exclusions. This is consistent with other tissue niche microbial network analyses, such as 

colonic mucosal youthful microbiomes that were more interactive and enriched in co-

occurrences, when compared to less healthy elderly subjects where co-exclusions 

predominated, leading to a disjointed and dysbiotic microbiome (Vemuri, Sherrill, et al. 

2021). 

 

Our data highlight pathways that could be investigated for potential treatment of 

metabolically unhealthy persons with or without obesity. Likewise, this work identifies 

signatures that could potentially be used to identify individuals with or without obesity at 

risk of MetS development. Gene expression from whole adipose tissue transcriptomics 

overwhelmingly indicates that immune responses to this microbial population is 

upregulated in MetS, and that immune response is coupled with a macrophage shift away 

from anti-inflammatory M2 macrophages. Studies of the “adipobiome” point towards a 

targetable adipose tissue component that can improve health alongside the use of 

effective lifestyle-related strategies. 

 

STAR Methods 

Animals Selection and Study Design 

A total of 150 animals resident in the Vervet Research Colony at Wake Forest School of 

Medicine (WFSM) were screened using metabolic syndrome (MetS) criteria described for 

nonhuman primates (NHPs) (waist circumference>40cm, HbA1c>6, fasting blood 

glucose>100 mg/dL, systolic blood pressure>135mmHg, diastolic blood 

pressure>85mmHg, triglycerides>125mg/dL, HDL cholesterol<50mg/dL) to identify 
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animals in each metabolic health group (n=9-13/group). Obese animals were identified as 

those with a waist circumference of >40cm. A waist circumference of >40cm corresponds 

to the upper 20th percentile in these animals, and this cutoff was modeled on where the 

Adult Treatment Panel III MetS waist definition falls for males and females in a normal 

human population (Detection and Adults 2002; Lean, Han, and Morrison 1995; Kavanagh 

et al. 2007). Unhealthy NHPs were first selected according to glycemia and dyslipidemia 

indices and then by hypertension. MetS scores were calculated as the sum of each MetS 

criterion met. A 44-animal cohort including animals in each group was selected. MHL 

NHPs had a MetS score of zero, MHO NHPs had a MetS score of one, and MUL and 

MUO animals had MetS scores of two or higher. All phenotypes had developed 

spontaneously over the life course of each animal. NHPs were free from pro-inflammatory 

dietary drivers as they were fed a low fat, low cholesterol, low sugar and high protein, high 

fiber commercial chow (Lab Diet 5038; LabDiet, St. Louis, MO). 

 

Animals diagnosed with type II diabetes according to the American Diabetes Association 

cutoff (fasting blood glucose>126mg/dL) were maintained on insulin twice daily (Ruggiero 

et al. 2021). Insulin doses were modulated using post-prandial blood glucose levels, and 

therapy had been consistent for >6 months at the time of study and was withdrawn the 

day prior to evaluations (Ruggiero et al. 2021). A total of five animals diagnosed with type 

II diabetes were included, where two belonged to the MUL group and three belonged to 

the MUO group. All animals, except those receiving insulin therapy were socially housed 

in indoor-outdoor pens and allowed equal access to exercise as previously described 

(Ruggiero et al. 2021). Diabetic animals were socially housed in smaller enclosures, 

though they spontaneously developed diabetes while housed in the indoor-outdoor pens. 

During the one-year period between time of screening and time of biopsy, some animals 

transitioned to different groups, due to weight fluctuations or worsening health. We used 
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the animals’ group placements at the time of biopsy when conducting our analyses. As a 

result, we had 9-13 observations per group for each endpoint. Limited selection from the 

breeding colony resulted in our study including only females. 

 

Pre-determined power analyses using previously collected data indicated that we would 

have 80% power to detect a 1.5 standard deviation difference in the subcutaneous AT 

M2/M1 macrophage ratio between groups with n=11 animals per MetS group. Post-hoc 

power analyses using our visceral AT M2 macrophage data and the new group sample 

sizes indicated that we achieved 80% power to detect differences in this endpoint by 

health status, with n=17 healthy or unhealthy animals. 

 

All procedures were performed in accordance with the Guide for Care and Use of 

Laboratory Animals. Protocols for avoidance of pain and discomfort were adhered to and 

conducted in compliance with the WFSM Institutional Animal Care and Use Committee. 

WFSM is accredited by the Association for the Assessment and Accreditation of 

Laboratory Animal Care International, and operates in compliance with the Animal 

Welfare Act. 

 

Blood and Metabolic Health Measures 

All animals underwent an overnight fast, prior to anesthetization with intramuscular 

ketamine injection (10-15mg/kg). After anesthetization, each animal was weighed and had 

their waist circumference measured with a flexible tape measure at the level of the 

umbilicus. Blood samples were collected by percutaneous venipuncture of the femoral 

vein into ethylenediaminetetraacetic acid (EDTA) blood tubes and placed on ice until 

processed for plasma, which was stored at –80°C until analyzed. As described previously, 
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fasting blood glucoses were determined by the glucose oxidase method, and fasting 

insulin concentrations were determined by enzyme-linked immunosorbent assay (ELISA; 

Mercodia, Uppsala, Sweden) (Vemuri, Ruggiero, et al. 2021). Glycated hemoglobin was 

measured in whole blood using high-performance liquid chromatography methodology 

(Afinion Alere, Waltham, MA), and triglyceride, high density lipoprotein cholesterol, and 

total cholesterol concentrations were measured enzymatically as previously described 

(Vemuri, Ruggiero, et al. 2021). Blood pressure was measured indirectly using a 

sphygmomanometer 15–30 min after ketamine anesthesia and was calculated as the 

mean of three measurements (Vemuri, Ruggiero, et al. 2021). Circulating monocyte 

chemoattractant protein (MCP)-1, C-reactive protein (CRP) (R&D Systems, Minneapolis, 

MN), and microbial translocation (MT) biomarker, lipopolysaccharide-binding protein 

(LBP)-1 (Hycult Biotech Inc., Plymouth Meeting, PA) and soluble CD14 (R&D Systems, 

Minneapolis, MN) were measured in isolated plasma by ELISA. All ELISAs were 

performed according to the manufacturer’s instructions in duplicate and as previously 

described (Mitchell et al. 2017).  

 

Body Composition Analyses 

Computed tomography (CT) scans were used to measure fat and muscle tissue volumes. 

Scans were performed on a GE 0.625-mm slice Discovery MI DR scanner (GE Health 

care, Waukesha, WA). Images were reconstructed with TeraRecon Aquarius Intuition 

software (TeraRecon, Foster City, CA) and converted into a dicom format for analysis. As 

previously described, fat- and lean-containing voxels were used to calculate volume 

results (then corrected for density) and expressed as a percentage of the animal’s total 

body weight (Bacarella et al. 2020). The distribution of intra-abdominal and subcutaneous 

adipose volumes was assessed from the abdominal region isolated  between the 
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thoracolumbar junction and the fourth lumbar vertebrae using automated differentiation of 

depots within and outside the body wall as done previously (Bacarella et al. 2020). Liver  

attenuation values were collected in triplicate at the level of the fourth lumbar vertebrae 

as previously described (Bacarella et al. 2020).  

 

Adipose Tissue Collections 

Adipose biopsies were collected under isoflurane anesthesia. Animals were positioned in 

lateral recumbency, and AT was collected from the ventral aspect of the caudal abdomen, 

underneath the body wall at the umbilicus. Immediately upon collection, all tissues were 

washed twice in Dulbecco’s phosphate-buffered saline (DPBS) and either flash frozen in 

liquid nitrogen or placed in 4% paraformaldehyde (PFA) until downstream assessment. 

 

RNA Extractions 

RNA was extracted from 100mg visceral adipose biopsies using the Qiagen RNeasy Lipid 

Mini tissue kit (Hilden, Germany) according to the manufacturer’s protocol. Genomic DNA 

was removed from isolated RNA using the Qiagen RNase-Free DNase kit (Hilden, 

Germany) according to the manufacturer’s protocol.  

 

Transcriptomic Analyses 

cDNA libraries were prepared using total RNA and  the Illumina® TruSeq Stranded mRNA 

Library Prep and IDT for Illumina-TruSeq RNA UD Indexes (Illumina Inc.).  RNA quality 

was assessed using the Agilent TapeStation 4150. RIN values for the RNA samples 

ranged from 7.2 to 8.9. For each sample, 750 ng of total RNA was used. Poly-A selection 

using oligo-dT magnetic beads occurred and was followed by enzymatic fragmentation, 



 

149  

reverse-transcription and double-stranded cDNA purification using AMPure XP magnetic 

beads. The cDNA was end repaired, 3′ adenylated with Illumina sequencing adaptors 

ligated onto the fragment ends, and the stranded libraries were pre-amplified with PCR.  

The library size distribution was validated and quality inspected using an Agilent 2100 

Bioanalyzer. The quantity of each cDNA library was measured using the Qubit 3.0 

(Thermo Fisher, USA). Pooled libraries were sequenced to a target read depth of 25M 

reads per library using single-end, NovaSeq 6000 SP Reagent Kit (100 cycles) (Illumina 

Inc.) on the NovaSeq 6000. RNA-seq data were screened using FastQC for quality 

analysis (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Cleaned reads 

were aligned using the STAR sequence aligner and the vervet monkey genome 

(Chlorocebus aethiops) as the reference genome as previously described (Dobin et al. 

2013; Ruggiero et al. 2021). On average, 32.11 ± 5.24 million reads were uniquely 

mapped. To quantify the RNA-seq data as counts, featureCounts was used (Liao, Smyth, 

and Shi 2014). Differentially expressed genes (DEGs) were analyzed using the Limma-

voom tool in R, where gene counts were used as inputs (https://ucdavis-bioinformatics-

training.github.io/2018-June-RNA-Seq-Workshop/thursday/DE.html) (Ritchie et al. 2015).  

Database for Annotation, Visualization and Integrated Discovery (DAVID) was to identify 

biologically enriched gene ontology (GO) terms (https://david.ncifcrf.gov/). 

 

Histology and Immunohistochemistry 

PFA-fixed, paraffin-embedded adipose tissues were used to create histologic sections for 

adipocyte and macrophage assessments. Sections were stained with fluorescent CD68 

and CD163 to evaluate total macrophage infiltration (AbD Serotec Bio‐Rad, Raleigh, NC), 

and co-stained with pSTAT1 (Cell Signaling Technology, Danvers, MA) and CMAF 

(Abcam, Cambridge, UK) to identify undefined, M1, intermediate, and M2 macrophages 
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(Barros et al. 2013). Undefined macrophages were identified as CD68+CD163+ only, M1 

macrophages were identified as CD68+CD163+pSTAT1+, intermediate macrophages were 

identified as CD68+CD163+pSTAT1+CMAF+, and M2 macrophages were identified as 

CD68+CD163+CMAF+. A Visiopharm software macro (v.2019.02.1.6005, Hoersholm, 

Denmark) distinguished between macrophage types by first identifying DAPI-stained 

nuclei and then the respective macrophage-specific overlaying stains.  Negative and 

positive controls were unstained sections and lung tissue, respectively. Adipocyte 

analyses were performed using a specialized Visiopharm software (v.2019.02.1.6005, 

Hoersholm, Denmark) macro. This macro was deployed on hematoxylin and eosin-stained 

tissue sections and determined the following endpoints: total tissue area, total adipocyte 

number, total adipocyte area, and individual adipocyte area.  

 

Cytokine Evaluations 

Protein was extracted from ~100mg of frozen tissue using the Invent Minute Total Protein 

Extraction Kit for Adipose Tissues (Plymouth, MN) according to manufacturer’s 

instructions.  Extracted protein was quantitated by bicinchoninic acid assay. A total of 75μg 

of protein was used to interleukin (IL)-6 by ELISA (R & D Systems, Minneapolis, MN, 

USA). Assays were run in duplicate using predetermined dilutions. 

 

Microbial 16S Sequencing and Sample Contamination Assessment 

Feces and visceral adipose tissue samples were collected from each monkey and used 

for DNA extraction and histology. Fecal and visceral adipose DNA were isolated utilizing 

QIAamp DNA Stool Mini Kit (Hilden, Germmany) and QIAamp DNA Mini Kit (Hilden, 

Germany). Briefly, DNA extraction were performed with 150 μL of the fecal samples and 

25 mg of the visceral adipose samples in accordance with the manufacturer’s instructions. 
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Tissue and fecal samples were aseptically collected to avoid possible contamination. DNA 

was further quantitated and sequenced by the Wake Forest Core Genomics Center 

(Winston Salem, NC, USA). Briefly, DNA was extracted from samples, the quality of the 

DNA was determined by gel electrophoresis, and then the amplified DNA was sequenced 

on one 2 × 300-bp Illumina MiSeq run (Illumina Inc., San Diego, CA, USA) for paired-end 

sequencing. 

 

Tissue samples with low bacterial biomass are highly susceptible to potential 

contamination from environment and reagents and may generate false-positive results 

(Salter et al. 2014). To address the contamination issue, we included a comprehensive 

set of negative controls to test for environmental sample contamination at major steps in 

the analysis. In short, at major steps in the tissue collection and analysis, negative control 

samples were collected (air–lab, reagents and air–water). Water samples were used to 

control for labware, reagent and/or environmental contamination during DNA extraction 

(air–lab) and during amplification steps for tissue 16S rRNA quantification. After thorough 

validation of negative controls, 16S rRNA quantification and sequencing data were used 

for the discovery of tissue-specific bacterial signatures linked to metabolic health. 

 

Microbiome Data Analysis 

Preprocessed and quality-filtered paired end sequencing data were imported to the 

Quantitative Insights into Microbial Ecology (QIIME) 2 (https://qiime2.org/), where all 

subsequent steps were performed using QIIME2 plugins such as DADA2 (Callahan et al. 

2016). Briefly, preprocessing included removal of reads with a certain proportion of low 

quality bases (20% of read original length), removal of reads contaminated (five bases 

overlapped by reads and adapter with maximal three bases mismatch allowed), removal 
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of reads with ambiguous bases and removal of reads with low complexity. Paired-end 

joining and denoising was performed with DADA2. Taxonomic assignment was performed 

using the q2-feature- classifier, which was trained for the used primers using the 99% OTU 

data set of the Green genes taxonomy release. Subsequently, taxonomy and generated 

feature tables were analyzed using bioinformatics analysis tools phyloseq v1.26.132 and 

MEGAN 6 (Community Edition)(Huson et al. 2016). Briefly, data were filtered by removing 

features with all zeros or containing very low counts (<0.0005%) to improve downstream 

analysis as previously described (Vemuri, Sherrill, et al. 2021). After data filtering, data 

were normalized by scaling (unification of all samples to the same scale) and 

transformation (stabilization of variation) to avoid data sparsity issues and enable 

meaningful comparison. Further, Decontam V.1.2.140 was used to filter out features with 

a high chance of being contaminants using sequenced negative controls (Davis et al. 

2018). Alpha (α) diversity profiles to measure species richness and evenness were 

analyzed using Shannon’s and Simpson’s indexes. To determine the microbial variation 

using beta (β) diversity between the groups, we used clustering methods, such as principal 

coordinate analysis (PCoA), which were generated with weighted and unweighted UniFrac 

β diversity metrics. The statistical significance of the differences in β diversity between the 

groups and sample types was tested with the permutational multivariate analysis of 

variance (PERMANOVA) test, using the unweighted UniFrac distance matrix as an input 

and corrected for false discovery rates (FDRs). To identify the microbial taxa that were 

differentially abundant between sample types and the groups, Linear Discriminate 

Analysis (LDA) Effect Size (LEfSe) analyses were performed as described. Using the 

LEfSe algorithm, microbial taxa that were differentially abundant in the groups and sample 

types were first identified and tested using the Kruskal–Wallis rank-sum test. The identified 

taxa were then subjected to the LDA model and ranked by their LDA scores, respectively. 
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The threshold logarithmic LDA score was set at 2.0 and corrected for FDR, to identify taxa 

that were truly significant in the four groups of samples (MHL, MHO, MUL and MUO). 

Functional Metagenomics Analysis 

To obtain functional profiles of age-dependent gut microbiome changes, we used 

Phylogenetic Investigation of Communities by Reconstruction of Unobserved States 

(PICRUSt)(Douglas et al. 2020) and used the Kyoto Encyclopedia of Genes and Genomes 

(KEGGs) module and METAGENassist (Arndt et al. 2012) to perform advanced functional 

analysis (Langille et al. 2013). This automated taxonomic-to-phenotype allowed for 

mapping through a unique microbial phenotype database with information on more than 

11,000 microbial species compiled from BacMap, NCBI, and GOLD. The data were 

normalized by column-wise normalization (taxon vs taxon) and auto-scaling (mean-

centered and divided by the standard deviation of each variable) by total abundance 

before calculating group means as previously described (Vemuri, Sherrill, et al. 2021). Bar 

charts were generated with percentages for each phenotypic trait associated with the 

individual taxon. 

 

Microbial Co-occurrence Network Analysis 

To understand the ecological interactions between microbes, we used MEGAN 6 

Community Edition (Huson et al. 2016) and Gephi v0.9.2 (Bastian, Heymann, and 

Jacomy)  to make microbial co-occurrence network plots. Each network plot comprises of 

nodes and edges. Nodes represent the microbial taxa, and the size of the node (1–10) 

represents the strength of the association. Edges (interconnecting lines) represent the 

nature of association, such as co-occurrence (green color; positive associations) or co-

exclusion (red; negative associations). Microbial co-occurrences and co-exclusion plots 

were generated using Kendall’s tau coefficient of correlation method (more robust to 
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outliers) as previously described (Vemuri, Sherrill, et al. 2021). The tau correlation 

coefficient returns a value ranging from −1 to 1, where all positive values represent co-

occurrences and negative values represent co-exclusion. In this study, the overall network 

threshold with significance p>0.05, and the edge threshold of 70% was selected to control 

the false-positive rate. The microbial network was measured and controlled by a number 

of parameters. The detection threshold percentage (at least 1%) sets a minimum count 

required for a taxon to be considered present in a sample. The minimum prevalence (5%) 

and max prevalence percentage (95%) parameters were used to set the minimum and 

maximum percentage of samples in which a taxon can occur, respectively, to have the 

taxon be presented by a node in the network. This defines the minimum probability that a 

co-occurrence between 2 taxa must attain to be represented by an edge in the graph. 

 

Statistical Analysis 

Statistical analysis was performed using GraphPad Prism software version 10 (San 

Diego, CA) or Statistica v13 software (StatSoft Inc., Tulsa, OK). The Shapiro-Wilk and 

Levene’s tests were used to assess normality and homogeneity of variance for 

histological and protein endpoints. Adipocytes under 400um2 in size were removed prior 

to downstream analyses. Endpoints that did not meet assumptions underwent 

logarithmic transformation. Analysis of variance was performed on all histological and 

protein endpoints to determine group differences. Factorial analysis of variance 

determined the main effects of obesity and health status. Statistical significance was set 

at p <0.05. Pearson’s correlation was used to determine associations. A p-value of <0.05 

was used to determine significance and a p-value of <0.1 was used to determine a 

trend. Significant DEGs were defined as p<0.01 and log2 fold change >|0.585| (1.5-fold 
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change). Where appropriate, reported p-values were corrected for multiple testing. 

Abundance values were reported as percentages. 
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Figure 1. Nonhuman primate cohort body composition and visceral adipocyte sizes. 

(A) Metabolically healthy lean (MHL; n=12) animals had a metabolic syndrome (MetS) 

score of zero, metabolically healthy obese (MHO; n=10) animals had a MetS score of one 

for their obesity status. Metabolically unhealthy lean (MUL; n=9) and metabolically 

unhealthy obese (MUO; n=13) animals had MetS scores of two or higher. ANOVA 

determined that unhealthy animals had significantly higher MetS scores (p=0.00016). 

ANCOVA of computed tomography (CT) scan data determined that (B) obese animals 
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demonstrated lower abdominal visceral (VIS) to subcutaneous (SQ) adipose ratios 

(p=0.00023) and (C) had significantly higher percent body fat (p=0.05) than lean animals. 

Data are presented as means + SEM.  (D) Histological quantification of VIS adipocyte 

sizes found that obese animals demonstrated larger adipocytes. Unlike numbers indicate 

statistical difference (p<0.05). The violin plot provided illustrates the distribution of 

adipocyte sizes in each health group. (E) Example images of hematoxylin and eosin-

stained sections from i) MHL, ii) MHO, iii) MUL and iv) MUO animals.  
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Figure 2. Gene ontology term pathway and visceral adipose tissue macrophage 

differences between metabolic health groups. Pathways shown all survived false 

discovery rate multiple comparisons corrections, and reached statistical significance 

(p<0.05). (A) Metabolically unhealthy lean (MUL; n=9) visceral (VIS) adipose tissue (AT) 

demonstrated increases in pathways related to inflammation compared to metabolically 

healthy lean (MHL; n=12) VIS AT. (B) Metabolically unhealthy obese (MUO; n=13) VIS AT 

illustrated additional increases in inflammation-related pathways compared to MUL VIS 

AT. (C) Unhealthy animals showed a significant decrease in the percentage of M2 

macrophages in VIS AT (p=0.04) compared to healthy animals. Heat maps demonstrate 

the accumulation of M2 macrophages in (D) healthy versus (E) unhealthy animals, where 

increased green coloration indicates increasing M2 macrophage accumulation. (F) 

Unhealthy VIS AT demonstrated increases in pro-inflammatory interleukin (IL)-6 protein 

expression (p=0.03) compared to healthy VIS AT, supporting the transcriptomic pathway 

and tissue macrophage profiles.  

 



 

169  

 

Figure 3. Visceral adipose tissue microbial diversity profiles by metabolic health 

group. (A) Principal coordinate analysis (PCoA) on Bray-Curtis dissimilarity showed 

significant divergence between the groups by PERMANOVA statistical methods (R2 = 

0.36, p < .001).  Significant changes in alpha diversity profiles are shown by Shannon’s 

index (B) and Simpson’s index (C). The values are presented as the mean ± SEM. 

*Significant differences with p <.05, ****p<0.0001, ns = not significant. MHL = Metabolically 

healthy lean (n=12), MHO = Metabolically healthy obese (n=10), MUL = Metabolically 

healthy lean (n=9), and MUO = Metabolically healthy obese (n=13).  
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Figure 4. Visceral adipose tissue microbial communities by metabolic health 

group. The phylum-level (A) and genus-level (B) taxonomic composition in between 

MHL, MHO, MUL and MUO monkeys. Presented are the bacterial taxa identified to be 

differentially abundant by linear discrimination analysis (LDA) effect size (LEfSe, log LDA 

> 2.0) analysis in the four metabolic health groups at (C) phylum level (D) and genus 

level. The values are shown as the mean ± SEM. *Significant differences with p <0.05. 

MHL = Metabolically healthy lean (n=12), MHO = Metabolically healthy obese (n=10), 

MUL = Metabolically healthy lean (n=9), and MUO = Metabolically healthy obese (n=13).  
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Figure 5. Visceral adipose tissue bacterial accumulation and Gram-type by 

metabolic health group. (A) Observed OTUs/ASVs. Negative controls were tested to 

control for environmental sample contamination at major steps in the analysis (air–Lab, 

Buffer solutions and distilled water). Fecal samples were used as positive controls. The 

values are shown as the mean ± SEM. *Significant differences with *p <0.05, **p<0.01. 

Metagenome function analysis depicted Gram-negative taxa differences in the 

metabolically healthy lean (B) and obese (C) and metabolically unhealthy lean (D) and 

obese (E). MHL = Metabolically healthy lean (n=12), MHO = Metabolically healthy obese 

(n=10), MUL = Metabolically healthy lean (n=9), and MUO = Metabolically healthy obese 

(n=13).  
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Figure 6. Fecal microbiome assessments by metabolic health group. (A) Principal 

coordinate analysis (PCoA) on Bray-Curtis dissimilarity showed significant differences 

between the groups by PERMANOVA statistical methods (R2 = 0.83, p-value < 0.001). 

No significant changes in alpha diversity profiles were found by Shannon’s index (B) and 

Simpson’s index (C). The phylum-level taxonomic composition (D) between fecal and 

visceral adipose tissue samples are shown between the metabolically healthy and 

unhealthy groups. ns = not significant. F = fecal samples, MHL = Metabolically healthy 

lean (n=12), MHO = Metabolically healthy obese (n=10), MUL = Metabolically healthy 

lean (n=9), and MUO = Metabolically healthy obese (n=13).  
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Figure 7. Microbial co-occurrence networks by metabolic health group. Co-

occurrence networks were constructed from relative abundance profiles of visceral 

adipose tissue microbes in metabolically healthy lean (A) and in metabolically health 

obese (B), metabolically unhealthy lean (C) and in metabolically unhealthy obese (D) 

monkeys. Each node represents a phylum. Each edge indicates the sign of the 

association (green = positive co-occurrences, red = negative co-exclusions).  The 

diameters of the nodes represent the level of association between taxa. 

 



 

174  

 

 

 

Supplementary Figure 1. Enriched gene ontology terms. All gene ontology terms 

identified as being enriched in the visceral adipose of (A) metabolically unhealthy lean 

(n=9) compared to metabolically healthy lean animals (n=12), and (B) metabolically 

unhealthy obese (n=13) compared to metabolically unhealthy lean animals (n=9). 
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Supplementary Figure 2. Macrophage subtype distributions. (A) Example staining 

of visceral adipose tissue macrophage subtypes (Und= undefined; Int = Intermediate). 

(B) Pie charts depicting visceral adipose macrophage subtype distributions by 

metabolic health group. MHL= metabolically healthy lean (n=12); MHO= metabolically 

healthy obese (n=10); MUL=metabolically unhealthy lean (n=9); MUO= metabolically 

unhealthy obese (n=13). 
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Supplementary Figure 3. Functional metagenomics assessments. Functional 

metagenomics predicted metabolic features of detected visceral adipose tissue microbes 

from the (A) metabolically lean (MHL; n=12), (B) metabolically healthy obese (MHO; 

n=10), (C) metabolically unhealthy lean (MUL; n=9), and (D) metabolically unhealthy 

obese (MUO; n=13). 
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Supplementary Table 1. Nonhuman primate cohort demographic data. Metabolically 

healthy lean (MHL; n=12), metabolically healthy obese (MHO; n=10), metabolically 

unhealthy lean (n=9), metabolically unhealthy obese (n=13). Values presented are 

means + SEM in parentheses.  

 

 

 

 

Measurement MHL MHO MUL MUO 
ANOVA 
p-Value 

Health 
p-Value 

Obesity 
p-Value 

Age (yrs) 
15.15 
(1.30) 

15.14 
(1.55) 

14.32 
(1.99) 

15.87 
(0.92) 

0.74 0.69 0.26 

Body Weight (kg) 
5.25 

(0.26) 
6.47 

(0.24) 
4.95 

(0.24) 
6.91 

(0.26) 
<0.001* 0.19 0.01* 

Waist Circumference 
(cm) 

34.29 
(0.97) 

42.86 
(1.07) 

34.80 
(0.78) 

43.23 
(0.85) 

<0.001* 0.02* <0.001* 

Fasting Glucose 
(mg/dL) 

73.5 
(3.20) 

67.2 
(3.59)  

108.67 
(19.15) 

104.32 
(12.37) 

0.01* 0.36 0.86 

Glycosylated 
Hemoglobin A1c (%) 

4.07 
(0.05) 

4.07 
(0.07)  

4.83 
(0.58) 

5.38 
(0.57) 

0.009* 0.012* 0.31 

Systolic Blood 
Pressure (mmHg) 

114.44 
(3.79) 

110.10 
(5.43) 

144.78 
(4.95) 

111.62 
(5.06) 

<0.001* 0.48 0.31 

Diastolic Blood 
Pressure (mmHg) 

67.53 
(3.38) 

61.57 
(3.80) 

89.22 
(4.70)  

66.79 
(2.46) 

<0.001* 0.25 0.42 

High Density 
Lipoprotein 

Cholesterol (mg/dL) 

68.08 
(3.37) 

56.10 
(5.76) 

73.44 
(15.67) 

62.50 
(4.39) 

0.24 0.33 0.06 

Triglycerides (mg/dL) 
56.34 
(3.46) 

55.90 
(5.89) 

79.10 
(15.67) 

90.52 
(10.80) 

0.03* 0.24 0.76 

Liver Density (HU) 
60.37 
(2.26) 

55.71 
(4.03) 

59.54 
(2.84) 

57.59 
(1.94) 

0.86 0.69 0.83 

% Lean Muscle of 
Body Weight 

54.13 
(1.56)  

47.29 
(2.89) 

55.03 
(1.52) 

45.63 
(1.60) 

0.02* 0.91 0.07 

Lipopolysaccharide 
binding protein 1 

(ng/mL) 

1.57 
(0.28) 

1.98 
(1.10) 

3.90 
(1.53) 

2.14 
(0.73) 

0.32 0.42 0.24 

sCD 14 (ug/mL) 
3373 

(368.1) 
3181 

(332.1) 
3064 

(386.5) 
4022 

(314.3) 
0.24 0.7 0.07 

Visceral Adipose 
Interleukin (IL)-6 

(pg/mL) 

0.81 
(0.19) 

1.09 
(0.28) 

2.89 
(0.99) 

1.20 
(0.66) 

0.04* 0.03* 0.11 
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Transcript Log FC p - Value 

Epiphycan (EPYC) 2.75 0.00912 

Killer Cell Lectin Like Receptor B1 (KLRB1) 1.77 0.00743 

PAGE Family Member 1 (PAGE1) 1.69 0.00864 

Insulin Like Growth Factor Binding Protein Like 1 
(IGFBPL1) 

1.56 0.00985 

Glycine-N-Acyltransferase (GLYAT) 1.49 0.00319 

ATPase Na+/K+ Transporting Subunit Alpha 2 (ATP1A2) 1.19 0.00239 

RAS Like Family 10 Member B (RASL10B) 0.95 0.00503 

Potassium Voltage-Gated Channel Interacting Protein 2 
(KCNIP2) 

0.91 0.00254 

Sarcoglycan Gamma (SGCG) 0.9 0.00911 

Polypeptide N-Acetylgalactosaminyltransferase 5 
(GALNT5) 

-2.22 4.98E-05 

Bone Morphogenetic Protein 5 (BMP5) -2.15 7.92E-05 

von Willebrand Factor A Domain Containing 5B1 
(VWA5B1) 

-2.08 1.62E-05 

Homeobox A11 (HOXA11) -1.8 0.00373 

Homeobox A9 (HOXA9) -1.51 0.00421 

Cellular Retinoic Acid Binding Protein 1 (CRABP1) -1.51 0.00916 

Polycystin Family Receptor for Egg Jelly (PKDREJ) -1.49 0.00039 

Potassium Voltage-Gated Channel Subfamily Q Member 
3 (KCNQ3) 

-1.42 0.004 

ROS Proto-Oncogene 1, Receptor Tyrosine Kinase 
(ROS1) 

-1.41 0.00432 

Homeobox B9 (HOXB9) -1.36 0.00372 

 

Supplementary Table 2. Top up- and downregulated transcripts in metabolically 

unhealthy obese visceral adipose compared to metabolically healthy obese.  

Transcripts listed relate to differences in the health statuses of the groups, though they 

did not survive multiple comparisons corrections. Unadjusted p-values are provided. 

Metabolically unhealthy obese, n=13; metabolically healthy obese, n=10. 
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Transcript Log FC p - Value 

Immunoglobulin Lambda Variable Cluster 3-9 (IGLV3-9) -2.99 0.0000853 

Iimmunoglobulin Lambda Variable Cluster 3-10 (IGLV3-10) -2.59 0.00043 

B-cell Differentiation Antigen (CD72) -2.47 0.00023 

Immunoglobulin Lambda Variable Cluster 1-36 (IGLV1-36) -2.25 0.00127 

Family with Sequence Similarity 26 Member F (FAM26F) -2.22 1.60E-07 

Ubiquitin D (UBD) -2.19 0.00013 

C-X-C Motif Chemokine Ligand 10 (CXCL10) -2.18 0.00026 

C-X-C Motif Chemokine Ligand 11 (CXCL11) -2.16 0.0051 

Aconitate Decarboxylase 1 (ACOD1) -2.15 0.0053 
Cytochrome P450 Family 2 Subfamily W Member 1 

(CYP2W1) -2.13 0.00043 

Ankyrin Repeat Domain 22 (ANKRD22) -2.11 0.00323 

Immunoglobulin Heavy Constant Delta (IGHD) -2.09 0.00405 

BCL2 Like 14 (BCL2L14) -1.95 0.00149 

Solute Carrier Family 27 Member 6 (SLC27A6) -1.92 0.00986 

Cytotoxic T-Lymphocyte Associated Protein 4 (CTLA4) -1.86 0.00248 

 

Supplementary Table 3. Top downregulated transcripts in metabolically unhealthy 

lean visceral adipose compared to metabolically healthy lean. Transcripts presented 

related to health statuses of the groups, though they did not survive false discover rate 

comparisons. Unadjusted p-values are provided. Metabolically unhealthy lean, n=9; 

metabolically healthy lean, n=12.  
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Supplementary Table 4. Macrophage density and macrophage subtype 

percentages by metabolic health group. MHL = metabolically healthy lean (n=12); 

MHO = metabolically healthy obese (n=10); MUL = metabolically unhealthy lean (n=9); 

MUO = metabolically unhealthy obese (n=13). Values presented are means + SEM in 

parentheses.  

 

 

 

 

 

 

 

 

 

 

 

 

Measurement MHL MHO MUL MUO 
ANOVA 
p-Value 

M1 (%) 0.77 (0.28) 0.98 (0.34) 0.62 (0.22) 1.51 (0.66) 0.42 

M2 (%) 47.30 (4.84) 50.90 (8.62) 31.20 (6.04) 41.30 (5.52) 0.15 

Undefined (%) 42.70 (6.06) 40.60 (6.16) 55.60 (4.59) 48.60 (7.28) 0.21 

Intermediate (%) 9.28 (3.19) 12.55 (3.04) 7.54 (3.52) 8.67 (3.73) 0.76 

Macrophage 
Density 

(cells/μm2) 

0.000006 
(0.000001) 

0.000006 
(0.000002) 

0.000007 
(0.000001)  

0.000008 
(0.000002) 

0.83 
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Abstract 

Cellular senescence - a state of irreversible cell cycle arrest - increases with ageing, and 

senescent cells preferentially accumulate in adipose tissues. Senescent cells secrete 

pro-inflammatory factors that induce neighboring cell senescence and cause local and 

systemic metabolic dysfunction. We evaluated the impacts of the senolytic combination 

Dasatinib (D) and Quercetin (Q) with and without caloric restriction on local adipose 

tissue and systemic metabolic health. Health-diverse, but age-, weight-, sex- and 

glycemic control-matched cynomolgus macaques (D+Q, n=9; vehicle n=7) received two 

consecutive days of D (5mg/kg) + Q (50mg/kg) monthly for six months, where in month 

six, a 10% caloric restriction (CR) was implemented to induce equal weight reductions 

between groups. We performed computed tomography scans, abdominal subcutaneous 

adipose biopsies, and blood and cerebrospinal fluid collections. Circulating D+Q 

concentrations, routine hematology and biochemistries were measured. Changes in 

senescence markers, circulating immune cells and cytokines, and adipose tissue 

macrophages were quantitated using qRT-PCR, flow cytometry, ELISA, and 

immunohistochemistry. D+Q reduced senescence marker gene expressions and 

circulating PAI-1 (p=0.05), BUN, and multiple circulating immune cell types. CR resulted 

in significant positive body composition changes with further reductions in immune cells 

and decreased GDF15 (p=0.05). D+Q+CR resulted in a significant reduction in 

glycosylated hemoglobin A1c (p=0.03) that coincided with unexpected increases in p21 

protein expression and M1 macrophages. This work indicates that D+Q were safe and 

provided immune and renal benefits, and, with CR, improved metabolic health. These 

data are intended to provide preliminary data for the design of larger controlled 

intervention trials. 
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Introduction 

Current global demographics are shifting toward an ageing population, as the number of 

people 60 years and older will reach 2.1 billion by 2050 (1). Ageing is defined by 

progressive loss of physiological integrity, which increases the risk of chronic diseases, 

including cardiovascular disease, cancer, Alzheimer’s disease, and type II diabetes (2). 

Key molecular pathways that converge and induce dysfunction with ageing and 

contribute to the development of chronic diseases include genomic instability, loss of 

proteostasis, mitochondrial dysfunction, disordered nutrient sensing, and cellular 

senescence (3). Cellular senescence is a state of cellular replicative arrest caused by 

stressors including DNA damage, inflammation, and metabolic dysfunction (4). 

Senescent cells avoid apoptosis by taking advantage of senescent cell anti-apoptotic 

pathways (SCAPs) (5), while simultaneously secreting pro-inflammatory and pro-fibrotic 

factors as part of their senescence-associated secretory phenotype (SASP). This results 

in dysfunctional extracellular matrix formation and neighboring cell senescence (6).  

 

White adipose tissue is a primary location for senescent cell accumulation and is a key 

organ for whole body nutrient sensing and energy balance. White adipose tissue acts an 

endocrine organ, where adipocytes detect, process, and propagate signals to maintain 

energy equilibrium and, along with immune cells, secrete bioactive hormones and 

signaling proteins that regulate metabolism (7). In healthy states, white adipose 

demonstrates a balance of macrophages across the inflammatory spectrum, from pro-

inflammatory M1 to anti-inflammatory M2 macrophages, to maintain metabolic 

homeostasis (8). With ageing and metabolic disease onset, senescent cells accumulate 

in white adipose tissue, creating a pro-inflammatory tissue milieu (9). Immune cells, 

preadipocytes and endothelial cells become senescent in white adipose, and drive pro-

inflammatory macrophage accumulation and insulin resistance in obese states (10). 
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Removal of senescent cells in white adipose tissue contributes to improving health 

outcomes. 

 

To date, caloric restriction is the gold standard for improving healthspan and metabolic 

dysfunction. It is well-established that caloric restriction (CR) slows the onset of age-

associated diseases and extends lifespan. A 20-30% CR has been shown to improve 

immune function (11, 12), motor coordination (13), muscle mitochondrial function (14),  

and reduce sarcopenia (15), resting metabolic rate (16), and mortality (16) in nonhuman 

primates and people. In addition to these health benefits, CR reduces tissue senescent 

cell burden (17). However, there are numerous challenges associated with having 

individuals make significant long-term or permanent lifestyle changes. 

 

Recently, use of pharmacological senescent cell clearing agents have been shown to 

improve healthspan. Through transcriptomic analyses of senescent versus 

nonsenescent human preadipocytes, Dasatinib (D), a tyrosine kinase inhibitor, and 

Quercetin (Q), a naturally occurring flavonoid, were found to induce apoptosis of 

senescent cells (5). Specifically, D was identified to preferentially target senescent 

preadipocytes while Q was found to preferentially target senescent endothelial cells in 

vitro (5). A 30% reduction in senescent cells suffices to alleviate dysfunction in 

preclinical models (18). When used in combination, intermittent administration of D+Q 

successfully reduced human adipose tissue senescent cell burden (19), macrophage 

accumulation (19), and secretion of SASP factors (20). D+Q likewise improved physical 

function in people (20), and improved healthspan (5) and glucose tolerance in mice (21). 

It is thought that the use of senolytics could alleviate age-related adipose tissue and 

systemic metabolic dysfunction, though a placebo-controlled trial in people has not yet 

been conducted.   
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It is unknown how D+Q senolytic therapy and CR compare for treatment of age-related 

metabolic dysfunction. In this study, we evaluated the safety and efficacy of repeated 

intermittent D+Q administration alone and when combined with low-percentage caloric 

restriction (10%) for a duration relevant to human clinical trial design. We assessed 

changes in metabolic syndrome risk factors, body composition, circulating SASP factors 

and Alzheimer’s disease biomarkers, serum biochemistry and immune cells, and local 

adipose tissue macrophage accumulation and insulin signaling. This study provides the 

fundamentals to relating in vivo exposure to the effects senolytics and/or caloric 

restriction, and provides data relevant to the design of a larger randomized controlled 

trial. 

 

Methods 

Nonhuman Primate Cohort 

A total of 16 male and female cynomolgus macaques were selected for this work. 

Animals in the control and treatment groups were matched by age, sex, body weight, 

glycemic control, and metabolic syndrome risk factors (Supplementary Table 1). Animals 

were middle-aged (roughly 45 in human equivalent years) and ranged from lean to 

obese, where obesity was defined by a waist circumference of >40cm and percent body 

fatness measured from computed tomography (CT) image analyses (22, 23). Animals 

ranged from normoglycemic to type II diabetic. Three animals diagnosed with type II 

diabetes were included in each group. Consistent with the American Diabetes 

Association definition, animals were diagnosed as diabetic after two or more fasting 

blood glucose measures of >126mg/dL (24).  Insulin therapy was provided twice daily, 

where doses were determined using post-prandial glucose levels as previously 

described (24). Insulin therapy had been consistent for >3 months prior to study start. All 

animals were socially housed in doors with equal access to exercise and consumed a 
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laboratory chow diet that was low in saturated fats and simple carbohydrates, and high 

in protein and fiber (Laboratory Diets 5038; LabDiet, St. Louis, MO).  

 

All described procedures were performed according to the National Institutes of Health 

Guide for Care and Use of Laboratory Animals. All study procedures were approved by 

and performed in accordance with the Wake Forest University Institutional Animal Care 

and Use Committee.  

 

Dasatinib and Quercetin Dose Administration and Pharmacokinetic Assessment 

All study animals underwent oral gavage of either Dasatinib ([D]; Brystol Meyers Squibb, 

New York, NY) and Quercetin (Q) or vehicle. Animals in the treatment group received a 

two consecutive day dose of D (5mg/kg) and Q (50mg/kg) mixed in Ensure® once a 

month for six months whereas control group animals received comparable volumes of 

Ensure® as vehicle. Animals were sedated with ketamine (3mg/kg) and 

dexmedetomidine (0.035 mg/kg).  

 

To measure circulating concentrations of D and Q metabolites, blood samples were 

drawn exactly two hours post-oral administration to capture maximal concentrations. 

Blood samples were immediately processed for plasma, and plasma samples were 

stored at -80°C until downstream analyses. Concentrations of D and its metabolites were 

processed in house and absolute concentrations were calculated by mass spectrometry 

of unknowns and standards. Concentrations of Q and its metabolites were processed by 

the Biological Psychiatric Analytical Laboratory at the University of Texas Health, San 

Antonio.  

 

Body Composition Analyses 
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CT scans were produced at baseline, five and six months using a Siemens SOMATOM 

Definition Flash CT scanner (Siemens, Munich, Germany). These scans were 

reconstructed as DICOM images using Aquarius Net Thin Client (TeraRecon, Durham, 

NC), and then analyzed using Materialise’s Interactive Medical Image Control System 

(Mimics) (Materialise, Leuven, Belgium). Fat and lean tissues were identified using pre-

determined voxels (25), from which whole body tissue volumes were determined, 

adjusted for density, and expressed as a percentage of the animal’s body weight as well 

as a fat to lean tissue ratio. The abdominal region was defined through segmentation 

from the thoracolumbar junction to the sacroiliac junction to assess the intra-abdominal 

and subcutaneous fat tissue volumes of the abdominal region (22). These volumes were 

adjusted for density and expressed as tissue mass, as well as an intra-abdominal to 

subcutaneous ratio (22). At least three attenuation measures by circular ellipse were 

gathered for the liver. Psoas lean tissue area and attenuation were collected by tracing 

the circumference of the lean tissue at the L4 vertebra (22).  Mid-thigh lean tissue area 

and attenuation were measured by tracing the circumference of the lean tissue at the 

midpoint between the greater trochanter and patella. 

 

Metabolic Syndrome Risk Criteria and Blood Measures  

All samples described below were collected after 12 h fasting and 16 h withdrawal from 

all exogenous insulin. Metabolic syndrome risk criteria were measured at the times of 

subcutaneous adipose biopsies. Animals had their waist circumferences measured using 

a flexible tape measure at the level of the umbilicus (26). Blood pressure was measured 

indirectly using a sphygmomanometer with digital high-density oscillometry readouts, 

where the average of three measures was calculated (27).  Crown-to-rump length, the 

equivalent to sitting height, was measured from the crown to the bottom of the pubic 

bone using a flexible tape measure (28). Blood samples were collected using 
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venipuncture of the femoral artery as previously described at baseline, three months, 

five months, and six months. Blood was collected into ethylenediaminetetraacetic acid 

tubes and placed on ice until processed for plasma. Plasma aliquots were stored at -

80°C until analyzed. Triglyceride, high density lipoprotein cholesterol, and total 

cholesterol concentrations were measured enzymatically (26). Fasting glucose was 

measured using the glucose oxidase method as previously described (26). Blood 

samples were submitted to IDEXX Laboratories for complete blood counts and serum 

biochemical analyses. Circulating concentrations of monocyte chemoattractant protein 

(MCP)-1 (R&D Systems, Minneapolis, MN, cat. no. DCP00), interleukin (IL)-6 (R&D 

Systems, Minneapolis, MN, cat. no. DLB50), growth/differentiation factor (GDF)15 (R&D 

Systems, Minneapolis, MN, cat. No. DGD150), C-reactive protein (CRP) (Alpco 

Diagnostics, Salem, NH, cat. no. 30-9710S), N-terminal (NT)-pro hormone BNP (NT-

ProBNP) (My BioSource, San Diego, CA, cat. no. MBS009046), and plasminogen 

activator inhibitor (PAI)-1 (R&D Systems, Minneapolis, MN, cat. no. DSE100) were 

measured in collected plasma samples via enzyme-linked immunosorbent assay 

(ELISA) and run in duplicate.  

 

Food Consumption Assessment and Caloric Restriction 

At baseline and five months, all study animals had their food consumption measured. To 

measure food consumption, animals were separated from their pen mates and placed in 

individual pens. For three consecutive days, animals were fed excess calories 

(100kcal/kg) once daily. Animals were allowed food access for 23 hours and after 23 

hours, the remaining, unconsumed chow was measured. We determined that there was 

not a significant difference in the amount of chow that control and treated animals were 

consuming at five months (Supplementary Table 2).  Immediately after administration of 

dose six, animals underwent a 10% caloric restriction for six weeks. The 10% caloric 
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restriction food amount was determined using the average amount treatment animals 

were consuming at month five (Supplementary Table 2). During the caloric restriction, 

animals were provided negative calorie enrichment, which included celery and 

cucumbers. After caloric restriction, animals had their body weights measured 

repeatedly without sedation to confirm weight loss and repeat CT imaging after six 

weeks. In total, study animals experienced an average of 5% body weight loss 

(Supplementary Figure 1).  

 

Adipose Tissue Biopsies 

Subcutaneous adipose samples were collected at baseline, three months, five months, 

and six months. Animals were sedated with ketamine (10mg/kg) and isoflurane and 

placed in lateral recumbency. Adipose tissue was collected from adjacent to the 

umbilicus. Tissues were either flash frozen or fixed in 4% paraformaldehyde (PFA) until 

downstream analyses. At baseline and five-month collections, insulin stimulated tissues 

were also collected. At these time points, adipose samples were collected before and 15 

minutes after an insulin infusion as previously described (25), flash-frozen in liquid 

nitrogen, and stored at -80°C.  

 

Histology and Immunohistochemistry 

PFA-fixed, paraffin-embedded adipose tissues were used to create four-micron 

histologic sections. Histological sections were stained with hemotoxylin and eosin. 

Adipocyte sizes were evaluated using a specialized Visiopharm software (Hoersholm, 

Denmark) macro that calculated average adipocyte size, total tissue area, total nuclei 

count, individual adipocyte size, and total adipocyte number. Sections were stained with 

fluorescent CD68 and CD163 to evaluate total macrophage infiltration (AbD Serotec Bio‐

Rad, Raleigh, NC), and co-stained with either pSTAT1 (Cell Signaling Technology, 
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Danvers, MA) or CMAF (Abcam, Cambridge, UK) to identify undefined, M1, 

intermediate, and M2 macrophages (29).  Undefined macrophages were identified as 

CD68+CD163+, M1 macrophages were identified as CD68+CD163+pSTAT1+, 

intermediate macrophages were identified as CD68+CD163+pSTAT1+CMAF+, and M2 

macrophages were identified as CD68+CD163+CMAF+. P21 protein expression was 

evaluated via immunohistochemical detection (1:100 dilution; Abcam cat. no. ab109520) 

in adipose tissue sections. A specialized Visiopharm software (Hoersholm, Denmark) 

macro was used to identify nuclei positively co-stained with the anti-p21 antibody. 

 

Enzymatic Assessments 

Senescence-associated beta galactosidase staining was performed at baseline, five 

months, and six months. The Cell Signaling Technologies Senescence-Associated β-

galactosidase (SA-βgal) Staining Kit (cat. no. 9860S; Danvers, MA) was used according 

to the manufacturer’s instructions to stain 50mg explants of subcutaneous adipose as 

previously described (23). The tissues were incubated in a non-CO2 incubator for 16–18 

hours. As the SA-βgal staining solution is pH-sensitive, tissue explants stained using a 

solution pH of greater than six were used as negative controls and explants stained in a 

solution with a pH of less than six were used as positive controls. A total of nine tissue 

pieces per animal were scored. Four blinded reviewers evaluated the explant staining. 

SA-βgal staining was scored on a zero to five scale, as previously published (23), where 

a zero represented no blue stain and a five represented a very dark blue stain.  

 

RNA Extraction and Gene Expression 

Expression levels of the senescence marker p16 and p21 were measured. Roughly 

100mg of frozen adipose tissue was homogenized in QIAzol (Qiagen, Hilden, Germany, 

cat. no. 79306) with a Polytron PT 1200 for 20-40s. RNA was extract from homogenized 
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adipose tissue with the Qiagen RNeasy Mini Kit (Hilden, Germany, cat. no. 74104). One 

microgram of RNA was reversed transcribed to cDNA using the Qiagen QuantiTect 

Reverse Transcription Kit (Hilden, Germany, cat. no. 205313). RT-qPCR was performed 

using 50ng of cDNA and the Sigma FastStart Universal SYBR Green ROX Master Mix 

(Sigma Aldrich, St. Louis, MO, cat. no. 04913914001). NHP-specific CDNKN1a (p16 

Ink4a) and CDKN2a (p21) primers that were designed in-house were used. The 

sequences of the primer sets were the following: p16 Ink4a: 5’-GCT GCG TCA CTT CTA 

GCT TC-3’ (forward) and 5’-CCA ACT GGG ACA CAC TTG CT-3’ (reverse), and p21: 

5’-ACT CTC AGG GTC GAA AAC GG-3’ (forward) and 5’-TGT GGG CTG ATT AGG 

GCT TC-3’ (reverse). Samples were run on the Applied Biosystems (Waltham, MA) 7500 

Fast Real-Time PCR System. Gene expression data were analyzed using the 2-ΔΔct 

method.  

 

Select apoptosis and necrosis markers were measured using TaqMan Multiplex GEx 

(Thermo Fisher Scientific, Waltham, MA). Primer/probe combinations were generated for 

BCL-2 (JUN-QSY), MLKL (VIC-MGB), BAX (ABY-QSY), and 18s. These genes were 

measured using reverse transcribed cDNA. Samples were run on the Applied 

Biosystems (Waltham, MA) 7500 Fast Real-Time PCR System. Gene expression data 

were analyzed as stated above. All gene expression assessments were performed in 

triplicate. 

 

Insulin Signaling Assessments 

Protein was extracted from ~100mg adipose tissue pieces using the Minute Total Protein 

Extraction Kit for Adipose Tissues (Invent Biotechnologies, Plymouth, MN) in a solution 

with dimethyl sulfoxide (Thermo Fisher Scientific, Waltham, MA), phenylmethanesulfonyl 

fluoride (Sigma Aldrich, St. Louis, MO), complete protease inhibitor (Sigma Aldrich, St. 
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Louis, MO), PhosSTOP (Sigma Aldrich, St. Louis, MO), and cell extraction buffer 

(Invitrogen, Carlsbad, CA). Protein concentrations were determined using the 

bicinchoninic acid assay. Quantification of total (Abcam, Cambridge, UK, cat. no. 3070S) 

and activated insulin receptor substrate (IRS)1 (Abcam, Cambridge, UK, cat. no. 2382S) 

and Akt (Abcam, Cambridge, UK, cat. no. 4691S) was performed via Western blot on 

tissue collected post-insulin infusion. Equivalent amounts of protein (20 µg) were 

separated by 4%–20% sodium dodecyl sulfate polyacrylamide, stain-free gels (Bio-Rad 

Laboratories, Hercules, CA). Separated proteins were transferred electrophoretically 

onto a nitrocellulose membrane and blocked at room temperature for 1 h with either 

bovine serum albumin with 0.05% Tween-20 in Tris-buffered saline or 5% nonfat milk. 

The applicable horseradish peroxidase (HRP)-conjugated secondary antibodies were 

added, and immunoreactive proteins were visualized using the GE Healthcare 

Amersham ECL Western Blotting Kit (Chicago, IL, cat. no. RPN2108). 

 

Flow Cytometric Analyses 

Peripheral blood mononuclear cells (PBMCs) were isolated from whole blood using 

Ficoll-Paque density gradients. PBMCs were suspended in freezing media (Dulbecco’s 

Modified Eagle’s Medium (DMEM) with 40% BSA and 15% DMSO) and frozen at –80°C 

until analyzed. Frozen PBMCs were removed from storage and thawed in a 37°C water 

bath until small amounts of ice remained in the tubes. Thawed cells were transferred to a 

50mL conical tube and supplemented with 1mL of DMEM with 10% fetal bovine serum 

(FBS) and 50units/mL of Benzonase ([cat no. E1014-25KU], Millipore Sigma, Burlington, 

MA). The volume was brought to 15mL using DMEM with 10% FBS, and cells were spun 

for 10min at 1500rpm at room temperature. The supernatant was decanted, cells were 

resuspended in 15mL DMEM with 10% FBS, and spun again for 10min at 1500rpm at 

room temperature. After, cells were stained using the following antibody cocktail for 
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30min at 4°C protected from light (23): anti-CD3-APC-Cy7 (clone 10D12), anti-CD20-

Brilliant Violet 510 (clone 2H7), anti-CD45-PE-Cy7 (clone D058-1283), anti-CD14-PE 

(clone M5E2), anti-CD16-Brilliant Violet 605 (clone 3G8) BD Biosciences, San Jose, 

CA). All antibody clones were verified using the Nonhuman Primate Reagent Resource 

(https://www.nhpreagents.org/ReactivityDatabase). Analyses were performed at the 

Wake Forest University School of Medicine (WFSM) Flow Cytometry Core on a LSR 

Fortessa X-20 and with FCS Express v.7 software (BD Biosciences, Haryana, Haryana, 

India). Human TruStain FcX Fc receptor block (cat. no. 422302), True-Stain Monocyte 

Blocker (cat. no. 426102, BioLegend, San Diego, CA), the Live-or-Dye Viability Kit (cat. 

no. 32002, Biotum, Freemont, CA), UltraComp eBeads Compensation Beads (cat. no. 

01-2222, Invitrogen, Carlsbad, CA), and fluorescence-minus-one and unstained cell 

controls were used. The gating strategy used goes as follows: single cells were first 

identified using forward scatter height (FSC-H) versus forward scatter area (FSC-A). 

Single cells were then gated on FSC-A versus side scatter area (SSC-A) to remove cell 

debris. Next, live cells were selected gating SSC-A versus BUV395 (Live-or-Dye stain). 

CD45+ cells were selected from the live cells. CD20+ and CD3+ cells were removed from 

CD45+ cells. CD14 and CD16 were then used to identify monocyte subtypes from 

CD45+CD20-CD3- cells. All cytometric analyses were performed in duplicate. 

 

Alzheimer’s Disease Biomarkers 

All cerebrospinal fluid (CSF) samples were collected in the morning after 12 h fasting 

and 16 h withdrawal from all exogenous insulin. CSF was collected by puncture of the 

atlanto-occipital space (30). Concentrations of amyloid β (Aβ)40 and Aβ42 in CSF 

samples were assayed using sandwich ELISAs as previously described (30-32). 

Aβ40 and Aβ42 were quantified using monoclonal capture antibodies against amino acids 

45–50 (HJ2) or 37–42 (HJ7.4) that were gifted by David Holtzman (30). Aβ40 and 
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Aβ42 used a biotinylated monoclonal antibody against the domain HJ5.1B for detection. 

Super Slow TMB (Sigma Aldrich, St. Louis, MO) was used for assay development, and 

plates were read on a Bio-Tek (Winooski, VT) Synergy 2 plate reader at 650 nm as 

previously described (30). 

 

Statistical Analyses 

All endpoints were evaluated for normality and homogeneity of variance assumptions 

using Shapiro-Wilk and Levene’s tests. Endpoints that did not meet assumptions 

underwent logarithmic transformation. A mixed effects model (SAS Proc Mixed) was 

used to evaluate 1) the effects of treatment between baseline, three months and five 

months, 2) the effects of caloric restriction alone at month six, 3) the effects of treatment 

alone at month six, and 4) the interaction between treatment and caloric restriction. 

Analyses were adjusted for baseline values and the effects of time. Significant p-values 

were considered p<0.05 and trends were considered p<0.10. Statistical analysis was 

performed using SAS 9.4 (SAS Institute, Inc., Cary, NC).  

 

Pre-determine power analyses using previously collected data indicated that we would 

have 80% power to detect a 0.75 difference in percent glycosylated hemoglobin A1c 

means between groups with n=6 per group. Post-hoc power analyses using our percent 

glycosylated hemoglobin A1c data and our group numbers indicated that we achieved 

80% power to detect a 0.96 difference in means between groups. 

 

Results 

In Vivo Concentrations of D and Q and Changes in Senescence Biomarkers  

To confirm that the intermittent dosing was effectively clearing senescent cells, we 

evaluated changes in cell cycle inhibitor gene and protein expression, senescence-



 

195  

associated beta galactosidase (SA-βgal) staining of whole adipose tissue biopsies, 

changes in apoptosis-related gene expression, and circulating concentrations of PAI-1. 

Subcutaneous adipose tissue p16 (p=0.050; Figure 1 a) and p21 (p=0.045; Figure 1b) 

gene expression was significantly decreased at three months in the animals that 

received D+Q treatment. A pilot study that we performed confirmed that p16 and p21 

subcutaneous adipose tissue gene expression decreased four weeks after one dose of 

D+Q (Supplementary Figure 2a and b). No significant changes in either SA-βgal staining 

(Supplementary Figure 3a) or p21 protein immunohistochemical staining 

(Supplementary Figure 3b) were observed prior to the start of caloric restriction. Caloric 

restriction significantly increased p21 protein expression (p=0.044; Supplementary 

Figure 3b), and a trend toward an interaction between D+Q and caloric restriction was 

observed (p=0.09).  However, though caloric restriction resulted in an unexpected 

increase in p21 expression, PAI-1, a SASP marker, was significantly decreased in 

animals receiving D+Q compared to those receiving vehicle at month six (p=0.050; 

Figure 1c). This reduction was independent of the effects of caloric restriction alone 

(caloric restriction effect p=0.71), and was accompanied by a non-significant decrease in 

SA-βgal staining score in the tissues of animals receiving D+Q (Supplementary Figure 

2c). Additionally, expression of the apoptosis-related gene BAX was significantly higher 

in the subcutaneous adipose tissue of animals treated with D+Q compared to those that 

received vehicle at five months, and D+Q treated adipose demonstrated a non-

significant increase in BAX expression at six months with the addition of caloric 

restriction (p<0.05; Supplementary Figure 1c). Expression changes in BCL-2 were 

similar to that of BAX. The subcutaneous adipose of the animals given D+Q 

demonstrated slightly higher expression of BCL-2 at five months compared to those 

given vehicle and a trend toward significantly higher expression of BCL-2 after month six 

with the addition of caloric restriction (p<0.1; Supplementary Figure 2d). Ratios of BAX: 
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BCL-2 remained higher in the D+Q subcutaneous adipose samples compared to VEH 

throughout the study, though the ratios did not reach statistical significance (data not 

shown). No significant changes were observed in MLKL gene expression, though the 

subcutaneous adipose of the animals that received D+Q demonstrated visually higher 

MLKL expression levels after month six.  

 

As in vivo concentrations of D and Q and their metabolites have yet to be determined in 

senolytic studies, we chose to measure the maximal concentrations of these agents and 

their metabolites in circulation. Exactly two hours after animals received either vehicle or 

D+Q at month four, blood samples were collected and processed for plasma. Neither 

Dasatinib nor Dasatinib N-Oxide were detected in samples collected from animals 

receiving vehicle. Detectable concentrations of Dasatinib were found in seven of nine 

animal samples, while detectable levels of Dasatinib N-Oxide were found in four of nine 

(Supplementary Table 3). On average, 0.12 µM of Dasatinib and 0.019 µM of Dasatinib 

N-Oxide were detected in circulation (Supplementary Table 3). Concentrations of Q and 

Q metabolites were unable to be detected.  

 

Immune Cell and Inflammatory Shifts with Senolytic Treatment and Caloric Restriction 

As obesity and metabolic disease increase circulating and adipose tissue-resident 

immune cells and pro-inflammatory cytokine signaling, we assessed shifts in white blood 

cells and adipose tissue macrophage subtypes with senolytic treatment and caloric 

restriction. Animals receiving senolytic therapy demonstrated trends toward decreased 

neutrophils (p=0.068; Figure 2a), basophils (p=0.065; Figure 2b), and total white blood 

cells (p=0.097; Figure 2c), and significantly fewer B cells (p=0.050, Figure 2d) in 

circulation after five months of intermittent D+Q treatment. No shifts in monocyte or 

macrophage subtypes, or circulating cytokines were seen with D+Q treatment alone 
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(Table 1). Caloric restriction further reduced circulating neutrophils (caloric restriction 

effect p=0.014), basophils (caloric restriction effect p=0.075), and total white blood cells 

(p=0.0034). The combination of intermittent D+Q therapy and caloric restriction resulted 

in maintenance of fewer total circulating monocytes (p=0.050; Figure 2e), as caloric 

restriction alone increased the number of total circulating monocytes. D+Q with caloric 

restriction significantly suppressed increases in intermediate monocytes at month six 

(p=0.04; Figure 2f), and a non-significant reduction in classical monocytes was 

observed at month six indicating a decrease in pro-inflammatory monocyte activity. 

Though no change in total subcutaneous adipose tissue macrophage density was 

observed (Table 1), D+Q with caloric restriction induced a decrease in M2/M1 

macrophage ratio (p=0.010; Figure 3a), indicating a macrophage polarization shift. The 

differences in M2 macrophage accumulation in the subcutaneous adipose tissue of D+Q 

and vehicle (VEH) groups can be visually appreciated in Figure 3b. Caloric restriction 

alone resulted in a significant decrease in GDF15, also known macrophage inhibitory 

cytokine-1, in both the vehicle and treatment groups (p=0.049; Figure 3c). As D+Q 

induce apoptosis and caloric restriction incites alterations in adipocytes, we hypothesize 

that the shift toward M1 polarization coincides with the increased clearance of dying 

adipocytes and released free fatty acids to maintain tissue homeostasis. This hypothesis 

is supported by the large increases in apoptosis-related gene expression observed in 

D+Q treated animals in month six (Supplementary Figure 3). 

 

Assessments of kidney and liver function with senolytic therapy and caloric restriction 

Kidney function often deteriorates with chronic high glucose exposure. Accordingly, we 

evaluated the impacts of D+Q and caloric restriction on measures of kidney function. 

D+Q alone significantly reduced circulating concentrations of blood urea nitrogen (BUN) 

after five months (p=0.012; Figure 4). D+Q with caloric restriction resulted in a trend 
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toward a significant interaction effect that led to decreased BUN in month six (p=0.091). 

Creatinine values remained unchanged throughout the study (Supplementary Table 4). 

D+Q alone and caloric restriction did not incite changes in liver attenuation, which is 

used as a proxy for liver fat accumulation, or the liver enzymes aspartate 

aminotransferase (AST) or alkaline phosphatase (ALP) (Table 2). Caloric restriction 

significantly increased the liver enzyme alanine aminotransferase (ALT) (p=0.0022), 

though this was likely due to increased sedation events during month six, and all ALT 

levels were in the normal range (Table 2).   

 

Shifts in Body Composition and Metabolic Syndrome Risk Factors with Senolytic 

Therapy and Caloric Restriction 

Positive shifts in body composition have been related to improved metabolic health. 

Here, we determined shifts in body composition and MetS risk factors that were driven 

by D+Q and/or caloric restriction. D+Q alone resulted in a trend toward a decrease in 

abdominal visceral: subcutaneous adipose tissue (p=0.086) that was driven by an 

increase in abdominal subcutaneous adipose (p=0.10; Table 3). However, no other body 

composition changes or alterations to MetS risk factors were the result of D+Q alone. 

While no other body composition or MetS risk factor shifts were observed, evaluations of 

the insulin signaling pathway revealed that animals receiving intermittent D+Q treatment 

demonstrated a trend toward increased total Akt subcutaneous adipose tissue protein 

expression at month five (p=0.074; Figure 5a) compared to those receiving vehicle. The 

trend toward increased total Akt coincided with a non-significant increase in activated 

phosphorylated IRS-1/IRS-1 ratio at month five (Figure 5b). In line with what has been 

previously reported, caloric restriction significantly decreased body weight (p=0.0001), 

waist circumference (p=0.0001), percentage of total fat mass (p=0.022), and abdominal 

fat mass (p=0.0046), and increased percentage of lean mass (p=0.0052; Table 3). 
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Additionally, caloric restriction significantly decreased circulating triglycerides 

(p=0.0026), and fasting blood glucose (p=0.026), and demonstrated a trend toward 

decreasing percent glycosylated hemoglobin A1c (p=0.070; Table 3). The interaction 

between D+Q and caloric restriction resulted in a significant decrease in glycosylated 

hemoglobin A1c (p=0.037; Figure 5c). We hypothesize that senolytic therapy primed the 

peripheral tissues for improved glucose uptake prior to caloric restriction. No other 

changes in either body composition or MetS were impacted by the interaction between 

D+Q and caloric restriction. 

 

Shifts in Alzheimer’s Disease Biomarkers with Senolytic Therapy and Caloric Restriction  

Individuals with type II diabetes are at a two- to four-fold increased risk for Alzheimer’s 

disease development (33, 34), The ratio of Aβ42/ Aβ40 remained unchanged throughout 

the study, which is suggestive of neutral effects of senolytic D+Q treatment in this 

middle-aged cohort (Supplementary Table 5). We did observe reductions in CSF Aβ40 

levels with D+Q treatment (p=0.02) and as an effect of CR (p=0.06). 

 

Discussion 

Given the accumulation of senescent cells in adipose tissue with obesity and metabolic 

disease, it is important to determine if removal of these cells could improve metabolic 

health. This study is the first to compare the effects of senolytic therapy on metabolic 

health outcomes to an already proven method of ameliorating metabolic dysfunction - 

caloric restriction (35). We evaluated shifts in MetS risk criteria, select circulating 

cytokines, Alzheimer’s disease biomarkers, and immune cells, and adipose tissue 

macrophages and tissue insulin signaling driven by D+Q, caloric restriction, or the 

interaction between the two. The six-month duration of this preclinical trial is relevant to 

human clinical trials, and these data provide preliminary evidence of future indications 
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for clinical trial design. It is also that first study to report in vivo concentrations of D in the 

context of its use as a senolytic, providing essential foundational work for the field of 

senolytics. For this work, we used a translationally relevant NHP model that 

demonstrates spontaneous obesity and type II diabetes (36). Our middle-aged NHP 

cohort included both obese and unhealthy animals, and all animals were provided free 

access to exercise. This animal model is able to respond to effectively to calorie 

restriction and, in line with previous reporting (37), did so here.   

 

We determined that the effects of D+Q alone are focused primarily on kidney parameters 

and immune cell shifts. Liver enzyme evaluations verified that intermittent D+Q 

administration is safe in NHPs. Animals did not experience serious side effects from 

D+Q administration, though treatment group animals experienced mild nausea and 

headaches within 12 hours of dose administration. D+Q alone successfully reduced the 

cell cycle inhibitors p16 and p21 in subcutaneous adipose tissue at months one and 

three. Our previous work indicated that whole tissue explant SA-βgal staining may not be 

sensitive enough to determine differences between groups (23). While tissue-limited in 

this study, future work will include SA-βgal staining of the stromal vascular fraction of 

adipose tissue, as adipose tissue macrophages, endothelial cells, and preadipocytes 

have been identified as being senescent (10). Five months of D+Q treatment 

successfully improved kidney parameters and demonstrated trends toward improving 

adipose tissue insulin signaling and abdominal adipose tissue distribution, which was 

observed previously (21), indicating that these agents may be applicable for treatment of 

diabetic kidney disease. Significant improvements in adipose tissue insulin signaling and 

distribution may have been present if we were properly powered to detect differences in 

these particular endpoints. D+Q treatment alone demonstrated trends toward reducing 

circulating neutrophils and basophils. It is possible that D+Q treatment dampens 
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aberrant bone marrow activation, which properly resets leukocyte populations, as bone 

marrow activation has been shown to be highly associated with metabolic syndrome 

(MetS) components and atherosclerosis development (38, 39).  D+Q alone did not result 

in changes in either circulating cytokines or adipose tissue macrophages. However, the 

concentration of D applied ex vivo to adipose tissue explants that resulted in decreased 

cytokine expression was 1μM - roughly 80% higher than our in vivo concentration 

measures, indicating that our in vivo concentrations may have been too low to incite 

cytokine shifts (20). As there was variability in the concentrations of D and its 

metabolites measured, it is also possible that differences in bioavailability may result in 

response heterogeneity. Additionally, we collected adipose biopsies roughly 28-30 days 

post-D+Q administration. It is possible that shifts in macrophage density or subtype were 

missed or require twice monthly D+Q administration, as Hickson et al. demonstrated 

decreases in adipose tissue macrophages 11 days after D+Q dosing (19). 

 

Caloric restriction independently improved body composition and several MetS risk 

factors. The study animals experienced a short six-week low-percentage caloric 

restriction that resulted in 5% body weight loss on average (Supplementary Figure 1). 

The degree of weight loss demonstrated in this work corresponds with human clinical 

trials weight loss aims. This short intervention resulted in significantly improved fasting 

glucose and circulating triglyceride levels, as well as significant decreases in body 

fatness and increases in lean mass. Caloric restriction likewise reduced circulating 

leukocytes and significantly reduced GDF15, though no shifts in adipose tissue 

macrophage density were driven by caloric restriction alone.  

 

The interaction between caloric restriction and D+Q therapy resulted in large 

improvements in percent glycosylated hemoglobin A1c, reductions in circulating 
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monocytes, as well as unexpected shifts in senescence markers and adipose tissue 

macrophages. The interaction between D+Q and caloric restriction significantly reduced 

percent glycosylated hemoglobin A1c in treated animals. During the only six-week 

caloric restriction, D+Q-treated animals experienced an average decrease in 

glycosylated hemoglobin A1c of 0.51%. The drastic reduction in A1c was accompanied 

by decreases in total monocytes in circulation, particularly significant decreases in 

intermediate and non-significant decreases in classical monocytes. The decrease in total 

monocytes supports previous senolytic-related work (21), though this study is the first to 

delineate which specific monocyte subtypes were altered. D+Q with caloric restriction 

resulted in significant increases in p21 adipose tissue protein expression and a decrease 

in M2/M1 ratio driven by polarization to the traditionally pro-inflammatory M1 phenotype. 

Both D+Q and caloric restriction cause adipocyte turnover. It is possible that the 

combination of D+Q and caloric restriction resulted in increased adipocyte necrosis and 

death, which caused an increase in p21 expression in surrounding cells and a 

corresponding shift in macrophage polarization from M2 to M1. Adipocyte death has 

been shown to result in pro-inflammatory metabolic activation of macrophages that is 

accompanied by increased expression of genes associated with M1-polarization (40). 

Similarly, p21 expression acts as a mechanism of immunosurveillance and results in 

polarization of M1 macrophages, which recruit cytotoxic T cells that facilitate targeted 

cell removal to maintain tissue homeostasis (41). Therefore, we hypothesize, given the 

positive decreases in MetS risk factors and circulating immune cells observed with D+Q 

and combined caloric restriction and our apoptosis-related gene expression data, that 

the increase in p21 and the corresponding macrophage polarization shift positively 

contributed to tissue homeostasis maintenance and adipocyte turnover. 

 

Future directions for this work include broadening our cell-specific investigations and the  
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duration of the caloric restriction component of the study. It is well-documented that not 

all cells that are p16-, p21-, and SA-βgal-positive are senescent (42-45). Accordingly, as 

a next step, we plan to use a spatial profiling method to couple histological adipose 

tissue cell identification with transcriptomic profiles to better delineate exactly which cells 

are senescent. Recent work has begun to describe the metabolic activation of adipose 

tissue macrophages rather than use the M1/M2 paradigm for describing existing cell 

types. This work was the first to determine which macrophage subtypes shift with 

senolytic treatment. As a next step, we will determine the metabolic activation of the 

specific macrophages identified. As immune cell shifts were primary outcomes of this 

work, in future studies we will collect bone marrow aspirates to determine exact shifts in 

bone marrow activation with senolytic therapy and caloric restriction. The reduction in 

the Alzheimer’s biomarker Aβ42 in CSF following CR invite investigation into this 

intervention’s effects on production, aggregation and clearance of Aβ42 as reductions in 

Aβ42 in CSF following diet change have also been observed in middle-aged people (46). 

The neutral effect of D+Q on the preferred CSF biomarker, Aβ42: 40, invites future 

investigations into CSF biomarkers relating to tau (45).  This study incorporated a six-

week caloric restriction, though we recognize that the gold standard for caloric restriction 

duration in human clinical trials is 24-weeks. In a longer trial with a 24-week caloric 

restriction and intermittent D+Q therapy, we believe that we may see additional 

differences that the short six-week caloric restriction with D+Q therapy did not allow us to 

see. Given the outcomes of this study, we believe that these data provide preliminary 

evidence to support safe implementation of a human clinical trial focused on diabetic 

kidney disease in mid-to-late-age adults. We believe the intermittent D+Q combine with 

low-percentage caloric restriction would significantly improve glycemia and renal 

outcomes and dampen the inflammation associated with metabolic dysfunction related to 

with ageing.  
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Figure 1. Senolytic therapy reduces senescent cell burden. Subcutaneous adipose 

tissue (A) p16 and (B) p21 gene expression was significantly decreased after three 

months of intermittent Dasatinib (D) and Quercetin (Q) administration ([n=9]; * = p<0.05) 

compared to the tissue of those receiving vehicle (VEH; n=7). The SASP circulating 

marker (C) plasminogen activator inhibitor (PAI)1 demonstrated a non-significant 

decrease in D+Q animals after five months of intermittent therapy administration prior to 

caloric restriction (Pre-CR), and a significant decrease after caloric restriction ([CR]; * = 

p<0.05). All values presented are adjusted means + SEM. 
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Figure 2. Senolytic therapy reduces circulating immune cells and alters monocyte 

profiles. After five months of intermittent Dasatinib (D) and Quercetin (Q) administration 

prior to caloric restriction (Pre-CR), animals receiving senolytic therapy demonstrated 

trends toward decreases in circulating (A) neutrophils, (B) basophils, (C) total white 

blood cells, and a significant decrease in (D) B cells identified as CD20+ compared to 

those receiving vehicle (VEH) (* = p<0.05; # = p<0.1). Caloric restriction (CR) resulted in 
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significant further decreases in neutrophils, basophils, and total white blood cells in both 

the VEH (n=7) and D+Q (n=9) animals (* = p<0.05; # = p<0.1). (E) Intermittent 

administration of D+Q combined with CR resulted in circulating monocytes - identified as 

CD45+CD20-CD3- - remaining lower than with vehicle alone (VEH; n=7).  (F) D+Q 

therapy combined with CR maintained fewer classical monocytes (non-significant) and 

significantly restricted expansion of intermediate monocytes (p=0.04; n=9) compared to 

VEH (n=7), creating a less inflammatory monocyte profile. All values presented are 

adjusted means + SEM. 
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Figure 3. Senolytic therapy with caloric restriction shifts macrophage polarization. 

(A) Combined senolytic therapy (D+Q) and caloric restriction (CR) resulted in decreased 

M2/M1 subcutaneous adipose tissue macrophage ratio (p=0.01), where M1 macrophage 

numbers increased and M2 macrophage numbers decreased simultaneously (Table 1). 
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(B) Representative M2 macrophage adipose tissue heat maps, where increasing green 

to red coloration indicates higher densities of M2 macrophages. (C) CR significantly 

reduced growth differentiation factor (GDF)15 in both animals receiving VEH (n=7) and 

D+Q ([n=9]; * = p<0.05). All values presented are adjusted means + SEM.  
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Figure 4. Senolytic therapy alone improves kidney parameters. After five months of 

intermittent Dasatinib (D) and Quercetin (Q) therapy prior to caloric restriction (Pre-CR), 

circulating blood urea nitrogen (BUN) concentrations were significantly reduced in 

animals receiving senolytic therapy (n=9; *= p=0.036) compared to those receiving 

vehicle (VEH; n=7). An interaction between D+Q and CR resulted in BUN demonstrating 

a trend toward remaining lower in the sixth month (# = p=0.091). Creatinine measures 

remained unchanged throughout the study. Values presented are adjusted means + 

SEM.  
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Figure 5. Improvements in insulin signaling and hemoglobin A1c with senolytic 

therapy and caloric restriction. After five months of intermittent Dasatinib (D) and 

Quercetin (Q) treatment (n=9) or vehicle (VEH; n=7) administration, the subcutaneous 

adipose of animals receiving D+Q demonstrated (A) a trend toward increased Akt 

protein expression (# = p=0.074) after an insulin infusion. Similarly, animals receiving 

D+Q demonstrated (B) an increase in the percent change in the ratio of phosphorylated 

IRS1 (pIRS1)/IRS1, though this endpoint did not reach significance. (C) Caloric 

restriction (CR) demonstrated a trend toward decreasing the percent glycosylated 

hemoglobin A1c (# = p=0.070); however, there was a significant interaction effect 

between D+Q and CR that resulted in significantly reduced A1c (* = p=0.037). All values 

presented are adjusted means + SEM.  
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Table 1. Circulating cytokine and adipose tissue macrophage subtype shifts with 

senolytic therapy and caloric restriction. The values presented are adjusted means + 

SEM in parentheses for animals that received vehicle (VEH; n=7) or Dasatinib and 

Quercetin (D+Q; n=9) for the first five months of the study prior to caloric restriction (-

CR) and for the sixth month of the study with caloric restriction (+CR). The p-values 

presented are those for the effects of senolytic therapy alone, the effects of caloric 

restriction alone, and the effect of the interaction between senolytic therapy and caloric 

restriction.  

 

Measurement VEH -CR VEH +CR D+Q -CR D+Q +CR 

D+Q 
Effect 

p-
Value 

CR 
Effect 

p-
Value 

D+Q+CR 
Effect p-

Value 

Monocyte 
Chemoattractant 
Protein (MCP)-1 

(pg/mL) 

109.0 (9.5) 
109.9 
(12.2) 

100.7 
(10.1) 

86.7 
(10.1) 

0.23 0.43 0.37 

N-terminal-pro 
hormone BNP 
(NT-ProBNP) 

(pg/mL) 

298.4 (30.3) 
302.5 
(35.6) 

328.3 
(31.3) 

295.6 
(29.9) 

0.67 0.49 0.37 

Log C-Reative 
Protein (CRP) 

(ng/mL) 
6.4 (0.1) 6.3 (0.1) 6.6 (0.1) 6.4 (0.1) 0.16 0.57 0.41 

Classical 
Monocytes/CD45+ 

Cells 
0.12 (0.02) 0.14 (0.02) 

0.11 
(0.02) 

0.09 
(0.02) 

0.26 0.90 0.29 

Intermediate 
Monocytes/CD45+ 

Cells 
0.01 (0.001) 

0.02 
(0.001) 

0.02 
(0.001) 

0.02 
(0.001) 

0.65 0.0092 0.042 

Nonclassical 
Monocytes/CD45+ 

Cells 
0.06 (0.01) 0.06 (0.01) 

0.08 
(0.01) 

0.08 
(0.01) 

0.092 0.74 0.91 

Total Cell Density 
(cells/µm2) 

0.0003 
(0.0001) 

0.0002 
(0.0001) 

0.0002 
(0.00005) 

0.0002 
(0.0001) 

0.35 0.55 0.44 

M1 Macrophages 
(%) 

1.3 (0.5) 1.1 (0.5) 0.6 (0.4) 1.4 (0.4) 0.32 0.69 0.092 

M2 Macrophages 
(%) 

50.7 (6.2) 58.4 (6.8) 54.3 (5.5) 43.5 (5.5) 0.67 0.11 0.089 

Undefined 
Macrophages (%) 

45.7 (6.2) 39.3 (6.7) 43.2 (5.4) 52.5 (5.4) 0.76 0.14 0.15 

Intermediate 
Macrophages (%) 

2.9 (0.8) 1.9 (0.8) 1.5 (0.7) 2.2 (0.7) 0.22 0.73 0.15 

Macrophage 
Density (cells/μm2) 

0.0000069 
(0.000018) 

0.0000081 
(0.000017) 

0.000012 
(0.000018) 

0.0000090 
(0.000018) 

0.23 0.94 0.21 

Average Adipocyte 
Size (µm2) 

5899.2 
(732.4) 

7505.2 
(910.9) 

5511.0 
(558.9) 

5514.7 
(652.0) 

0.38 0.11 0.11 
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Measurement 
VEH 
-CR 

VEH 
+CR 

D+Q 
-CR 

D+Q 
+CR 

D+Q 
Effect p-

Value 

CR 
Effect p-

Value 

Interaction 
Effect p-

Value 

Alanine 
Transaminase (ALT) 

(U/L) 

44.6 
(7.1) 

60.7 
(8.6) 

53.7 
(6.6) 

72.1 
(7.6) 

0.31 0.0021 0.82 

Aspartate 
Aminotransferase 

(AST) (U/L) 

35.8 
(2.5) 

29.0 
(3.3) 

32.5 
(2.3) 

26.6 
(2.9) 

0.35 0.0097 0.85 

Alkaline 
Phosphatase (ALP) 

(U/L) 

90.8 
(6.7) 

85.5 
(7.7) 

91.7 
(6.2) 

81.7 
(6.8) 

0.95 0.059 0.55 

Total Protein (g/dL) 
6.9 

(0.1) 
6.9 

(0.1) 
6.8 

(0.1) 
7.0 

(0.1) 
0.53 0.52 0.31 

Liver Attenuation 
(HU) 

58.7 
(2.1) 

60.2 
(2.3) 

62.6 
(1.8) 

58.6 
(1.8) 

0.64 0.47 0.13 

 

Table 2. Shifts in liver enzymes and liver adipose accumulation with senolytic 

therapy and caloric restriction. The values presented are adjusted means + SEM in 

parentheses for animals that received vehicle (VEH; n=7) or Dasatinib and Quercetin 

(D+Q; n=9) for the first five months of the study prior to caloric restriction (-CR), and for 

the sixth month of the study with caloric restriction (+CR). The p-values presented are 

those for the effects of senolytic therapy alone, the effects of caloric restriction alone, 

and the effect of the interaction between senolytic therapy and caloric restriction. 
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Table 3. Changes in metabolic syndrome risk criteria and body composition with 

senolytic therapy and caloric restriction. The values presented are adjusted means + 

SEM in parentheses for animals that received vehicle (VEH; n=7) or Dasatinib and 

Quercetin (D+Q; n=9) for the first five months of the study prior to caloric restriction (-

CR) and for the sixth month of the study with caloric restriction (+CR). The p-values 

presented are those for the effects of senolytic therapy alone, the effects of caloric 

restriction alone, and the effect of the interaction between senolytic therapy and caloric 

restriction. 

 

 

Measurement 
VEH 
-CR 

VEH 
+CR 

D+Q 
-CR 

D+Q 
+CR 

D+Q 
Effect p-

Value 

CR Effect 
p-Value 

Interaction 
Effect p-Value 

Body Weight (kg) 
8.0 

(0.1) 
7.8 

(0.1) 
8.1 

(0.1) 
7.7 

(0.1) 
0.80 0.0001 0.14 

Waist Circumference (cm) 
46.7 
(1.0) 

44.8 
(1.0) 

47.5 
(0.9) 

44.4 
(0.9) 

0.87 0.0001 0.23 

Fasting Blood Glucose (mg/dL) 
146.5 
(15.0) 

127.0 
(18.4) 

146.2 
(13.2) 

115.4 
(15.3) 

0.83 0.026 0.60 

Glycosylated Hemomoglobin A1c 
(%) 

5.8 
(0.2) 

5.9 
(0.3) 

5.8 
(0.2) 

5.3 
(0.2) 

0.48 0.070 0.04 

Systolic Blood Pressure (mmHg) 
125.6 
(7.0) 

126.4 
(8.3) 

127.0 
(6.2) 

130.6 
(6.9) 

0.81 0.62 0.75 

Diastolic Blood Pressure (mmHg) 
68.6 
(4.2) 

80.6 
(5.5) 

73.2 
(3.7) 

79.2 
(4.5) 

0.65 0.0200 0.41 

Log Triglycerides (mg/dL) 
5.3 

(0.2) 
5.1 

(0.2) 
5.4 

(0.2) 
4.9 

(0.2) 
0.94 0.0026 0.13 

High-Density Lipoprotein 
Cholesterol (mg/dL) 

44.2 
(2.5) 

45.4 
(2.6) 

47.9 
(2.2) 

49.3 
(2.2) 

0.22 0.43 0.96 

Fat Mass % Body Weight 
32.5 
(1.2) 

31.5 
(1.3) 

32.4 
(1.1) 

30.3 
(1.1) 

0.70 0.022 0.32 

Lean Mass % Body Weight 
46.0 
(1.1) 

47.3 
(1.1) 

47.6 
(1.0) 

49.8 
(1.0) 

0.20 0.0052 0.43 

Abdominal Fat Mass (kg) 
1.1 

(0.1) 
1.0 

(0.1) 
1.1 

(0.1) 
1.1 

(0.1) 
0.79 0.0046 0.41 

Psoas Area (cm2) 
1.4 

(0.1) 
1.5 

(0.1) 
1.2 

(0.1) 
1.3 

(0.1) 
0.16 0.095 0.92 

Abdominal Visceral: Subcutaneous 
Adipose Ratio (cm3) 

1.5 
(0.1) 

1.5 
(0.1) 

1.2 
(0.1)  

1.3 
(0.1) 

0.18 0.15 0.086 

Abdominal Subcutaneous Adipose 
Volume (cm3) 

0.51 
(0.05) 

0.48 
(0.05) 

0.54 
(0.04) 

0.49 
(0.04) 

0.75 0.0001 0.10 

Abdominal Visceral Adipose 
Volume (cm3) 

0.59 
(0.05) 

0.56 
(0.05) 

0.59 
(0.04) 

0.56 
(0.04) 

0.99 0.12 0.75 
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Supplementary Figure 1. Changes in body weight and percent body fat with 10% 

caloric restriction. Animals receiving both vehicle (VEH; n=7) and Dasatinib (D) and 

Quercetin (Q) (n=9) underwent a 10% caloric restriction (CR) for six weeks (Wks) 

beginning immediately after dose six administration. On average, (A) study animals lost 

~5% of their body weight. (B) Calculated using computed tomography scan data, study 

animals demonstrated a ~2% change in percent body fat. No differences in body weight 

loss or percent body fat loss were observed between groups (ns = not significant). 
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A B 

                

Supplementary Figure 2. One dose of Dasatinib (D) and Quercetin (Q) reduced cell 

cycle inhibitor gene expression. After one dose of D (5mg/kg) and Q (50mg/kg), three 

obese cynomolgus macaques with type II diabetes demonstrated decreases in (A) p16 

and (B) p21 gene expression in their subcutaneous adipose tissue.  
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Supplementary Figure 3. Changes in senescence biomarkers and markers of 

apoptosis and necrosis across the study. (A) Dasatinib (D) and Quercetin (Q) 

intermittent dosing (n=9) resulted in steady decreases in senescence-associated beta 

galactosidase (SA-βgal) staining of tissue explants compared to vehicle (VEH; n=7), 

though these changes did not reach significance. (B) Differences in p21 subcutaneous 

adipose tissue protein expression were not observed in the five months of the study prior 

to caloric restriction (pre-CR). After the sixth dose of D+Q or VEH and 10% CR, animals 

receiving D+Q demonstrated a significant increase in p21 subcutaneous adipose tissue 

protein (*=p<0.05) due to CR, and a trend for an interaction that resulted in increased 

expression levels (#=p<0.1). The apoptosis-related gene (C) BAX was significantly 

higher in the D+Q treated adipose tissue after five months than VEH (*=p<0.05), and 

was also higher with the addition of CR (not significant). (D) BCL-2 gene expression 

mirrored that of BAX, and was slightly increased in D+Q treated adipose after five 

months and demonstrated a trend toward being significantly increased in D+Q treated 

adipose with the addition of CR (#=p<0.1). The gene expression of the necroptosis 

marker (E) MLKL was higher in D+Q treated adipose with the addition of CR than in 

VEH, though this did not reach significance. All values presented are adjusted means + 

SEM.  
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Measurement VEH D+Q p-Value 

Age (yrs) 14.19 (0.97) 13.03 (0.93) 0.40 

Body Weight (kg) 10.40 (2.70) 8.29 (1.37) 0.69 

Waist Circumference (cm) 44.28 (5.38) 45.89 (1.59) 0.74 

Systolic Blood Pressure (mmHg) 134.14 (8.18) 118.63 (9.47) 0.18 

Diastolic Blood Pressure (mmHg) 81.10 (3.79) 65.63 (4.79) 0.035* 

Triglycerides (mg/dL) 327.71 (99.25) 119.50 (18.82) 0.24 

Glycosylated Hemoglobin A1c (%) 5.25 (0.53) 5.60 (0.73) 0.61 

 

Supplementary Table 1. Nonhuman primate demographic data by group prior to 

study start. All values are presented at means + SEM. Animals in the vehicle (VEH; 

n=7) and Dasatinib plus Quercetin groups (D+Q; n=9) were matched by age, body 

weight, and metabolic syndrome risk factors.  

 

 

Measurement VEH D+Q p-Value 

Food Consumption (kcal/kg) 70.70 (5.99) 56.53 (5.28) 0.11 

 

Supplementary Table 2. Food consumption measures in each group after five 

months of drug or vehicle administration. Food consumption analyses performed at 

month five determined that VEH (n=7) and D+Q (n=9) groups were not eating 

significantly different amounts of food. We used food consumption data collected at 

month five to calculate new chow amounts for a 10% caloric restriction. All values are 

presented as adjusted means + SEM. 
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Value Dasatinib (µM) Dasatinib-N-Oxide (µM) 

Mean 0.121 0.0190 

SEM 0.0386 0.0148 

N 7 4 

 

Supplementary Table 3. Concentrations of Dasatinib and Dasatinib-N-Oxide 

detected two hours after dose administration. Blood samples were collected two 

hours after Dasatinib and Quercetin administration to capture maximal circulation 

concentrations. Out of nine samples, Dasatinib was detected in seven and Dasatinib-N-

Oxide, a Dasatinib metabolite, was detected in four. 

 

 

 

 

Supplementary Table 4. Additional hematology findings. No changes in creatinine, 

BUN:creatinine, eosinophils or total lymphocytes in circulation were observed with either 

Dasatinib (D) and Quercetin (Q) therapy (n=9) or caloric restriction (CR). VEH = vehicle 

(n=7). All values are presented as adjusted means + SEM. 

 

Measurement 
VEH -

CR 
VEH 
+CR 

D+Q -
CR 

D+Q 
+CR 

D+Q 
Effect p-

Value 

CR 
Effect p-

Value 

Interaction 
Effect p-

Value 

Creatinine 
(mg/dL) 

0.64 
(0.03) 

0.62 
(0.03) 

0.65 
(0.03) 

0.66 
(0.03) 

0.56 0.69 0.49 

BUN:Creatinine 
27.7 
(1.9) 

27.9 
(2.2) 

23.0 
(1.7) 

25.7 
(1.9) 

0.14 0.25 0.31 

Eosinophils 
(/uL) 

155.3 
(43.7) 

141.5 
(60.5) 

180.7 
(38.5) 

173.7 
(49.4) 

0.60 0.81 0.94 

Lymphocytes 
(/uL) 

3797.6 
(408.1) 

3519.2 
(489.2) 

3574.7 
(351.7) 

3348.7 
(400.1) 

0.72 0.34 0.92 
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Measurement 
VEH -

CR 

VEH 

+CR 

D+Q -

CR 

D+Q 

+CR 

D+Q 

Effect 

p-

Value 

CR 

Effect 

p-

Value 

Interaction 

Effect p-

Value 

Amyloid β 

(Aβ)40 (pg/mL) 

8578.6 

(750.4) 

6392.9 

(1263.6) 

6159.1 

(705.5) 

4278.5 

(1067.0) 
0.02 0.06 0.88 

Amyloid β 

(Aβ)42 (pg/mL) 

1540.6 

(207.2) 

791.1 

(316.3) 

1133.7 

(189.7) 

770.5 

(269.4) 
0.28 0.03 0.43 

Amyloid β 

(Aβ)42/Amyloid 

β (Aβ)40 (AU) 

0.19 

(0.02) 

0.14 

(0.03) 

0.19 

(0.02) 

0.22 

(0.03) 
0.20 0.76 0.19 

 

Supplementary Table 5. Shifts in Alzheimer’s disease biomarkers with senolytic 

therapy and caloric restriction. The values presented are adjusted means + SEM in 

parentheses for animals that received vehicle (VEH; n=7) or Dasatinib and Quercetin 

(D+Q; n=9) for the first five months of the study prior to caloric restriction (-CR), and for 

the sixth month of the study with caloric restriction (+CR). The p-values presented are 

those for the effects of senolytic therapy alone, the effects of caloric restriction alone, 

and the effect of the interaction between senolytic therapy and caloric restriction. 
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Chapter VI 
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To date, the biology underpinning the four described metabolic health groups remains 

understudied, with differences in white AT across metabolic health phenotypes likely to 

hold insights into effective therapeutic targets for each group. Our overarching goal of 

this work was to identify features of AT that were common, or alternatively uniquely 

specific, to the four clinically-defined health groups described. These investigations were 

conducted to fill gaps in knowledge regarding differences in white AT depots across 

health phenotypes, and to determine the effects of a possible therapeutic on improving 

health outcomes. New contributions that stem from this work include characterizations of 

AT macrophage subtypes that span the pro-inflammatory to anti-inflammatory spectrum, 

generation of unbiased RNA-seq transcript data from both the SQ and VIS AT depots, 

and visceral AT microbial community identifications in NHPs in all four metabolic health 

groups. Our senolytics preclinical trial was the first to explore the effects of senescent 

cell removal with and without caloric restriction on metabolic health and immune cells. 

The senolytics preclinical trial resulted in the development of a sample repository that 

can be used for additional investigations. The primary findings of these investigations 

were the following: 1) maintained health with excess adiposity is associated with 

increases in M2 macrophages and lipid-handling gene expression in SQ AT; 2) poor 

metabolic health in both the lean and obese states corresponds with decreases in M2 

macrophages and increases in Gram-negative bacterial communities in VIS AT; 3) 

senolytic therapy alone results in improvements in circulating immune cell composition 

and renal measures. When combined with low-percentage caloric restriction, senolytic 

therapy results in large improvements in glycemic indices and positive shifts in body 

composition without demonstrating negative impacts. 
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The data in this dissertation emphasize the importance of adipose tissue homeostasis in 

preserving metabolic health in both lean and obese states, and provide the framework 

for future clinical trials. The NHP models used in this dissertation demonstrate human 

relevancy as African green monkeys have metabolic screening data available that show 

that they exhibit the same range of metabolic abnormalities and metabolic health 

phenotypes seen in people (1). Similarly, cynomolgus macaques, as old world 

nonhuman primates, also demonstrate spontaneous obesity and metabolic disease 

onset (2). Old world nonhuman primates, particularly the African green monkey, illustrate 

monocyte populations that closely mirror those seen in people (3). Along these same 

lines, nonhuman primates exhibit AT immune cell populations that more closely 

resemble what is seen in human AT than mice (4), where the AT macrophage subtype 

distributions observed in our investigations mirror those of human AT (5).  They likewise 

demonstrate senescent cell accumulation in AT with ageing, obesity, and metabolic 

disease onset similar to people (6). 

 

Cellular senescence and senolytics are a new field that require elucidation of 

foundational elements. Ex vivo analyses determined that AT macrophages were the 

second most predominant cell type to demonstrate cellular senescence, indicating that 

targeting senescent cells would be a rational target to improve adipose tissue function 

(7). Our preclinical trial along with other studies (8, 9) determined that the current 

methods of identifying senescent cells are imperfect, as not all cells that express the 

cycle cell inhibitors p16INK4a and p21 are senescent and vice versa. Use of apoptotic 

markers substantiates conclusions made regarding the effects of senolytic clearing 

agents, though additional biomarkers for senescent cell identification are needed. Our 

work was the first to present circulating in vivo concentrations of Dasatinib when it is 
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used to clear senescent cells, though circulating concentrations of Quercetin and AT-

specific concentrations of both agents remain to be determined. 

 

This research has elucidated that regulation of circulating and AT immune cells directly 

corresponds to metabolic health. However, additional evaluations into the metabolic 

function of AT macrophages are needed. Tracking of monocytes into AT would 

determine the impact of recruited monocytes on tissue macrophage populations and the 

ultimate fate of these cells as they polarize in situ and influence local inflammation. We 

documented microbial populations in AT that would drive macrophage polarization in VIS 

AT. Future work will include parallel determinations of SQ AT microbiomes; however, 

gene expression patterns of unhealthy animals are not as suggestive of antigenic 

responses in this depot. With the striking differences in the VIS AT microbiomes 

evaluated, future work will focus on the origins of these bacterial populations to help 

define points of intervention. Finally, to improve health, senolytic therapy does show 

promise with anti-inflammatory outcomes. To make conclusions about this clinical 

intervention, a randomized double-blinded placebo-controlled trial that incorporates a 

standard 24-week caloric restriction with senolytic therapy is needed. Further estimates 

of the persistence of treatment effects after cessation are of high interest to the obesity 

and gerosciences research communities. We feel that finding additional identifiers of 

senescent cells by advanced cell profiling techniques such as single-cell RNA-seq or 

digital spatial profiling of the proteome or transcriptome of cells in situ would help 

researchers better understand the biology of senescence in adipocytes and immune 

cells related to health status. In summary, our data report potential targets for mitigating 

metabolic dysfunction in both the lean and obese and provide foundational information 

for the emerging field of senolytics.  
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Figure 1. Differences in monocyte subtypes between metabolic health groups. 

Flow cytometric analyses were used to determine differences in monocyte subtypes 

across metabolic health groups. One-way and factorial analysis of variance (ANOVA) 

assessments were used to determine differences. Unlike letters (a versus b, and c 

versus d) indicate significant differences (p<0.05) between groups by factorial ANOVA 

and * indicates significant differences (p<0.05) identified by one-way ANOVA post-hoc 

analysis.  Each monocyte subtype is expressed out of all CD45+CD3-CD20- cells. All 
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data are shown as means + SEM. Complete flow cytometric methods can be found in 

Chapter V. (A) No significant differences in the percentages of classical monocytes or 

(B) or intermediate monocytes were seen between the metabolically healthy lean (MHL; 

n=12), healthy obese (MHO; n=10), unhealthy lean (MUL; n=9), or unhealthy obese 

(MUO; n=13) groups. (C) The percentages of nonclassical monocytes differed between 

groups (one-way ANOVA p=0.0012), by health status (factorial ANOVA p=0.011), and 

by obesity status (factorial ANOVA p=0.0053). The MUO group demonstrated the 

highest percentages of nonclassical monocytes. MHL and MHO animals illustrated lower 

percentages of nonclassical monocytes than MUL and MUO groups. Obese animals 

also exhibited higher percentages of nonclassical monocytes than lean animals. While 

no significant differences in intermediate monocytes were observed, it can be visually 

appreciated that the intermediate monocytes tended toward being different in the same 

pattern as the nonclassical monocytes. Bone-marrow derived monocyte polarization 

occurs in a linear fashion where monocytes progress from the classical subtype to the 

intermediate and then to the nonclassical subtype (Introduction). According to these 

data, obesity and poor health shift monocyte polarization toward the intermediate and 

nonclassical subtypes. These monocyte findings do not match macrophage profiles 

found in either the subcutaneous (Chapter III) or visceral (Chapter IV) adipose tissue. 

Healthy animals demonstrated significantly more anti-inflammatory M2 macrophages in 

tissue. This discrepancy may be driven by the low percentage of immune cells in 

circulation, as peripheral blood lymphoid cells comprise less than two percent of cells in 

tissue (1). Despite the discrepancy between circulating immune cell types and tissue 

immune cell types, the African green monkey circulating monocyte profiles most closely 

match that of humans, making the model ideal for circulating monocyte investigations 

(2).  
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ABSTRACT 

 

Forty-three female African green monkeys (Chlorocebus aethiops sabaeus) were 

selected to represent young adult to advanced geriatric ages (7-24 years), to exhibit a 

wide range of obesity status (8-53% body fat) and diverse metabolic syndrome criteria 

such as diabetes, dyslipidemia, and hypertension. Subcutaneous and visceral adipose 

tissue was collected and evaluated for the presence of senescence cells in both whole 

tissue and single-cell isolates from subcutaneous sources, utilizing senescence-

associated β-galactosidase (SAβ-gal) staining. Plasma samples were analyzed for 

selected metabolic and inflammatory biomarkers related to the senescence-associated 

secretory profile. Our results indicated that tissue staining scores did not differ between 

subcutaneous and intra-abdominal visceral depots and were highly related within 

individuals. Tissue staining was significantly associated with chronological age; however, 

no associations with fatness or metabolic syndrome criteria were observed. Associations 

with age were unchanged when obesity status was included in regression models. 

Isolated cell staining did positively relate to age but not tissue staining, suggesting some 

of the SAβ-gal-positive cells were stromal vascular cells or small adipocytes, but that 

mature large adipocytes, filtered out in the cell isolation process, are also likely to exhibit 

positive SAβ-gal staining. Plasminogen activator inhibitor-1 (PAI-1) concentration in 

circulation was the sole inflammation-related biomarker that positively associated with 

age and is considered to be a marker of senescent cell burden. Our study is the largest, 

most comprehensive assessment of adipose SAβ-gal staining in a relevant animal model 

of human aging, and confirms that this senescence-associated biomarker specifically 

indicates an age-related process. 
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INTRODUCTION 

 
Cellular senescence is the process in which cells undergo irreversible proliferative arrest 

and exhibit distinctive phenotypic alterations (van Deursen 2014, Hickson, Langhi Prata 

et al. 2019, Palmer, Xu et al. 2019). Senescent cells are known to accumulate in adipose 

tissue located beneath the skin (subcutaneous adipose tissue, SQAT) or around vital 

organs (visceral adipose tissue, VAT) (Justice, Nambiar et al. 2019, Palmer, Xu et al. 

2019). Throughout life, adipocyte distribution and turnover occurs naturally and 

continuously. Recent studies have suggested that accumulation of senescent cells in 

adipose tissue could be the root cause of adipose metabolic dysfunction in obesity. This 

dysfunction of adipose tissue may accelerate the process of age-related metabolic 

diseases, chronic inflammation, and cancer (Cartwright, Schlauch et al. 2010, Tchkonia, 

Morbeck et al. 2010, Ghosh, O'Brien et al. 2019). While these cells remain in cell cycle 

arrest and fail to respond to growth or death stimuli, they are still metabolically active 

and secrete pro-inflammatory cytokines, chemokines, and proteases referred to 

senescence-associated secretory phenotype (SASP) (Xu, Pirtskhalava et al. 2018, 

Hickson, Langhi Prata et al. 2019).  

 

SASP markers such as interleukin (IL)-6, IL-1, monocyte chemoattractant protein (MCP)-

1, and plasminogen activator inhibitor (PAI)-1 increase with senescent-induced factors 

such as aging, chronic diseases, and radiation or chemotherapy (Xu, Pirtskhalava et al. 

2018, Zeng, Shen et al. 2018). These cytokines result in local and remote tissue 

dysfunction which accumulate with age and have led senescence to be included as one 

of the biological pillar processes of aging (Lopez-Otin, Blasco et al. 2013). Senolytics, 

drugs that selectively induce apoptosis in senescent cells, have recently been developed 

and used for senescent-associated diseases. The “senolytic cocktail” Dasatinib and 

Quercetin (D+Q) disables the senescence-associated anti-apoptotic pathways that 
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defend against the pro-apoptotic microenvironment and SASP (Xu, Pirtskhalava et al. 

2018, Hickson, Langhi Prata et al. 2019, Justice, Nambiar et al. 2019). D+Q treatment of 

aged mice resulted in decreased SASP inflammatory cytokine secretion by VAT. In 

addition, mice treated biweekly with D+Q had higher median post-treatment lifespans 

and significantly lower mortality than the control group, substantiating that senolytics 

increase lifespan without extending morbidity in aged mice (Xu, Pirtskhalava et al. 2018). 

During the first human clinical trial of D+Q, this treatment was given to patients with 

idiopathic pulmonary fibrosis, a fatal cellular senescence-associated disease. Results 

showed evidence of significantly alleviated physical dysfunction in the patients (Justice, 

Nambiar et al. 2019). Hickson et. al (Hickson, Langhi Prata et al. 2019) also completed a 

study with D+Q in patients with diabetic kidney disease and reported decreases in  

p16Ink4a+ and p21Cip1+ expressing cells, circulating SASP factors (IL-6, MMPs-9), and 

senescence-associated β-galactosidase (SAβ-gal) activity.  

 

In vivo methods for definitively detecting senescent cells is challenging. Quantifying 

SASP cytokines is a straightforward approach, but no single biomarker has been 

validated as exclusively senescence-associated. Measuring p16Ink4a, a tumor suppressor 

and aging biomarker, is used to detect in situ senescent cell abundance via luciferase 

activity. Studies of p16Ink4a levels measured in people confirm an association with both 

age and function (Lawrence, Bene et al. 2018), but the cellular source remained 

unidentified. Palmer et al. (Palmer, Xu et al. 2019) showed that VAT senescent-cell 

abundance increased in diet-induced obese (DIO) mice as measured by luciferase 

activity. Their results also indicated that macrophage abundance correlated with p16lnk4a 

expressing cells in the VAT of DIO mice. Many mouse studies suggest that VAT has a 

higher senescence abundance and macrophage content than SQAT. The contribution of 

macrophages by tissue depot is of interest as macrophages are the only cell type known 
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that can become senescent and then return to their M-phenotypes as their 

microenvironments change (Vernon 2003, Yokoi, Fukuo et al. 2006, Cramer, Freisinger 

et al. 2010, Zhu, Armstrong et al. 2014, Palmer, Tchkonia et al. 2015, Kirkland and 

Tchkonia 2017, Xu, Pirtskhalava et al. 2018, Uchida, Horii et al. 2019). Shirakawa et al. 

(Shirakawa, Yano et al. 2019) investigated the increase of chronic inflammation and 

senescence-associated T cells in VAT of DIO mice. Their results showed a 20% 

increase in VAT chronic inflammation, including specific increases in senescence-

associated T cells. After the mice were switched to normal chow at 30 weeks of age, 

VAT senescence-associated T cells decreased.  Translation of rodent findings to higher 

species, such as primates, cannot be assumed as significant gaps exist regarding 

adipose tissue functions and distributions as well as immune cell types (Birsoy, 

Festuccia et al. 2013).  

 

To address gaps in knowledge about senescence burden in adipose tissues, we 

measured markers of senescent-cell abundance in both SQAT and VAT deposits, along 

with circulatory SASP, in non-human primates of various ages and body fatness. We 

additionally hypothesized that adipose single-cell isolate SAβ-gal staining, a population 

enriched in stromal vascular cells, would be reflected by whole tissue SAβ-gal, with little 

impact of obesity, and that SQAT SAβ-gal whole tissue scoring is our suggested in vivo 

approach for estimating senescent burden. Our results generated from the highly 

translational primate model support targeting with senolytics to address core aging 

biological processes.   

 

METHODS 

Animals and Procedures 
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All animal procedures were conducted under a Wake Forest University Institutional 

Animal Care and Use Committee approved protocol according to recommendations in 

the Guide for Care and Use of Laboratory Animals and in compliance with the USDA 

Animal Welfare Act and Animal Welfare Regulations.  

 

Female African green monkeys (Chlorocebus aethiops sabaeus; n = 43) ranging from 

age 7 to 24 were evaluated. These animals were housed in the Wake Forest University 

School of Medicine Vervet Research Colony. The animals selected represented diversity 

in age, health, and obesity status. Adulthood was defined as 4 years and older, and 

geriatric as being 17 years and older. Our age range included adults to late geriatric life 

stages, as the median age at death of this species in captivity is approximately 22 years 

old. Obesity was defined as a waist circumference of >40 cm and metabolic syndrome 

criteria were measured as previously described (Kavanagh, Davis et al. 2017). Body fat 

distribution was documented and confirmed by computerized tomography (Hickson, 

Langhi Prata et al.) scan as previously described. Plasma cytokines, interleukin (IL)-6, 

IL-1β, macrophage chemoattractant protein 1 (MCP1), adiponectin, and plasminogen 

activator inhibitor 1 (PAI-1) were measured by ELISA (R&D Systems, Minneapolis MN). 

 

SQAT and VAT tissue were surgically collected from the umbilical region of the 

abdomen. Extracted adipose tissue size of each sample was ~250mg and stored in 

Dulbecco’s Modified Eagle Media (DMEM) for further processing.  

 

Whole Tissue and Adipocyte Processing and Staining 

Whole Adipose Tissue  

Adipose tissue samples were cut into 50mg (+/- 2mg) sections and washed in 1X 

phosphate buffered saline (PBS) 3 times for 3 seconds per wash. The tissues were fixed 
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and stained according to the Cell Signaling Technologies Senescence B-galactosidase 

Staining Kit (Danvers, MA). The SAβ-gal activity assay utilizes a small piece of fresh 

adipose tissue to be lightly fixed and stained with the SAβ-gal solution containing X-gal 

at a pH of 6. The same process was applied to single cell isolates created from the 

collected tissue samples as described below. Tissues were incubated in a non-CO2 

incubator for 16-18 hours. A tissue piece exposed to pH greater than 6 was used as a 

negative control, and a pH of less than 6 was used as a positive control. Following 

incubation, the tissues were washed in 1X PBS 3 times for 3 seconds per wash, and 

images of each tissue were captured. Stained whole tissue was then evaluated with the 

naked eye and scored by four blinded individuals; a mean of their scores was used in 

the final data analysis. Scores ranged from 0-4: 0 = no blue color (bright yellow), 1-3 = 

gradual blue color development, and 4=dark blue color, respectively (Figure 1). A higher 

score was considered indicative of a greater senescent cell abundance. 

 

Dissociated Adipose Tissue 

Prior to generating single cell isolates from 13 of the 43 SQAT whole adipose explants, 

6-well plates were coated with 1 mL of Poly D-Lysine and Poly L-Lysine solution (R&D 

Systems, Minneapolis, MN) or human fibronectin solution (Millipore Sigma, St. Lois, MO) 

and incubated overnight in a CO2 incubator. The pre-coated plates were then rinsed with 

1 mL of 1X PBS three times. The adipose tissue was suspended into single-cell isolates 

using the Miltenyi Biotec (Bergisch Gladbach, Germany) gentle MACS single-cell 

dissociation protocol. One gram of each tissue type was used for isolation (> 1 x106 live 

cells/mL at completion of protocol). Cell isolates were re-suspended in DMEM growth 

media, added to the pre-coated 6-well plate, and incubated in CO2 for 24 hours. After 24 

hours, the DMEM media was removed from adherent cells, and the plate was rinsed 

once with 1 mL of 1X PBS. The tissues were fixed and stained according to 
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manufacturer’s instructions, covered with parafilm, and incubated in a non-CO2 incubator 

for a further 16-18 hours. With tissue staining, a pH greater than 6 was used as a 

negative control and a pH of less than 6 was used as a positive control. Following 

incubation, the cells were imaged using the Invitrogen (Carlsbad, CA) Evos XL Core 

microscope. Blue stained senescent cells were quantified and documented per image 

using the naked eye. A cell was deemed positive for senescence when the entire cell 

exhibited a blue color. Total numbers of cells (median numbers of cells counted = 223, 

mean number of cells counted = 249) in each image was obtained using a customized 

cell counting application created in Visiopharm software (Hoersholm, Denmark) and a 

percentage then calculated for each image.  

 

Data Analysis 

All data was examined and log transformed (TG, IL-6, PAI-1, percentage of isolated cells 

positively stained) if required to achieve normal distributions. Within-individual tissue 

scores were compared by paired t-tests. Associations and adjusted associations were 

calculated using Pearson’s correlation and partial correlation analyses, respectively. All 

statistical analyses were performed using Statistica V.13 (StatSoft Inc., Tulsa OK). 

Significance was set as α ≤ 0.05. 

 

RESULTS 

We aimed to explore relationships between SAβ-gal staining and age, obesity, and 

adipose tissue source. We carefully selected 43 nonhuman primates to represent a very 

wide range in age, obesity, and metabolic health (Figure 1, Table 1). Our cohort included 

individuals that were morbidly obese, diabetic, and represented the oldest old. We saw a 

range of tissue scores exhibited naturally in both SQAT and VAT explants, and 

positively-stained cells were clearly identified in our single cell isolates (Table 1, Figure 



 

245  

2). SQAT tissues scored across the entire cohort ranged from 0-4, and VAT tissues 

similarly scored with mean values ranging from 0.1-4. Average scores did not differ 

significantly between fat depots (SQAT 1.75 vs. VAT 1.53, p=0.31) although there was 

variability. The scores between these two tissue sources were strongly correlated 

(r=0.56, p<0.001; Figure 3), and thus we conclude that tissue scoring of SQAT 

adequately represents the senescent cell burden using SAβ-gal staining as an estimate. 

The percentage of cells staining positive in single cell isolates was generally low with a 

median value of 1.75% (IQR 1.29-3.66%; Table 1). There was a no correlation between 

the tissue score and positive cell abundance in SQAT (r=-0.11, p=0.71). Single cell 

isolates are enriched in stromal vascular cells, immune cells, and small adipocytes, 

which suggests that larger mature adipocytes, which are filtered out in the cell 

separation process, may be a source of SAβ-gal positive cells, and assessing stromal 

vascular fractions or isolated cells is not an accurate approach for quantitating this 

biomarker in situ.  

 

SQAT tissue score was positively associated with age (r=0.303, p<0.05; Figure 4A) 

whereas VAT did not associate with age (r=-0.15, p=0.37). More importantly, age was 

singular in its relationship with SQAT SAβ-gal staining scores (Table 2). VAT also did not 

associate with measures of health or obesity. When the relationship with age was 

adjusted for fatness (fat % BW as measured from CT), the strength of the relationship 

did not change (partial correlation r=0.29), which was expected as age and obesity 

measures were also unassociated (example: age vs. BW r=0.06, p=0.70). There were 

no associations with metabolic syndrome criteria, further supporting markers of 

senescence being a fundamentally age-associated process.  
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The isolated adipocyte cell fraction was underpowered to detect relationships between 

health variables (Table 2), but it is noteworthy that the direction and strength of the 

relationship with age was similar to that of SQAT whole tissue staining, although it was 

not significant. The cell isolates were from adult and geriatric age categories (n=7/age 

group) and it is worthy of note that geriatric animals had > 4 times higher percentage of 

positive cells which neared statistical significance and is supportive that cells in this 

fraction to become more senescent with increasing age (1.61% vs. 6.54%, p=0.06). 

Additionally, unlike whole tissue, the isolated cell staining frequency was generally 

positively related to metabolic health parameters such as glycemia-related measures 

and obesity. 

 

SASP and inflammatory markers resulted in only PAI-1 having a moderately strong 

relationship with age (r=0.39, p=0.01; Figure 4B). No SASP marker or cytokine was 

significantly associated with tissue scores or any measure of body composition, and only 

IL-6 was positively associated with percentage of SAβ-gal staining isolated cells (r=0.65, 

p=0.01). This may result from adipose tissue scores being unable to reflect all systemic 

sources of PAI-1 secretion, and/or that this marker is related to aging-associated 

senescent cells and increases in other stimuli for PAI-1 release. Adipose does secrete 

PAI-1 so even though adiposity measures and PAI-1 were unrelated, we adjusted the 

association of age with PAI-1 by percentage of body fat which did attenuate the 

relationship with chronological age (r=0.29, p=0.06) and indicates there may be an 

important interaction between aging and obesity in senescence abundance. The 

abundance of SAβ-gal positive cells, unlike age, related to higher IL-6 levels in our 

generally healthy aging non-human primate population (Table 2) and IL-6 levels were 

not related to adiposity.  
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DISCUSSION 

Senescence is a cell state characterized by primarily irreversible replicative arrest 

through either the p53-p21 or p16Ink4a –pRB pathways, secretion of pro-inflammatory 

cytokines, pro-fibrotic factors, and growth factors that negatively impact local and 

systemic environments (Zhu, Armstrong et al. 2014, Kirkland and Tchkonia 2017, 

Justice, Nambiar et al. 2019). SAβ-gal staining is associated with non-proliferative 

adipose cell senescence and reflects the pH-dependent hydrolase activity that is 

enhanced in the lysosomes of senescent cells (Lee, Han et al. 2006). We have 

conducted the largest investigation of primate adipose SAβ-gal staining to date, utilizing 

a method currently in wide use as a biomarker of senescence. We also present the first 

comparison between adipose depots and evaluate fractionated adipose for consistency 

in results. Our results support the ongoing use of SAβ-gal staining of adipose tissue as 

an aging-related biomarker, and we conclude that sampling of the more readily 

accessible subcutaneous fat source is the preferred substrate for further senescence-

related investigations. Single cell isolates of adipose show similar staining properties and 

increase with age as well as with metabolic syndrome criteria. The poor correlation 

between cells and tissue staining could suggest that primarily mature post-mitotic 

adipocytes become senescent, which is a concept increasingly being discussed and 

accepted across multiple post-mitotic cell types. 

 

Senescent cell accumulation is proposed to increase adipose inflammation, and 

therefore contribute to tissue damage and dysfunction that increases with age. 

Illustrative of this is an in vivo relationship between senescent cell abundance in adipose 

and physical function in older female humans (Justice, Gregory et al. 2018). The 

presence of senescent cells in tissue leads to SASP and is a sufficient paracrine effect 

to initiate further senescent cell development (Xu, Pirtskhalava et al. 2018), thus 
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promoting a vicious cycle in aging and tissue dysfunction. This effect has been 

specifically shown in adipose tissue (Xu, Palmer et al. 2015) where senescence inhibits 

adipocyte differentiation and limits the ability for adipose to accumulate lipid and perform 

normal biological regulation of energy metabolism. High glucose induces premature 

cellular senescence in endothelial cells, adipocyte progenitors, and fibroblasts (Cramer, 

2010; Palmer, 2015; Yokoi, 2006). Aging and dysregulated energy metabolism often co-

occur, so dissecting whether senescence primarily contributes to metabolic disease or 

metabolic disease drives senescence is a difficult question to answer. In our NHP model, 

which spontaneously displays a range of metabolic health statuses (Kavanagh, Davis et 

al. 2017), the data suggest that aging primarily increases senescence across all cells in 

adipose tissue, but also that metabolic health may be related to senescence in the 

stromal-vascular fraction. Senescent cells are an important target for metabolic 

syndrome as they accumulate in human AT with aging and obesity, both of which 

contribute to metabolic disease development (Kirkland and Tchkonia 2017). Studies 

have not determined how clearing senescent cells impacts surviving macrophages; 

however, preliminary evidence suggests removal of senescent cells ameliorates 

inflammation and indices of health- and lifespan (Baker, Childs et al. 2016, Ghosh, 

O'Brien et al. 2019, Palmer, Xu et al. 2019).  

 

Senescent cell accumulation alters the AT microenvironment and likely influences 

macrophage polarization. In obesity, macrophages can account for a significant 

proportion of cells in adipose tissue, with some estimates being as high as 40% of all 

cells (Weisberg, McCann et al. 2003). Resistance and aerobic exercise training in 

senescence-accelerated-prone mice decreased pro-inflammatory cytokine mRNA 

expression in AT, attenuated AT classically activated M1-type macrophage infiltration, 

and M1/M2 (alternatively activated) macrophage polarization. Senescent macrophages 
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respond to environmental stimuli and can then return to an M-phenotype that has 

polarized accordingly (Vernon 2003). Senolytics, or senescent cell clearing agents, 

alleviate AT inflammation and improve AT function in vivo models (Palmer, Tchkonia et 

al. 2015, Xu, Pirtskhalava et al. 2018, Justice, Nambiar et al. 2019). Deployment of the 

tyrosine kinase inhibitor D+Q (48-hour treatment) on omental adipose explants from 

obese patients decreased pro-inflammatory cytokine secretion, including monocyte 

chemoattractant protein-1 (MCP-1) (Xu, Pirtskhalava et al. 2018). A single treatment in 

obese people reduced SQAT SAβ-gal staining as well as macrophage numbers and 

crown-like structures (Hickson, Langhi Prata et al. 2019). Frequency of positive staining 

cells in this study of SQAT people was approximately 3% (median value) when whole 

tissue was evaluated (Hickson, Langhi Prata et al. 2019) as opposed to a median value 

of 1.75% in our single cell isolate assessments. This corroborates our interpretation that 

a significant number of mature adipocytes are SAβ-gal positive, leading to differences in 

tissue staining versus fractionating out the smaller cells in adipose. Treatment of diet-

induced obese mice with D+Q reduced total VAT macrophage infiltration and improved 

glucose uptake (Palmer, Tchkonia et al. 2015). D+Q treatment has not been deployed in 

healthy aged humans or NHPs, but determining the effects on healthspan and lifespan 

would be a large translational step towards determining if clearing senescent cells will 

prevent age-related development of metabolic disease and organ dysfunction.  

 

Evaluation of selected cytokines indicated that none were highly related to Saβ-gal 

staining levels although PAI-1, which was age-related, had non-significant positive 

relationships in SQAT and its isolated cells. This circulatory biomarker has been 

purported to be a senescence indicator (Vaughan, Rai et al. 2017), but much of the 

evidence has been related to endothelial cell senescence (Xu, Neville et al. 2000) and 

cardiovascular disease progression. PAI-1 is a serine protease inhibitor and functions as 
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the principal inhibitor of tissue plasminogen activators (t-PA) and urokinase plasminogen 

activator in mammals. By directly inhibiting t-PA, PAI-1 promotes fibrosis in several 

tissues, leading to the onset and progression of many age related diseases such as 

arteriosclerosis and diabetes (Vaughan, Rai et al. 2017). Recent studies also show a 

strong correlation between increased PAI-1 secretion and accelerated aging in mice 

(Eren, Boe et al. 2014, Omer, Patel et al. 2018), and PAI-1 levels are higher in 

fibroblasts from aged human fibroblast cultures compared to young sources (Goldstein, 

Moerman et al. 1994). Notably, PAI-1 was validated as a mediator of cellular 

senescence as PAI-1-deficient fibroblasts were resistant to senescence and exhibited 

prolonged replication compared to wild type cells (Kortlever, Higgins et al. 2006). These 

studies along with many others reveal that PAI-1 may directly relate to whole body 

senescent cell burden. As these circulatory values increased with age and not obesity or 

metabolic disease measures, it is possible that the circulatory concentration reflects 

senescence in the vascular and other cellular compartments. In our analyses, this 

biomarker appears to be complementary and should be considered alongside other 

prioritized biomarkers of aging (Justice, Gregory et al. 2018) that are proposed for 

geroscience interventional studies.  

 

Our study has a number of limitations; most notably, sex as a biological variable was not 

addressed (all subjects were female), and differences in relationships in male subjects 

may exist. However, in human clinical studies of senolytics, sex differences have not 

been noted although sample sizes have been small (Justice, Gregory et al. 2018, 

Justice, Nambiar et al. 2019). Senescence-associated βgal activity increases in aged 

tissues, making it a useful biomarker for the detection of senescent cells in vivo in 

primates (Itahana, Itahana et al. 2013). Moreover, many studies combine assays for in 

vitro and in vivo markers, such as p16Ink4a expression and SA-βgal activity, which can be 
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very informative but still have their limitations. Both SA-βgal and p16Ink4a expression can 

be elevated in macrophages, and p16Ink4a is not consistently elevated in cells considered 

to be senescent. As such, both of these markers are neither 100% sensitive nor specific 

for detection of senescence (Khosla, Farr et al. 2020). Many pro-inflammatory cells such 

as macrophages, osteoclasts, and cancer cells exhibit a “senescence-like” phenotype, 

and all can arguably be considered a true senescent cell but not specifically associated 

with advancing age (Khosla, Farr et al. 2020). Furthermore, senescence phenotypes 

have been identified in neurons and were reported in mouse retinal ganglia cells under 

ischemic conditions (von Zglinicki, Wan et al. 2020). Additionally, the SA-βgal assay can 

produce false positive and negatives if the pH is off by +/- 0.2 units from 6.0. Therefore, 

careful attention, to include assay controls using relevant tissues or cells in order to draw 

concrete conclusions of cellular senescence as well as combinations of cellular and 

tissue assays is paramount. 

 

NHP models of aging have proven useful to evaluate the translational relevance of many 

biological pathways considered critical (Lopez-Otin, Blasco et al. 2013, Colman, Beasley 

et al. 2014, Chichester, Wylie et al. 2015). In the current report, we take advantage of 

their comparative biology to confirm the presence of increased senescence with 

chronological aging. We also note that, despite variability, such increase appears linearly 

across early adulthood through to advanced geriatric stages and without any large 

changes in trajectory or plateaus across the lifespan in this model. In conclusion, SA-

βgal staining of adipose tissues and circulatory PAI-1 relate to age and may be important 

methods for evaluation of therapies intended to reverse aging in NHPs, and thus, 

perhaps translational to human intervention. 
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Figure 1.  Frequency histograms depicting the nonhuman primate cohort 

characteristics. A) Age ranges were selected to represent adulthood through to the 

oldest old. B) Body weights, C) percentages of body fat as measured by computed 

tomography image analysis, and D) waist circumferences were used to indicate obesity 

status of the cohort. Animals were selected to represent a wide range so as to enable 

examination of both an age- and weight-diverse group of NHPs. Bodyweight is an 

imperfect estimate for obesity, thus we used additional screening measures to be sure a 

wide range was captured. 
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Figure 2. Senescence-associated beta galactosidase evaluation. A) Tissue staining 

and scoring. Tissues were scored by multiple blinded observers using a scale of 0-4. 

Tissue controls (positive: + and negative: -) were included to verify assay integrity. 

Negative staining resulted in a white/yellow adipose color and positive staining resulted 

in a dark blue color. B) Cell staining: single cell isolates from whole adipose tissue were 

plated, stained, and had images captured. Senescent cells, indicated by arrows, were 

deemed as positive due to whole cell staining with a blue color. Positive cells were 

counted manually by blinded observers, and an image analysis application was used to 

count total numbers of cells plated as the denominator used in calculating final 

percentages.  
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Figure 3. Relationships between adipose depots and senescence-associated beta 

galactosidase staining. A) Tissue scores for senescence-associated β-galactosidase 

(SAβ-gal) staining did not differ within individual subjects’ subcutaneous (SQAT) and 

visceral (VAT) adipose samples collected (p=0.31). B) Tissue scores calculated for 

SQAT and VAT were highly associated (r=0.56, p<0.001). 
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Figure 4. Relationships between senescence burden, age, and inflammatory 

markers. A) Tissue scores for senescence-associated β-galactosidase (SAβ-gal) 

staining in SQAT significantly and positively associated with chronological age (r=0.31, 

p<0.05). B) Circulating plasminogen activator inhibitor 1 (PAI-1), a proposed biomarker 

of senescence, was significantly and positively associated with chronological age 

(r=0.39, p=0.01)
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Table 1. Descriptive data for nonhuman primate cohort demographics and study 

outcomes. Abbreviations: HOMA, homeostasis model assessment for insulin 

resistance; IL, interleukin; MCP, monocyte chemoattractant protein; PAI, plasminogen 

activator inhibitor; SAβ-gal, senescence associated beta-galactosidase; AU, arbitrary 

units; HU, Hounsfield unit

 Mean  Median Minimum Maximum 
Interquartile 

Range 

Age (years) 14.15 13.66 8.91 23.02 11.53-16.15 

Body Weight (kg) 5.96 5.85 4.04 9.12 5.18-6.86 

Waist Circumference (cm) 38.98 39.00 28.00 50.50 35.50-43.13 

Fasting Blood Glucose (mg/dL) 99.36 73.00 45.00 356.00 64.75-98.75 

Insulin (mU/L) 25.23 16.18 0.54 108.87 8.26-27.30 

HOMA Score (AU) 6.10 2.72 0.10 39.62 1.59-6.42 

High-density Lipoprotein 
Cholesterol (mg/dL) 

95.76 74.47 38.54 205.81 54.15-138.80 

Triglycerides (mg/dL) 70.99 58.60 33.40 181.54 47.66-77.82 

IL-6 (pg/mL) 7.58 5.38 1.34 40.64 3.86-7.99 

IL-1ß (pg/mL) 3.00 2.09 0.03 10.41 0.63-4.59 

MCP-1 (pg/mL) 323.81 287.65 76.96 901.19 230.18-391.93 

Adiponectin (ng/mL) 77.87 80.20 3.27 162.14 49.22-105.59 

PAI-1 (ng/mL) 6.61 4.42 1.03 25.17 1.98-7.14 

Fatness  (% Body Weight) 27.37 25.26 8.22 52.00 17.96-37.90 

Visceral:Subcutaneous Adipose 
Ratio 

2.64 2.36 0.64 8.62 1.56-3.22 

Liver Attenuation (HU) 58.32 59.85 28.00 72.67 53.33-64.13 

Subcutaneous Adipose SAβ-gal 
Score 

1.75 1.88 0.00 4.00 0.94-2.44 

Visceral Adipose SAβ-gal Score 1.53 1.50 0.13 4.00 0.84-1.91 

SAβ-gal Positive Cell Isolates (%) 4.07 1.75 0.75 24.65 1.29-3.66 
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Table 2. Association outcomes (R) between senescence-associated beta galactosidase scores calculated for 

subcutaneous adipose tissue (SQAT), visceral adipose tissue (VAT) and demographic and inflammatory variables. 

Abbreviations: A1c, glycosylated hemoglobin chain A1c; HOMA, homeostasis model assessment for insulin resistance; high 

density lipoprotein cholesterol, HDLC; triglyceride, TG; interleukin, IL; MCP, monocyte chemoattractant protein; PAI, 

plasminogen activator inhibitor; SBP, systolic blood pressure; DBP, diastolic blood pressure.

 Age 
(yrs) 

Waist 
(cm) 

A1c 
(%) 

Fatness 
(% BW) 

SQ:VIS 
adipose 

(AU) 

Fasting 
Glucose 
(mg/dL) 

Insulin 
(mU/L) 

HOMA 
(AU) 

SBP 
(mmHg) 

DBP 
(mmHg) 

HDLC 
(mg/dL) 

TG 
(mg/dL) 

IL-6 
(pg/mL) 

IL-1ß 
(pg/mL) 

MCP-1 
(pg/mL) 

Adiponectin 
(ng/mL) 

PAI-1 
(ng/mL) 

SQAT 
Score R 

0.303 -0.022 0.079 -0.032 0.23 0.049 -0.13 -0.12 0.19 0.045 0.021 0.041 -0.056 0.19 0.029 -0.16 0.14 

N 43 43 43 43 43 43 41 41 43 43 43 43 43 37 43 43 41 

p-value 0.04 0.89 0.61 0.84 0.14 0.76 0.41 0.44 0.22 0.77 0.90 0.80 0.72 0.26 0.85 0.31 0.37 

VAT 
Score R 

-0.15 0.055 
-

0.091 
.013 0.020 0.053 -0.026 -0.063 0.097 -0.021 0.22 -0.101 -0.007 -0.16 0.19 0.028 -0.068 

N 40 40 40 40 40 40 38 40 40 40 40 40 40 34 40 40 38 

p-value 0.37 0.74 0.58 0.94 0.90 0.75 0.88 0.71 0.55 0.90 0.17 0.54 0.96 0.37 0.23 0.87 0.68 

Cell 
Isolate 
% R 

0.39 0.24 0.48 0.44 -0.52 0.47 0.15 0.47 -0.62 -0.44 0.53 0.36 -0.34 0.404 -0.017 -0.29 0.29 

N 14 14 14 14 14 14 14 14 14 14 14 14 14 11 14 14 14 

p-value 0.16 0.40 0.08 0.12 0.06 0.09 0.60 0.09 0.02 0.11 0.05 0.21 0.23 0.22 0.95 0.31 0.32 
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Abstract  

The pathogenesis of many age-related diseases is linked to cellular senescence, a state 

of inflammation-inducing, irreversible cell cycle arrest. The consequences and 

mechanisms of age-associated cellular senescence are often studied using in vivo 

models of radiation exposure. However, it is unknown whether radiation induces 

persistent senescence, like that observed in ageing. We performed analogous studies in 

mice and monkeys, where young mice and rhesus macaques received sub-lethal doses 

of ionizing radiation and were observed for ~15% of their expected lifespan. 

Assessments of 8-hydroxy-2'–deoxyguanosine (8-OHdG), senescence-associated beta-

galactosidase (SA-β-gal), and p16Ink4a and p21 were performed on mitotic and post-

mitotic tissues - liver and adipose tissue - six months and three years post-exposure for 

the mice and monkeys, respectively. No elevations in 8-OHdG, SA-βgal staining, or p16 

Ink4a or p21 gene or protein expression were found in mouse and monkey liver or adipose 

tissue compared to control animals. Despite no evidence of senescence, progenitor cell 

dysfunction persisted after radiation exposure, as indicated by lower in situ CD34+ 

adipose cells (p=0.03), and deficient adipose stromal vascular cell proliferation (p<0.05) 

and differentiation (p=0.04) ex vivo.  Our investigation cautions that employing radiation 

to study senescence-related processes should be limited to the acute post-exposure 

period and that stem cell damage likely underpins the dysfunction associated with 

delayed effects of radiation. 
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Introduction 

By 2050, 1.5 billion individuals globally will be 65 years of age and older (1). Age is the 

primary risk factor for chronic diseases, including cardiovascular disease, type II 

diabetes, and several cancers (2). Age-related physiological decline is both caused and 

exacerbated by cellular senescence (3, 4), which is a state of irreversible cell cycle 

arrest modulated by the p53/p21 and p16Ink4a/Rb pathways, due to age-related DNA 

damage and cell stress (2, 4, 5). Senescent cells release pro-inflammatory and pro-

fibrotic factors that incite neighboring cells to also become senescent, thus progressively 

accumulating in tissues (2-5). Senescent cells preferentially accumulate in adipose 

tissue (6) and are detected in liver, among other tissues. This accumulation in adipose is 

associated with metabolic dysfunction and increased inflammation in rodent models (7). 

Several senescent cell types, including endothelial cells, macrophages, and other 

immune cells (8), have been identified as anti-apoptotic, though it is unknown for how 

long these cells remain in their senescent state (9). Understanding the mechanisms and 

long-term consequences of cellular senescence will help elucidate targets for the 

reversal, or even prevention of age-related physiologic decline.  

 

In vivo animal and in vitro cellular models incorporating radiation exposure to study 

cellular senescence are widely used (10). Radiation exposure induces senescence by 

causing DNA damage, as ionizing radiation induces DNA strand breaks that cause an 

accumulation of the transcription regulator p53, eliciting downstream cell cycle arrest 

(11, 12). Animals exposed to radiation are considered suitable models for studying the 

mechanisms and consequences of age-related cellular senescence as the pathologies 

associated with radiation exposure mirror those seen in ageing (13-15). However, there 

are gaps in knowledge regarding how persistent senescent cells are after radiation 
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exposure in vivo. To date, no longitudinal studies have evaluated the period in which 

senescence remains present post-radiation exposure, bringing into question the 

adequacy of radiation-exposed animal models for studying long-term, age-related 

cellular senescence.  

 

Given that cellular senescence is observed as a natural and persisting phenomenon in 

ageing, it is essential that the in vivo models used to study senescence comparatively 

induce senescence. Here, we assessed if radiation-induced cellular senescence is 

observed long after exposure to sub-lethal doses of ionizing radiation using two different 

animal models. Specifically, we measured the gene expression of CDKN1a (p16Ink4a) 

and gene and protein expression of CDKN2a (p21), levels of the oxidative damage 

marker 8-hydroxy-2′-deoxyguanosine (8-OHdG), and senescence-associated beta 

galactosidase (SA-βgal) staining of liver and adipose tissues collected from mice and 

nonhuman primates post-radiation exposure. We elected to quantitate liver (mitotic) and 

adipose tissue (post-mitotic) senescence, and senescence biomarkers, at ~15% of the 

species’ lifespan post-ionizing radiation exposure, in order to capture long-term changes 

in these indicators. Concurrently, we evaluated adipose progenitor cells and the 

differentiation and proliferation capacity of nonhuman primate adipose tissue post 

radiation-exposure to test the alternative hypothesis that radiation-induced stem cell 

damage correlates with the delayed effects of radiation.  

 

Materials and Methods 

Animal Studies 
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All procedures were performed in accordance with the Guide for Care and Use of 

Laboratory Animals, in compliance with the Institutional Animal Care and Use 

Committee, and at our Association for the Assessment and Accreditation of Laboratory 

Animal Care International accredited institution, which operates in compliance with the 

Animal Welfare Act.  

 

Mice 

Age-matched eight week-old C57BL/6N male and female mice were used (Envigo, 

Indianapolis, IN). On average, C57BL/6 mice live to be roughly 26-30 months of age 

(16).   Animals were kept in a light controlled room (12-hour light and dark cycles) with 

optimized housing conditions including additional bedding, igloos, and low placement on 

the housing rack to reduce light exposure and minimize stress. Mice were offered 5g of a 

Western-style diet per day for four weeks prior to study (protein = 17.3% of calories, 

lipids = 34.9% of calories, and carbohydrates = 47.7% of calories with significant levels 

of simple sugars; constructed in-house at Wake Forest University School of Medicine) 

and water was available ad libitum. The animals were eight weeks of age at irradiation. 

Mice were sedated with a combination of xylazine and ketamine injectable anesthetics. 

We delivered a total dose of seven Gray in two 3.5 Gray (Gy) fractions, each delivered at 

0.358 Gy/minute with less than 10 minutes between exposures. Radiation was emitted 

from a Co60 source (3 x 6500 Ci; J.L Shepherd & Assoc., San Fernando, CA, Model 

484R2, S.N. 7210). Mice were turned from ventral to dorsal recumbency between 

fractions to ensure even body exposure, and control mice experienced the same 

sedation and sham irradiation. Irradiation doses were selected using previously 

published irradiation doses and corresponding responses (17). To ensure best line of 

survival, we administered fluids and antibiotics post-irradiation, and our dose rate was 
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33% slower than previously determined. Six months post-radiation exposure, mice were 

euthanized by an overdose of inhaled isoflurane and exsanguination.  

 

Nonhuman Primates 

A total of 19 male rhesus macaques of Indian origin where evaluated in this study (5.8 ± 

0.5 years old). Animals were post-pubertal and their ages corresponded to early 

adulthood in humans. On average, rhesus macaques live to be 25 years of age in 

captivity (18). All animals were fed a Western-style diet (cat. no. 5L0P; LabDiet, St Louis, 

MO), (carbohydrates = 45% of calories with significant levels of simple sugars, fat = 36% 

of calories, protein =18% of calories) where the majority of protein and fat in the diet 

came from animal sources. All were pre-screened for tuberculosis and simian 

retroviruses. Radiation exposure occurred under general anesthesia (ketamine and 

isoflurane in 100% oxygen) on a clinical linear accelerator (Varian, Palo Alto, CA) using 

two lateral fields of 6MV x-rays (174 cm source-axis-distance, 32 × 40 cm2 field size at 

100 cm from the source, nominal dose rate of 0.8 Gray/min at 174 cm source-axis-

distance, 2.7 min irradiation time per field) as previously described (15). After sedation, 

each animal was situated in a supine position between two plastic build-up screens, with 

knees up and arms crossed at the lower abdomen, with water-bolus compensation for 

thinner body regions (head and lower legs). The left and right sides of the animals were 

independently irradiated to two Gy each, yielding a total body exposure of four Gy. Dose 

calculations were performed for two Gy to midplane per field, based on anatomic 

measurements (nominal depths of 8-10 cm). Randomized selection dictated which 

animals received sub-lethal total body irradiation (IRRAD, n = 13) or sham irradiation 

(CTL, n = 6). Sham-irradiated animals experienced all procedural steps aside from 

irradiation, including sedation, positioning, and observation from outside the radiation 
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room for the elapsed time of irradiation for each field (15). Irradiation doses were 

selected according to predetermined irradiation doses and their corresponding effects on 

rhesus macaques (19, 20). Monkeys underwent daily monitoring for clinical illness, 

including observations of food consumption, urination, and defecation. Methods modified 

from the Children’s Cancer Group Clinical Toxicity Criteria were used to classify illness 

(21) and interventions were governed by clinical pathologic findings (22). Three 

irradiated animals experienced significant acute radiation clinical illness and were 

euthanized via overdose of pentobarbital 2-12 weeks post-exposure and had adipose 

collections at this time. One of the irradiated animals demonstrated lymphadenopathy of 

the trunk and genitals from a clinical incident, another developed a murmur with 

coinciding weight loss, and the third developed a fever of unknown origin and anorexia. 

These conditions were not chronic in nature and occurred soon after radiation. 

Subcutaneous adipose tissue was collected from six irradiated nonhuman primates six 

months post-exposure for analysis. Three years post-exposure, the remaining 16 

animals were euthanized via overdose of pentobarbital and adipose tissue was 

collected. We also included aged macaques (17.4 + 1.7 years, n=5) that were 

maintained on the same diet and in the same housing conditions (Supplementary Table 

4). As the age scale between rhesus monkeys and humans is roughly 1:3, the geriatric 

animals in this study were the age equivalent of roughly 65 year old humans (23). These 

five animals did not undergo radiation exposure. Rather, they demonstrated age-related 

clinical illnesses for which they were euthanized by overdose of pentobarbital.  

 

Blood and Body Composition Measures 

Prior to euthanasia, mice were anesthetized with 2-4% isoflurane and blood was 

collected by cardiac puncture. Blood was collected from irradiated and aged nonhuman 
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primates (NHPs) via vein puncture under a ketamine sedation. Mouse and NHP fasting 

blood glucoses were determined by the glucose oxidase method, and fasting insulin 

concentrations were determined by enzyme-linked immunosorbent assay (ELISA; cat. 

no. 10-1113-01, Mercodia, Uppsala, Sweden). NHP whole blood was used to measure 

glycated hemoglobin as previously described (15). Triglyceride and total cholesterol 

concentrations were measured enzymatically. Plasminogen activator inhibitor (PAI)-1 

was measured by ELISA on NHP plasma samples (R&D Systems, Minneapolis, MN, cat. 

no. DSE100) as previously described (25). 

 

Computed tomography (CT) scans were used to measure liver density and adipose and 

muscle volumes of irradiated animals. Mouse CT scans were performed six months 

post-radiation exposure on a Toshiba 32-slice Aquilion CT scanner (Toshiba America 

Medical Systems, Tustin, CA) with 0.5-mm slice collimation and settings at 100 kVp and 

300 mAs (24). NHP CT scans were performed two years post-radiation exposure on a 

GE 0.625-mm slice Discovery MI DR scanner (GE Healthcare, Waukesha, WA) (15). All 

CT images were reconstructed using TeraRecon Aquarius Intuition software 

(TeraRecon, Foster City, CA) and converted to a dicom format for analysis. Adipose and 

lean mass-containing voxels were used as previously described to determine the 

animals’ lean and fat mass as percentages of total body weight (corrected for fat density 

of 0.918 g/cm3) as previously described (15). Thresholds of −140 to 40 Hounsfield units 

were applied to isolate the fat-containing voxels. Liver attenuation values were collected 

in triplicate. Fat and lean mass values were calculated as the percent of whole-body 

mass as previously described (15).  
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Tissue Collections 

Liver and adipose tissues were collected from mice and NHPs at necropsy. Liver and 

mesenteric and epididymal adipose tissues were collected from mice at necropsy. NHPs 

had subcutaneous adipose tissues collected from the ventral aspect of the caudal 

abdomen, adjacent to the umbilicus (15). NHP visceral adipose was taken from below 

the body wall beneath the subcutaneous adipose tissue sampling. A section of liver was 

collected and all tissues were either flash frozen or placed in 4% paraformaldehyde for 

24 hours for fixation, then stored in 70% ethanol alcohol until paraffin-embedded. 

 

Enzymatic and Histological Assessments 

Paraffin-embedded adipose tissues were used to create four-micron histological 

sections. Mouse epididymal adipose sections were used for immunofluorescent 

quantification of p21 (1:100 dilution; Abcam catalog no. ab107099). P21-positive 

fluorescent staining was counted across five randomly selected fields of equal size in 

each stained section (Figure 1a). Results were expressed as p21-positive cells per field. 

NHP subcutaneous adipose sections were used for immunohistochemical detection of 

p21 (1:100 dilution; Abcam, Cambridge, UK, cat. no. ab109520). A specialized 

Visiopharm software (Hoersholm, Denmark) macro was used to identify nuclei positively 

co-stained with the anti-p21 antibody (Figure 1b).  

 

Three years post-exposure, senescent cell burden was evaluated in CTL and IRRAD 

NHP subcutaneous and visceral adipose tissue explants and single-cell suspensions. 

The Cell Signaling Technologies Senescence-Associated β-galactosidase (SA-βgal) 

Staining Kit (cat. no. 9860S; Danvers, MA) was used to stain 50mg explants of NHP 
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subcutaneous and visceral adipose as previously described (25). The tissues were 

incubated in a non-CO2 incubator for 16–18 hours. As the SA-βgal staining solution is 

pH-sensitive, tissue explants stained using a solution pH of greater than 6 were used as 

negative controls and explants stained in a solution with a pH of less than 6 were used 

as positive controls. A total of nine tissue pieces per animal were scored by four blinded 

reviewers. SA-βgal staining was scored on a 0 to 5 scale, similar to previously published 

(25), where a 0 represented no blue stain and a 5 represented a very dark blue stain 

(Supplementary Figure 1).  

 

One gram of subcutaneous and visceral NHP adipose tissue was dissociated using the 

Miltenyi gentleMacs Octo Dissociator and the Miltenyi Adipose Dissociation Kit (cat. no. 

130-105-808,  Bergisch Gladbach, North Rhine-Westphalia, Germany) in order to 

generate single-cell suspensions (> 1 × 106 live cells/mL). Isolated cells were under 

100μm and were primarily adipose progenitor cells, immune cells, and fibroblasts. We 

previously determined that this method successfully dissociates nonhuman primate 

adipose tissue cells (25). Suspended cells were placed on 6-well plates coated with one 

milliliter of poly D-lysine and poly L-lysine solution (cat. nos. 3439-200-01 and 3438-200-

01, R&D Systems, Minneapolis, MN), and incubated for 24 hours in a CO2 incubator 

prior to staining for SA-βgal as described above (25). Post-incubation, the cells were 

rinsed once with one milliliter of 1x PBS and imaged using the Invitrogen (Carlsbad, CA) 

Evos XL Core microscope. Two blinded observers quantitated the cell staining. Blue-

stained senescent cells were quantified and documented per image. A cell was deemed 

SA-βgal positive when the entire cell exhibited a blue color. Between five and eight 20x 

images were evaluated per adipose suspension. The total number of cells in each image 

was obtained using a custom Visiopharm software macro (Hoersholm, Denmark). The 
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number of SA-βgal positive cells and the Visiopharm-generated total cell numbers were 

used to determine the percentage of positive cells for each image. The percent SA-βgal 

positive cells across images was averaged for each animal’s adipose type. 

 

DNA Damage Assessments 

Mouse and NHP liver and adipose tissues were digested prior to having DNA extracted. 

To digest the tissues, frozen tissue pieces were minced with a razor on a glass plate and 

place in 180μl of Buffer ATL (cat. no. 939011, Qiagen, Hilden, Germany) with 20μl of 

Proteinase K (cat. no. 19131, Qiagen, Hilden, Germany). The tissues were vortexed and 

placed in a shaking water bath at 56°C until the digestion was complete. DNA was 

extracted from the digested tissues using the QIAamp DNA Mini kit (cat. no. 51304, 

Qiagen, Hilden, Germany) according to the manufacturer’s instructions. The EpiQuik™ 

8-OHdG DNA Damage Quantification Direct Kit (catalog no. P-6003, EpiGentek, 

Farmingdale, NY) was used according to the manufacturer’s instructions to measure 8-

OHdG present in the extracted DNA.  

 

Senescence-Associated Primer Design and Gene Expression 

Roughly 30mg of frozen mouse and NHP liver and ~100mg of frozen NHP adipose 

tissue was homogenized in QIAzol (Qiagen, Hilden, Germany, cat. no. 79306) with a 

Polytron PT 1200 for 20-40s. RNA was extract from homogenized liver and adipose 

tissue with the Qiagen RNeasy Mini Kit (cat. no. 74104, Qiagen, Hilden, Germany). One 

microgram of RNA was reversed transcribed to cDNA using the Qiagen QuantiTect 

Reverse Transcription Kit (cat. no. 205313, Qiagen, Hilden, Germany). RT-qPCR was 

performed using 50ng of cDNA and the FastStart Universal SYBR Green ROX Master 

Mix (cat. no. 04913914001, Roche, Basel, Switzerland). Murine CDKN1a (p16 Ink4a) 
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primers were ordered and applied to CTL and IRRAD mouse liver cDNA (Roche, Basel, 

Switzerland). The sequences of the murine primers used were the following: p16 Ink4a 5’ - 

CTGGTAACTCTGCCCAAAGC – 3’ (forward) and 5’ - AAAACGTCTTTGCAATCTTGTG 

– 3’ (reverse). NHP-specific CDNKN1a (p16 Ink4a) and CDKN2a (p21) primers were 

designed in our laboratory and used to determine gene expression in CTL and IRRAD 

NHP liver and subcutaneous adipose. The final selected primer sets were the following: 

p16 Ink4a: 5’-GCT GCG TCA CTT CTA GCT TC-3’ (forward) and 5’-CCA ACT GGG ACA 

CAC TTG CT-3’ (reverse), and p21: 5’-ACT CTC AGG GTC GAA AAC GG-3’ (forward) 

and 5’-TGT GGG CTG ATT AGG GCT TC-3’ (reverse). Samples were run on an Applied 

Biosystems 7000 Fast Real-Time PCR System (Waltham, MA). 

 

Adipose Progenitor in Situ Hybridization, Proliferation, and Differentiation 

In Situ Hybridization 

Persistent changes in NHP adipose progenitor number and function with radiation were 

assessed using in situ hybridization (ISH) of fixed subcutaneous adipose tissue, and 

proliferation and differentiation of adipose-derived stromal vascular fractionated (SVF) 

cells. To perform in situ hybridization, NHP-specific CD34 probes that were designed 

using the rhesus macaque CD34 exon sequence were applied to four-micron sections of 

paraffin embedded subcutaneous adipose (ACDbio, Minneapolis, MN, cat. no. 539591-

C2). A customized Visiopharm macro quantitated probe density (Hoersholm, Denmark). 

 

Adipose Progenitor Proliferation and Differentiation  
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Collagenase digestion of adipose tissue is a proven method of isolating the stromal 

vascular fraction of the tissue and differentiating adipose progenitors (26). With guidance 

from our collaborators at Wake Forest University School of Medicine who have expertise 

in adipose progenitor differentiation (27), we were able to optimize collagenase digestion 

and adipose progenitor differentiation protocols for our nonhuman primate adipose 

tissue. One gram of subcutaneous and of visceral adipose was rinsed twice with ice cold 

DBPS and minced and digested in 20mL Dulbecco’s Modified Eagle Medium (DMEM; 

Gibco, Waltham, MA, cat. no. 10313039) with 20mg of type II collagenase (Sigma 

Aldrich, St. Louis, MO, cat. no. C6885) and 0.6g of bovine serum albumin (Sigma 

Aldrich, St. Louis, MO, cat. no. A9418) for one hour in a 37°C shaking water bath. The 

digest was strained into a fresh 50mL conical tube using a 200μm mesh filter (Fisher 

Scientific, Hampton, NH, cat. no. NC0776417). The filtrate was spun at 1000g for 10 

minutes at room temperature. The pellet containing the stromal vascular fraction was 

suspended in 0.5mL of eBioscience™ 1X RBC Lysis Buffer (cat. no. 00-4333-57, San 

Diego, CA) for five minutes at room temperature. To stop the reaction, two milliliters of 

cold DPBS was added to the cells and then the cells were spun at 400g for five minutes 

at 4°C. The rinsed cells were suspended in freezing media (15% DMSO and 40% fetal 

bovine serum (FBS) in DMEM) and frozen in liquid nitrogen until the time of the assays. 

The described collection of SVF cells has been previously described and implemented 

(28). To assess proliferation, frozen visceral adipose CTL and IRRAD SVF cells were 

thawed and seeded at 20,000 cells/well in triplicate in tissue culture-treated 6-well plates 

supplemented with two milliliters of complete growth media (10% FBS and 1x 

Penicillin/Streptomycin (Thermo Fisher Scientific, Waltham, MA, cat. no. 15140122) in 

DMEM F12 (Thermo Fisher Scientific, Waltham, MA, cat. no. 11320-082). The SVF cells 

were allowed to incubate for five days, and then three CTL and three IRRAD replicates 

were placed on eight separate 6-well plates. At day five, cells were trypsinized, and the 
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number of cells was quantitated on a Cellometer K2 (Nexcelom Bioscience, Lawrence, 

MA). Every three days until day 29, cells were trypsinized, the number of cells 

quantitated, and media was replaced in the remaining wells. Separate plates were set up 

for differentiation, which initiated with CTL and IRRAD SVF cells seeded at 20,000 

cells/well in triplicate in tissue culture-treated 6-well plates supplemented with two 

milliliters of complete growth media (10% FBS and 1x Penicillin/Streptomycin in DMEM 

F12). Cells were incubated at 37°C with 5% CO2 until they reached ~80-90% confluency. 

Growth media was changed every three days. Preadipocyte differentiation was 

performed as follows: at day zero, induction began in adipocyte induction media (AIM) 

(DMEM F12, 3% heat inactivated FBS (Sigma Aldrich, Thermo Fisher Scientific, 

Waltham, MA, cat. no. A3840001), 1x Penicillin/Streptomycin, 20nM insulin, 250nM 

dexamethasone (Sigma Aldrich, St. Louis, MO, cat. no. D4902), 500μM Iso-butyl methyl 

xanthine (IBMX; Sigma Aldrich, St. Louis, MO, cat. no. I5879), and 2μM rosiglitazone 

(Sigma Aldrich, St. Louis, MO, cat. no. R2408) until day three. At day three, media was 

replaced with complete AIM until day seven. At day seven, media was replaced with 

complete AIM until day 11. At day 11, adipocyte maintenance media (AMM) (DMEM 

F12, 3% HI-FBS, 1x Penicillin/Streptomycin, 20nM insulin, 250nM dexamethasone) was 

applied every three days until day 21. Upon completion of the differentiation, cell size 

and number were evaluated. Images of formed lipid droplets were taken using a ZOE 

Fluorescent Cell Imager (Bio-Rad Laboratories, Hercules, CA). A custom Visiopharm 

software macro was used to calculate lipid droplet size and number (Hoersholm, 

Denmark).  

  
Statistical Analysis  
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Statistical analyses were performed using Statistica version 13 (StatSoft, Tulsa, OK), 

and p-values of < 0.05 and <0.1 were considered significant and trends, respectively.  

The Shapiro-Wilk and Levene’s tests were used to evaluate if endpoints met 

assumptions of normality and homogeneity of variance. Independent t-tests or factorial 

analysis of variance tests were used to assess endpoints that met assumptions. 

Nonparametric tests were used to evaluate endpoints that did not meet normality or 

equal variance assumptions or had fewer than five measures in each group. Sex 

differences were evaluated for all mouse experimental endpoints using independent t-

tests. Only one data point was identified as an outlier by standard statistical testing, or 

found to be more than three standard deviations away from the group mean value.  

 

Results 

Body composition and glycemia measures determined that irradiated mice (IRRAD; 

n=12) did not demonstrate differences in fasting glucose, fasting insulin, or liver density 

when compared to control (CTL; n=12) mice six months post-radiation exposure 

(Supplementary Table 1). Similarly, IRRAD NHPs (n=10) did not demonstrate 

differences in metabolic health measures including fasting glucose, triglycerides, total 

cholesterol, or blood pressure at two and at three years post-radiation exposure 

(Supplementary Tables 2 and 3). Two years after radiation, no differences were found in 

liver density between CTL and IRRAD NHPs (p=0.21; Supplementary Table 2). 

However, as previously described, IRRAD NHPs displayed a trend toward decreased 

body weight (p=0.09), which persisted three years post-exposure (p=0.07), and 

significantly less fat mass (p=0.0008) and lean mass (p=0.02) (Supplementary Table 2) 

(15).  
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To measure persistent cellular senescence in IRRAD and CTL mouse and monkey liver 

and adipose tissues, an 8-OHdG DNA damage assay, p16 Ink4a and p21 gene expression 

in conjunction with immunofluorescent and immunohistochemical p21 staining, and SA-

βgal staining were implemented (Figure 1; Supplementary Figures 1 and 2). IRRAD 

animals did not demonstrate long-term increases in DNA damage as no differences in 8-

OHdG were observed between CTL and IRRAD mouse liver and mesenteric adipose 

tissue (p=0.54 and p=0.31, respectively; Table 1), and CTL and IRRAD NHP liver and 

visceral (VIS) adipose (p=0.56 and p=0.31, respectively; Table 2). Six months post-

irradiation, no differences in mouse liver p16 Ink4a gene expression were observed 

(p=0.32; Table 1). Three years post-irradiation, no differences in NHP liver or 

subcutaneous (SQ) adipose p16 Ink4a or p21 gene expression were observed (Table 2). 

Similarly, immunofluorescent p21 staining revealed no differences in p21 mesenteric 

adipose protein expression between CTL and IRRAD mice six months post-exposure 

(p=0.22; Table 1, Figure 1a). Also, no differences in the number of SQ adipose p21 

percent positive cells (p=0.35) were observed between IRRAD and CTL NHPs three 

years post-exposure (Table 2, Figure 1b).  As fat mass and adipocyte sizes were 

altered in samples collected at six months and three years post-exposure (15), we chose 

to assess the number of p21 positive cells corrected for SQ adipose tissue (AT) cell 

density. When corrected for tissue cell density, we found that there were no differences 

in the number of p21 positive cells between the IRRAD and CTL samples three years 

post-exposure (p=0.98, Figure 1c). Additionally, no differences in VIS or SQ adipose 

SA-βgal staining were observed between NHP CTL and IRRAD groups three years post-

exposure (p=0.47 and 0.61, respectively; Table 2). The fact that we evaluated tissues 

from two species with vastly distinct physiology and kinetics of radiation-induced tissue 

damage and did not see differences in markers of senescence highlights the importance 

of our findings in relation to the emerging field of senescence. 
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To confirm our finding that irradiation does not cause the same persistent, long-term 

senescence that is seen with ageing, we performed histological p21-staining of SQ 

adipose collected from 1) geriatric NHPs (>15 years of age) to evaluate senescent cell 

burden with ageing (Supplementary Table 4), and from 2) young NHPs 2-12 weeks, six 

months, and three years post-radiation exposure. When corrected for tissue cell density, 

aged NHP SQ adipose demonstrated the highest number of p21-positive cells compared 

to each of the post-radiation exposure groups (Supplementary Figure 3), suggesting that 

senescent cells accumulate with time and not specifically irradiation. Early irradiation 

responses (< 12 weeks) caused higher numbers of senescent p21-positive cells in 

adipose, though this accumulation subsided by six months, as samples collected six 

months post-exposure had fewer p21-positive cells than those collected 2-12 weeks 

post-exposure (Supplementary Figure 3). Chronological ageing resulted in a visually 

appreciable increase in p21+ cells in SQ AT of eight year old NHPs (3 Yr IRRAD; n=9) 

compared to the six month and three year post-exposure SQ AT samples, but the levels 

of p21+ cells did not reach what was seen 2-12 weeks post-radiation exposure, 

suggesting that senescent cell burden rises as animals age and experience worsening 

health and not only as a result of prior irradiation. Additionally, we measured PAI-1, 

which is a circulating inflammatory marker commonly released by senescent cells as 

part of their senescence-associated secretory phenotype. We compared levels in 

plasma samples from control and irradiated NHPs and aged NHPs. Using a factorial 

ANOVA to evaluate the effects of group and time, we found that PAI-1 demonstrated a 

trend toward being increased with time (p=0.1; Supplementary Figure 4) as expected 

with chronological ageing. Irradiation did not increase PAI-1 and, in fact, CTL animals 

demonstrated a trend for increased PAI-1 (p=0.09). The aged NHPs demonstrated the 

highest PAI-1 concentrations (p=0.15). Together, these p21+ and PAI-1 findings indicate 

that irradiation induces cellular senescence that is detectable in the immediate post-



 

281 
 

exposure period, but this induction and detectability wanes, and the immediately induced 

cellular senescence does not mimic that of natural ageing, as disease burden 

accumulates years after exposure (15, 29-31).  

 

To investigate the alternative hypothesis that irradiation induces lasting damage to post-

mitotic tissue stem cell progenitors, we quantitated CD34 ISH probe density, adipocyte 

progenitor differentiation capacity, and adipose SVF proliferation capacity in NHP 

adipose SVF cells. Our ISH probe analyses determined that IRRAD NHPs demonstrate 

fewer progenitor cells in their SQ adipose (p=0.03; Figures 2a and b). Differentiation of 

SQ adipose SVF cells revealed that IRRAD NHPs have deficiency in the functional 

capacity of these progenitors, in that preadipocytes matured to produce significantly 

fewer droplets by cell area compared to CTL animals (Figures 3a and b). Additionally, 

our differentiation assessment illustrated that IRRAD SQ adipose preadipocytes produce 

lipid droplets that were fewer but tended to be larger in size (Supplementary Figure 5). 

Analyses of CTL and IRRAD VIS adipose SVF cells during 29 days of proliferation 

determined that IRRAD adipose also failed to divide and grow as IRRAD cells 

demonstrated decreased cell density throughout the duration of the experiment (Figure 

4a). After 29 days of proliferation, the areas under the growth curves for IRRAD VIS SVF 

cells were less (Figure 4b) and fewer VIS IRRAD SVF cells grew to be 5-30μm (Figure 

4c) and 25-300μm in size (Supplementary Figure 6), indicating an overall reduction in 

growth potential. 

 

Discussion 
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It has been well-established that radiation induces cellular senescence through DNA 

damage (32). Radiation exposure is used to model age-related pathologies, as radiation 

induces many of the chronic diseases that are seen in ageing (13). Here, we address the 

gap in knowledge regarding whether or not cells remain senescent after radiation 

exposure to determine if radiation accurately models the senescence observed with 

ageing (13). Radiation has been previously documented to increase levels of cellular 

senescence 25 days post-10 Gy radiation exposure, with adipose progenitors 

expressing increased anti-apoptotic genes (33). However, this report demonstrates that 

increases in senescent cells are not detected well beyond this period, at ~15% of 

lifespan (≈12 human year equivalence) post-radiation exposure. Ageing results in 

progressive and cumulative cellular senescence (34), which is induced in mitotic cells 

through cell stress associated with mitochondrial dysfunction and inflammation, and in 

post-mitotic cells through accumulated DNA damage (35, 36). Our results indicate that 

sub-lethal whole body radiation does not produce the same progressive and cumulative 

cellular senescence that is seen with ageing, but that ageing alone does appear to lead 

to accumulation in the NHP model. We chose to evaluate persistent senescence in both 

a mitotic tissue (liver) and post-mitotic tissue (adipose) as ageing has been shown to 

induce senescence in both types through damaged or repeated cell divisions and DNA 

damage, respectively (37). However, in both mouse and NHP mitotic and post-mitotic 

tissues, increases in cellular senescence resultant of irradiation were undetectable after 

~15% of the animals’ lives post-exposure.  

 

Our results contend with those from a study by Le et al. (2010), where it was found that 

cellular senescence persisted for 45 weeks post-exposure in a similar whole body 

irradiated mouse model (38). However, the study findings were based heavily on a 



 

283 
 

single senescence marker and DNA repair factor 53BP1 (38). It was determined that p16 

Ink4a and DNA damage remained present for a significant time after sub-lethal radiation 

exposure. It is important to note that, while p16 Ink4a is used as a senescence biomarker, 

not all p16Ink4a-expressing cells are senescent, and not every senescent cell highly 

expresses p16Ink4a (7, 39). INK ATTAC mice are designed to experience targeted 

elimination of cells that highly express p16Ink4a (7). Authors that have used the INK 

ATTAC mouse model to study the effects of senescent cell clearance have noted that it 

has limited specificity for senescent cell elimination because p16Ink4a is not always 

specific to senescent cells (7). In line with this, genetic ablation of p16Ink4a did not protect 

against cellular senescence in lung epithelium in mouse models of chronic obstructive 

pulmonary disease (40). Additionally, quiescent adipose stem cells express p21 but do 

not express p16 Ink4a (41). For these reasons, it is no longer adequate to assess 

senescence by the use of a single marker. Therefore, we included the additional 

measures of p21 and SA-βgal to substantiate our conclusions. The rodent radiation-

model of induced senescence has been used to evaluate the senescent cell clearing 

combination Dasatinib, a tyrosine kinase inhibitor, and Quercentin, a flavonoid. The 

combination treatment reduced p16 Ink4a in focally irradiated mouse leg muscle (33); 

however, the authors did not determine if irradiation alone increased p16 Ink4a in the 

animals’ leg muscle prior to treatment, and did not confirm senescent cell accumulation 

in irradiated leg muscle with markers aside from p16Ink4a (33).  

 

Le et al. (2010) demonstrated persistent increases in 53BP1 and/or γ-H2AX DNA 

damage foci in the liver, brain, and lung tissues of irradiated mice long-term (38), while 

we found no differences in 8-OHdG in either liver or adipose tissues long after radiation 

exposure. A limitation of this study is that we only measured one indicator of DNA 
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damage, and we recognize that, by measuring 8-OHdG, we measured DNA damage 

caused by a source distinct from endpoints measured by Le et al. (2010) (25). DNA 

damage response kinases phosphorylate the histone variant H2A.X (γ-H2A.X) after 

double-stranded DNA breaks occur (42), while 8-OHdG is a product of DNA oxidation 

(43). However, acute senescence induction is generally considered to occur after DNA 

damage and its repair. Damage includes oxidative modification and strand breakage and 

is often not evident in senescence that persists long after the injurious event, such as 

traumatic brain injury, which is relevant to our delayed effects of radiation models 

reported herein (44) .  

 

We tested the alternative hypothesis that, rather than persistent cellular senescence 

perpetuating tissue dysfunction post-radiation, radiation induces lasting damage to 

adipose progenitor cells. Ageing causes decreases in endothelial and lymphoid 

progenitor cells (45, 46). Radiation exposure similarly has been shown to alter the 

intracellular signaling and epigenetic pathways regulating cell proliferation and 

differentiation of skeletal muscle and adipose progenitor cells (47). In adipose, CD34 

marks pluripotent stem cells, including endothelial and supra-adventitial progenitors 

located primarily in the perivasculature (48). CD34+ cells in adipose are separate from 

the multipotent stem cells identified in circulation, and give rise to both endothelial cells 

and adipocytes (48). Ageing corresponds with decreases in CD34+ progenitor cells (49). 

Thus, modeling ageing in this respect, radiation has been shown to reduce stem cell 

number (50). In line with this, our irradiated rhesus macaques demonstrated fewer 

adipose progenitors, and those remaining displayed decreased function long after 

radiation exposure. Our irradiated NHPs displayed coincident decreases in fat mass, 

with significant decreases in both SQ and VIS adipose at least two years post-radiation 



 

285 
 

(15). Other studies similarly found that radiation caused long-term damage to neural 

stem cells (51), and loss of leukocytes and red blood cells that was not restored by 

endogenous hematopoiesis (52) or autologous repopulation (53).   

 

In addition to causing adipose progenitor cell damage, radiation mirrors ageing by 

causing adipose tissue dysfunction by impairing its insulin processing. Ageing incites 

pro-inflammatory signaling, immune cell infiltration, and downstream local insulin 

resistance (54). We previously determined that radiation results in both reduced fat mass 

and in vivo adipose tissue insulin resistance (15). Radiation exposure also caused 

insulin resistance in skeletal muscle of C57Bl/6 mice (47). Our in vitro adipose SVF 

differentiation assay confirms that radiation induces insulin resistance, as insulin is used 

to drive preadipocyte differentiation, and differentiation of irradiated preadipocytes 

resulted in fewer cells. We posit that radiation reduces the ability of preadipocytes to 

move to the committed stage of differentiation (55). Radiation increases transforming 

growth factor β (TGFβ) signaling (56), which inhibits peroxisome proliferator-activated 

receptor gamma (PPARγ) signaling and downstream preadipocyte differentiation (55). 

Likewise, age-related declines in preadipocyte differentiation have been related to 

decreased expression and activity of PPARγ (54, 57). Differentiation of irradiated 

adipose SVF cells also resulted in larger lipid droplets, which corresponds with 

unhealthiness. Adipocyte hypertrophy is associated with adipose tissue dysfunction and 

downstream metabolic derangements (58). Contrarily, smaller lipid droplets demonstrate 

lability and correspond with healthiness and even beige or browning adipose (55). The 

adipose SVF proliferation deficiency and coincident loss of CD34+ progenitor cells in our 

irradiated macaque samples is consistent with previously observed loss of capillary 

density in insulin sensitive tissue with radiation exposure (59). Our results highlight the 
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permanence of the effects of radiation on adipose function, as our ex vivo assessments 

were performed long after irradiation – ~15% of lifespan post-exposure. More broadly, 

radiation incites similar metabolic, regenerative, and profusion-related malfunctions in 

other organ systems like the heart (60) and brain (61), causing long-term whole body 

dysfunction and deterioration. Accordingly, while radiation does not induce the same 

long-term cellular senescence observed in ageing, radiation does model similar 

metabolic and regenerative failures.  

 

This work incorporated analyses using tissues sourced from two clinically-relevant 

animal models used in gerosciences research. Both mouse and NHP models are used 

to investigate biological ageing, and there is great interest in accelerating the ageing 

process through the application of stressors such as radiation. As NHPs are more 

closely related to humans than mice, have more similar body composition, and display 

the same ageing pathologies (62), our evaluation of the effects of radiation on long-term 

cellular senescence on both NHP and mouse tissues demonstrates translational 

efficacy. Our research suggests that radiation does recapitulate many age-related 

phenotypes (cardiac and metabolic disease (15, 63), osteoporosis (64), neurological 

deficits (65)). However, augmented accumulation of senescent cells in situ is unlikely to 

be a primary driving mechanism. Alternatively, radiation-induced TGFβ signaling drives 

cellular dysfunction and alteration to tissue-specific extracellular matrices (56, 66).  

 

Limitations to our study include that only male rhesus macaques were used due to 

availability; however, both male and female mice were included in this investigation and 

no sex differences were observed. In this work, we did not determine which stromal 
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vascular cell types were senescent, though we plan to distinguish cell types in future 

work. All animals in the study did ingest a comparable Western-style diet for the duration 

of the investigation. Western-style and high-fat diets have been used to promote 

senescence in vivo (7, 67). Accordingly, the Western-style diet had the potential to 

overwhelm a smaller effect of irradiation on inducing senescence, though it did not 

disproportionately induce senescence in either the control or irradiated groups in either 

the mice or NHPs that were evaluated. Additionally, this dietary exposure better models 

translationally relevant effects. Traditional laboratory chow is enriched in isoflavones, 

which demonstrate radio-protective effects and potentially abate cellular senescence, 

contradicting the purpose of this work. Accordingly, we elected to have the study animals 

consume a Western-style diet as the majority of individuals in many western countries 

largely ingest such a diet, and it is known to induce metabolic defects, including type II 

diabetes. In line with this, we previously published that the irradiated rhesus macaques 

in this study did develop peripheral tissue insulin resistance, pre-diabetes, and type II 

diabetes as delayed effects of radiation exposure (15), and these metabolic defects 

occurred in the absence of cellular senescence. It has been noted that the high-fat diet 

model of senescence is limited in that it cannot be used to understand how senescence 

is induced in specific cell types or tissues with age (10).  

 

This investigation highlights that in vivo radiation-based models of senescence may not 

mirror the chronic senescent cell phenotype observed with ageing. Use of in vivo 

radiation models to study senescence might be recommended to be limited to the acute-

exposure period. Given the absence of senescent cells observed in vivo ~15% of life 

post-radiation exposure, use of senescent cell clearing pharmacotherapy may not be the 

most effective way to address the observed delayed effects of radiation. However, in 
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other ageing models, clearance or prevention of senescent cell accumulation may have 

survivorship benefits, as reducing senescent cell burden by as little as 30% improved 

vasomotor function and metabolic health and mitigated bone loss, aliments which are 

associated with ageing (68-70). Rather, stem cell therapy, including the expansion of 

progenitor populations, may better diminish these aliments. Treatment of radiation 

exposure with hematopoietic expansion medium (HEM) may be a viable option, as HEM 

expanded CD34+ cells up to 129-fold in nine days, and expanded cells maintained 

repopulation potential and differentiation ability (71). Retrieval of adipose-derived CD34+ 

cells for autologous transplantation may be a viable option to target radiation-induced 

metabolic disease, as our data suggests this will improve both adipocyte function and 

number. 
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Figure 1. Irradiated animals do not demonstrate p21 protein expression 

differences in adipose tissue six months and three years after exposure. (A) 

Example of positive immunofluorescent p21 staining of a stromal vascular cell in murine 

epididymal adipose. The positive cell demonstrates a pink color and is indicated with a 

white arrow. (B) Example immunohistochemical positive nuclear p21 staining of 
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nonhuman primate (NHP) subcutaneous adipose. Positive cells demonstrate a pink 

coloration and are indicated by black arrows. (C) When corrected for tissue cell density, 

CTL (n=6) and IRRAD (n=10) nonhuman primate subcutaneous adipose tissues do not 

demonstrate differences in p21-positive cells three years post-radiation exposure 

(p=0.98).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

299 
 

 

 

Figure 2. Irradiated nonhuman primates contain fewer CD34+ progenitor cells in 

their adipose tissue. (A) Irradiated (IRRAD; n=10) nonhuman primates demonstrate 

fewer CD34+ve progenitor cells in their subcutaneous (SQ) adipose compared to control 

animals (CTL; n=6), as indicated by CD34 in situ hybridization probe density (p=0.03; 

values presented as means + SEM). (B) Example images of CD34 probe density in the 

SQ adipose of CTL and IRRAD macaques.  
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Figure 3. Irradiated nonhuman primate adipose demonstrates dysfunctional 

expansion. (A) Subcutaneous (SQ) adipose stromal vascular fraction (SVF) cells from 

irradiated (IRRAD) rhesus macaques differentiated to preadipocytes resulted in 

significantly fewer lipid droplets per cell than control ([CTL]; p=0.04; values presented as 

medians with upper and lower quartiles). (B) Example images of differentiated SQ 

adipose SVF cells from CTL and IRRAD macaques at day 21 with the digital overlay 

shown, which was used to quantitate the number and size of lipid droplets within 

differentiated cells.  
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Figure 4. Irradiated nonhuman primate adipose illustrates decreased proliferative 

capacity. (A) Visceral (VIS) adipose stromal vascular (SVF) cells from irradiated 

(IRRAD; n=3) macaques showed stunted proliferative capacity as compared to control 

(CTL; n=3), which is (B) quantitated as significantly lower areas under the proliferative 

curve (AUC). (*=p<0.05; values presented as medians with upper and lower quartiles). 

(C) IRRAD VIS adipose SVF cells (n=9) demonstrated significantly fewer cells in the size 

range of 5-30μm (p=0.05).  
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Table 1. Irradiated mice do not demonstrate increases in senescent cell 

biomarkers in their liver or adipose tissue six months after irradiation. Six months 

post-radiation exposure, irradiated (IRRAD) and control (CTL) male and female mice did 

not demonstrate differences in liver p16 gene expression, liver or mesenteric adipose 8-

hydroxy-2' –deoxyguanosine (8-OHdG) percentage, and p21 epididymal adipose 

staining (n=8-12/group). All values are presented as means + SEM (*=p<0.05; 

#=p<0.10). 

 

 

 

 

 

 

 

 

Measurement CTL IRRAD 
Group 

Difference p-
Value 

Sex 
Difference p-

Value 

Normalized 
Liver p16 Gene 
Expression (AU) 

11.97 (2.91) 7.22 (3.12) 0.32 0.17 

Liver Percent 8-
OHdG 

0.0045 
(0.00032) 

0.0048 
(0.00032) 

0.54 N/A 

Mesenteric 
Adipose Percent 

8-OHdG 

0.0053 
(0.00070) 

0.0043 
(0.00060) 

0.31 N/A 

Epididymal 
Adipose p21-

Positive 
Cells/Field 

2.90 (0.46) 2.10 (0.42) 0.22 0.35 
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Measurement CTL IRRAD p-Value 
Normalized Liver p16 Gene Expression 

(AU) 3.94 (0.67) 4.37 (0.57) 0.64 
Normalized Liver p21 Gene Expression 

(AU) 4.13 (1.65) 5.87 (1.05) 0.40 
Normalized Subcutaneous Adipose 

p16 Gene Expression (AU) 8.86 (0.27) 9.01 (0.44) 0.78 
Normalized Subcutaneous Adipose 

p21 Gene Expression (AU) 10.49 (0.40) 10.93 (0.43) 0.47 
Percent p21-Positive Cells 0.50 (0.12) 0.30 (0.20) 0.21 

Liver 8-OHdG (ng) 0.13 (0.06) 0.12 (0.03) 0.56 
Visceral Adipose 8-OHdG (ng) 0.12 (0.04) 0.14 (0.06) 0.31 
Percent SA-βgal-Positive Cells 9.29 (1.32) 15.12 (5.61) 0.85 

Subcutaneous Adipose SA-βgal Score 2.98 (0.59) 3.34 (0.45) 0.61 
Visceral Adipose SA-βgal Score 2.67 (0.47) 3.06 (0.27) 0.47 

 

Table 2. Irradiated nonhuman primates do not illustrate increases in liver or 

adipose tissue cellular senescence or senescence biomarkers three years after 

irradiation. Three years post-radiation exposure, irradiated (IRRAD; n=10) and control 

(CTL; n=6) nonhuman primates did not demonstrate differences in liver or 

subcutaneous (SQ) p16 or p21 gene expression, liver or visceral (VIS) adipose 8-

hydroxy-2' –deoxyguanosine (8-OHdG) percentage, VIS or SQ adipose SA-βgal 

staining, and p21 SQ adipose staining. All values are presented as means + SEM 

(*=p<0.05; #=p<0.10). 
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Supplementary Figure 1. Example images of (A) control (CTL) and (B) irradiated 

(IRRAD) adipose senescence-associated beta galactosidase staining.  

 

 

 

Supplementary Figure 2. Immunohistological control images for p21 staining in 

nonhuman primates. (A) Lung: negative control slide for staining, processed without 

incubation with primary antibody, showing absence of nonspecific staining. (B) Skeletal 

Muscle: a biological negative control. The tissue section was processed with incubation 

with primary antibody, but is known to not express p21 protein 

(https://www.proteinatlas.org/ENSG00000124762-CDKN1A/tissue). C) Colon: a 

biological positive control slide for staining with normal tissue known to express p21 

(https://www.proteinatlas.org/ENSG00000124762-CDKN1A/tissue/colon#img). The 

tissue section was processed with incubation with primary antibody. * Symbol used to 

denote 2 examples among many in the image of positive nuclear staining.  Scale bar = 

20μm 



 

305 
 

 

Supplementary Figure 3. Ageing causes accumulation of senescent cells in 

subcutaneous adipose that is not seen post-radiation exposure. In the immediate 

post-radiation exposure phase (2-12 Wks Post-IRR), post-pubertal five-year-old 

nonhuman primates (NHPs; n=3) demonstrated early p21+ senescent cell burden in 

their subcutaneous (SQ) adipose tissue (AT). This burden was reduced at six months 

post-exposure (6 Mo Post-IRR) when the NHPs were five and half years of age (n=6). 

Chronological ageing resulted in an increase in p21+ senescent cells in SQ AT of eight 

year old NHPs (3 Yr Post-IRR; n=9), but the levels of p21+ cells did not reach what was 

seen immediately post-radiation exposure. Non-irradiated control (Non-IRR CTL) NHPs, 

who were greater than 15 years of age (n=5), demonstrated visually appreciable 

increases in the number of p21+ senescent cells in their SQ AT compared to the 

irradiated groups, indicating that ageing alone, rather than irradiation, increases 

senescent cell burden.  
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Supplementary Figure 4. Circulating PAI-1, a marker of the senescence-associated 

secretory phenotype (SASP), increases with time and ageing, but not with 

irradiation. Factorial analysis of variance (ANOVA) was used to determine PAI-1 

concentration differences between groups and over time between control (CTL; n=6) 

and irradiated (IRRAD; n=10) nonhuman primate (NHP) plasma samples. Available 

plasma was measured prior to sham or irradiation exposure (Pre-IRR) and two years 

after (2 Yr Post-IRR). PAI-1 concentrations demonstrated a trend toward being 

increased with time (p=0.1) as CTL and IRRAD PAI-1 concentrations were higher two 

years after irradiation compared to Pre-IRR. Additionally, CTL NHPs demonstrated a 

trend toward increased PAI-1 concentrations (p=0.09) compared to IRRAD NHPs, 

confirming that irradiation does not elevate this SASP-related biomarker. The interaction 

of time and group was not significant (p=0.73). Aged CTL NHPs (15 years or older) were 

assessed and did demonstrate higher concentrations of PAI-1 than younger NHPs, but 

comparisons were underpowered to reach significance. 
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Supplementary Figure 5. Irradiation results in increased lipid droplet size. 

Irradiated macaques demonstrated larger subcutaneous adipose lipid droplets after 21 

days of differentiation. Differentiated subcutaneous adipose progenitor cells from 

irradiated (IRRAD) macaques (n=3) were larger in size than those from control (CTL) 

animals (n=3), though statistical significance was not reached (p=0.12).  

 

 

Supplementary Figure 6. Irradiation results in fewer lipid droplets. Irradiated 

(IRRAD; n=9) macaques demonstrated a trend toward having fewer visceral adipose 

tissue cells 25-300um in size after 21 days of proliferation compared to control (CTL; 

n=9) (p=0.07). Values are presented as mean + SEM (*=p<0.05; #=p<0.10). 
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Supplementary Table 1. Irradiated and control mouse demographic data. Six 

months post-radiation exposure, irradiated (IRRAD) male and female mice did not 

demonstrate differences in body weight, fasting glucose and insulin, liver density, or 

total body fat compared to their control (CTL) counterparts (n=12/group). IRRAD and 

CTL mice were age-matched at the start of the study. All values are presented as 

means + SEM (*=p<0.05; #=p<0.10). 

 

 

 

 

 

 

 

 

 

 

Measurement CTL IRRAD 
Group 

Difference p-
Value 

Sex 
Difference p-

Value 
Age (y) 0.583 0.583 1.00 1.00 

Body Weight (g) 35.70 
(1.62) 

36.00 
(1.86) 0.83 0.10# 

Fasting Glucose 
(mg/dL) 

153.00 
(8.52) 

176.00 
(4.49) 0.75 0.61 

Liver Attenuation 
(HU) 

48.10 
(7.21) 

47.9 
(3.58) 0.47 0.051* 

Fasting Insulin 
(ng/mL) 

1.62 
(0.64) 

1.44 
(0.50) 0.46 0.48 

Total Body Fat 
(%) 

22.0 
(0.90) 

22.60 
(0.70)  0.61 0.32 
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Two Year Post-Exposure Measures CTL  IRRAD p-Value 
Body Weight (kg) 16.77 (1.20) 14.07 (0.93) 0.09# 

Fasting Glucose (mg/dL) 75.88 (5.80) 77.08 (14.09) 0.53 
Triglycerides (mg/dL) 44.50 (3.78) 76.00 (18.59) 0.23 

Total Cholesterol (mg/dL) 214.50 (33.40) 165.50 (23.24) 0.47 
Percent Glycosylated Hemoglobin 4.92 (0.03) 6.03 (0.66) 0.15 
Systolic Blood Pressure (mmHg) 135.43 (3.14) 133.61 (7.08) 0.44 
Diastolic Blood Pressure (mmHg) 81.38 (6.54) 79.53 (6.16) 0.42 

Liver Attenuation (HU) 58.20 (1.93) 54.90 (1.47) 0.21 
Fat Mass (kg) 4.01 (0.44) 2.92 (0.34) 0.0008* 
Body Fat (%) 38.0 (4.45) 32.2 (3.44) 0.16 

Lean Mass (kg) 1.10 (0.43) 0.95 (0.33) 0.02* 
    
Supplementary Table 2. Irradiated and control nonhuman primate demographic 

data two years post-radiation. Two years post-radiation exposure, male irradiated 

(IRRAD; n=10) nonhuman primates (NHPs) weighed less (p=0.09) and demonstrated 

less fat mass (p=0.008) and less lean mass (p=0.02) than their control (CTL; n=6) 

counterparts. Two years post-exposure, IRRAD and CTL NHPs did not differ by 

metabolic syndrome criteria. All values are presented as means + SEM (*=p<0.05; 

#=p<0.10). 
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Three Year Post-Exposure Measures CTL IRRAD p-Value 
Body Weight (kg) 18.11 (1.42) 15.09 (0.85) 0.07# 

Fasting Glucose (mg/dL) 64.17 (5.79) 96.6 (18.30) 0.48 
Triglycerides (mg/dL) 53.50 (5.23) 133.60 (46.34) 0.51 

Total Cholesterol (mg/dL) 215.00 (36.09) 246.70 (30.90) 0.58 
Systolic Blood Pressure (mmHg) 127.00 (14.62) 111.4 (5.30) 0.25 
Diastolic Blood Pressure (mmHg) 55.33 (6.06) 54.80 (2.88) 0.93 

 

Supplementary Table 3. Irradiated and control nonhuman primate demographic 

data three years post-radiation. Three years post-radiation exposure, irradiated 

(IRRAD) NHPs continued to demonstrate a trend toward decreased body weight 

(p=0.07) compared to control (CTL) animals. Three years post-exposure, IRRAD and 

CTL NHPs did not differ by metabolic syndrome criteria. All values are presented as 

means + SEM (*=p<0.05; #=p<0.10). 
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Measurement Mean (SEM) 

Age (y)  17.38 (1.74) 

Body Weight (kg) 13.53 (1.09) 

Systolic Blood Pressure (mmHg) 145.40 (20.96) 

Diastolic Blood Pressure (mmHg) 74.60 (16.17) 

Triglycerides (mg/dL) 66.00 (13.74) 

Total Cholesterol (mg/dL) 141.00 (18.35) 

 

Supplementary Table 4. Geriatric nonhuman primate demographic data at time of 

necropsy (n=5).  
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Abstract  

 

Purpose: Diabetes mellitus (DM) is a delayed effect of radiation exposure in human and 

non-human primates. DM is characterized by peripheral tissue insulin resistance, and as 

a result, irradiation exposure may cause important changes in insulin-sensitive tissues 

such as muscle and adipose.  

Methods and Materials: We prospectively investigated changes in response to 

irradiation (4Gy whole body exposure) in 16 male rhesus macaques. We evaluated 

changes in body composition and glycemic control over two years. Insulin 

responsiveness, lipolysis, inflammation, and fibrosis were evaluated at study end.  

Results: Irradiated animals accumulate less fat and significantly increased percent 

glycation of hemoglobin A1c over time, such that 40% of irradiated monkeys had values 

that define them as diabetic at two years. Subcutaneous (SQ) adipose tissue was insulin 

resistant as evidenced by reduced phosphorylation of the insulin receptor substrate-1 in 

response to insulin challenge, and had increased basal lipolysis despite comparable 

insulin exposures to control animals. Irradiated SQ adipose tissue had more 

macrophage infiltration and adipocytes were larger. The observed hypertrophy was 

associated with decreased glycemic control and macrophage infiltration correlated with 

decreased adiponectin, signifying that inflammation is associated with worsening health. 

No evidence of SQ adipose fibrosis was detected.  

Conclusions: Our study is the first to prospectively illustrate that sub-lethal irradiation 

exposures directly propagate metabolic disease in the absence of obesity in non-human 

primates and implicate SQ adipose dysfunction as a target tissue.  
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Introduction  

Survivors of acute effects of radiation exposure are faced with the burden of developing 

delayed adverse health effects, which continue to be characterized. For example, limb 

shortening, osteonecrosis, and hypothyroidism are seen in adults who received radiation 

therapy for childhood cancers1. A newly recognized consequence of irradiation is 

development of diabetes mellitus (DM) and metabolic disease2-5.  The survivors of 

childhood cancer who received total body irradiation were 1.8 times more likely to report 

DM later in life compared to their siblings4. Interestingly, the occurrence of DM in these 

children was highly correlated with total body radiotherapy and unrelated to body mass 

index or physical inactivity2. Similarly, non-human primates also develop type 2 DM 

years after irradiation, even when traditional risk factors, such as obesity, are absent6.  

 

Prior studies of irradiated non-human primates describe peripheral tissue insulin 

resistance in the absence of obesity and loss of fat depots7,6. Excess adipose tissue is 

typically associated with insulin resistance, however, ectopic adipose tissue or adipose 

deficiencies are known to be equally strong drivers of metabolic dysregulation. Relevant 

to this are lipodystrophic animals and people, which have metabolic disease associated 

with complete or partial loss of adipose tissue8. Few studies have evaluated irradiated 

adipose tissue, but Poglio et al. reported that in irradiated mice, there were significantly 

decreased adipocytes in inguinal fat pads and a loss of proliferating pre-adipocytes9. 

Fibrosis and loss of capillarization may also contribute to irradiation-exposed adipose 

tissue insulin resistance, and is observed in mouse and monkey skeletal and cardiac 

muscle7,10,11. The accumulation of collagens in adipose tissue likely creates a hypoxic 

environment. Insulin resistance is believed to result from increased inflammation, which 

is often observed post-irradiation10,12. Hypoxia is thought to drive local tissue insulin 
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resistance, recruitment of inflammatory cells and cause the release of circulating pro-

inflammatory cytokines that induce insulin resistance locally and in remote tissues. 

 

In this study, we prospectively evaluate the changes in body composition and glucose 

metabolism following irradiation in non-human primates, which are an excellent 

translational model for studies of adipose tissue as tissue architecture, distribution, 

lipogenesis sites and rates, and inflammatory and immune responses resemble that of 

humans more closely than rodents. We hypothesized that irradiation would induce 

inflammation in the subcutaneous space, which would limit normal adipose expansion 

and responses to insulin.  Our study demonstrates that whole body irradiation increases 

diabetogenesis and reduces adipose mass, highlighting that peripheral tissue 

dysfunction is a key mediator of this important delayed effect of radiation exposure. 

 

Materials and Methods   

Animal Study 

Sixteen male rhesus macaques of Indian origin, aged 5.8±0.5 years and pre-screened 

for tuberculosis and simian retroviruses, were studied. Ages of animals were intended to 

match a post-pubertal young adult, approximating 15-20 human years of age. Animals 

were fed a Western-like diet (5L0P; LabDiet, St. Louis, MO) and randomized to receive 

4Gy total body irradiation (TBI) (IRRAD, n=10) or sham irradiation (CTL, n=6). The diet 

provided 45% of calories as carbohydrates with significant levels of simple sugars, 36% 

of calories as fat, and 18% of calories as protein, with the majority of protein and fat from 

animal sources. Irradiations were conducted under general anesthesia (ketamine and 

isoflurane) on a clinical linear accelerator (Varian, Palo Alto, CA) using two lateral fields 
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of 6MV x-rays (174cm source-axis-distance (SAD), 32x40cm2 field size @100 cm from 

the source, nominal dose rate of 0.8 Gy/min@174 cm SAD, 2.7 min irradiation time per 

field). After sedation, each animal was situated in a supine position between two plastic 

build-up screens, with knees up and arms crossed at the lower abdomen, with water-

bolus compensation for thinner body regions (head and lower legs). First, the left side 

was irradiated to 2Gy. The subject was then rotated 180° to irradiate the right side to 

2Gy, yielding a 4Gy total. Dose calculations were performed for 2Gy to mid-plane per 

field, based on anatomical measurements (nominal depths of 8-10cm). Sham-irradiated 

animals experienced all procedural steps aside from irradiation, including sedation, 

positioning, and observation from outside the radiation room for the elapsed time of 

irradiation for each field.   Monkeys underwent daily monitoring for clinical illness, 

including observations of food consumption, urination, and defecation. Methods modified 

from the Children’s Cancer Group Clinical Toxicity Criteria were used to classify illness13 

and interventions were governed by clinical pathologic findings10.  All procedures were 

performed in accordance with the Guide for Care and Use of Laboratory Animals, in 

compliance with the Institutional Animal Care and Use Committee, at our Association for 

the Assessment and Accreditation of Laboratory Animal Care International accredited 

institution, which operates in compliance with the Animal Welfare Act. Supportive care 

offered in the post-exposure period included; crystalloid replacement fluids, antibiotics, 

whole blood transfusions, supplemental nutrition and analgesics. All interventions 

ceased by 6 months after irradiation. 

 

Data were collected from the animals prior to radiation exposure, and from 6 and 24 

months post-exposure, only after the acute effects of irradiation had resolved. The 

majority of results are presented at 24 months, which was an a priori designated time 
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point at study initiation. Two years in a rhesus macaque lifespan approximates a 5 

human year duration. 

 

Blood Parameters   

Subjects were fasted for ≥12 hours prior to assessments. Blood samples were obtained 

via percutaneous venipuncture of the femoral vein into ethylenediaminetetraacetic acid, 

and placed on ice until processed for plasma, which was stored at -80°C until analyzed.  

Fasting blood glucoses were determined by the glucose oxidase method, and fasting 

insulin concentration was determined by enzyme linked immunosorbent assay (ELISA; 

Mercodia, Uppsala, Sweden).  Whole blood was used to measure glycated hemoglobin 

(HbA1c) using high-performance liquid chromatography methodology (Afinion Alere, 

Waltham, MA). Triglyceride (TG), high density lipoprotein cholesterol (HDLc) and total 

cholesterol (TPC) concentrations were measured enzymatically. Adiponectin and 

lipopolysaccharide binding protein 1 (LBP-1) levels were evaluated via ELISA (R&D 

Systems, #DRP300, Minneapolis, MN; Cell Sciences, #CKH113, Newburyport, MA). 

Cytokine panels were measured (Procarta NHP 37-plex, Invitrogen, Carlsbad, CA) on a 

Luminex platform.  

 

Body Composition 

Computed tomography (CT) scans were used to measure fat and muscle tissue 

volumes. The pre-exposure scans were performed on a Toshiba 32-slice Aquilion 

scanner (Toshiba America Medical Systems, Tustin, CA, USA), and the 2 year scans 

were performed on a GE 0.625mm-slice Discovery MI DR scanner (GE Healthcare, 

Waukesha, WA, USA). The CT images were reconstructed with TeraRecon Aquarius 
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Intuition software (TeraRecon, Foster City, CA, USA), and then converted into a dicom 

format for analysis. As previously described6, fat- and lean-containing voxels were used 

to calculate volume results (then corrected for density) and expressed as a percentage 

of the animal’s total body weight. Abdominal fat distribution of intra-abdominal and 

subcutaneous fat was assessed from regional analysis between the thoracolumbar 

junction and the fourth lumbar vertebrae using automated differentiation of deposits 

within and outside the body wall. Subcutaneous fat depth and attenuation values were 

measured directly above and below the linea alba, across ten evenly spaced slices 

within this defined abdominal region. Fat mass and ratios for this body region were 

calculated after correction for tissue density. Attenuation values were collected in 

triplicate for the liver and psoas muscle at the L4 level. Average psoas area was 

calculated by tracing tissue circumference. Body composition was additionally confirmed 

by dual energy x-ray absorptiometry (DXA) at pre-exposure and 24 months (Hologic 

Discovery A Dual X-ray Bone Densitometer, Bedford, MA).  Fat and lean mass values 

were calculated as the percent of whole body mass. 

 

Adipose Tissue  

Adipose tissue biopsies were collected under ketamine and midazolam anesthesia, at 

baseline and at 24 months following irradiation. The animals were positioned in lateral 

recumbency and adipose tissue was collected from the ventral aspect of the caudal 

abdomen, adjacent to the umbilicus. The samples were collected prior to and 20 minutes 

post insulin bolus, flash-frozen in liquid nitrogen, and stored at -80°C. Regular insulin 

was infused into a peripheral vein (0.2U/kg) to increase the median circulating insulin 

concentration to approximately 100μIU/ml14. Tissue was homogenized using a bead 

beater and extracted protein from biopsy samples was quantitated by bicinchoninic acid 
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assay prior to being analyzed for total and phosphorylated IRS1 by ELISA according to 

the manufacturer recommendations (Cell Signaling Technologies, Cat# 7328, Danvers, 

MA). Data is reported as the ratio of activated IRS1 from pre- and post-insulin results. 

Basal TG breakdown was measured from adipose explants. Tissue was incubated in 

Krebs-Ringer buffer with 3.5% bovine serum albumin and 0.1% glucose at 37°C on a 

shaking platform. Release of non-esterified free fatty acids and glycerol (Abcam, 

#ab65431, Cambridge, UK; Sigma-Aldrich, #MAK117, St. Louis, MO) were measured in 

triplicate from tissue supernatants. 

 

Adipose tissue protein was extracted and immunoblotted as previously described15. 

Using commercially available primary antibodies, the membranes were probed for 

phosphorylated-SMAD2/3 (Abcam, #ab63399, Cambridge, United Kingdom). As a 

loading control, glyceraldehyde 3-phosphate dehydrogenase (GAPDH) antibody 

(1:2000) (Sigma-Aldrich, #G9545) was used. Each immunoreactive product was 

quantified for density and normalized to GAPDH.  

 

Histology 

Paraffin-embedded adipose tissues were used to create histological sections. Adipocyte 

size was measured by 100 individual cell diameters from 10 representative fields viewed 

at 10x magnification with 10 adjacent cell diameters recorded per field. Pan-macrophage 

marker CD68 (Agilent, #M081401-2, Santa Clara, CA) was applied to determine 

classically activated macrophages and numbers of CD68 positive cells, normalized by 

tissue area and total cell number, were calculated as there were differences in adipocyte 

size across samples and thus differences in overall tissue density. Total tissue fibrosis 
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was estimated by Masson’s Trichrome staining with results reported as percent positive 

staining area. Collagens type I, III, and IV were evaluated as previously described7. 

Analysis of all histological images were conducted using a custom automated macro in 

VisioPharm (Version 2019.02.1.6005, Hoersholm, Denmark). An investigator blinded to 

group identity performed all image acquisition and analyses. 

 

Data Analysis 

Statistical analyses were performed using Statistica v.13 (StatSoft, Tulsa, OK) and p-

values of ≤ 0.05 were considered significant. A trend was considered as p≤0.10. 

Logarithmic transformation was applied to endpoints not meeting normality assumptions. 

Metabolic and phenotypic variables were analyzed for differences by analysis of 

covariance using baseline values, if available, and current body weight. Repeated 

measures of ANOVA was used for body weight and A1c values measured during the 2 

years of study. Fisher’s exact test was used to measure differences between proportions 

and Pearson’s correlation coefficients were calculated to measure strength of 

associations. 

 

Results 

Radiation exposure significantly worsened glycemic control, as average A1c steadily 

climbed beginning 6 months after radiation exposure (Figure 1). At two years, 4 of the 

10 irradiated animals met the American Diabetes Association criteria for DM.  This 

finding represented a significant increase in the incidence of diabetes as a delayed effect 

of irradiation compared to no disease development in the control group (Χ2  p<0.05). The 

metabolic disease manifested without obesity and was characterized by hyperglycemia 
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(Table 1 and Figure 2). While the body weight of the all animals increased over the 

course of 24 months, the irradiated animals gained weight at a slower rate (Figure 2A) 

and were significantly lighter at all times. CT values of total fat mass in the irradiated 

animals were significantly lower compared to that of the control group, in spite of the 

animals consuming the same high-fat diet. The total fat mass was 4kg in the control 

animals compared to 3kg in irradiated animals (Figure 2B). Similarly, DEXA values for 

fat mass in the irradiated animals were lower compared to control animals (Figure 2C). 

Adipose deposition was lower in both visceral and subcutaneous compartments of the 

irradiated animals (Table 1). This reduction in tissue is consistent with an overall 

stunting of radiation exposed animals, evidenced by smaller stature and limb 

circumferences. We found no evidence for ectopic fat deposition in common sites such 

as liver and muscle (Table 1). 

 

The IRS1 activation in response to insulin challenge in SQ adipose tissue was 

significantly lower in irradiated animals compared to that of control animals (Figure 3A). 

This tissue insulin resistance is consistent with the trends towards increased basal 

lipolysis (Table 1). Accordingly, higher lipolytic rates were strongly associated with the 

animals’ A1c values (r=0.69, p=0.003). Adiponectin levels were not significantly different 

in the irradiated subjects when compared to control subjects, despite having less fat 

mass. This may be explained by the larger adipocyte cell size (Fig 3B) and the higher 

density of macrophages (Figure 3C and D) in the irradiated monkeys’ subcutaneous 

adipose tissue. Larger fat cell size was strongly associated with glycemic control, as 

measured by A1c levels (r=0.61, p=0.01) and the macrophage infiltration was negatively 

associated with adiponectin levels (r=-0.56, p=0.02; Figure 4E). These local adipose 

tissue changes and the related decline in glucose metabolism did not induce a general 
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pro-inflammatory state. Circulatory cytokines measured showed no significant 

differences between the two groups (Table 2). 

 

Radiation is a widely appreciated stimulus that induces fibrosis, though we detected no 

differences in collagens or levels of activated smad2/3, which reflects transforming 

growth factor beta (TGFβ) signaling activation (Table 3). The amount of TGFβ activation 

in adipose was related to total tissue fibrosis measured by Masson’s trichrome staining 

(r=0.55, p=0.03; data not shown). With 6 measures relating to fibrosis in adipose tissue, 

there were no detectable differences. 

 

Discussion 

This is the first prospective and controlled study to show diabetes development results 

from radiation exposure in non-human primates, and to examine adipose tissue as a 

target organ. Our data indicate that male rhesus macaques receiving whole body 

radiation two years prior exhibited: 1. Less weight and fat mass gains, 2. Larger fat cells 

with a higher abundance of macrophages, 3. Adipose tissue insulin resistance, and 4. 

Increased incidence of DM. Our study is translationally relevant and has implications to 

humans exposed to radiation as our study animals developed type 2 diabetes mellitus in 

a time span of just two years following radiation, in contrast to typical diabetes 

development in this species, which takes an average four or more years16. Our 

controlled study is consistent with clinical outcomes that show DM is a late complication 

that occurs in childhood cancer survivors3. Case reports include patients that developed 

severe insulin resistance and hypertriglyceridemia following whole body irradiation in 

childhood17.  
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Mecham et al. showed that a higher percentage of childhood cancer survivors who 

underwent whole body irradiation develop diabetes mellitus later in life compared to 

those who only underwent focal abdominal radiation4. This finding highlights the potential 

importance of adipose tissue in driving increased risks for diabetes post-radiation 

exposure. The diabetes incidence observed in our study is high, and the duration of 

observation only approximates 5 human years. We attribute the high risk to the whole 

body exposures, which is uncommon in human radiotherapy, however children with 

whole body irradiation have 28% diabetes prevalence in just over 10 years since 

exposure4, so we feel our study is dramatic but demonstrates a translationally relevant 

physiological outcome that deserves attention. Space flight (cosmic radiation) has also 

been implicated in the development of diabetes18. This is relevant as we consider the 

varying type and energy of exposures as a result of medical, malicious, accidental, and 

other sources of irradiation.  

 

The irradiated monkey model has demonstrated premature onset of many age–related 

diseases, including cardiovascular disease10, diabetes6, cellular senescence and related 

loss of regenerative capacities19,20.  Senescent cells are known to accumulate in adipose 

and to be related to multiple age-related functional declines in both human and animal 

models21,22. Data from our study confirm that irradiated animals exhibited less adipose 

tissue two years post-irradiation compared to controls. While displaying a leaner 

phenotype, irradiated animals exhibited significantly larger adipocytes as well as 

increased basal lipolysis when compared to controls. This indicates that adipose of 

irradiated animals is less healthy, as adipocyte hypertrophy has been associated with 

metabolic dysfunction23. The increased adipocyte size despite less fat mass supports the 

notion that irradiated animals have decreased adipocyte abundance and may have lost 
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the ability to generate adipocyte precursors. This results in the storage of excess lipids 

into remaining adipocytes, causing them to swell. In metabolically healthy animals and 

humans, peripheral fat is able to take up excess circulating non-esterified fatty acids, 

leading to a favorable metabolic profile23-25. Normal subcutaneous fat function is required 

for metabolic responses to changes in nutritional state, with intact responses to insulin 

for lipogenesis and responses to adrenergic stimuli for lipolysis. Adipose tissue must be 

able to expand and remodel itself to store excess glucose as triglyceride. However, our 

data shows that irradiated animals are unable to do so, and become lipodystrophic with 

decreased capacity for subcutaneous fat expansion through differentiation and 

hyperplasia, resulting in type 2 DM. Ablamuntis et al. and others have also observed an 

association between failure of adipose tissue to expand and insulin resistance in 

laboratory mice, and that insufficient storage for excess energy results in DM26,27.   

However, in the present study, irradiated animals had decreased ectopic fat in the liver, 

psoas muscle, abdominal subcutaneous tissue and visceral tissue.  CT and DEXA scan 

data from the present study confirm that irradiated animals exhibited less adipose 

density two years post irradiation compared to controls, suggesting that irradiation leads 

to smaller, leaner animals and it is unclear where excess energy is utilized or stored.  

 

Fibrosis has been shown to be increased in skeletal muscle tissue from previously 

irradiated monkeys as a sequela from injury, chronic inflammation and exposure to 

reactive oxygen species7.  Additionally, fibrosis and tissue remodeling is critical to 

diabetogenesis. Studies in rodent models have demonstrated that skeletal muscle 

extracellular matrix expansion is associated with the development of insulin 

resistance28,29 and similar changes have been reported in irradiated non-human 

primates7. The vascular endothelium is a particularly important target as radiation 



 

325 
 

damage leads to inflammation, reduced perfusion and progression of the fibrotic 

response in non-human primates30,31, further limiting perfusion and access of insulin to 

cells such as myocytes and adipocytes32,33. However, changes in fibrosis or extracellular 

matrix accumulation in adipose tissue were not observed which may be an adaptation to 

allowing hypertrophy rather than constraining adipocyte enlargement while exposed to 

nutrient excess.  

 

Increased macrophage abundance is thought to be due to the presence of larger, 

unhealthy adipocytes and more recruitment of macrophages34. We hypothesize that 

radiation damages adipocyte precursor cells, resulting in diminished normal adipocyte 

cell turnover. Adipose tissue has multiple precursor populations able to give rise to new 

adipocytes35,36, and these cells may be radiosensitive. This is an area for future study 

and the concept is supported by a case report that successfully treated irradiated insulin 

resistant individuals with insulin-sensitizing agents (thiazolidinediones) that function in 

part by expanding adipose tissue17,24.  Irradiation is a standard procedure for inducing 

cell senescence and thus we expect that persistence of senescent adipocytes may be in 

part an inflammatory signal and limit adipose expansion. 

 

This is the only study of its kind to use a uniquely relevant animal model in a nutritionally 

relevant context, which increases the translatability of our findings. Prior non-human 

primate studies of irradiation and diabetes risk6,7 were cross-sectional, and included 

animals that did not have pre-exposure data, variable origins and age at exposure, 

irradiation protocols and duration since exposure, diet and environmental conditions. 

These studies suggested irradiation increased risk for accelerated diabetogenesis but 
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could not infer causation. Our study did present some limitations; our sample size was 

small, and we only evaluated male monkeys. Sex is an important biological variable and 

future studies will be necessary to determine whether irradiation differentially affects 

females. Females generally have higher proportions of subcutaneous adipose and thus 

differences in adipose effects of irradiation may exist. In summary, this report 

establishes that diabetes is a significant delayed effect of radiation when exposure 

occurs over a large surface area and highlights the importance of adipose tissue as a 

causative and target tissue for intervention in exposed people. 
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Figure 1. Changes in glycemic control with irradiation. Glycemic control, as percent 

glycosylation of hemoglobin A1c chain (A1c), remained stable in the control group 

(CTL;n=6) while significantly increasing over time in the irradiated (IRRAD;n=10) group 

(p=0.0003).  
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Figure 2. Changes in body weight and fat mass with irradiation. 

A. Mean (±SEM) body weights measured in kilograms (kg) demonstrate that 

irradiation retards growth (repeated measures ANOVA p<0.0001; *p<0.05 for 

post-hoc testing) 

B. Computed tomography (CT) measures of total fatness at 2 years confirm that 

adipose mass was lower post-irradiation. Data shown are means adjusted for 

baseline values (± SEM). *p=0.0008. 

C. Dual energy x-ray absorptiometry (DXA) measures of total fatness at 2 years 

confirm adipose mass was lower post-irradiation. Data shown are means 

adjusted for baseline values (±SEM). *p=0.0007. 
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Figure 3. Shifts in insulin signaling and adipose tissue immune cell infiltration 

with irradiation. 

A. Subcutaneous adipose tissue insulin receptor substrate 1 (IRS1) activation in 

response to insulin was significantly lower in irradiated monkeys ([Arbitrary Units; 

AU] *p=0.004). Mean ratio of phosphorylated IRS to total IRS, post-insulin to 

baseline (±SEM) shown.  

B. Subcutaneous adipocyte cell size is larger (ANCOVA *p=0.03) in previously 

irradiated monkeys. Data shown is mean adipocyte diameter adjusted for total 

body weight (±SEM). 

C. Macrophage density, measured as CD68 positive staining cells, is increased in 

irradiated monkeys (*p<0.05). Data shown is means adjusted for total body 

weight (±SEM). 

D. Representative histological sections from a control (left) and irradiated (right) 

subcutaneous adipose tissue. CD68-expressing macrophages are stained 

positively. 10x magnification; Scale bar=100µm 

E. Macrophage density of subcutaneous adipose tissue negatively associates with 

circulating levels of adiponectin (r=-0.56, p=0.02). Adiponectin tended to 

associate with glycemic control as expected (data not shown; r=-0.48, p=0.06). 
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Table 1. Basic demographic and additional body composition details of the study 

groups at the 2-year assessment point. Data shown is means adjusted for 

baseline/pre-irradiation values and standard errors of the mean (SEM), with ANCOVA p-

values, unless baseline data was not available (*). HU= hounsfield units; CT=computer 

tomography 

 CTL IRRAD p-value 

Crown-Rump (m) 0.59 (0.01) 0.56 (0.01) 0.05 

Body Mass Index (kg/m2) 47.55 (3.99) 45.71 (2.94) 0.35 

Arm Circumference 23.02 (0.68) 21.55 (0.68) 0.08 

Leg Circumference 33.31 (1.42) 30.03 (1.24) 0.05 

Waist Circumference (cm) 52.67 (3.77) 47.62 (3.05) 0.15 

Systolic Blood Pressure (mmHg) 135.43 (3.14) 133.61 (7.08) 0.44 

Diastolic Blood Pressure (mmHg) 81.38 (6.54) 79.53 (6.16) 0.42 

HOMA (AU) 10.87 (2.01) 15.33 (4.63) 0.53 

Fasting Insulin (µIU/mL) 59.48 (12.54) 80.53 (24.07) 0.56 

Fasting Glucose (mg/dL) 75.88 (5.80) 77.08 (14.09 0.53 

Total Cholesterol 173 (20.9) 203 (15.6) 0.29 

Triglycerides 31.7 (18.3) 58.8 (14.0) 0.28 

Basal Non-Esterified Free Fatty 

Acids* (FFA/mg adipose) 
0.191 (0.189) 0.5212 (0.145) 0.10 

CT Liver Attenuation (HU) 58.2 (1.93) 54.9 (1.47) 0.21 

CT Psoas Muscle Attenuation 

(HU) 
62.2 (0.90) 61.2 (0.70) 0.42 

CT Abdominal SQ Fat Area (cm2) 28.9 (4.40) 21.7 (3.41) 0.11 

CT Abdominal VIS Fat Area (cm2) 67.7 (11.2) 47.9 (8.63) 0.09 

SQ:VIS Fat Area 0.48 (0.13) 0.54 (0.10) 0.72 

DEXA Lean Mass (kg) 11.0 (0.43) 9.47 (0.33) 0.02 

CT Lean Mass (kg) 10.1 (0.45) 9.47 (0.35) 0.14 
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 CTL IRRAD p-value 

IL-1β (pg/mL) 32.45 (19.38) 34.22 (7.85) 0.92 

IL-6 (pg/mL) 64.4 (52.7) 60.4 (38.1) 0.96 

TNF-α (pg/mL) 45.0 (21.9) 16.9 (14.3) 0.28 

IL1-RA (pg/mL) 697 (313) 284 (189) 0.38 

IL-4 (pg/mL) 36.9 (10.2) 18.2 (5.88) 0.17 

IL-23 (pg/mL) 42.7 (18.71) 54.39 (24.59) 0.78 

BLC (pg/mL) 102.40 (32.33) 101.97 (16.83) 0.99 

Eotaxin (pg/mL) 128.05 (35.51) 182.18 (25.86) 0.20 

IL-8 (pg/mL) 122.08 (75.63) 90.22 (45.22) 0.69 

MCP-1 (pg/mL) 210.82 (35.78) 275.43 (50.76) 0.35 

SDF-1a (pg/mL) 708.53 (172.30) 627.30 (70.73) 0.59 

sCD40-ligand (pg/mL) 46.35 (8.44) 200.93 (181.08) 0.42 

G-CSF/CSF3 (pg/mL) 87.95 (36.13) 121.59 (24.66) 0.40 

IL-7 (pg/mL) 6.9 (3.45) 11.05 (3.59) 0.42 

VEGF-A (pg/mL) 55.18 (30.99) 58.42 (17.45) 0.91 

VEGF-D (pg/mL) 17.73 (14.32) 15.17 (3.58) 0.83 

Adiponectin (ng/mL) 14902.52 (2795.67) 13150.65 (2132.84) 0.64 

Lipopolysaccharide 

Binding Protein 1 

(ng/L) 

605 (265) 1012 (293) 0.45 

 

Table 2. Inflammatory biomarkers measured in circulation at 2 years in control 

(CTL) and irradiated (IRRAD) monkeys. Cytokines IL-5, IL-10, interferon γ, 

macrophage inhibitory protein were below the assay limits of detection and data for 

these is not shown. Data are means (± SEM) adjusted for total bodyweight, and baseline 

if available.  
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 CTL IRRAD ANCOVA p-

value 

CD31+ve cell 

density (cell/um) 

0.0000434 

(0.00011) 

0.0000341 

(0.000013) 
0.58 

MTC fibrosis (% 

area) 
2.23 (0.89) 2.46 (0.67) 0.81 

Collagen 1 (% 

area) 
17.7 (1.53) 18.9 (1.17) 0.55 

Collagen 3 (% 

area) 
14.5 (1.37) 15.0 (1.05) 0.77 

Collagen 4 (% 

area) 
11.5 (1.25) 11.7 (0.95) 0.92 

Fibronectin (% 

area) 
8.69 (0.77) 9.21 (0.62) 0.61 

pSMAD2/3 (AU) 0.369 (0.031) 0.481 (0.084) 0.35 

 

Table 3. Additional histological evaluations. Histological measures of subcutaneous 

adipose tissue from control (CTL) and irradiated monkeys (IRRAD) at 2 years post-

exposure and immunoblot quantitation of pSMAD2/3, which is the key activator signaling 

increases in gene transcription of fibrosis pathway genes such as collagens. Data shown 

are means adjusted for total bodyweight (± SEM). 
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conference in Yokohama, Japan 
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Aug 2015 - Senior Interviewer, Office of Admissions 

May 2016   Smith College, Northampton, MA 

 Interviewed and evaluated 18 prospective students on behalf of the Smith College 

Office of Admissions 

 Created content for Smith College’s student-run social media accounts weekly 

 Planned and coordinated four seasonal events for prospective students 

 

Feb 2014 - Introductory Genetics Tutor, Jacobson Center 

May 2016  Smith College, Northampton, MA 

 Met with 20+ students for three hours twice a week to review “Introductory 

Genetics” course material  

 Wrote individual tutoring plans for 12 students in accordance with their specific 

needs 

 Researched and recommended prudent learning materials to help improve 

students’ study techniques 

 

LEADERSHIP EXPERIENCE 

 

Aug 2019 - Lead Organizer, Wake Forest School of Medicine Comparative Medicine Symposia 

Present      Wake Forest School of Medicine, Winston-Salem, NC 

 Conduct academic and industry research and draft the proposed session topics  

 Promote diversity and inclusion while recruiting event speakers 

 Review and provide decisions on submitted abstracts 

 

May 2019 - President, Society for the Advancement of Hispanics and Native Americans in Science  

Dec 2021   Wake Forest School of Medicine Chapter 

 Led a team of 5 students running the organization and grew the membership 

380% (12 to 46 members) 

 Wrote grants that resulted in 9K USD for society meeting needs  

 Organized 12 events over two years, gathering a combined 200+ attendees 

 

TECHNICAL EXPERIENCE 

 

Animal Handling Proficiencies: Aseptic surgical technique, catheter placement, cystocentesis, 

IACUC protocol writing, intermuscular injections, oral gavage, skeletal muscle biopsies, 

subcutaneous injections, subcutaneous adipose biopsies, tissue preservation, ultrasound, 

venipuncture, vital monitoring  

 

Laboratory Proficiencies: Cell culture, CT scan analysis, DNA extraction, flow cytometry, gel 

electrophoresis, ELISAs, ELISPOT assays, immunohistochemistry, light microscopy, 

micropipetting, primer design, protein extraction, RNA extraction, RT-PCR, RNA sequencing 

library preparation, western blotting 

 

Software Proficiencies: Aquarius iNtuition Viewer, BioRender, FCS Express, GraphPad Prism, 

Image Lab, iNform, MAFFT, Mimics, Mesquite, Microsoft Office Suite, Microsoft Teams, Mimics, 

SeaView, Statistica, Visiopharm  
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COMMUNITY SERVICE 

 

Jul 2020 - Volunteer, Letters to a Pre-Scientist 

Present     Los Angeles, CA 

 Communicate in either English or Spanish with one child in grade school per 

semester about their STEM aspirations and interests virtually 

 Complete training on how to communicate with teens and pre-teens about STEM 

topics 

 

Nov 2018 - Volunteer, Senior Services 

Present      Winston-Salem, NC 

 Deliver lunches to home-bound seniors once a month 

 Call isolated residents weekly to ensure their well-being 

 

Feb 2017 - Volunteer, Love For Our Elders 

Present      Cleveland, OH 

 Write letters bi-monthly to nominated seniors about their interests 

 


