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Preface

Adipose tissue has numerous, vital physiological functions, a topic discussed in 
the introductory chapter (Chapter 1). Its importance to health is evident from the 
impact observed when it is dysfunctional and the observation of evolutionary 
conservation of the gene signaling pathways that control its functions. For example, 
adipose tissue plays a role in disease risk from cancer to infection, as described here 
in Chapters 2 and 3, while SREBP and C/EBP have conserved functions from nema-
todes to mammals [1]. The varied functions of adipose tissue are split differentially 
between the different types of adipose tissue, which are categorized first by the 
predominant adipocyte type and then by deposition location. The first hierarchical 
split defines the two major types of adipose tissue - white adipose tissue and brown 
adipose tissue – based on a predominance of either white or brown adipocytes 
within the depot. These adipocyte types share common features but are develop-
mentally distant. They are separated early in mesodermal differentiation, with 
brown adipocytes being more closely related to muscle than white adipocytes [2, 3]. 
Therefore, in this book the chapters have been grouped according to whether they 
discuss findings related to white or brown adipose tissue.

Despite the opposing roles of white and brown adipose tissue in fuel processing, it is 
also interesting to note the commonalities between them. All adipose tissue shares 
a set of highly specialized biochemical functions mediated by a shared set of genes 
which direct the synthesis and storage of triglycerides and the release of unesterified 
fatty acids – processes termed lipogenesis and lipolysis, respectively.

The most well-known function of adipose tissue is its capacity for lipid storage, a 
function performed by white adipocytes. This stored lipid acts as a fuel released by 
adipocytes according to energy demands, fluctuating throughout the day according to 
mealtimes and playing a crucial role in survival during longer periods of insufficient 
dietary intake. The adipocyte has evolved this specialized function of healthful lipid 
accumulation which alleviates the potentially harmful effects of aberrant lipid deposi-
tion in other tissues. Humans, with our extended energy-sequestering gestation and 
lactation periods, have a relatively large proportion of adipose tissue to body weight [4].

White adipose tissue is further classified according to its deposition at either subcu-
taneous or visceral levels and then further subclassified according to its anatomical 
location. These depots have shared and distinct functions, and their expansion and/
or dysfunction lead to differential effects on metabolism and overall health. This can 
be observed by the differential effects on metabolic health of so-called apple- and 
pear-shaped obesity (whereby apple-shaped or central obesity is independently 
associated with metabolic ill health), as well as in lipodystrophies and lipedema 
(discussed in Chapter 4), which exhibit depot-specific onset and pathologies [5, 6]. 
The distinct phenotypes between these depots are dictated by both intrinsic factors 
(e.g. cellular developmental origin) and extrinsic factors (e.g. level of vasculature 
and nutrient exposure) [7, 8].
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The brown color that eponymizes brown adipose tissue comes from the density 
of mitochondria and vascularization in this tissue [9]. This tissue releases heat in 
response to stimulation (e.g. via cold exposure or beta-adrenergic receptor) in a 
process independent from shivering and with its primary importance during infancy 
and hibernation [10–12]. This thermogenic capacity is a phenotype which can be 
acquired in white adipose when consistent stimulation of brown adipose thermo-
genesis is provided [13, 14]. While initially touted as a simple solution to the obesity 
crisis, therapeutic targeting of this pathway has proven not to be the anticipated 
silver bullet since stimulation of brown adipose tissue in humans results in  minimal 
metabolic modification in conjunction with adverse effects [15, 16]. Further, chronic 
inflammation drives the browning of white adipose tissue in cachexia and is a 
contributor to death in those cases, emphasizing the caution required in targeting 
this pathway. The role of brown adipose tissue in metabolic health and the research 
unpicking the now-recognized complexity of targeting this pathway to improve 
health are discussed in Chapters 5 and 6.

The key role of adipose tissue in various diseases and disorders emphasizes the 
importance of understanding its biology. In order to develop therapeutics and disease 
biomarkers, it is essential to gain an understanding of the mechanisms of adipose 
tissue expansion and dysfunction. These topics are discussed by the expert authors 
in the chapters that follow.

Dr. Féaron C. Cassidy
Kathleen Lonsdale Institute for Human Health Research,

Department of Biology,
Maynooth University,

Co. Kildare, Ireland

Center for Infectious Medicine,
Department of Medicine,

Huddinge Karolinska Institute,
Huddinge, Sweden
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Chapter 1

Introductory Chapter: On the 
Importance of Functional Adipose 
Tissue
Féaron C. Cassidy

1. Introduction

Obesity is an established global health concern due to the recognition and 
recording of the higher prevalence of predominantly metabolic pathologies in the 
population with obesity. Both rates of obesity and rates of those pathologies have 
been increasing in tandem globally for a number of decades, and are often but not 
exclusively coincident. Childhood obesity is the major predictor of adulthood obesity, 
and both predict risk of metabolic pathology on a population level. Prevention of 
obesity at any age has superior health outcomes and lower social and economic costs 
than obesity reversal. Targeted studies aimed at reversing obesity have identified a 
lack of long-term efficacy across interventional lifestyle modifications at a rate that 
would contraindicate their widespread uptake, while surgical and pharmaceutical 
interventions entail risk of adverse events, high financial burden, and low accessibil-
ity. Current preventative efforts to reduce the global burden of obesity-associated 
morbidity have focused on promoting healthy individual lifestyle choices and refor-
mulation of processed foods to reduce sugar and fat content. Thus far these efforts 
have failed globally, and rates of obesity and metabolic disorders continue to increase. 
At the heart of our understanding of obesity as a health issue, is a loss of adipose tis-
sue homeostasis associated with excess expansion and metabolic disruption. In order 
to progress our understanding of obesity and to improve public health, it is imperative 
to better understand adipose tissue physiology.

1.1 Functional adipose tissue is necessary for survival

Dysfunctional adipose tissue is associated with higher mortality – both in cases 
of excess and insufficiency. Epidemiolocally, the highest mortality by BMI is associ-
ated with being underweight [1]. In fact, it is not until a BMI of 36 (categorised as 
severe obesity) that increased mortality associated with excess weight is observed 
[1]. Evidence suggests that the overt focus on BMI and weight, including weight bias 
and stigma results in decreased screening and investigative testing, missed diagno-
ses, delayed treatment, and ultimately a contribution to morbidity and mortality 
in people with obesity that is independent of physiological risk [2–5]. Even within 
cardiovascular disease (CVD), a set of pathologies commonly associated with obesity, 
people with moderate obesity exhibit a lower risk versus people in the normal weight 
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BMI category [6]. This indicates that bodyweight recommendations are contradic-
tory to mortality statistics. However, across a population level there is significantly 
increased hazard ratio for numerous diseases with increasing BMI, and obesity.

1.2 Adiposity and disease risk

The premise of BMI as a predictor of health-related outcomes is on the basis that 
it serves as a proxy for adiposity. However, BMI is a poor predictor of body fat since 
overall body weight is more dependent on lean mass [7]. Numerous studies have 
demonstrated that more direct measures of adiposity have a greater capacity than 
BMI to predict poor metabolic health outcomes and have potential in alternatively 
defining obesity [8–12]. In fact, these alternative metrics are often used by researchers 
investigating obesity because they better correlate with poor outcomes in instances 
where high BMI lacks correlation [13, 14]. BMI continues to be used consistently 
and ubiquitously in public and healthcare settings, but it is a crude predictor of 
disease risk, both due to its poor correlative value with adiposity, but also because of 
inconsistent correlations between disease and adiposity itself. Metabolic syndrome is 

Figure 1. 
People with obesity have a higher risk of metabolic syndrome, but the majority of people with metabolic 
syndrome do not have obesity. The numbers represented on the figure demonstrate the approximate prevalence 
of obesity and metabolic syndrome globally, taking age 50 as representative. The numbers are approximate and 
based on literature review – approximately 16% of adults globally have obesity [16], with those age 50 having 
approximately 1.2x higher rates [17, 18]. The overall rate of metabolic syndrome globally is approximately 30% 
across BMI categories, with 1.4x higher rates in those age 50 [19–21]. The rate of metabolic syndrome is higher 
in those with obesity (approximately 60% in people age 50) [19, 20, 22, 23]. The rate of metabolic syndrome in 
those without obesity (BMI < 30) across ages is approximately 25% overall, and approximately 38% for people 
age 50, but varies from 9 to 60% depending on the year of the study (as rates are increasing) defining criteria for 
metabolic syndrome (which sometimes dictate a high BMI), location of the study and the age profile of the cohort 
[22–25].
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an indicator of adipose dysfunction and is measured using a number of clinical risk 
factors which together predict type 2 diabetes and CVD [15]. Both people with and 
without obesity are developing metabolic syndrome at increasing rates (Figure 1). 
Overall, this indicates that although quantification of adipose tissue, either directly 
or as an estimate using BMI, does associate with many health outcomes, this effect is 
likely due to a qualitative change in adipose function which is often associated with, 
but not dependent on a change in volume.

2.  Adipose tissue function and dysfunction

2.1 Adipose tissue is a vital organ

The narrative of pathological adipose tissue has often been in describing its excess 
rather than its function and dysfunction. In focusing on reducing this excess, the vital 
functions of adipose as a bodily organ has been diminished. Adipose tissue is mostly 
regarded for its crucial role in survival by providing fuel in periods of low nutrient 
availability, and during pregnancy and lactation. This capacity of adipose tissue to 
handle, process and store fatty acids is also imperative to prevent lipotoxicity from 
fatty acids which must be stored safely but which are essential for the physiological 
functioning of every cell in the body. Adipose tissue is highly sensitive to metabolic, 
endocrine and immune changes, and responds by signalling to regulate numerous 
downstream physiologic functions. Distinct depots of adipose tissue have distinct 
functions, and have different relationships with metabolic health. Very broadly, 
adipose tissue can be categorised into visceral white adipose tissue (vWAT), subcu-
taneous white adipose tissue (sWAT) and brown adipose tissue (BAT). vWAT sur-
rounds the viscera and its expansion is independently associated with those metabolic 
dysfunctions traditionally linked to obesity. sWAT is predominantly located in the 
upper legs and lower torso and its expansion is generally healthful and does not 
tend to associate with metabolic pathology. BAT contrasts with WAT and its volume 
negatively correlates with WAT volume. BAT is highly vascularised and dense in 
mitochondria, it serves to generate heat through inefficient metabolism. Some of the 
roles of each of these in health and disease are discussed in this book.

2.2 Physiologically relevant adipose dysfunction

Adipose dysfunction can occur with excess expansion, but is also recorded in cases 
without excess expansion and those with insufficient expansion. Interestingly, there are 
commonalities in the dysfunctions described in obesity and in underweight-associated 
adipose dysfunction indicating that both are associated with a disruption to the important 
functions performed by this tissue [26, 27].

3.  Mediators of adipose dysfunction

3.1 Genetic and epigenetic contributions

There are both direct and indirect genetic contributions to adipogenic contribu-
tions to body weight, body shape and metabolic health, which can be dependent 
and independent of each other. A few rare genetic disorders such as the imprinted 
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gene disorder Prader Willi syndrome are directly linked to a very high risk of cen-
tral obesity (i.e. visceral adiposity). Outside of rare disorders, a larger number of 
genetic polymorphisms are associated with propensity toward more moderate risk 
phenotypes. Genetic and/or epigenetic modifications that alter gene expression can 
be associated with altered activity or feeding behaviours or food preference, others 
associated with whole-body metabolism and nutrient handling, while others are 
associated with physiological preference for which adipose depot expands in response 
to excess nutrition, additionally there are those modifications that alter susceptibility 
to obesogenic environmental stimuli [28–35].

3.2 The obesogenic environment

Discussions on the role of the environment in shaping adipose homeostasis 
primarily focusing on the “obesogenic” Western diet and lifestyle factors, such as 
exercise and access to green spaces [36–39]. As well as these important factors, 
numerous other aspects of the environment impact adipose tissue health. These 
factors are wide-ranging from sleep schedules to chemical exposure, and are often 
highly interlinked and confounding [40–43]. For example, gene environment interac-
tions result in differential vulnerability to exposures [44–46]. Socioeconomic status 
also correlates with BMI in a manner dependent on geography [47]. Whether linked 
to lower or higher BMI, higher socioeconomic status tends to afford a level of protec-
tion from adipose dysfunction, disease incidence and negative outcomes via diverse 
modalities including type of employment, local pollution levels, access to medical 
supports, and access to suitable nutrition and exercise opportunities [48–53]. There 
are numerous compounds that we inadvertently handle and consume in our daily 
lives also known to cause adipose dysfunction and disrupt metabolism [42, 54, 55]. 
These health effects are associated with chronic low level exposure to these common 
compounds and environmental contaminants, many of which are lipophilic and bio-
accumulate within bodily lipid stores [54, 56–58]. Exposures come from the contents 
of fire extinguishers, the non-stick coating on cookware, fragrances and air freshen-
ers, fire-retardant coating on furniture, water-proof coating on clothing, cleaning 
products, cosmetics products, adhesives, and more [59–61]. These compounds are 
found in human tissues at levels that correlate with workplace and lifestyle-associated 
exposures – for example hairdressers and cleaners have higher burdens of compounds 
used in cosmetic and cleaning products respectively, while those compounds used in 
manufacturing plants and fire extinguishers are found at higher levels in people who 
work in factories and as firefighters respectively [62–66]. As well as direct exposure, 
these compounds are released into the environment during their use and build up 
in soil, water and air, they are taken up by plants which are then eaten by us and by 
the animals we eat, we drink them in our water supply, and we breath them in the air 
[60, 67]. The links between adipose dysfunction, metabolic health and disease risk 
demonstrate the importance of adipose tissue research for human health, and the role 
of the environment in mediating this indicates an important role of policy in reducing 
the burden of adipose-mediated ill health.

4.  Conclusion

Adipose tissue dysfunction is increasing globally, and is associated with systemic 
metabolic dysfunction and disease risk, yet adipose tissue – the defining tissue of 
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metabolic dysfunction and obesity – is far from fully understood. Importantly for 
our understanding of aetiology and capacity for successful intervention, there are 
increasing rates of metabolic disorder in people with and without obesity. Therefore, 
focus of BMI as the major predictor of metabolic dysfunction, and of diet and lifestyle 
as the exclusive preventative intervention is handicapping efforts to improve meta-
bolic health for more than a billion people worldwide. Improving our understanding 
of adipose tissue as a vital organ, and detailing the mechanisms by which it functions 
healthfully, and defining specific mechanisms of its dysfunction will be crucial for 
global public health as the number of people with adipose dysfunction continues 
to climb. As well as limiting success in improving health and wellbeing, the focus 
on BMI, diet and lifestyle places an undue onus on individuals for their own health 
status, including diagnoses that are commonly linked to obesity such as cancer. 
Instead identifying adipose dysfunction directly and targeting therapeutic develop-
ment and interventions toward improving adipose tissue function could in the future 
yield better outcomes for those who stand to with the highest need, and therefore can 
benefit the most.

© 2025 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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Chapter 2

Adipose Tissue and Cancer
Noor Bakour, Claudine Duggan and Stephanie L. Annett

Abstract

White adipose tissue (WAT) is a major endocrine organ with crucial  physiological 
functions in energy homeostasis, hormonal regulation, and immune function. It is 
comprised of a vast repertoire of cell types including adipocytes, fibroblasts, immune 
cells, endothelial cells, and stem cells each with their own tissue-specific role. 
Disturbances in AT physiology can occur in conditions such as metabolic syndrome 
and obesity and are associated with the development of several non-communicable 
diseases including cancer. Cancer is a leading cause of death globally, and alarmingly, 
rates of both cancer and obesity are rising. Obesity has become a well-established risk 
factor for the development of several cancer types and can lead to worse outcomes 
and increased mortality rates in patients with cancer. Dysfunctional AT associated 
with obesity demonstrates an altered cell composition profile and secretes factors 
that benefit cellular transformation, cancer growth and progression, and metastasis. 
In addition, a bidirectional relationship between the AT and cancer cells involves 
cell-cell crosstalk, which ultimately benefits tumor growth. Here, we discuss the 
epidemiology of obesity-associated cancer and the molecular mechanisms that link 
AT dysfunction in obesity to the development and progression of cancer.

Keywords: cancer, adipose tissue, obesity, cancer risk, tumor development, cancer 
progression, cancer-associated adipocyte

1.  Introduction

Adipose tissue (AT) in mammals is comprised of three distinct types, namely 
white adipose tissue (WAT), brown AT, and beige AT, which are characterized by 
their functions. For the purpose of this chapter, we will focus on WAT, herein referred 
to as AT, whose contribution to cancer has been best characterized. Similarly, the term 
adipocyte hereafter specifically refers to white adipocytes. Although once considered 
an inert tissue that was solely responsible for insulating other organs, WAT is now 
recognized as the primary energy store for the body and is essential for maintaining 
systemic metabolic homeostasis. Furthermore, in conjunction with other tissue-
resident cells of the AT, adipocytes are increasingly gaining recognition for their 
modulation and regulation of inflammatory, metabolic, and endocrine processes. 
However, in conditions such as obesity, the composition and function of the AT 
can become altered, which can affect local tissue environments, as well as produce 
systemic effects.

Obesity is a chronic medical condition characterized by the presence of excess AT 
and is generally defined medically as a Body Mass Index (BMI) of ≥30. From a global 
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health perspective, obesity is an exponentially growing problem and has reached 
epidemic proportions in geographical regions such as North America, Europe, and 
Australia/New Zealand. The World Health Organization (WHO) estimates that up to 
67% of adults live with overweight or obesity (BMI >25 and ≥ 30, respectively) in the 
regions of highest prevalence which include the Americas and Europe [1, 2]. Within 
the last three decades, obesity prevalence has steadily increased. This is particu-
larly concerning considering that obesity is a major risk factor for multiple non-
communicable diseases, including Type 2 Diabetes Mellitus (T2DM), cardiovascular 
diseases, and certain cancers, posing both health and economic implications within 
the impacted regions.

Individuals who are categorized as having overweight or obesity are now con-
sidered to have a significantly greater risk of developing cancer, with an estimated 
3.9% of all cancer cases globally linked to these conditions [3]. Cancer incidence is 
increasing among the global population and it is estimated that one in three persons 
will develop cancer over their lifetime. There were approximately 19.9 million cases 
of cancer diagnosed worldwide in 2022 according to the World Health Organization’s 
(WHO) Global Cancer Observatory statistics [4]. Although there have been major 
advances in the treatment of many cancers, it remains one of the leading causes of 
death annually, particularly in European and North American populations where 
it has been reported to account for approximately one in six deaths [5]. Many epi-
demiological studies have documented a relationship between excess adiposity and 
cancer incidence with a causal relationship established for 13 cancer types by the 
International Agency for Research on Cancer (IARC) in 2016 (Table 1) [19].

Given the known associations of several cancer types with obesity and increased 
BMI, current obesity trends are worrying and pose a risk of continuing disease 
burden. Over the last 20 years, there has been a significant rise in both cancer-related 

Cancer type Relative risk of the highest BMI measured versus 
normal BMI

References

Corpus Uteri 7.1 (6.3–8.1) [6]

Esophageal adenocarcinoma 4.8 (3.0–7.7) [7]

Renal Cell 1.8 (1.7–1.9) [8]

Gastric cardia 1.8 (1.3–2.5) [9]

Liver 1.8 (1.6–2.1) [10]

Gallbladder 1.6 (1.5–1.8) [11]

Meningioma 1.5 (1.3–1.8) [12]

Pancreas 1.5 (1.2–1.8) [13]

Multiple Myeloma 1.5 (1.2–2.0) [14]

Colorectal 1.3 (1.3–1.4) [15]

Breast (postmenopausal) 1.1 (1.1–1.2) [16]

Ovary 1.1 (1.1–1.2) [17]

Thyroid 1.1 (1.0–1.1) [18]

Source: Adapted from [19].

Table 1. 
List of cancers with established associations with obesity and the relative risk of cancer onset with increased BMI.
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deaths and disability-adjusted life years related specifically to high BMI [20, 21]. A 
long-term study spanning the period from 1990 to 2019 estimated a 160% increase in 
cancer-related deaths attributed to high BMI specifically [20]. These high BMI-related 
cancer incidences and/or morbidities affect various populations differently with East 
Asian, European, and North American populations displaying the highest incidence 
of obesity-associated cancers. In terms of gender differences, women are predomi-
nantly affected by high BMI-associated cancers by approximately two-fold compared 
to men [22]. Evidence of this link from epidemiological studies is further supported 
by experimental studies using animal models of obesity. Although these are unable 
to fully recapitulate the exact physiological conditions that occur in humans with 
obesity in many cases, various in vivo models including diet-induced and genetic 
models of obesity have been shown to drive the progression of multiple cancer types, 
as reviewed in the work of Lee [23]. Due to the global health burden of obesity, much 
of the current research is focused on its association with cancer. Indeed, there are 
some cancer types for which low BMI (<18.5 kg/m2 or underweight) is a risk factor, 
potentially also further implicating the AT in the development of certain cancer types 
although in a contrasting manner. This is evident in several cancer types including 
lung cancer and esophageal squamous cell carcinoma [24, 25].

It is clear from both epidemiological and experimental perspectives that there are 
strong correlations between BMI and cancer development/progression. Here we dis-
cuss the mechanisms that link the two conditions with a specific focus on the role of 
the AT and the implications and future perspective of cancer therapy in this context.

2.  The role of AT in influencing cancer growth and progression

2.1 Changes to AT composition and function in obesity

AT is composed of a variety of cell types, with adipocytes accounting for between 
40 and 50% of the cell population in healthy tissues. The remaining cells comprise 
the stromal-vascular fraction (SVF) of AT, which contains immune cells, endothelial 
cells, and stromal cells [26, 27]. Adipocytes serve as the primary energy store for the 
body and are essential for maintaining systemic metabolic homeostasis. In response 
to increased energy, adipocytes can increase their cell mass, allowing triglycer-
ides to accumulate, which can later be harnessed for energy when required [28]. 
Furthermore, AT can influence insulin resistance and sensitivity, angiogenesis, lipid 
metabolism, and inflammation by secreting factors such as free fatty acids (FFA), 
pro-inflammatory cytokines, and adipokines in exosomes [29–32].

Typically, normal AT-associated processes are tightly regulated. However, in 
obesity, the composition and function of AT can become altered; AT expansion occurs 
as a result of adipocyte hypertrophy (increased cell mass) and hyperplasia (increased 
proliferation of progenitor cells) [33, 34]. Compared to most lean individuals, the AT 
of individuals with obesity is commonly associated with a dysregulated inflammatory 
phenotype and can be characterized by increased immune cell infiltration into its 
stromal compartments. The consequences of these changes affect the local AT micro-
environment but also have systemic effects. Dysregulated adipocytes demonstrate 
increased secretion of growth factors as well as pro-inflammatory cytokines and 
adipokines (cytokines produced specifically by adipocytes). In addition, mitochon-
drial dysfunction and cell death rates increase [35–37]. Angiogenesis becomes insuf-
ficient in obesity-associated AT dysfunction, leading to a hypoxic environment [38]. 
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Together, these tissue changes can create favorable conditions for carcinogenesis and 
provide essential biomolecules for malignancies to grow and evolve.

2.2 Obesity-associated AT inflammation and cancer

Healthy AT hosts a unique immune cell repertoire, which has key roles in 
maintaining tissue homeostasis and mediating immune responses. Adipocytes and 
AT-resident immune cells secrete pro- and anti-inflammatory cytokines, which 
mount and resolve inflammatory responses [39, 40]. However, such homeostasis 
can become lost in obesity, and instead, a characteristic state of chronic low-grade 
inflammation prevails in these instances. Chronic inflammation is a well-recognized 
cancer risk factor and represents a Hallmark of Cancer, i.e., a biological characteristic 
that favors tumor cell survival, growth, and metastasis [41, 42]. Several studies have 
highlighted systemic inflammation as a risk factor for cancers such as colorectal 
and lung cancers [43, 44]. This relationship is further supported by the existence of 
several cancer types that are associated with chronic infections and inflammation 
(e.g., Helicobacter pylori and gastric cancer, human papillomavirus (HPV) and cervi-
cal cancer, inflammatory bowel disease, and colorectal cancer). Furthermore, one 
study investigating the relationship between obesity and colorectal cancer survival 
and progression posited that obesity-associated inflammation was a greater risk factor 
for cancer progression and mortality than obesity itself [45]. The initial triggers of the 
cascade resulting in chronic inflammation in obesity characterized by AT dysfunction 
are not yet fully clear. However, increased infiltration of pro-inflammatory immune 
cells into obese AT, particularly pro-inflammatory macrophages, may at least partially 
play a role [46].

Studies in the early 2000s provided the first evidence that the degree of adiposity 
can influence the composition of the AT immune cell repertoire. In lean humans and 
mice, approximately 5% of immune cells within AT are tissue-resident macrophages. 
However, this can increase to as much as 40–50% in obesity [47–49]. In addition, 
numbers of anti-inflammatory regulatory T cells (Tregs) decrease in obesity, while 
infiltrations of CD8+ T-cells and CD4+ TH1 cells increase, further contributing to an 
inflammatory tissue microenvironment [50–54].

The tissue-resident macrophages within dysfunctional AT further contribute 
to inflammation by adopting a pro-inflammatory phenotype. AT from lean mice 
has been shown to possess tissue-resident macrophages that are more likely to be 
M2-polarized, promoting tissue remodeling and anti-inflammatory cytokine secre-
tion. However, in obese mice, pro-inflammatory M1 macrophages are abundant and 
contribute to an inflamed tissue microenvironment [55]. These high infiltrations 
of macrophages surround necrotic adipocytes to form inflammatory foci known as 
crown-like structures (CLS) [56–58]. Here, they become exposed to FFAs released 
during obesity-associated lipolysis. These FFAs can then bind to and activate toll-
like receptor 4 (TLR4) expressed on the surface of these macrophages [59–62] The 
downstream inflammatory nuclear factor kappa-light-chain-enhancer of activated 
B cells (NF-κB) pathway is initiated and leads to transcription of pro-inflammatory 
genes such as cyclooxygenase-2 (COX-2), interleukin-1β (IL-1β), and tumor necrosis 
factor-α (TNFα) [59, 62], further perpetuating local and systemic inflammation. In 
addition, increased circulating insulin levels commonly observed in obesity can cause 
adipocytes to express chemokine ligand 2 (CCL2) [63]. CCL2 recruits macrophages 
to the AT where they can result in further CCL2 secretion, enabling pro-inflam-
matory macrophages to persist within the AT. These activated macrophages secrete 
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pro-inflammatory factors such as TNFα, inducible nitric oxide synthase (iNOS), 
IL-1β, and IL-6, and also express pro-angiogenic factors which were shown to support 
tumor growth in mouse and human breast tissues [64, 65].

Along with altered immune cell composition within adipose depots, obesity is 
commonly associated with impaired immune cell functions [66]. This is supported by 
studies demonstrating increased susceptibility to infectious illness in individuals with 
obesity compared to lean individuals (reviewed in the work of Falagas and Kompoti 
[67]). For example, one study showed impaired immune cell function and increased 
secretion of the immunosuppressive cytokine IL-10 in dendritic cells from individuals 
with obesity compared to lean individuals [68]. However, it is noteworthy that some 
studies have shown opposite findings [69].

Similar to the increased infiltration of immune cells observed in dysfunctional AT, 
immune cell infiltration is a characteristic of most tumor types, and these immune 
cell infiltrates can play paradoxical roles in tumor progression in a context-dependent 
manner. Classically, the belief that immune cells serve to eradicate incipient tumors 
before they can progress prevailed. However, increasing evidence has shown that the 
inflammatory responses caused by these infiltrates can benefit tumors. For example, 
inflammation can provide growth factors and pro-angiogenic factors to the tumor 
microenvironment (TME). In addition, inflammatory signaling pathways such as 
NF-κB and signal transducer and activator of transcription factor 3 (STAT3) can 
stimulate cancer cell proliferation and promote cancer cell survival, providing a 
mechanistic link between obesity-associated inflammation and cancer [70, 71]. These 
pathways have also been suggested to play roles in epithelial-to-mesenchymal transi-
tion (EMT), as well as contributing to genomic instability by increasing DNA damage 
and disrupting DNA repair mechanisms [72]. These pathways can become constitu-
tively activated in cancer via chronic exposure to inflammatory stimuli [73].

2.3 The role of AT insulin resistance in cancer

The links between AT and cancer are thought to be multifactorial and involve a 
complex interplay between several signaling pathways and physiological processes. 
Insulin resistance (IR) is a common condition in people with obesity, broadly char-
acterized as an impairment in glucose uptake and utilization in response to insulin. 
IR can also be present in metabolically unhealthy lean individuals and potentially 
increase their risk of developing associated co-morbidities such as cancer [74, 75].

Insulin secreted by pancreatic β-cells enters the circulation and acts upon periph-
eral tissues to regulate carbohydrate, lipid, and protein metabolism within the body. 
Under normal physiological conditions, insulin acts upon the AT to regulate glucose 
uptake and promote triglyceride production from circulating FFAs while simultane-
ously inhibiting triglyceride hydrolysis [76]. Insulin resistance and AT dysfunction are 
tightly correlated. Hypertrophied adipocytes exceed their capacity for lipid storage 
and increase their rate of lipolysis, increasing the availability of FFAs and glucose, 
thus bypassing the regulatory functions of insulin [77, 78]. This may in turn promote 
insulin resistance in other tissues and organs, such as the liver, further exacerbating 
this systemic effect.

Cancer cells are known to reprogram their metabolism to meet the increased 
energy demands required for their rapid growth and division, and to adapt to nutri-
ent availability within the TME. When necessary, they can upregulate de novo fatty 
acid synthesis to overcome nutrient barriers within this environment. However, they 
can also take up environmental FFAs for the same purpose and may harness the FFAs 
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made available systemically and locally as a consequence of AT insulin resistance. 
Some tumors positioned adjacent to AT deposits, for example breast and prostate, 
may be particularly influenced by this phenomenon due to their proximity to the site 
of FFA production. CD36 (also known as fatty acid translocase) is a FA transporter 
that facilitates the uptake of extracellular FAs into cells for use in fatty acid oxidation 
(FAO). It is expressed by adipocytes as well as by many different cancers including 
breast, ovarian, brain, and gastric and has been implicated in their metastatic spread 
[79–82]. It has been reported that exposure of ovarian cancer cell lines to omental 
adipocytes induces the expression of CD36 and the subsequent uptake of FAs, leading 
to lipid accumulation in these cancer cells [80]. Additionally, an adipocyte-induced 
metastatic phenotype in ovarian cancer cells is abrogated through the inhibition of 
CD36 signaling, implicating the receptor directly in driving metastasis via FA uptake 
[80]. Similar functions for CD36 have been described in gastric cancer where the 
receptor was shown to facilitate palmitate acid-induced metastasis via the AKT/GSK-
3β/β-catenin pathway in gastric cancer cell lines [82]. In breast cancer its expression 
has been reported to be required for anti-HER2 therapy resistance [81]. Other cellular 
components of the TME may also adapt to nutrient availability accordingly, facilitat-
ing tumor growth and metastasis. CD36 expression in macrophage populations is 
associated with obesity [83] while tumor-associated macrophages (TAMs) have been 
shown to express high levels of CD36 [84]. CD36 macrophage-specific knockout 
mice demonstrate significantly attenuated liver metastasis in vivo [84]. Furthermore, 
CD36+ cancer-associated fibroblasts (CAFs) have been identified as inducers of a 
myeloid-derived suppressor cell phenotype in hepatic tumors and central to anti-
PD-1 therapy resistance in in vivo models of hepatocellular carcinoma (HCC) [85].

2.4 Endocrine function of AT in cancer

AT is considered the largest endocrine organ of the body. To date, an AT secretome 
composed of over 50 different cytokines, adipokines, and steroid hormones has 
been characterized [86]. These molecules have many functions, including serving as 
mediators of innate immune responses and maintaining energy homeostasis. In addi-
tion to their endocrine functions, they can exert their functions in both autocrine and 
paracrine fashions [87, 88]. In conditions such as obesity, the normal secretory pat-
terns of these factors from the AT can be disrupted, and the resulting consequences 
on endocrine signaling may favor the development and progression of multiple cancer 
types.

2.4.1 Estrogen signaling

Estrogens are a group of steroid hormones that consist of three major family 
members: estrone (E1), estradiol (E2), and estriol (E3). They are primarily produced 
by the female reproductive system in the pre-menopausal setting and regulate repro-
ductive system development and secondary sex characteristics in females. E2 is the 
predominant form of the estrogens produced which signals via the classical estrogen 
receptor-α (ER) signaling pathway involving the translocation of the substrate-
receptor complex from the cytoplasm to the nucleus where the receptor engages in 
DNA binding and transcription of estrogen-regulated genes.

The AT has a complex biological relationship with estrogen signaling. The nor-
mal physiology of the AT is regulated by estrogen but it is also responsible for the 
production of large amounts of estrogen itself. Estrogen is known to regulate AT 
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tissue expansion with specific roles in adipocyte differentiation and proliferation 
[89, 90]. Gender-specific differences in its production highlight the protective role 
it has in terms of obesity. A high level of estrogen, for example in pre-menopausal 
women, promotes the deposition of subcutaneous AT, predominantly in the lower 
body which is protective from metabolic dysfunction. However, in those with lower 
estrogen levels, for example most men as well as postmenopausal women, deposition 
is instead predominantly around the viscera, which drives inflammation and insulin 
resistance [91, 92].

Changes in estrogen production and the related changes to AT composition 
bear particular importance in relation to breast cancer. ER-positive breast cancers 
represent the largest proportion of all breast cancer cases that occur annually and 
blockade of ER signaling is the primary molecular therapeutic intervention for this 
breast cancer subtype. Estrogen can signal through the ER to potentiate both genomic 
and non-genomic actions, regulating many pathways responsible for driving cellular 
growth, proliferation, EMT, and metastasis in cancer, as well as influencing non-
cancer cells within the TME to support tumor growth [93]. Once ligand bound, the 
ER is translocated to the nucleus where it acts as a transcription factor, upregulating 
the expression of many genes with oncogenic potential. Estrogen can also have non-
genomic effects, activating cytosolic-membrane bound ER or alternative receptors 
(such as the G-protein coupled estrogen receptor) to activate intracellular pathways 
that promote cellular growth and proliferation [94, 95].

Due to the positive correlation observed between adiposity and estrogen synthesis, 
it is thought that breast cancer development is driven via an increase in local estrogen 
production within the breast AT. However, systemic increases in estrogen levels have 
also been correlated with both BMI and cancer development [96]. Estrogen levels are 
often elevated in people with obesity due to an increase in aromatase enzyme expres-
sion within the AT, aromatase being the key enzyme responsible for the conversion 
of androgens to estrogen [97]. Increased secretion of factors such as TNFα, IL-6, and 
leptin that result from AT dysfunction can directly upregulate aromatase expression 
in both adipocyte and fibroblast populations within the AT [98–100]. In the case of 
breast cancer, several studies suggest that AT-resident fibroblasts or stromal cells are 
particularly important for this over-production of estrogen and may in fact contribute 
to endocrine therapy resistance in this manner [101]. Interestingly, adiponectin, 
which is negatively correlated with BMI, can inhibit induced aromatase expression 
in AT stromal fractions strengthening the association of obesity with breast cancer 
risk [100].

Although best characterized in breast cancer, AT-derived estrogen may also play a 
role in other cancers. For example, the development of endometrial cancer is associ-
ated with obesity, and blockade of estrogen signaling through the administration of 
synthetic progestogens is employed as a mode of therapy in type 1 endometrial cancer 
patient subsets [102, 103]. The control of ER-mediated genomic signaling in endome-
trial tissue varies from the breast, however, the pathways activated remain similar and 
also have a pro-oncogenic effect if deregulated [104]. However, endometrial cancer 
may differ from breast cancer in that ER signaling appears most important in early-
stage disease where it is involved in carcinogenesis but may not be involved in disease 
progression due to reported loss in ER expression documented in metastatic endome-
trial cancer [105]. This is reflected in the literature, as epidemiological studies report a 
clear association between obesity and endometrial cancer risk, but mixed results with 
respect to the association between obesity and endometrial cancer outcomes [106]. 
This may be in part due to the lower incidence rate of this cancer. However, it may also 
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be explained by a phenomenon termed the “obesity paradox”, wherein an increased 
BMI is associated with better survival outcomes in patients with certain cancer types 
(discussed in Section 3 below).

2.4.2 Androgen signaling

Androgens are the family of steroid hormones that regulate the development of 
male sex characteristics, the predominant of which is testosterone which signals via 
the androgen receptor (AR) once converted to its active metabolite dihydrotestoster-
one (DHT). The link between the AT and androgen signaling is not as well character-
ized as that of estrogen but it is known that excess adiposity can disrupt signaling 
along this axis. Unlike other cancer types described by the IARC working group, obe-
sity is not a risk factor for the development of prostate cancer, however, it is reported 
to impact outcome in these patients suggesting that AT-derived factors influence its 
growth and progression [107, 108]. The prostate is surrounded by its own AT depot 
(peri-prostatic AT) which likely impacts prostate cancer within the local environ-
ment in addition to the systemic effect of obesity/AT dysfunction. Excess adiposity 
impacts androgen biosynthesis in a sex-specific manner with androgen levels overall 
decreased in men with obesity [109, 110]. In the context of prostate cancer, this may 
appear counterintuitive given the dependence of prostate cancer growth on androgen 
signaling, however, many studies have shown prostate cancer cells to inhibit prolifera-
tion in response to androgen exposure [111, 112]. Considering this, it is likely that the 
pro-tumor influence of the AT on prostate cancer is attributed to other AT-derived 
factors which may activate aberrant AR signaling in an alternative manner.

Inflammatory cytokines such as IL-6 and IL-8, often associated with obesity-asso-
ciated AT dysfunction, have been shown to activate the AR in a ligand-independent 
manner putatively linking the AT to poor prostate cancer outcomes in this context 
[113]. IL-6 in particular has been identified as a prognostic factor in prostate can-
cer, and elevated serum IL-6 is correlated with the clinical stage of the disease and 
reduced survival [114]. The resulting downstream effects of alternative AR activa-
tion in prostate cancer appear variable depending on AR status and/or context of 
exposure to these signals. IL-6, for example, is reported to activate STAT3 and MAPK 
(mitogen-activated protein kinase) signaling in the androgen-sensitive AR single 
mutant LNCap cell line [115], however, only MAPK activation is seen in AR wild-type 
LAPC-4 and AR double mutant MDA PCA 2b cells [116, 117]. Additionally, MDA 
PCA 2b cells adopt an enhanced proliferative phenotype in response to chronic IL-6 
exposure [117]. Some studies have shown no effect or inhibition of proliferation on 
LNCap cells in response to IL-6 exposure which is supported by other studies demon-
strating that IL-6-mediated enhanced activation of AR signaling requires the pres-
ence of androgens for its activation and expression of AR target genes [118, 119]. This 
observed synergy may pose as a mechanism to reduce the threshold for AR activation 
in the absence of androgens. However, there have also been reports of IL-6-regulated 
activation of androgen response element (ARE)-mediated gene activation in prostate 
cancer cell lines when treated in the absence of androgen [116]. Similarly, IL-8 has 
been shown to positively regulate proliferation in prostate cancer cell lines while also 
upregulating AR-regulated genes implicating this cytokine in the ligand-independent 
activation of AR in a similar manner to IL-6 [120]. Alternative activation of the AR 
via these mechanisms is thought to be of particular importance in castration-resistant 
prostate cancer, where cells are no longer dependent on androgens for growth and 
employ alternative mechanisms for survival. Although clinical studies have identified 
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these cytokines as key players in prostate cancer, evidence directly linking AT-derived 
inflammatory cytokines to these observations is somewhat lacking and requires 
further investigation.

2.4.3 Adipokines

Adipokines encompass an array of bioactive molecules secreted by adipocytes 
which have a range of physiological functions, including maintaining glucose and 
energy homeostasis, appetite, and inflammation. Of these, leptin and adiponectin 
are two of the best characterized, both for their normal physiological roles and 
their roles in promoting obesity-associated pro-tumorigenic activity. Under normal 
physiological conditions, a strict adiponectin/leptin ratio is maintained. Functionally, 
leptin serves to promote cellular proliferation and inflammation, while adiponectin 
has pro-apoptotic and anti-inflammatory effects. However, the adiponectin/leptin 
ratio can become altered in people with obesity and may have clinical potential in 
predicting the onset of obesity-associated diseases in metabolically unhealthy lean 
 individuals [121, 122].

Under normal physiological conditions, leptin is an anti-apoptotic and pro-
inflammatory molecule, with additional functions in angiogenesis, modulating 
glucose and insulin homeostasis, and suppressing appetite [123–125]. Secretion of 
leptin is directly regulated by the mass of an individual and is increased in people 
with obesity, which can result in leptin resistance [126, 127].

Upon binding of leptin to its receptor (ObR), several intracellular pathways are 
activated, such as the extracellular signal-regulated kinase 1/2 (ERK1/2), Janus kinase 
(JAK)/STAT, and MAPK/phosphoinositide 3-kinase (PI3K) pathways. Many of the 
activated pathways have been implicated in cancer, and can affect cell capabilities 
such as growth and survival, proliferation, migration, invasion, and inflammation to 
promote cell transformation and tumor progression [128]. These effects are thought 
to be primarily mediated through the MAPK pathways.

Leptin potentiates proliferative signaling in a variety of cancer models including 
breast, ovarian, endometrial, and prostate by modulating cell cycle progression/regu-
latory genes such as proliferating cell nuclear antigen (PCNA), p21, and Cyclin-D1, 
while also inhibiting pro-apoptotic gene expression [129–131]. Furthermore, leptin 
has also been shown to bind the ERα receptor in ovarian, endometrial, and breast 
cancer cells, thus stimulating cancer cell proliferation [132]. Leptin treatment of 
cancer cell lines enhances their invasion and migratory profiles [133, 134]. In par-
ticular, leptin promotes the secretion of matrix metalloproteinase (MMP) enzymes, 
which degrade the extracellular matrix (ECM) and promote matrix remodeling of the 
stroma to facilitate cancer cell migration [135, 136]. Leptin also stimulates transcrip-
tion of the vascular endothelial growth factor (VEGF) gene, promoting angiogenesis 
to allow oxygen to reach expanding cells, which may be hijacked by incipient tumors 
to favor their survival [137]. Furthermore, increased serum cancer stem cell numbers 
correlated with increased leptin levels in breast cancer, demonstrating that it can 
also promote stemness [138]. In pancreatic cancer, leptin has been shown to promote 
expression of the cancer stem cell markers CD24, CD44, and ESA [139].

The use of leptin as clinical biomarker has not been validated and correlations 
of expression with disease risk and outcome have yielded mixed results [140–143]. 
However, some studies have shown that elevated serum leptin levels are indicative of 
breast cancer risk irrespective of BMI indicating a direct link to cancer independent 
of obesity [144].
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Adiponectin is a pro-apoptotic and anti-inflammatory adipokine under normal 
physiological conditions and its secretion has been reported to decrease with increas-
ing adiposity [145, 146]. In contrast to many other adipokines, lower circulating levels 
of adiponectin are associated with increased risk of cancers such as breast, ovarian, 
and prostate [147–154]. For example, lower serum levels of adiponectin have been 
associated with increased breast cancer risk and higher-grade tumors [154]. In breast 
cancer cells, exogenous adiponectin impaired stem cell renewal, in direct contrast to 
leptin [138]. Furthermore, in vivo administration of adiponectin results in decreased 
tumor growth, proliferation, invasion, and migration, further suggesting that its 
reduced secretion may favor tumor growth [155–159].

Expression of adiponectin receptors (AdipoR1 and AdipoR2) in cancer cells has 
been reported, indicating that adiponectin can act directly on cancer cells [158, 160]. 
Interestingly, cancers associated with obesity were significantly more likely to express 
adiponectin receptors, further implicating adiponectin signaling in obesity-associated 
carcinogenesis [161]. Upon binding of adiponectin to its cell surface receptors, the 
AMP-activated protein kinase (AMPK) pathway is activated, while the Wnt/β-
catenin, ERK1/2, NADPH oxidase, STAT3, and NF-κB pathways are all inhibited. 
The AMPK pathway is the most commonly implicated pathway in the link between 
adiponectin signaling and cancer. When activated, it induces expression of cell cycle 
regulators p53, p27, and p21, resulting in cell cycle arrest [162]. Exogenous treatment 
of breast and ovarian cancer cell lines with adiponectin resulted in downregulation 
of cell cycle proteins such as cyclin D1, preventing cells from entering S and G2/M 
phases of the cell cycle [163, 164]. In addition to inducing cell cycle arrest, adipo-
nectin can promote apoptosis in several cancer cell lines via the upregulation of Bax, 
downregulation of Bcl-2, and activation of caspases 3, 8, and 9 [165–168]. Therefore, 
reduced adiponectin production by dysfunctional AT and the resultant decrease in 
AMPK signaling may impair cell cycle arrest and apoptotic cell death mechanisms in 
cancer cells.

Adiponectin has also been shown to regulate the functions of growth factors 
such as platelet-derived growth factor-BB (PDGF-BB), basic fibroblast growth 
factor (bFGF), and heparin-binding EGF-like growth factor (HB-EGF). Binding 
and sequestering of these growth factors by adiponectin may reduce their bioavail-
ability to cells, thus impairing DNA synthesis, cell proliferation, and migration, 
as demonstrated in smooth muscle cells [169, 170]. Thus, it is likely that increased 
bioavailability of these growth factors as a consequence of obesity-associated adi-
ponectin depletion may promote tumorigenic pathways. Indeed, increased growth 
factor  signaling is well recognized for enabling sustained proliferation in cancer 
cells [41, 42].

2.5 The role of AT-induced oxidative stress in cancer

Individuals with obesity display oxidative stress systemically and locally within 
the AT which exacerbates AT dysfunction and can contribute to a number of diseases 
such as cancer. Oxidative stress describes the imbalance between pro- and anti-
oxidant species within the body and is often characterized by an accumulation of 
pro-oxidants such as reactive oxygen species (ROS) and free radicals. These molecules 
are potent signaling effectors that are required under normal physiological condi-
tions but imbalances in their levels can significantly alter other intracellular signaling 
pathways and cause severe disruption to normal cellular function. Obesity-associated 
AT dysfunction is linked to an increase in oxidative stress and it is postulated that 
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this can occur even in the early stages of obesity, implicating it in the development 
of obesity but also as a consequence of obesity [171]. Lipid peroxidation, which is a 
common consequence of the presence of excess oxidative species, has been positively 
correlated with BMI in human subjects and those with obesity have significantly 
higher circulating markers of oxidative stress than their lean counterparts [172, 173]. 
AT expression of enzymes involved in the production of ROS, such as nicotinamide 
adenine dinucleotide phosphate (NADPH) oxidase, is also increased in models of 
obesity while deletion of the NOX4 gene prevents the onset of obesity-induced insulin 
resistance and inflammation directly implicating the AT in the process of oxidative 
stress [172, 174]. The production of ROS is intimately linked with the innate immune 
response and it is likely that AT-resident immune cells are responsible by in large for 
obesity-linked oxidative stress. Macrophages contribute to a large proportion of ROS 
production within the body and upon activation go through a respiratory burst where 
they produce large amounts of ROS via the NADPH oxidase enzyme. Inhibition of 
macrophage proliferation in vivo is effective in attenuating obesity-induced oxidative 
stress within the AT [175]. It is now widely accepted that ROS production by macro-
phages is essential to their ability to mount an immune response to invading patho-
gens via the induction of immune regulatory pathways such as NF-κB and JAK/STAT 
signaling. However, within dysfunctional AT, this response is constitutively activated 
resulting in local tissue damage.

Prolonged oxidative stress is considered to be directly implicated in carcinogenesis 
due to the ability of ROS to alter cell signaling pathways and induce DNA damage. 
DNA bases are highly susceptible to oxidation, resulting in base alterations and 
consequent genetic mutations that may affect oncogenes and/or tumor suppressor 
genes. ROS are also capable of inducing both double and single-strand DNA breaks 
in addition to DNA cross-linking all of which increase the likelihood of errors in 
DNA repair when they occur persistently. Cellular processes linked to carcinogenesis 
such as proliferation, apoptosis, and adhesion can also be affected by oxidative stress 
due to changes in gene expression. The presence of hydrogen peroxide (H2O2) has 
been shown to activate signaling pathways related to tumorigenesis such as NF-κB 
and MAPK pathways [176]. Although the exact mechanisms involving ROS in the 
induction of these signaling cascades are not fully understood, studies have shown 
that anti-oxidants can block the activation of NF-κB signaling induced by multiple 
different stimuli [177–179]. Although, this has been mostly associated with transient 
or low-level exposure to ROS which may be associated with earlier stages of AT 
dysfunction as opposed to that observed in later stages of obesity. Studies have shown 
ROS to be involved in pro-tumorigenic processes not only in cancer initiation but also 
in cancer progression. ROS has been directly implicated in promoting a migratory 
phenotype in bladder cancer cell lines via the ROS-dependent activation of Hypoxia-
inducible factor (HIF) to upregulate MMP-1 expression [180]. Contrastingly, NADPH 
oxidase inhibitors can prevent ROS-induced invasion and migration by suppressing 
ERK1/2 MAPK signaling [181]. ROS is also a known inducer of angiogenesis and has 
been linked to neo-angiogenesis via the upregulation of HIF-1α and VEGF transcrip-
tional mechanisms in ovarian cancer cells [182].

2.6 Cancer-associated adipocytes (CAAs)

Communication between the various cell populations within the TME is impera-
tive for the growth and metastatic spread of all tumors. As we now know, communi-
cation between tumor-adjacent adipocytes and cancer cells is bidirectional and cancer 
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cells are capable of altering adipocyte phenotype in order to support their growth 
and survival. These adipocyte populations have distinct characteristics compared 
to normal mature AT-resident adipocytes and were formally characterized by Dirat 
and colleagues over a decade ago [183]. These adipocytes, termed cancer-associated 
adipocytes (CAAs), display an activated phenotype and exhibit reprogramming 
of their metabolic and inflammatory profiles. Direct cancer cell contact induces a 
de-differentiated state in CAAs which adopt a more mesenchymal-like morphology, 
appearing similar to fibroblast populations [184]. Furthermore, this contact causes 
a reduction in expression of terminal differentiation markers normally expressed by 
mature adipocytes such as hormone-sensitive lipase (HSL), resistin, and adiponectin 
[183]. This de-differentiation process is suggested to be mediated by cancer-secreted 
factors which unsurprisingly disrupt pathways involved in cell fate determination 
and cell survival such as Wnt/β-catenin and Hippo signaling pathways. Cancer cells 
secrete both Wnt3 and Wnt5a in response to adipocyte-derived inflammatory signals, 
which can activate Wnt/β-catenin signaling to reduce adipocyte differentiation 
marker expression [184, 185]. Other pathways suggested to be involved include the 
Hippo signaling pathway which is activated upon co-culture of mature adipocytes 
with breast cancer cells [186]. In vivo administration of verteporfin (Yes-associated 
protein/transcriptional coactivator PDZ-binding motif or YAP/TAZ inhibitor) in 
diet-induced obesity tumor models both restores a differentiated adipocyte pheno-
type and inhibits tumor progression [186]. CAAs are highly metabolically active cells 
and upregulate lipolysis in order to provide additional FFAs for cancer cell uptake 
and utilization and are therefore also characterized by a decrease in intracellular lipid 
content [187]. These cells are primed to express and secrete various factors including 
inflammatory cytokines, chemokines, adipokines, growth/angiogenic factors, and 
matrix remodeling enzymes in response to cancer cell contact as described within the 
previous sections of this chapter.

3.  Lifestyle interventions in obesity-associated cancers

Obesity-associated carcinogenesis is intrinsically linked to the dysregulated 
signaling pathways, increased inflammation, and altered secretome associated with 
dysfunctional AT. In addition to epidemiological evidence showing an association 
between obesity and cancer incidence, obesity has been associated with cancer 
recurrence and poorer survival outcomes in cancers such as endometrial, breast, 
and colon [188–190]. Moreover, some patients with cancer and obesity experience 
an increase in treatment-related adverse events. For example, in patients with cervi-
cal cancer, greater radiation treatment-induced toxicity has been reported compared 
to leaner patients [191]. In one study, patients with breast cancer and obesity receiv-
ing sentinel lymph node dissection had a greater risk of developing lymphedema, 
a well-known postoperative complication of this procedure, compared to leaner 
patients [192].

Given the multitude of pathways and mechanisms linking AT and carcinogenesis, 
targeted therapeutic approaches are difficult to devise. Therefore, logical therapeutic 
strategies for obesity-associated cancers might include those that target the tumor 
while also targeting obesity to restore AT functionality. Lifestyle interventions that 
promote healthy behaviors, such as changes to diet and increased physical activity, 
may therefore improve treatment responses and mortality. In 2018, the World Cancer 
Research Fund (WCRF)/American Institute for Cancer Research (AICR) published 
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Cancer Prevention Recommendations, a set of guidelines that encourage healthy 
lifestyle behaviors to reduce cancer risk and include recommendations on diet, physi-
cal activity, maintenance of healthy body weight, and alcohol consumption [193]. 
A systematic review from 2023 found that greater adherence to these guidelines was 
associated with a reduced risk of developing breast, colorectal, and lung cancers, 
although this association was not found for prostate cancer [194].

Mechanistically, weight loss in humans has been shown to result in increased 
adiponectin expression and secretion, while leptin levels are decreased [195–201]. 
Furthermore, several studies have shown that weight loss is associated with a decrease 
in markers of inflammation such as TNFα, C-reactive protein (CRP), as well as a 
decrease in serum insulin, estrogen, and testosterone levels [197, 201–205]. However, 
another study suggested that even after weight loss, tissue-resident macrophages 
sustain AT inflammation in formerly obese mice [206]. In humans with obesity who 
lost weight following bariatric surgery, decreased CLS formation, decreased insulin 
resistance, and decreased circulating levels of pro-inflammatory mediators were 
observed [56]. Interestingly, rapid weight loss resulting from a very low-calorie diet 
caused increased density of CLS in subcutaneous AT; however, this was associated 
with a decrease in systemic biomarkers of inflammation and insulin resistance and 
was not associated with increased expression of pro-inflammatory genes [207]. 
Furthermore, one study demonstrated that in women with obesity placed on a very 
low-calorie diet, expression of pro inflammatory markers in subcutaneous AT was 
unchanged in the early phases, but increased in the later phases of the diet [208]. 
In addition, physical activity in humans has been shown to trigger IL-6 production 
from muscle fibers, which can stimulate the production of the anti-inflammatory 
cytokines IL-1Ra and IL-10 [209, 210]. In mice, IL-6 can also activate AMPK signaling 
and inhibit TNFα production [211–214]. Additionally, high-intensity exercise in mice 
promoted macrophage polarization to anti-inflammatory phenotypes [215]. It has 
also been shown that, lipopolysaccharide-induced inflammation could be attenuated 
in physically active mice compared to sedentary controls [216]. Therefore, it could be 
theorized that weight loss and physical activity may help to reverse obesity-associated 
AT phenotypes that have been implicated in supporting tumor growth.

Studies investigating the effects of such lifestyle interventions have produced 
mixed results. Some studies in patients with breast and colon cancers suggest that 
increased levels of physical activity are associated with a reduced mortality risk  
[196–198]. Furthermore, one systematic review found an association between 
increased physical activity and a larger reduction in relative risk for bladder, colon, 
breast, and esophageal cancers when compared to lower levels of physical activity 
[217]. However, evidence of such an effect was limited in ovarian, pancreatic, and 
prostate cancer. Another study found that dietary weight loss, alone or in combination 
with exercise, significantly improved IR, in postmenopausal women with overweight 
or obesity, which was not observed with exercise alone [218]. A study investigating 
the effects of recent weight loss on cancer risk in health workers found a significantly 
increased risk of cancer development in those who experienced recent weight loss of 
more than 10% of their body weight compared to those who had not lost weight over 
the same period [219]. Of note, individuals who intentionally lost weight by adopting 
weight-loss-promoting behaviors had a decreased risk of cancer compared to those 
who unintentionally lost weight. Furthermore, one systematic review which looked 
at weight loss and cancer incidence using 34 studies found a significant reduction in 
cancer incidence in individuals who lost weight in 16 of the studies but observed no 
such relationship in the remaining 18 studies [220].
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Despite some evidence demonstrating the benefits of lifestyle interventions in 
reducing cancer incidence and improving treatment and survival outcomes, these 
benefits may be specific to cancer type. Several studies have been published sug-
gesting that increased BMI is associated with better cancer treatment outcomes 
and decreased mortality in patients with a higher BMI compared to a lower BMI in 
esophageal, prostate, renal, gastric cervical, breast, lymphoma leukemia, colorectal, 
and lung cancers [221–230]. This phenomenon suggesting a positive correlation 
between obesity/increased BMI and treatment response or survival outcome has been 
termed the “obesity paradox”. The mechanisms underlying this phenomenon are not 
fully understood, but evidence is mounting to suggest that functional AT in obesity 
may serve protective functions. For example, patients with advanced cancer com-
monly experience cachexia, a disorder characterized by wasting of AT and skeletal 
muscle, resulting in weight loss, and this is a well-established risk factor for cancer 
mortality [231]. Excess AT in obesity may serve as a reserve for energy and nutrients, 
favoring outcomes of cancer treatment in these patients [222]. Additionally, study 
limitations including confounding factors, reverse causation, and the use of BMI as a 
proxy for obesity are thought to partially explain it [232–234].

A systematic review conducted by Ligibel et al. aimed to provide guidance relating 
to physical activity, diet, and weight management for adults undergoing cancer treat-
ment. The authors concluded that current evidence is insufficient to enable clinical 
guidelines on intentional weight loss or weight management for patients actively 
undergoing cancer treatment to be provided [235]. These conflicting and seemingly 
cancer-type-dependent associations and outcomes indicate that further studies are 
needed to conclusively determine the effects of adiposity on cancer survivorship and 
treatment response before lifestyle interventions are implemented.

4.  Conclusions

The biological mechanisms underlying AT dysfunction and its contribution to 
cancer are complex, involving crosstalk between several cell types within both the 
AT microenvironment and the TME, multiple signaling pathways, and both local and 
systemic elements. Although fully encompassing the AT-cancer landscape within 
this chapter is not possible, we have focused on the mechanisms that have been best 
characterized to date, which are summarized below in Figure 1.

The alarming increase in obesity rates over recent decades has driven research into 
the functional attributes of adipocytes in this context, particularly due to the associa-
tion of obesity with several secondary conditions. Dysfunctional adipocytes, charac-
teristically described in obesity, are now understood to be a primary etiological agent. 
Most recently, epidemiological findings have linked several cancer types to obesity, 
although the underlying mechanisms which explain this association remain to be fully 
elucidated. In isolation, cancer itself is well characterized as a multifactorial process 
dependent on cells and nutrients within the TME to survive, challenging the archaic 
idea of cancer cells alone driving disease progression. The emerging picture of the AT 
is similar, where the local AT microenvironment and cell-cell crosstalk dictate disease 
pathogenesis. The impact of AT dysfunction on cancer growth is documented on both 
systemic and local levels, as both circulating factors and direct interaction between 
cancer cells and adjacent tissues including AT are imperative for the growth and 
progression of the disease. AT cells known to display a tumor-associated phenotype 
in obesity-associated AT dysfunction and interact with cancer cells include immune 
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cells, stromal cells, endothelial cells, and adipocytes themselves. Crosstalk between 
these cells can induce physiological changes to tumor growth including, but not 
limited to, DNA damage repair, cell growth and survival, differentiation, angiogen-
esis, and inflammatory responses. As with AT, the biology of the TME is significantly 
altered in metabolically dysfunctional states, and this can be due to the influence of 
the AT itself.

Taken together, there exists an intimate and intricate relationship between dys-
functional AT and the TME in the context of obesity, which warrants further inves-
tigation. In particular, this relationship should be a factor of consideration in cancer 
therapeutics and treatment regimes. Obesity is a well-established risk factor for 13 
cancer types, as described by the IARC working group, and also influences cancer 
outcomes for several other cancer types. Therefore, there is a premise to consider 
patients with cancer and obesity as a separate subset of patients in terms of prognosis 
and disease management. Novel therapeutic strategies should consider the impact of 
the AT and potentially aim to reduce the physiological burden of obesity-associated 
metabolic deregulation while also targeting the AT-induced molecular changes within 
the tumor and the TME. However, further work in identifying and characterizing 
patient subsets that will benefit most from these types of interventions is required 
before novel therapeutic strategies can be developed and employed for the treatment 
of obesity-associated cancer.

Figure 1. 
Adipose tissue (AT) and cancer cell bidirectional communication supports tumor growth and progression. 
Disturbances in AT homeostasis are observed in conditions such as obesity resulting in increased free fatty acid 
(FFA) release, inflammation, and subsequent insulin resistance (IR) within the AT rendering it metabolically 
and immunologically dysfunctional. Factors secreted from the AT (cytokines, chemokines, adipokines, FFAs, 
growth factors, and estrogen) can promote an aggressive tumor phenotype by supporting processes involved in 
cancer initiation, growth, and metastasis. Simultaneously, cancer cells can induce a cancer-associated adipocyte 
(CAA) phenotype in adjacent adipocytes, conditioning them to produce factors to further support pro-tumorigenic 
activities within the TME.
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Chapter 3

How Increasing Adiposity Impacts 
Communicable Disease Risk at a 
Global and a Cellular Level
Andrea Woodcock and Féaron C. Cassidy

Abstract

Obesity is associated with an increased risk of a wide range of morbidities. A major 
mechanism for this increased risk is dysfunction of the immune system. Immune 
dysfunction associated with obesity resulting is associated with an increased risk of a 
number of both communicable and non-communicable diseases. Non-communicable 
diseases such as type 2 diabetes mellitus (T2DM) make up the majority share of the 
research and discourse in relation to obesity. However, some infections are found to 
result in increased disease severity and higher risk of mortality in people with obesity. 
This was an evident and concerning trend during the severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2) pandemic. Additionally, some vaccines have been 
found to induce as little as half the protection from disease in people with obesity 
compared to people without obesity. In this chapter we discuss the impact of obesity 
during infection and its impact on vaccination—two key considerations that together 
contribute to the vulnerability of people with obesity, and to public health more gen-
erally. We discuss the mechanisms in relation to the dysregulation of immune cells in 
obesity. Understanding these dysfunctions is crucial and timely as the rates of obesity 
continue to increase worldwide. Over a billion people worldwide are now living with 
obesity, resulting in increased individual and population-level disease risk.

Keywords: obesity, immunology, infection, vaccine, immunometabolism, 
inflammation

1.  Introduction

Obesity is an excessive expansion of adipose tissue which can impair an indi-
viduals’ health [1, 2]. Obesity is chronic and progressive. It is also complex, and 
multifactorial—involving environmental, genetic, psychological, behavioural, and 
social factors which affect food preference, food intake, nutrient processing, physical 
movement behaviours, and cellular metabolic processes [1, 3]. Underweight is also 
associated with adverse health outcomes, and presents the greater risk for infectious 
disease compared to obesity. The importance of understanding the impact of obesity 
on communicable disease risk is emphasised by the increasing prevalence of obesity 
globally. 6.5% of adults globally are underweight, a number that has been consistently 
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falling, while 16.5% of adults globally are living with obesity, and this number is 
climbing rapidly. There are >1 billion people with obesity worldwide [4].

Obesity is marked by a chronic, low-grade inflammatory state which is intrinsi-
cally associated with the host’s inflammatory state, frequently termed metabolic 
inflammation [5, 6]. Inflammation is an immune response, and significant alterations 
have been reported in the immune system of people with obesity [5]. Obesity pro-
motes dysfunctional metabolic processes via promotion of pro-inflammatory mecha-
nisms, including increased free fatty acids (FFAs), increased reactive oxygen species 
(ROS) and increased adipocyte stress [7–9].

These alterations contribute to a dysregulation of immune homeostasis within 
adipose tissue and systemically, resulting in greater levels of pro-inflammatory 
cytokines, including Tumour Necrosis Factor (TNF)-α and Interleukin (IL)-1 and 
IL-6 [10, 11]. These inflammatory mediators can exacerbate obesity and increase 
metabolic dysregulation, underpinning the development of obesity-related diseases. 
Obesity is commonly associated with an increased risk of developing chronic non-
communicable morbidities and diseases including T2DM, cardiovascular disease 
(CVD) and cancer [9, 12] but is also a risk factor for infectious disease. Obesity has 
also been associated with impaired vaccine responses, thereby further increasing 
infection risk, with potential public health implications.

The initial trigger of inflammation remains unclear but is connected to adi-
pose tissue dysfunction. Adipose tissue expansion is characteristic of obesity. 
Adipose is not merely an energy store, but also functions as an endocrine organ, 
producing cytokines (termed adipokines) which impact metabolism through the 
enhancing or dampening of inflammation [11]. The loss of adipose tissue homeo-
stasis, including changes to adipose-resident immune cells, plays an important 
role in the systemic inflammation observed in people with obesity (Figure 1). 

Figure 1. 
Impact of obesity on adipose tissue driving local and systemic inflammation and associated co-morbidities. Obesity 
can induce adipocyte hypertrophy and adipocyte cell death which can recruit immune cells with pro-inflammatory 
properties (e.g., macrophages/dendritic cells/T cells). Adipocytes secrete chemokines and cytokines (e.g., MCP-1, TNF-α, 
IL-6) which promote immune cell infiltration and activation respectively. Local inflammation can spread inducing the 
chronic, low-grade inflammation observed in obesity, which is linked to an increased risk of multiple co-morbidities 
(e.g., non-alcoholic fatty liver disease (NAFLD), cancers, depression) (adapted from Barakat and Almeida [13]; Lim 
and Boster [14]). Created in BioRender. Woodcock, A. & Hogan, A. (2025) https://BioRender.com/sn58p00.
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Chronic inflammation can drive insulin resistance in its target organs, resulting 
in greater insulin production by the pancreas [15]. Ultimately, the resistance to 
insulin can induce a hyperglycaemic state due to the inability of host tissues to 
take up glucose and normalise blood glucose levels, marking the onset of T2DM 
[15]. Hyperlipidaemia, another characteristic of obesity, can lead to plaque forma-
tion within blood vessels and the heart, resulting in hypertension and CVD [16]. 
This systemic dysfunction is associated with production of pro-inflammatory 
cytokines and increased levels of pro-inflammatory cells [5]. Both innate and 
adaptive cell populations can be affected in obesity to favour a pro-inflammatory 
state, alongside a decline in inflammation resolution pathways [17]. People with 
obesity may generate suboptimal or inadequate responses following infection or 
vaccination rendering them more susceptible to adverse effects when exposed 
to pathogens [18, 19]. Epidemiologically, people with obesity are found to be at 
greater risk of acquiring infection and of increased infection severity [20, 21].

Children with obesity are at 80% risk of having obesity in adulthood [22], and 
defects in metabolism, hormones, and cells, can persist after weight loss [23, 24] 
even driving regaining of weight [25]. The most effective treatments for people 
with obesity are invasive bariatric surgery and low-availability glucagon-like pep-
tide-1 (GLP1)-receptor agonists (RAs) [26–28]. These GLP-1 RAs mimic naturally 
occurring GLP-1 and act to induce satiety, slow gastric emptying, and induce 
insulin secretion [29]. Initially approved for the treatment of T2DM, weight loss 
was observed in these individuals and since 2014 these drugs have been approved 
to treat obesity [30]. Despite global public health efforts, obesity is a health 
concern set to continue increasing in prevalence, associated with serious unmet 
clinical needs on an individual and population level. Though often overlooked, the 
interaction between obesity and infectious disease risk is an important consider-
ation for public health planning.

2.  The immune system in obesity

Immune cell number and function can both be altered in obesity. Similar to 
ageing [31], obesity causes skewing of haematopoiesis towards a myeloid lineage 
[32] and can result in a reduction in lymphoid subsets [33]. Oxidative stress 
has been shown to cause dysfunction in the bone marrow [34]. Its subsequent 
impact on the various cell subsets within the bone marrow and those which egress 
requires further elucidation. Functionally, immune cells can be impeded by the 
obese micro environmental conditions. In the resting state, immune cells exhibit 
a low basal metabolism but upon activation they become highly metabolically 
active utilising a significant portion of the body’s energy [35, 36]. This fuels the 
downstream activities of the activated immune cell, including protein synthesis, 
and the effectiveness of these downstream functions is tied to nutrient availability 
[37, 38]. The increase of FFAs in obesity can impact cell function [39]. FFA can 
induce ROS production, in turn, promoting endoplasmic reticulum (ER) stress 
and increased adipose tissue expression of pro-inflammatory genes [40–42]. 
Obesity impacts immune cell metabolism and in turn their function. It can change 
intrinsic cellular metabolic pathways, e.g. favouring mitochondrial respiration 
ultimately increasing ROS and impeding their effector function [43].
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2.1 Innate immunity in obesity

One of the defining factors of obesity-associated chronic inflammation is the 
localisation of myeloid cells to organs involved in metabolism, including the white 
adipose tissue [44]. Chemokines, such as RANTES (regulated on activation, normal 
T-cell expressed and secreted), have higher expression levels in the adipose tissue of 
diet-induced obesity in mice or people with obesity, influencing cell migration and 
accumulation [45–47]. Increased uptake of lipids within adipose tissue results in both 
hypertrophy and hyperplasia of adipocytes [11]. Enlarged adipocytes can upregulate 
stress signals, signalling to the immune system for action, resulting in an inflamma-
tory response [48, 49]. Unchecked these enlarged adipocytes can become necrotic, 
initiating a high-inflammatory state [50]. Inflammation, hyperplasia and limited 
oxygen availability can produce a hypoxic environment within adipose tissue [11]. 
Elevated levels of Hypoxia-Inducible Factor (HIF)-1α have been reported in obesity 
[51]. A hypoxic environment can trigger adipocyte death, promoting infiltration of 
macrophages and free FFA release into the blood [11, 52]. Lipid circulation can lead 
to its deposition in other non-adipose tissues, e.g. liver and muscle. FFA can activate 
toll-like receptors (TLRs), TLR4 in particular, and downstream signalling results in 
the production of cytokines [53]. Elevated expression of monocyte chemoattractant 
protein (MCP-1), IL-6 and TNF-α is associated with increased adipocyte death [54]. 
MCP-1 is also known as C∙C motif chemokine ligand (CCL) 2 [55]. MCP-1 attracts 
monocytes, including macrophages, to the site of inflammation, the adipose tissue 
[54, 55]. The pro-inflammatory cytokines, TNF-α and IL-6, can promote exacerbation 
of inflammation from local to systemic [11].

In addition to the systemic inflammation, obesity can affect both innate and adap-
tive immune cell populations, importantly those involved in host-pathogen defences 
[39, 56, 57]. A source of pro-inflammatory cytokines, IL-1β and IL-18, was traced 
back to macrophages in high fat diet mice. These cells contained high concentrations 
of palmitate, a saturated fatty acid, which activated the inflammasome and subse-
quently the production of these cytokines [58]. Macrophages with a pro-inflammatory 
M1-like polarisation, rather than the anti-inflammatory M2-like state are observed 
in adipose tissue in mice fed a high fat diet [48]. As macrophages constitute a large 
proportion of the leukocyte population in the adipose tissue [59], dysregulation of 
these cells can result in subsequent alteration in their function of maintaining adipose 
tissue homeostasis. Macrophage numbers increase with increasing adipose tissue 
mass, observed upon high fat diet feeding [60, 61]. The production of chemokines 
from adipose tissue macrophages can recruit other immune cells, including mono-
cytes [62], which exacerbates inflammation within the adipose tissue.

Natural Killer (NK) cells are an important innate effector population with 
potent anti-viral activities. NK cells can detect virally infected cells and function 
by releasing cytotoxic granules capable of killing these infected cells [63]. People 
with obesity display reduced NK cell activity, observed through defective effector 
molecule production and cytotoxicity, which can commence early during childhood 
[39, 64–66]. Reduced NK cell cytotoxicity was observed in the lung and spleen of 
influenza-infected high fat diet mice compared to low fat diet [67]. Lipid accumula-
tion, due to obesity, has been shown to impede NK cell function, including decreased 
interferon (IFN)-γ production [39]. Interferons are essential anti-viral cytokines [68]. 
The inability of these key innate cells to function within people with obesity may be 
correlated with increased susceptibility to viral infections [20, 21].
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Another innate lymphocyte population, Mucosal associated invariant T (MAIT) 
cells which have important effector functions, has been found to contribute to 
chronic inflammation via an IL-17 producing phenotype in obesity [57, 69, 70]. The 
unrestrained production of this cytokine can have detrimental consequences [69, 
71, 72]. MAIT cells upon activation increase their rates of glycolysis to support their 
effector functions [73]. However, in people with obesity, MAIT cells were shown to 
have reduced levels of glycolysis, following activation, compared to healthy control 
donors without obesity [73]. Decreased glycolytic rates impacted MAIT cell function, 
observed via a reduction in IFN-γ producing MAIT cells in people with obesity [73]. 
The reduction in glycolysis was due to defective mammalian target of rapamycin com-
plex (mTORC) 1 (described as a master regulator of metabolism), demonstrated by a 
reduction in phosphorylation of ribosomal protein S6 (a target of mTORC1) [73], and 
defects in MYC, another metabolic regulator [74].

Neutrophils are the most abundant circulating leukocyte and are the first respond-
ers during infection or inflammation. Neutrophils have also been observed to be 
increased in the circulation of children and adults living with obesity [75, 76]. 
Transient adipose tissue infiltration by neutrophils has been observed early during 
high fat diet feeding of mice [77]. More recently, enzymes involved in ROS produc-
tion, such as myeloperoxidase (MPO) or inducible nitric oxide synthase (iNOS), were 
increased in expression or activity respectively, in bone marrow-derived neutrophils 
from mice on a high fat diet [78]. McDowell et al. [78] found that the increased 
neutrophil ROS activity weakened vascular integrity and promoted greater tumour 
metastasis in the mice on the high fat diet compared to low fat diet. Increased circu-
lating MPO has been observed in people with severe obesity (average body mass index 
(BMI) >40 kg/m2) compared to controls, along with increased expression of activa-
tion marker, CD66b, on neutrophils [79]. Obesity can result in the dysfunction of 
different innate immune cells which can perpetuate the inflammatory state. However, 
their dysfunction also has implications for host responses against pathogens, cancer 
or vaccinations. Immune cell dysregulation can also be observed in adaptive immune 
subsets.

2.2 Innate-adaptive crosstalk in obesity

Dendritic cells (DCs) are phagocytic, innate immune cells which act as profes-
sional antigen presenting cells to activate the adaptive immune response [80, 81]. 
DCs circulate the body in an immature state, upon antigen encounter, DCs undergo 
maturation [80]. Immature DCs have a high phagocytic capacity, sampling antigen 
in their surroundings [82–84]. Upon maturation, their phagocytic machinery is 
downregulated and DCs upregulate the expression of molecules required for antigen 
presentation [84]. DCs express major histocompatibility complexes (MHCs) to 
present antigen and co-stimulatory molecules which provide additional signals for 
efficient T cell activation [84]. DCs also produce cytokines which can polarise T cell 
differentiation and enhance the activation of other immune cells [85, 86]. In these 
ways, dendritic cells bridge the innate and adaptive immune systems.

Numerous alterations to DC function have been described in the context of 
obesity. Interestingly, increased numbers of DCs and their increased expression 
of activation and maturation markers and loss of homeostatic, anti-inflammatory 
profile was specific to metabolic organs including adipose tissue, with the peripheral 
blood exhibiting a decrease in both [87–90].
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Similarly to innate lymphocytes, despite the chronic inflammatory state in 
obesity, acute DC responses to infection are muted, and even anti-inflammatory in 
people with obesity [43, 89]. This is exacerbated by modified chemokine (including 
increased C-C chemokine receptor 7 (CCR7), a marker of migratory capacity) and 
co-stimulatory molecule expression profiles [91, 92]. That these changes are mediated 
by DC metabolism is indicated by the increase in fatty acid oxidation and therefore 
mitochondrial respiration and ROS observed after high fat diet in mice [43, 93]. The 
reduced number and infection-response function of dendritic cells results in impaired 
T lymphocyte activation, proliferation and differentiation in people with obesity, 
with implications for infection and vaccination [87, 88, 94–99].

2.3 Adaptive immunity in obesity

In adipose tissue, in the context of obesity, pro-inflammatory CD8+ T and CD4+ T 
helper (Th) 1 and Th17 cells are favoured and accumulate while there is a loss of anti-
inflammatory CD4+ Th2 and regulatory T cells (Treg) [11, 100, 101]. Favouring of 
Th1 or Th17 effector T cell differentiation promotes the inflammatory state [87, 102, 
103]. The Th2 cytokine, IL-4, was increased in T cell co-cultures with dendritic cells 
from people with obesity compared to control dendritic cells [89]. Skewing towards 
an immunosuppressive state would impede the effective clearance of infected cells 
and pathogens.

Sheridan et al. [94] studied the effect of BMI on adaptive immune responses 
in humans following influenza vaccination. People with obesity had a decrease in 
percentage of influenza-activated CD8+ T cells and a significant decrease in activ-
ity compared to controls [94], their activity measured via the proportion of cells 
expressing Granzyme B and IFN-γ. Hence these CD8+ T cells were less capable of 
lysing infected cells and inhibiting viral replication [104, 105]. Further murine work 
observed an impairment in memory T cell responses to influenza, underpinned by 
alterations in T cell metabolism due to obesity [106]. Importantly, this impairment of 
memory T cells and their associated metabolic dysfunction was not reversed follow-
ing weight loss [106].

The addition of antioxidants has previously been shown to improve T cell prolif-
eration and reduce oxidative stress [107]. ROS accumulation causes immune dysfunc-
tion, e.g., preventing the proliferation of T cells and inducing apoptosis instead [108]. 
Saturated fatty acids can be detected by TLR4 on the surface of innate cells, which 
contributes to the pro-inflammatory state due to the production of pro-inflammatory 
cytokines downstream [53, 109]. The production and secretion of the cytokine TNF 
has been well-documented in its ability to impair insulin sensitivity and glucose 
metabolism and contribute to insulin resistance within the host [110]. mTORC1 is a 
master regulator of cellular metabolism [38]. Its key role is to sense nutrients, growth 
factors and the energy status of the cell and functions accordingly [38, 111, 112].

There are different types of T cells including Tregs which serve homeostatic roles, 
e.g. inflammation resolution and tissue repair, and are detected by their expression 
of the master regulator FoxP3 [113]. Tregs were significantly decreased in visceral 
or abdominal fat of high fat diet mice compared to controls [113, 114]. Deiuliis 
et al. [113] discovered reduced FOXP3 in the visceral adipose tissue of people with 
obesity. Wagner et al. [115] expanded on these studies and found decreased Tregs in 
circulation of people with obesity compared to controls. Reduced Tregs was predic-
tive of higher markers of inflammation (measured via plasma C-reactive protein) in 
circulation [115]. A decrease in Tregs can perturb normal host immune homeostasis, 
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possibly contributing to the dysregulated inflammatory state. γδ T cells are an uncon-
ventional group of T cells involved in pathogen clearance and tissue homeostasis, 
Vγ9Vδ2 T cells comprise the largest group of γδ T cells, with crucial anti-viral func-
tion [116]. Reduced circulating Vγ9Vδ2 T cells were observed in people with obesity 
compared to controls, these cells also displayed impaired IFN-γ production following 
influenza stimulation [116]. Overall, these studies display a myriad of obesity-
associated impacts on the T cell arm of the adaptive immune response. The inability 
of these cells to respond effectively to particularly viral stimulation may contribute 
to the increased susceptibility and morbidity to viral infection in people with obesity, 
described further in Section 3.1.

B cells form the humoral response of adaptive immunity. People with obesity have 
been reported in some but not all studies to have an increased frequency of naïve B 
cells [117, 118]. Wijngaarden et al. [118] postulated that B cells exit the bone marrow 
and enter the blood and tissues due the chronic inflammatory state. Šlisere et al. [119] 
elaborated on these different B cell subsets in circulation of people with obesity to show 
a trending increase in mature B cells and a significant decrease in total memory B cells 
compared to controls. The impact of obesity on memory B cell populations has negative 
implications for vaccination strategies or re-exposure to a pathogen, where the humoral 
immune response may be slower due to lower memory populations. Interestingly, bar-
iatric surgery restored all these B cell subset changes in people with obesity to resemble 
the controls [119]—a positive observation for the treatment of obesity.

3.  The impact of obesity on infectious diseases

The inflammatory state observed in obesity, as well as its comorbidities, can 
increase susceptibility, morbidity and mortality to infections [9]. Infections includ-
ing Human Immunodeficiency Virus (HIV), tuberculosis, malaria and hepatitis are 
responsible for high morbidity burdens globally, but their prevalence and impact are 
concentrated in lower income countries [120–125]. The proportion of deaths in 2015 
due to infectious disease across all age groups in low income countries was approxi-
mately 30% while in high income countries it was approximately 8% [124]. The 
pattern for obesity prevalence is opposite—low income countries with the highest risk 
from communicable diseases tend to be those with lower BMIs, while high income 
countries have the lowest risk of communicable disease and the highest rates of 
obesity – for example many countries in sub-Saharan Africa have some of the lowest 
rates of obesity and the highest burden of infectious disease, while countries in North 
America record the opposite pattern (Figure 2) [4]. This pattern has contributed to a 
paucity of data on the co-occurrence of obesity and major global infectious diseases, 
but the recent SARS-CoV-2 pandemic highlighted the importance of increasing our 
understanding in this area [21]. During the coronavirus disease 2019 (COVID-19) 
pandemic there was a greater risk of severe disease and death recorded in people with 
obesity compared to matched controls without obesity [21].

The rates of obesity are increasing in all geographic regions, including in sub-
Saharan Africa [4]. Concomitantly, there is increasing risk from novel infectious 
diseases globally due to the recorded increasing rates of antimicrobial resistance, 
as well as climate change [126, 127]. Taken together, these trends indicate that the 
current broad mutual exclusivity of high infectious disease burden and obesity will 
not continue, and that there is a clinical and public health incentive for increased 
understanding of their coexistence.
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3.1 Viral infection in obesity

Risk of disease and mortality are associated with underweight but not obesity in 
relation to HIV infection [128, 129]. In contrast, severity of liver disease in Hepatitis C 
infection, and risk of developing hepatocellular carcinoma in Hepatitis B infection are 
both increased in association with obesity [130, 131]. Non-alcoholic fatty liver disease 
(NAFLD), which has increased globally in association with obesity, is found at higher 
rates in people with obesity and the dual presence of hepatitis and NAFLD likely 
explains the observed increased severity [131–133].

Respiratory tract infections, most commonly caused by viruses, are more com-
mon in and result in higher symptom burden in people with obesity [134]. Higher 
BMI has been found to correlate with acute respiratory infection susceptibility in 
children, with risk of infection in overweight children double that of those of a lower 
BMI [135]. Further evidence for excess susceptibility to viral infection in people with 
obesity comes from the influenza A H1N1 pandemic (H1N1pdm) which occurred in 
2009–2010 [20]. Data from approximately 70,000 hospitalised H1N1-positive patients 
across 19 countries or administrative regions were examined to identify influenza-
associated risk factors [20]. Risk factors were classified into hospitalisation, ICU 
admission and fatality, based on infection severity. The findings revealed a positive 
correlation between infection severity and the proportion of H1N1-positive patients 
having at least one chronic condition. Chronic conditions, e.g. pulmonary disease, 
diabetes or CVD, and immunodeficiency were determined to be risk factors for severe 
H1N1pdm infection, similar to seasonal influenza [20, 136]. However, morbid obesity 
was then recognised as a risk factor for severe influenza infection [20]. Disease sever-
ity correlated with an increasing percentage of patients with obesity (BMI ≥30 kg/
m2), with a similar trend in patients with a BMI >40 kg/m2, classified as morbid 
obesity. Patients with obesity or morbid obesity have a greater risk of ICU admis-
sion [137, 138], but there are associated complications, where these same individuals 
have been reported to have an increased susceptibility to nosocomial or secondary 

Figure 2. 
A general global trend for coincidence of high rates of infectious diseases and lower rates of obesity, and vice versa. 
(A) Age-standardised prevalence of obesity in 2022; directly from supplementary materials of NCD Risk Factor 
Collaboration study published 2024 [4], (B) Countries most affected by hepatitis B, image modified from the 
Hepatitis B CDC Yellow Book 2024 [120], (C) Overall age-standardised mortality rate per 100,000 population for 
33 bacterial pathogens responsible for >55% of infection-related deaths globally; image modified from that created 
by the GBD (Global Burden of Disease) 2019 Antimicrobial Resistance Collaborators [121], (D) Global malaria 
death rates 2012; image modified from Poostchi et al. [122].
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infections [139]. As a result, people with obesity face additional risks of contracting 
secondary microbial infections, when hospitalised, such as catheter-related infections 
or ventilator-associated pneumonia. These substantially elevate their mortality risk.

Following the H1N1 pandemic, the Middle East respiratory syndrome coronavirus 
(MERS-CoV) surfaced in 2012, with a high mortality rate, especially in patients 
with comorbidities. A meta-analysis of MERS-CoV cases observed 16% of the cases 
occurred in people with obesity [140]. During the COVID-19 pandemic caused by 
SARS-CoV-2, it became apparent that obesity greatly increased the risk of COVID-19 
infection, over 46% increased risk. A meta-analysis found that people with obesity 
were more likely to be hospitalised (113% increased risk), admitted to intensive care 
unit (ICU) (74%) and die (48%) due to COVID-19 [21]. Impaired responses to infec-
tion in people with obesity raise concerns whether an adequate memory response is 
generated following infection.

3.2 Bacterial and parasitic infection in obesity

Unlike viral infections, the relationship between obesity and other infections is 
less clear due to a paucity of data, partly attributable to the aforementioned epide-
miology of both (Figure 2). Urinary tract, surgical site and bloodstream infection 
risk have been found to have increased incidence in people with obesity, especially in 
patients with morbid obesity and in those with excess adiposity [141–143]. In the case 
of both urinary tract and surgical site infections there is a lack of clarity on the topic 
due to sometimes opposite findings most likely due to the U-shaped curve whereby 
adverse outcomes also associate with underweight, and due to confounding variables 
[141, 144–146]. For example, risk of sepsis-related mortality is higher in both those 
with BMI <20 and those with BMI above 30 [147]. Streptococcus and pneumococcus 
infection, as well as colonisation with staphylococcus (recorded as an indicator of 
subsequent infection risk) were all higher in people with obesity compared to those 
without obesity and above the underweight threshold [148–152]. Though not all 
studies assessed underweight, when assessed, underweight also correlates with worse 
outcomes. Tuberculosis in particular has a demonstratable association with under-
weight, and a relationship with BMI that places overweight and obesity favourably 
in terms of outcome [153–156]. However, there is a dearth of studies that included 
participants with a BMI over 30. Therefore, it is unclear if more severely high BMI 
would be associated with poorer outcomes as per other bacterial infectious diseases, 
or afford the same protections as an overweight BMI has been shown to do. Similarly 
to the overall pattern observed in bacterial infections, increased severity of malaria is 
associated with both extremes of BMI [157–159].

4.  The impact of obesity on vaccination

Successful vaccination strategies depend on the stimulation of both arms of 
the immune response, innate and adaptive [160]. However, challenges occur when 
underlying conditions cause immune dysregulation, such as obesity [94, 101]. Obesity 
results in immune dysfunction through various mechanisms, affecting the responses 
necessary for effective vaccination: the innate, humoral and T-cell mediated immune 
responses [24, 89, 106]. Accumulating evidence in people with obesity highlights their 
diminished ability to elicit optimal immune responses compared to controls following 
vaccination [94]. Immune memory responses develop following vaccination and serve 
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to protect the inoculated host upon exposure to the causative pathogen [160]. Using 
influenza viruses as an example, the activation of T-cell responses is particularly 
important due to their targeting of internal proteins that are often conserved amongst 
viral strains [161]. Humoral antibody (Ab)-based responses target surface proteins 
which can differ between viral strains [162]. Studies in mice with diet-induced obesity 
by Karlsson et al. [101] found a significant reduction in memory T cell function, 
specific for influenza, in mice with diet-induced obesity-compared to controls. A 
subsequent study showed a decrease in the maintenance of these influenza-specific 
CD8+ memory T cells in the mice with diet-induced obesity [163].

The ability to confer protection upon secondary infection correlates with the 
number of these specific memory T cells within the target tissue [163], in this con-
text, the lungs. Two cytokines have displayed important regulatory roles in antigen 
(Ag)-specific CD8+ memory T cell maintenance, IL-7 and IL-15 [163]. Karlsson et al. 
[163] hypothesised the following mechanisms as explanations for their observations. 
Hyperleptinaemia is a characteristic of obesity which can lead to resistance to leptin 
[164]; leptin is a hormone shown to link metabolism and the immune system [165]. 
Karlsson et al. [163] observed diminished bystander memory T cell proliferation over 
time in high fat diet mice, despite higher Il15 mRNA expression. The impairment 
of leptin signalling was given as a possible explanation for the reduction in memory 
T cell numbers, as leptin signalling has been associated with IL-15 function [163]. 
Dysregulation of leptin and leptin receptor signalling has been associated with higher 
risk of infection in both insufficient and excess adiposity [166]. As previously men-
tioned, obesity can affect antigen-presenting cell function, importantly dendritic 
cells [89] which are required for memory T cell maintenance via trans-presentation of 
IL-15 on its respective receptor [167]. Hence, obesity can impede the activation of a 
rapid immune response upon exposure to the specific antigen in vaccinated individu-
als through its reduction in number and function of these vital memory T cells. These 
results have broader public health implications as weight loss may not adequately 
reverse certain immune dysfunction [23, 106], unlike its reversal of certain associated 
comorbidities [168], therefore, maintaining diminished vaccine efficacy and infec-
tion susceptibility in people with obesity.

A year after vaccination, individuals with a higher BMI had a significant reduction 
in influenza-specific antibody titres [94]. People with obesity following receipt of the 
Hepatitis B virus (HBV) vaccine had significantly less Abs compared to controls [19, 
169]. Non-responsiveness to the HBV vaccine correlated with increasing BMI [169]. 
Obesity can also hinder vaccination efficacy against other pathogens, e.g. bacteria, 
where over-weight children, compared to controls, showed a significant reduction in 
anti-tetanus antibody levels [170]. As a result, obesity would cause greater suscepti-
bility to these viruses or bacteria, in turn, affecting infection severity.

During the COVID-19 pandemic, various studies were performed to investigate 
the effect of SARS-CoV-2 on the humoral and cell-mediated response pre- and post-
vaccination. Pre-vaccination people with obesity had greater neutralising antibody 
and spike-specific IgG titres which was proposed to be due to a more overreactive 
immune response which is disadvantageous during infection [171]. Similar levels 
of circulating T cells specific for SARS-CoV-2 spike and membrane peptides were 
detected in people with obesity who survived infection compared to controls [172]. 
However, higher frequencies were detected in a different study 12 months after 
infection [171] which was inferred to possibly explain the finding that increased BMI 
correlated with an increased risk of long COVID [173]. A meta-analysis determined 
reduced antibody responses following SARS-CoV-2 vaccination of people with 
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obesity [174]. Onyango et al. [171] demonstrated a decreasing trend in neutralising 
to spike IgG titre ratio for people with obesity compared to controls after infection 
and vaccination. However, it was shown that vaccination did boost both cellular and 
humoral responses similarly between people with obesity, overweight and control 
individuals [171]. SARS-CoV-2 spike specific T cells, including polyfunctional T cells, 
were comparable between people with obesity and controls following ChAdOx1 
COVID-19 vaccination [175]. Evidence still shows that obesity is a risk factor for 
infection and vaccination, however, data where vaccination yields comparable cell-
mediated immune responses is positive for people living with obesity.

Various mechanisms may influence vaccine efficacy in people with obesity. Firstly, 
immune dysfunction can result in suboptimal vaccine responses, where people with 
obesity may not generate an adequate immune response upon inoculation (including 
a memory response), hence diminishing the protection upon future antigen exposure. 
Secondly, drug pharmacokinetics must be considered, as greater body mass (associ-
ated with obesity) may affect the uptake, absorption and distribution of vaccines in 
people with obesity after inoculation [170]. These factors require consideration dur-
ing vaccine development to ensure the desired immune response is not compromised. 
As research has shown that, despite vaccination, adults living with obesity compared 
to vaccinated controls, were twice at risk of developing influenza or influenza-like 
infections [176] demonstrating people with obesity as an at-risk group for increased 
susceptibility to infection and greater infection morbidity and mortality [20, 21].

Understanding the causes and consequences of obesity is crucial for improving 
human health. While preventative measures remain the most optimal strategy for 
mitigating disease, the global surge in cases of obesity over the past 40 years [2], 
underlines the need for effective treatment to combat this condition.

5.  Conclusion

Obesity is a chronic and multifactorial disease, associated with over 200 chronic 
comorbidities [2, 12], including an increased susceptibility, morbidity, and mortal-
ity to infection [20, 21]. Multiple genetic and environmental factors influence the 
development and progression of obesity [1, 177]. People with obesity may experience 
a decreased quality of life and reduced life expectancy [178, 179]. The disease exerts 
profound mental, emotional and physical tolls on the affected individuals and greater 
understanding is required to address its associated vulnerabilities, as any dysfunction 
may not be reversed following weight loss [23, 24, 106]. People with obesity may have 
impaired infection clearance or more frequent infections due to a suboptimal immune 
system, alongside potentially associated chronic illnesses [180]. The effects of obesity 
on immune cell compartments are clear [57, 64, 89, 94], fortunately pharmaceutical 
treatments are showing NK cell improvements [23] and further elucidation of these 
treatments on other immune cells is required. Altogether, these data reiterate the need 
for concerted public health strategies to address rising obesity rates, as the disease 
continues to have detrimental economic and social effects across the globe [3].
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Abstract

Despite extensive research during the last couple of years, lipedema still appears 
enigmatic in respect to its pathogenesis. In our in vitro study, we have set out to 
further characterize lipedema adipocytes, concentrating on gene and protein expres-
sion, which might help to develop ideas explaining the excessive accumulation of 
adipose tissue in women with lipedema. Using 2D cultures we show that gene expres-
sion in lipedema and non-lipedema adipocytes differs significantly in terms of genes 
related to lipid droplet size determination, insulin signaling and glucose uptake. A 
pronounced hypertrophy, recognizable by a significantly increased average lipid 
droplet size, was visible in differentiated lipedema adipocytes grown in 3D cultures. 
In addition, gene and protein expression related to inflammation and fibrosis were 
upregulated in lipedema adipocytes compared to controls, supporting earlier reports. 
Taken together, results from our in vitro studies suggest that lipedema adipose cells 
are capable of retaining their hypertrophic nature under culture conditions and 
open new aspects focusing on insulin signaling and PDGFRA-mediated balancing of 
adipogenic versus fibrogenic differentiation of lipedema adipose tissue.

Keywords: lipedema, adipose tissue-derived stromal cells, gene expression, adipogenic 
differentiation, inflammation, hypertrophy, lipid droplet size

1. Introduction

According to the current state of knowledge, lipedema can be classified as a fat 
distribution disorder—a term usually describing the localized imbalance of subcuta-
neous fat deposition and affecting both overweight and normal-weight individuals.

Women who suffer from lipedema (synonymously also referred to as adiposis 
dolorosa or lipalgia) experience a symmetrical enlargement of their extremities, with 
partial involvement of the hips and buttocks at advanced stages, while their waists 
remain disproportionately small [1–6]. Lipedema can occur as both a syndromic and 
non-syndromic disease, with a suggested but yet-undefined autosomal dominant 
inheritance [7, 8].
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Apart from the unbalanced accumulation of subcutaneous fat on the extremities, 
people with lipedema show several pathological characteristics such as tenderness, 
pressure pain, easy bruising and depressive moods, while suffering from an inexo-
rable, diet- and exercise-resistant weight gain [9].

Lipedema is not typically associated with metabolic complications and related 
cardiovascular diseases, while hypothyroidism appears to be a frequent co-morbidity 
of lipedema [10], particularly at higher stages.

Lipedema is found predominantly, if not exclusively, in women, the onset being 
associated with major hormonal changes. In this context, puberty seems to be a 
significant trigger for lipedema, followed by pregnancy and menopause, apart from 
other, less defined, causes.

The rare occurrence of lipedema in men is usually a consequence of a primary 
hormonal disorder [7]. However, despite the many indications that lipedema might be 
an estrogen-associated disease [11], scientific evidence clearly demonstrating a causal 
role for estrogen in the initiation or progression of lipedema is still missing.

One important key detail distinguishing lipedema from other fat distribution 
disorders such as Madelung’s disease (multiple symmetric lipomatosis), Dercum’s 
disease, or familial multiple lipomatosis, is the higher relative frequency with which it 
occurs [12]. While the above-mentioned diseases are particularly rare, the prevalence 
of lipedema is estimated up to 11% in women and post-pubertal girls [13]. However, 
statistic numbers concerning the prevalence of lipedema vary substantially [14]. This 
can be explained by the limited availability of accurate diagnostic options, the lack 
of molecular “markers” and probably by a long-standing ignorance of this disease. 
In addition, lipedema has often been misdiagnosed as obesity, lymphatic or venous 
insufficiency, or lipohypertrophy, which is not surprising given the phenotypic 
similarities and the partially shared symptomatology at advanced stages [15–17].

It needs to be emphasized that lipohypertrophy differs from lipedema in several 
important aspects, above all the absence of pain and the weaker (or even absent) 
tendency to develop edema at advanced stages. Histological and molecular character-
istics to distinguish lipohypertrophy from lipedema and secondary lymphedema were 
recently described [18].

Since lipedema was originally described as a “syndrome characterized by fat 
legs and orthostatic edema” [19], the assumption that lipedema is triggered by the 
formation of edema was obvious. Since then, numerous studies have focused on the 
potential occurrence of lymphatic disturbances and vascular fragility in people with 
lipedema, with contradicting results (reviewed in [20–22]).

Taking together all evidence available so far, it may be postulated that edema is 
not integral to the initiation and early development of lipedema. However, during 
advanced stages, the co-occurrence of obesity and lymphatic impediment is fre-
quently observed. Therefore, conservative treatment including decongestion therapy 
often achieves success in relieving the patient’s pain, but does not impact the patho-
genesis of lipedema itself. Currently, liposuction appears to be the best treatment for 
long-term improvement [23].

The criteria used for the diagnosis of lipedema were established in the 1950s [19] 
and, with a few modifications introduced by Herbst [24], are still valid today. A thor-
ough visual inspection, palpation and a detailed discussion of the patients’ histories 
are still the basis of daily routine diagnosis. Sonography may improve diagnosis and 
help to distinguish lipedema from lymphedema, particularly at advanced stages [25].

Although it is generally agreed upon that lipedema progresses through stages [26] 
that can develop with different dynamics, the biological mechanism(s) underlying 
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this progression are not yet clear. Numerous studies were conducted to explore 
potential molecular alterations distinguishing lipedema from non-lipedema adipose 
tissue in vivo and in vitro (reviewed in [21, 22]). Thereby, a major focus was set on 
the appearance of hyperplasia and hypertrophy, two basic mechanisms underlying 
adipose tissue accumulation [27, 28], and on the role of low-level inflammation and 
fibrotic changes in the development of lipedema [29].

Concerning adipose tissue hyperplasia, in vitro studies have contradicted each 
other. Several articles state that lipedema preadipocytes show increased proliferative 
activity compared to non-lipedema cells, estimated either upon expression of gene 
markers such as CD90 or cyclin D1, or using cell counting and metabolic activity 
assays, while other studies do not support this notion [30–34].

Data concerning the occurrence of hypertrophy in lipedema adipose tissue are 
more consistent, as demonstrated by the measurements of adipocyte size in biopsied 
subcutaneous adipose tissue [18, 30, 35, 36]. While it appears plausible that adipocyte 
size is increased in lipedema adipose tissue, a more detailed analysis supporting this 
finding is missing. Since most of the molecular data available so far have emerged 
from studies using in vitro differentiated adipocytes grown from the stromal vascular 
fraction (SVF) of subcutaneous adipose tissue, it should be clarified, whether the 
suggested hypertrophy found in vivo is also evident in vitro.

The goal of this study was to further elucidate the previously suggested hyper-
trophy of lipedema adipocytes using 2D and 3D culture systems. Here we show for 
the first time that lipedema adipose cells are capable of retaining their hypertrophic 
nature during cultivation, which is reflected by significantly increased average size 
of lipid droplets (LDs) in lipedema adipocytes compared to controls. This is sup-
ported by our results from gene expression studies showing elevated expression of 
genes related to LD enlargement in lipedema adipocytes in vitro. In addition, we 
confirmed the significant upregulation of fibrosis and inflammation-related gene 
and protein expression in lipedema adipocytes, supporting the notion that lipedema 
pathology is obviously accompanied and intensified by low-level inflammation and 
fibrotic alterations.

2. Material and methods

2.1 Human tissue specimens

In vitro experiments were performed on adipose tissue-derived stromal cells 
(ASCs) isolated from lipoaspirates obtained exclusively from the thigh region 
of anonymized female donors during routine operations. Ex vivo experiments 
were performed on tissue excised from cannula incision sites directly before the 
operations.

Informed consent was acquired from all patients. All experimental protocols con-
cerning human adipose tissues (biopsied material and lipoaspirate) were approved by 
the Ethics Committee of Salzburg, Austria.

The anonymized donors were categorized into lipedema and control donors: 
Obese (in the following referred to as OB) lipedema donors (n = 5, average age at 
operation 29.4 ± 1.5 years, BMI 36.2 ± 4.6 kg/m2, non-obese (normal weight and over-
weight, in the following referred to as NW/OW) lipedema donors (n = 10, average age 
at operation 31.0 ± 6.9 years, BMI 24.4 ± 2.3 kg/m2), and controls (n = 6, average age 
at operation 33.4 ± 8.4 years, BMI (25.4 ± 2.1 kg/m2).
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2.2 Cell isolation

SVF from lipoaspirates was isolated according to a standardized procedure. 
To summarize: To isolate the ASCs, 0.1% collagenase A (Sigma-Aldrich; Vienna, 
Austria) was dissolved in phosphate buffered saline (PBS). Collagenase solution and 
lipoaspirate were mixed one to one and incubated for 30 min at 37°C in a water bath 
under constant agitation. StemMACS MSC expansion medium (MiltenyiBiotech; 
Bergisch-Gladbach, Germany) was used to stop the collagenase digestion. 
Supernatant was discarded after centrifugation (340 g) for 10 min, and the pel-
let was resuspended in PBS and filtered through a 100 μm cell strainer (Falcon; 
Corning, NY, USA). The pellet was resuspended in culture medium after a second 
identical centrifugation step before seeding in culture flasks. Whenever necessary, 
pellets were also washed with red blood cell lysis buffer (RBC lysis buffer, Roche 
Diagnostics; Rotkreuz, Switzerland), centrifuged again, resuspended in culture 
medium, and seeded.

After isolation, the ASCs were cultured in basic medium containing high-glucose 
(4.5 g/L D-Glucose) DMEM with glutamine (Sigma-Aldrich), 10% fetal bovine serum 
(FBS, Sigma-Aldrich) and 1% antibiotic/antimycotic solution (Sigma-Aldrich). The 
ASCs were fed once per week and passaged 0–3 times before being used for 2D or 3D 
experimentation.

2.3 In vitro differentiation

Adipogenic differentiation was induced by switching out basic medium with 
 differentiation and then maintenance medium changes every 3–4 days for 21 days. 
The differentiation medium ingredients were as follows: DMEM high glucose, 
1 μmol/L dexamethasone (Sigma-Aldrich), 0.5 mmol/L 3-isobutyl-1-methylxan-
thine (IBMX) (Sigma), 10 μg/mL insulin (Sigma-Aldrich) and 100 μmol/L indo-
methacin (Sigma-Aldrich). The cells were cultured for 4 days in the differentiation 
medium and then differentiation was maintained for 3 days with DMEM high 
glucose with the addition of 10 μg/mL insulin, before being cultured with differen-
tiation medium again.

After 21 days, the adipogenic differentiation was verified by Oil Red O (ORO) 
staining. The cell yield was fixed with 4% paraformaldehyde (PFA), stained with 
a 60% ORO solution (Sigma-Aldrich), and washed 3× with dH2O to visualize the 
 red-stained LDs.

2.4 Total RNA extraction and reverse transcription of 2D ASCs

After isolation, seeding in T25 culture flasks, and 21-day adipogenic differentiation 
induction after confluency, differentiated cells were harvested and homogenized 
in TRIzol™ Reagent (ThermoFisher Scientific; Waltham, MA, USA). RNA was 
extracted using the manufacture’s protocol. RNA pellets were solubilized in 20–30 μl 
nuclease-free H2O (IDT) with 1 μl (1:20 dilution) of RNAase inhibitor (Sigma-
Aldrich). RNA yield and quality using the 260/280 nm ratio was established with the 
NanoDrop 2000c Spectrophotometer (ThermoFisher Scientific).

Reverse transcription was then performed using the iScript™ cDNA synthesis kit 
(BIORAD; Ipswich, MA, USA) according to the manufacturer’s protocol. 1 μg of RNA 
was used for the cDNA synthesis.
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2.5 Quantitative PCR analysis

Quantitative PCRs (qPCRs) were performed with the Luna® Universal Probe 
qPCR Master Mix (New England Biolabs®; Ipswich, MA, USA) according to the 
manufacturer’s instructions. A concentration of 5 ng/μl cDNA was analyzed per well. 
Predesigned qPCR assays were selected using Integrated DNA Technologies (IDT; 
Coralville, IW, USA). Table 1 lists the primers of the predesigned assays.

All samples were run in technical duplicates and CQ values were analyzed using 
qBaseplus v2.4 (Biogazelle; Zwijnaarde, Belgium). Relative gene expressions of 
the data were calculated by normalizing the data to the expression of three refer-
ence genes (TBP, PUM1, and RPLP0) which were stably expressed across sample 
conditions.

2.6 Immunofluorescence staining of cultured cells

SVF-cells were harvested and cultured as described previously. Passage 2 cells 
were seeded on glass coverslips and grown until confluence. Then, cells were fixed in 
situ with 4% PFA, and washed with PBS. After permeabilizing with 0.2% TritonX100 
and blocking unspecific binding sites by preincubation with 1% Bovine Serum 
Albumin (BSA) in PBS + 0.05% Tween 20 (PBST) for 30 min, cells were incubated 
overnight at 4°C with the specific antibodies mo-anti CD68 RTU (#514H12 Bond/
Leica; Wetzlar, Germany) mixed with rb-anti CD163 1:75 (#STJ110681, St. Johns; 
London, UK) diluted in 0.1% PBST. After 4× washing, cells were incubated with 
the secondary antibody mix of Alexa Fluor® 488 Donkey anti-mouse IgG (H + L) 
1:500 and Alexa Fluor® 568 Donkey anti-rabbit IgG (H + L) 1:1500 (both Invitrogen; 
Waltham, MA, USA) diluted in 0.1% PBST for 30 min at room temperature. 
Following washing, cell nuclei were stained with DAPI (Sigma-Aldrich) for 10 min.

Cells on coverslips were mounted with CitiFluor™ (Electron Microscopy Sciences; 
Hatfield, PA, USA) on glass slides. For evaluation of M1 and M2 macrophage-dis-
tribution, fluorescence micrographs were taken through a 40× objective with Nikon 
NIS Elements B software at a Nikon Eclipse 800 microscope equipped with a Nikon 
DS-Ri1 camera (Nikon; Tokyo, Japan).

Micrographs from 5 to 12 fields (depending on cell density) were taken and nuclei 
were counted. Overlay pictures of the three channels DAPI, CD68 → green (488 nm) 
and CD163 → red (568 nm) were assembled with Adobe Photoshop software. CD68 
alone and CD68/CD163 positive cells were counted and evaluated in percentages in 
comparison to DAPI positive cells.

2.7 Spheroid formation, in vitro differentiation and immunofluorescence staining

For morphologic measurements, 6000 ASCs originating from lipedema and 
control SVF were seeded first in hanging droplets. In short, droplets of 20 μl cell 
suspension were placed on the underside of a lid of a 30 mm dish, which was then 
immediately flipped over back on to the dish. The subsequently formed hanging 
droplets incubated in a 37°C CO2 incubator for 24 h where aggregation of ASCs was 
induced. After spheroid formation, the spheroids were transferred to non-adhesive 
24-well plates (Nunclon-Sphera; Waltham, MA, USA). Growth of ASC spheroids was 
monitored throughout 3 days, with daily photographic documentation using a Zeiss 
Axiovert™ microscope and a GryphaxR Subra camera (Jenoptik; Jena, Germany).
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For differentiation experiments, aggregation of 5000 ASCs was induced as 
described above. After transferring to non-adhesive plates, the spheroids underwent 
induction of adipogenic differentiation in the same manner as the 2D cells. After 
21 days of adipogenic differentiation, the spheroids were fixed 30 min with 4% PFA. 
After fixation, spheroids were washed 3× with PBS, followed by a 7 min incubation 
of 0.2% TritonX100 to permeabilize the cells for antibody penetration. To prevent 
non-specific binding, the spheroids were incubated in blocking buffer (0.1% BSA 
in PBS) for 30 min. The primary antibody (Perilipin-1 (D1D8) XP® Rabbit mAb, 
Cell Signaling Technologies; Danvers, MA, USA) was incubated at a 1:100 dilution 
overnight at 4°C. The secondary antibody (Alexa Fluor® 568 Donkey anti-rabbit 
IgG (H + L), Invitrogen) was incubated at 1:1000 for 30 min at room temperature. 
Between each step, cells were washed with PBS. As a last step, nuclear counterstaining 
was carried out by a 15 min incubation with the nuclear stain DAPI at room tempera-
ture, and then the spheroids were washed 2× with PBS, 1× with dH2O, transferred 
onto glass slides and mounted with Glycergel (Dako; Carpinteria, CA, USA). The 
spheroids were analyzed on a confocal laser-scanning microscope (Axio ObserverZ1 
attached to LSM700, Carl Zeiss, Göttingen, Germany; ×20 dry objective), using only 
the 568 nm excitation channel to document as many LDs as possible. Areas of the LDs 
were measured using ImageJ software (NIH, Maryland, USA).

2.8 Embedding of spheroids for semi-thin sectioning

Spheroids grown in hanging drops and differentiated as described above were 
fixed with half strength Karnovksy’s fixative for 3 h. After 3× washing in 0.1 M 
cacodylate buffer at pH 7.4, samples were postfixed with 1% OsO4 in cacodylate buffer 
for 3 h. Following 3× cacodylate buffer washing steps, spheroids were dehydrated by 
a graded series of ethanol with 3 changes of 100% ethanol and 2 subsequent changes 
of propylene oxide. Infiltration of epoxy resin Agar 100 (Science Services; Munich, 
Germany) were done in 3 ascending mixtures of propylene oxide/resin followed 
by incubation with pure resin overnight at 4°C. Samples were transferred into sili-
con molds with fresh resin and polymerized at 60°C for 2 days. Semithin sections 
(0.5 μm) were cut on a Reichert Ultracut™ S (Reichert, Austria) which were stained 
with Richardson’s dye. Sections were analyzed and pictures were taken with Nikon 
microscope equipment (see above).

2.9 Preparation of histological sections and polarization microscopy

After biopsy, the tissues were cut into small pieces of about 3 mm3 size and imme-
diately fixed in 4% PFA.

After PFA fixation, the samples were processed by a conventional automated 
paraffin-embedding process (Leica, TP 1020 paraffin embedding processor). 
The samples were transferred to paraffin bloc molds. 5 μm sections were cut from 
the paraffin blocs. The tissue sections were subsequently “baked” for 2 h at 58°C. The 
sections were then deparaffinized using Rotihistol™ (Roth; Karlsruhe, Germany) 
and rehydrated in a series of ethanol solutions with lowering dilutions, washed with 
dH2O and fixed with non-permanent CitiFluor™. The unstained sections were then 
imaged with a 10× objective on a light microscope with polarization filters (Axioplan, 
Carl Zeiss; Oberkochen, Germany) using the same wavelength for each image, 
captured with a digital camera (AxioCam, Carl Zeiss). The images were analyzed 
with ImageJ software.
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Analysis included 6 biological repeats for lipedema and 3 biological repeats for 
control tissue.

2.10 Statistics

Statistical analyses were performed using GraphPad Prism software (version 
9.0.0; La Jolla, CA, USA). Shapiro-Wilk tests were done to analyze if data were nor-
mally distributed. With data with normal distribution, Welch’s t tests were performed. 
When the data were not normally distributed, Mann-Whitney tests were used.

3. Results and discussion

3.1 Lipogenesis and lipid droplets

In the present study, we have followed gene expression and in vitro growth of 
ASCs and fully differentiated adipocytes derived from the SVF of lipoaspirates 
from lipedema and control donors. Since we and others have shown previously that 
lipedema adipocytes differ from non-lipedema adipocytes by increased expression of 
adipogenesis-related genes (reviewed in [21, 22]), we went on to identify additional 
characteristics distinguishing lipedema adipocytes from their healthy counterparts.

Our gene expression study was performed using 2D cultures of lipedema and 
control adipocytes, while growth and LD size were studied in undifferentiated and 
differentiated 3D cultures generated by a conventional hanging drop method.

Here, we concentrated particularly on gene expression related to lipogenesis and 
the enlargement of LDs with a minor focus on inflammation and fibrosis-related 
gene expression. Furthermore, we addressed the question of whether the suggested 
hypertrophy of lipedema adipocytes described in vivo is also evident in a 3D test 
arrangement in vitro.

Interestingly, mRNA levels of alpha/beta hydrolase domain-containing protein 
5 (ABHD5), a co-activator of adipose triglyceride lipase (ATGL) and key enzyme of 
cytosolic LD lipolysis [37] did not differ significantly between lipedema and non-
lipedema adipocytes (Figure 1). ABHD5 plays a critical role in balancing basal and 
stimulated lipolysis. Under basal conditions, it stays bound to perilipin-1 (PLIN1) 
(described below), impeding its interaction with and activation of ATGL. Upon 
phosphorylation of PLIN1, ABHD5 dissociates from PLIN1 and interacts with ATGL, 
thereby activating the first and rate-limiting step in LD hydrolysis [38, 39]. Since 
ABHD5 expression was comparable in the lipedema and control group, we assume 
that under non-stimulated conditions, lipolysis in lipedema and non-lipedema cells is 
comparable, which was also reflected by the equal expression of ATGL (Figure 1).

We have demonstrated that mRNA levels of PLIN1 and the cell death-inducing 
DFFA-like effector protein C (CIDEC), also referred to as fat-specific protein 27 
(FSP27), two proteins critically involved in the enlargement of LDs [40–42], are 
significantly upregulated in lipedema adipocytes compared to controls (Figure 1). 
PLIN1, a member of the PAT (perilipin, adipophilin, TIP47) family [43, 44], is 
robustly expressed in adipocytes of white and brown adipose tissue and associates 
physically with the surface of LDs. Its dual function is based on its ability to modulate 
lipid metabolism by blocking basal lipolysis but mediating hormone-stimulated 
hydrolysis of triacylglycerols [45–47]. PLIN1 binds to and activates CIDEC, a key 
component of LD fusion and enhancement of unilocular LDs in white adipocytes 
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[40, 41]. CIDE proteins, currently comprising CIDEA, -B, and -C, localize at LD-LD 
contact sites and are involved in the directional lipid transfer between LDs, enabling 
LD fusion and enhancing lipid storage capacity of adipocytes [40].

As with all other members of the CIDE family, CIDEC was originally known for 
its apoptosis-promoting function in various cell types [48], but gradually emerged as 
major player in the regulation of lipolysis, storage of triglycerides and insulin signal-
ing [49]. The antilipolytic activity of CIDEC is well documented [50]. It can directly 

Figure 1. 
Relative gene expression after 21 days of adipogenic differentiation of lipedema (n = 9, BMI 26.7 ± 3.3 kg/m2) 
and controls (n = 4, BMI: 27.3 ± 3.2 kg/m2). *P < 0.05, **P < 0.01. Abbreviations: ABHD5: alpha/beta hydrolase 
domain-containing protein 5; PLIN1: Perilipin 1; LPL: lipoprotein lipase; SLC2A4: solute carrier family 2 
member 4 gene, encoding the insulin-regulated glucose transporter GLUT4; CIDEC: cell death inducing DFFA 
like effector C (FSP27, fat-specific protein 27); CIDEA: cell death inducing DFFA like effector A; ATGL: 
adipose triglyceride lipase; PPARGC1A: peroxisome proliferator-activated receptor gamma coactivator 1-alpha; 
PDGFRA: platelet-derived growth factor receptor alpha; INSR: insulin receptor; IGF-1R: insulin-like growth 
factor 1 receptor; AKR1C1: aldo-keto reductase family 1 member C1.
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interact with ATGL to inhibit its lipolytic activity, but may also engage in mediating 
the suppression of ATGL transcription [50]. Insulin significantly increases CIDEC 
mRNA levels, thereby facilitating the enlargement of LDs in adipocytes. This effect 
was abrogated upon depletion of CIDEC but not CIDEA [51].

It may be speculated that the upregulation of PLIN1 and CIDEC in lipedema adi-
pocytes is indicative of LD enlargement contributing to the hypertrophy of lipedema 
adipose tissue.

We have shown that mRNA levels of the multifaceted lipoprotein lipase (LPL) 
and the insulin-related facilitative glucose transporter SLC2A4 (GLUT4), are signifi-
cantly increased in lipedema adipocytes compared to controls (Figure 1), suggesting 
elevated lipogenesis and an overall increase in lipid turnover and metabolism [52, 53]. 
Upregulation of adipocyte LPL has also been linked to inflammation and macrophage 
activation in obese adipose tissue [54]. In addition, expression in preadipocytes was 
previously shown to correlate directly with increased intracellular lipid load [52]. This 
suggests that adipocyte-derived LPL is capable of managing efficient lipid storage in 
adipocytes without being dependent on extracellular, vascular-derived LPL activity. 
It will be interesting to clarify whether the adipocyte-intrinsic upregulation of LPL 
plays a role in lipedema adipose tissue hypertrophy.

Interestingly, mRNA levels of the insulin receptor (INSR) but not insulin-like 
growth factor-1 receptor (IGF-1R) are significantly elevated in lipedema adipocytes 
compared to controls. INSR and IGF-1R are highly homologous tyrosine kinase recep-
tors with partly overlapping intracellular signaling pathways playing an essential role 
in adipose tissue development [55, 56]. However, despite their considerable structural 
and functional similarities, INSR and IGF-1R exert differential effects on white 
and brown adipose tissue differentiation [57]. As demonstrated in animal knockout 
experiments, development and maintenance of white adipose tissue is highly depen-
dent on INSR while IGF-1R plays only a minor role in this respect [57]. Interestingly, 
INSR and IGF-1R are differentially expressed during adipogenic development. While 
IGF-1R levels exceed INSR levels in undifferentiated adipose cells, this situation is 
reversed in mature adipocytes [57, 58].

Although INSR and IGF-1R functions are primarily determined by ligand bind-
ing kinetics and intracellular tyrosine kinase activity, variations in mRNA levels 
could also contribute to alterations in insulin-induced cell response. In this respect, 
increased levels of INSR mRNA were observed in liver cells of genetically diabetic and 
obese mice [59]. Concerning the significantly increased expression of INSR mRNA 
in cultured lipedema adipocytes, additional studies are needed to determine whether 
this may impact insulin signaling and lipid metabolism in lipedema adipose tissue.

Results from our molecular study further reveal that platelet-derived growth 
factor receptor-alpha (PDGFRA) mRNA levels are significantly increased in lipedema 
adipocytes compared to controls. Of note, PDGFRA was shown to play a crucial role 
in adipose organogenesis by controlling the adipogenic and fibrogenic differentiation 
of precursor cells [60, 61]. Although further in-depth studies are still missing, it can-
not be ruled out that PDGFRA plays a role in the development of lipedema-associated 
fibrosis.

Neither aldo-keto reductase 1C1 (AKR1C1), a gene involved in progesterone 
metabolism and upregulated in a family with non-syndromic lipedema [62], nor the 
peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PPARGC1A), 
a key regulator of energy metabolism, glucose uptake and mitochondrial biogenesis 
[63] showed differential expression in lipedema and non-lipedema adipocytes.
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Figure 2. 
(A) Morphological analysis of spheroids grown from lipedema and control ASCs. Scale bar: 200 μm. (B) 
Perimeter was measured using ImageJ software (NIH, Maryland, USA) in NW/OW lipedema (n = 3, 
BMI = 21.7 ± 0.4 kg/m2) and controls (n = 3, BMI = 25.7 ± 2.5 kg/m2). NW/OW: normal weight/overweight. 
(C) Size of lipid droplets (LD) measured in in vitro differentiated spheroids grown from lipedema and control 
ASCs. NW/OW lipedema (n = 3, BMI = 23.7 ± 1.4 kg/m2), NW/OW controls (n = 3, BMI = 24.3 ± 0.4 kg/m2). 
(*P < 0.05). (D) Representative images of PLIN1 expression in lipedema (a) and control (b) spheroids, scale 
bar: 100 μm, and semi-thin sections of in vitro differentiated lipedema (c) and control (d) spheroids, scale bar: 
10 μm. PLIN1: Perilipin-1. (E) Representative polarization microscopy images of biopsied lipedema and control 
subcutaneous adipose tissue from lateral thighs of lipedema and control donors (both BMI 24.0 kg/m2). Scale bar: 
100 μm. (F) Relative gene expression of collagen 1 (COL1A1) and interleukin-6 (IL6) in adipocytes after 21 days 
of adipogenic differentiation. Lipedema (n = 9, BMI 26.7 ± 3.3 kg/m2). Controls (n = 4, BMI = 27.3 ± 3.2 kg/
m2). Comparison of COL1A1: *P < 0.05. Comparison of IL6: **P < 0.01. G) Quantitative evaluation of M1 
and M2 macrophage abundance in lipedema NW/OW (n = 4, BMI = 22.8 ± 1.0 kg/m2), lipedema OB (n = 3, 
BMI = 39.4 ± 2.1 kg/m2) and control (n = 2, BMI = 24.3 ± 0.5 kg/m2) cultures. NW/OW: normal weight/
overweight; OB: obese. Co-expression of CD68 and CD163 is predominantly found in ASCs from obese donors. 
(H) Immunoreactivity of (a) CD68 and (b) CD68/CD163 positive cells in lipedema ASC cultures. Representative 
examples are shown.
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3.2 Growth and hypertrophy of 3D ASC and adipocyte cultures

In this set of experiments, we focused on the growth of spheroids originating 
from SVF/ASCs from NW/OW and OB lipedema donors compared to controls. No 
significant difference in growth and morphology was detectable between 3D aggre-
gates grown from lipedema and control ASCs, while a slight increase in the perim-
eters of spheroids from lipedema ASCs was observed after 3 days of cultivation, 
Figure 2A and B.

Next, we addressed the question whether LDs of in vitro-differentiated 
 adipocytes grown in 3D cultures differ in size between lipedema and control 
cells. Our results show that the average size of LDs is significantly increased in 
lipedema spheroids compared to controls (Figure 2C). This supports earlier find-
ings demonstrating increased hypertrophy of adipocytes in normal weight lipedema 
adipose tissue compared to BMI-matched controls [18, 30, 35, 36]. Interestingly, 
LDs in lipedema spheroids showed a more heterogeneous picture and contained 
a higher number of disproportionately large droplets compared to controls 
(Figure 2D).

3.3 Fibrosis- and inflammation-associated markers

As evidenced by our gene expression studies, augmented deposition of collagen 
was detectable in histological sections from biopsied subcutaneous adipose tissue 
from women with lipedema compared to controls (Figure 2E). In line with this, 
lipedema adipocytes differ from controls by their significantly increased expression 
of collagen 1 (COL1A1) and interleukin-6 (IL-6) mRNA (Figure 2F), emphasizing 
again the inflammatory and fibrotic component of lipedema pathology.

Our results from immunostainings reveal elevated numbers of M1 macro-
phages (evidenced by a granulated signal) in lipedema ASCs compared to controls 
(Figure 2G and H). This confirms earlier reports, demonstrating increased immune 
cell infiltration into lipedema adipose tissue [30, 32, 35, 36, 64–66]. In our study, 
only low numbers of activated (M2) macrophages, characterized by the selective 
marker CD163 with additional expression of CD68 were present in lipedema cultured 
cells, while the highest percentage of M2 macrophages was detected in ASCs from 
OB donors. Control ASCs were devoid of activated (M2) macrophages. Again, this 
confirms the general notion that excessive weight gain triggers inflammatory and 
fibrotic mechanisms, especially in lipedema.

4. Conclusion

The significantly increased transcriptional upregulation of genes involved in the 
regulation of LD growth distinguishes in vitro differentiated lipedema adipocytes 
from their healthy counterparts. Although further experimental evidence is needed it 
may be speculated that the hypertrophic nature of lipedema tissue may be maintained 
in vitro throughout cultivation.

Increased expression of INSR, GLUT4, and LPL in lipedema adipocytes suggests 
involvement of insulin signaling in lipedema adipose hypertrophy.

In addition, our data support the notion that lipedema pathogenesis is accom-
panied by inflammatory and fibrotic conditions. Concerning lipedema-associated 
fibrosis, the upregulation of PDGFRA might open a new field of research, focusing 



Adipose Tissue Homeostasis in Health and Disease

90

Author details

Anna Maria Ernst1*, Erwin Schimak1, Marianne Steiner1, Anna-Theresa Lipp2,  
Hans-Christian Bauer1,3,4 and Hannelore Bauer1*

1 Department of Biosciences, Paris Lodron University of Salzburg, Salzburg, Austria

2 PANTEA Private Clinic, Munich, Germany

3 Institute of Tendon and Bone Regeneration, Spinal Cord Injury and Tissue 
Regeneration Center, Paracelsus Medical University, Salzburg, Austria

4 Austrian Cluster for Tissue Regeneration, Vienna, Austria

*Address all correspondence to: anna_maria.ernst@stud.plus.ac.at  
and hannelore.bauer@plus.ac.at

on a potential imbalance of adipogenic and stromal differentiation at early stages 
of lipedema development. Thus, future research should concentrate on the initial 
stages of lipedema, when the earliest signs of adipose tissue alterations appear, and 
inflammation-related changes are not yet prevalent.
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Chapter 5

Brown and Beige Adipose Tissue: 
From Activators to Physiological 
Relevance
Dominik Tischer and Ana Soriano-Arroquia

Abstract

Brown and beige adipose tissue activate non-shivering thermogenesis in response 
to cold exposure or beta-adrenergic agonists. During this process, glucose and lipids 
are used to generate heat through mitochondrial uncoupling, increasing energy 
expenditure at the expense of adenosine triphosphate (ATP) production. Importantly, 
the decline in brown adipose tissue negatively correlates with age and body mass 
index (BMI). This is, therefore, why induced “browning” of white adipose tissue is 
proposed as a promising therapeutic approach against obesity and metabolic diseases. 
In this chapter, we will review the intricate and exciting world of non-shivering 
thermogenesis, from the molecular mechanisms to the potential pharmacological 
treatments that are currently under scientific scrutiny, as well as the role that bato-
kines, BAT-derived adipokines, play in inter-tissue crosstalk after certain stimuli such 
as cold exposure and exercise.

Keywords: brown and beige adipose tissue, BAT, browning, cold exposure, exercise, 
Ucp1

1.  Introduction

Brown and beige adipose tissues play a critical role in maintaining whole body core 
temperature as a protective mechanism against cold stressors. Unlike white adipose 
tissue, thermogenic adipose tissue is specialized in producing heat by using glucose and 
fatty acids as substrates. The heat generated during non-shivering thermogenesis is the 
result of protons pumped back into the mitochondrial matrix from the intermembrane 
space during oxidative phosphorylation by an uncoupler protein or chemical, bypassing 
ATP synthase, which results in increased energy expenditure that can be directly mea-
sured by heat loss. This process is crucial in maintaining body temperature, particularly 
in cold environments, and serves as a natural way for the body to regulate energy balance.

An important aspect of brown adipose tissue (BAT) function is its decline with 
advancing age and increasing BMI. Studies have shown that, as individuals age or 
become overweight, the amount and activity of brown fat decrease significantly. 
This decline is associated with a reduced ability to undergo non-shivering thermo-
genesis, which in turn may contribute to the development of metabolic disorders, 
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including obesity and type-2 diabetes. Consequently, the search for ways to activate 
or increase the amount of brown and beige adipose tissue has become an exciting area 
of research, particularly in the context of therapeutic interventions for obesity and 
metabolic diseases.

One of the most promising strategies currently being explored is the concept of 
“browning” white adipose tissue. This refers to the process by which white adipo-
cytes, which typically store energy, are induced to adopt characteristics similar to 
brown adipocytes, thereby acquiring the ability to burn energy and generate heat. 
The induction of browning in white adipose tissue is seen as a potential therapeutic 
approach for combating obesity, as it could help to increase energy expenditure in 
individuals with excess body fat. Numerous pharmacological and lifestyle interven-
tions, such as cold exposure, exercise and certain dietary components, have been 
shown to promote the browning of white adipose tissue, and these approaches are the 
subject of intense scientific investigation.

In this chapter, we will delve into the fascinating and complex world of non-
shivering thermogenesis, exploring not only the molecular mechanisms that underlie 
this process but also the various ways in which it can be modulated for therapeutic 
purposes. We will review current research on potential pharmacological treatments 
aimed at enhancing brown and beige fat activity, including the use of beta-adrenergic 
agonists and other agents that target biological pathways regulating mitochondrial 
uncoupling.

By the end of this chapter, we aim to provide a comprehensive overview of the 
current understanding of non-shivering thermogenesis, from the basic biological 
mechanisms to the therapeutic possibilities that are being explored in clinical and 
preclinical settings. Understanding how brown and beige adipose tissues contribute 
to energy balance and metabolic health could open up new avenues for the treatment 
of obesity and related metabolic diseases, offering hope for interventions that harness 
the body’s natural thermogenic processes to promote better health outcomes.

2.  Brown adipose tissue physiology and functionality

2.1 BAT localization and physiology

The adipose tissue is composed of white, brown or pink (in females) multi-located 
fat depots across the whole organism [1]. Anatomical compositions of the pads 
composing the different depots are found between humans and mice. In both species, 
the main depots of white adipose tissue (WAT) represent areas underneath the skin 
(subcutaneous) and surrounding the viscera (visceral depots). In mice and human 
infants, BAT is mainly located in the interscapular and perirenal regions. In the adult 
humans, BAT is mainly found in the supraclavicular region, but also in the cervical, 
paravertebral, axillary and periaortic areas (Tables 1 and 2) [2].

There are major differences between white and brown adipocytes. Brown adi-
pocytes are cells with multilocular lipid droplets, a central nucleus and a cytoplasm 
highly enriched in mitochondria and characterized by the expression of the uncou-
pled protein UCP1. On the other side, white adipocytes present an unilocular lipid 
droplet, less mitochondria content and a nucleus located in the periphery. In addition, 
BAT is highly vascularized while white adipose tissue present low vascularization [1].

Alternatively, we can also find another type of adipocyte that belongs to an inter-
mediate phenotype between brown and white: the beige or brite adipocytes. Beige 
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adipocytes are a heterogeneous population of cells with thermogenic capacity that 
are present in WAT depots. This thermogenic capacity is reversible, that is, specific 
responses to the environment will determine whether there is white-to-beige or beige-
to-white trans-differentiation, highlighting the huge plasticity and clinical potential 
of WAT [1, 4]. The fact that brown and beige adipose depots cannot be distinguishable 
using 18F-FDG-PET/CT in humans has led to the interchangeable use of both terms 
when referring to adult individuals. Yet, distinct cellular lineages will rise to either 
brown or beige/white adipocytes: both beige and white adipocytes derived from Myf5 
negative adipose-derived mesenchymal stem cells (AMSCs). Brown adipocytes precur-
sors, contrarily, express myogenic markers such as Myf5, revealing a transcriptional 
signature overlap between both skeletal muscle and BAT [5]. In fact, loss of expression 
of positive regulatory domain containing 16 (PRDM16) stimulates the differentia-
tion of brown adipocytes into muscle cells, while myoblasts differentiate into brown 

Humans Model in mice

Visceral WAT (VAT) Gonadal (epididymal) depots of WAT around testes/ovaries

Subcutaneous WAT (SAT) → greater 
propensity of browning

Inguinal subcutaneous depots in the anterior and upper hind limbs 
→ greater propensity of browning

Table 1. 
Main locations of white adipose tissue (WAT) in humans and the corresponding depots used in murine models 
based on Ref. [2].

Mouse Human

Location BAT is largely located in the interscapular region, but 
also in the cervical, axillary, pariaortic, perireral and 
paravertebral regions.
Supraclavicular BAT has also been described.

BAT is largely located in the 
supraclavicular region, but 
also in the cervical, axillary, 
periaortic, paravertebral and 
perirenal regions.
Interscapular (human babies, 
disappears during adolescence)

Measurement • Indirect calorimetry: Gas exchange in terms of oxy-
gen consumed (O2) versus carbon dioxide produced 
(CO2) is used to calculate energy expenditure (EE).

• Maximal thermogenic capacity: BAT is stimulated 
with a β3-adrenergic receptor agonist such as CL 
(CL316243) after acclimatization at thermoneu-
trality or cold exposure. Energy expenditure is 
measured by indirect calorimetry.

• Indirect calorimetry

• Positron emission tomography 
coupled with computed 
tomography (PET/CT) during 
infusion of radiolabeled 
18-fluorodeoxyglucose 
(18F-FDG); measures glucose 
uptake in BAT after cold or 
β3-adrenergic receptor agonist 
(e.g., Mirabegron)

• Magnetic resonance (MRI)

• Single photon emission-com-
puted tomography (SPECT)

• Ultrasound

• Infrared imaging

• Circulating biomarkers

Table 2. 
Main locations of brown adipose tissue in humans and mice and the most common approaches used for the 
localization and measurement of BAT activity based on Refs. [2, 3].
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adipocytes when PRDM16 is ectopically increased, a process mediated by the co-
activation of the peroxisome proliferator-activated receptor gamma (PPAR-γ) [6, 7].

The most important locations and different depots of beige adipose and BAT are 
classified below:

• Mice and infants: interscapular region

• Adult humans: supraclavicular/mediastinal

• Adipocytes in interscapular BAT from infants are characteristic of classical 
brown adipocytes.

• Adipocytes in BAT depots from adults are a mixed population of UCP1 positive 
and negative cells

• Beige cells from inguinal WAT (iWAT): conversion of white adipocytes by a 
process known as demasking or trans-differentiation

• Beige cells from gonadal/epididymal WAT (gWAT): newly differentiated from 
progenitor cells (CD34, SCA1, PDGFRα)

2.2 Significance of brown adipose tissue in the adult human

BAT is known as the master regulator of non-shivering thermogenesis under cold 
stress, particularly in infants who lack the capability to shiver [8]. It was initially 
thought that BAT mass and activity progressively declined to undetectable levels 
during the adulthood. However, the introduction of 18-fluor-deoxyglucose (18F-FDG) 
positron emission tomography (PET) and computed tomography (CT) technologies in 
the twenty-first century allowed the detection of BAT also in adult individuals [9–12].

Even though there is an increase of adiposity with age, particularly of white adi-
pose tissue, it was discovered that active beige and BAT (BAT) declines during aging 
and inversely correlates with BMI and blood glucose levels. In turn, higher presence 
of BAT in humans is associated with leanness, lower prevalence of cardiovascular 
disease, and generally improved metabolic health [13–16]. One of these studies was 
performed by Tobias Becher et al. published in Nature Medicine Letters in 2021, 
where they retrospectively analyzed 18F-FDG PET/CT scans from 52,487 patients 
initially performed for the diagnosis or treatment of cancer. The scans revealed that 
BAT presence correlates with:

• Lower prevalence of cardiovascular diseases

• Improved blood glucose

• Beneficial effects are more pronounced in patients with obesity

• Inversely correlates with ambient temperature, BMI and glucose levels

• Decreases with age

• More prevalent in women
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From all the patients, BAT was reported in only 9.7% of the individuals, and 
it negatively correlated to the use of statins and beta-blockers. Of note, BAT also 
showed a direct correlation with the site of the tumor, particularly in some types 
of cancer, such as oral and breast cancer [13]. These findings were in consonance 
with previous studies that already found a relationship between BAT activity and 
cancer. For example, an earlier retrospective analysis revealed that BAT was higher, 
particularly in younger women with breast cancer compared to the control group. 
However, no significant differences were found between women who were more 
than 55 years old [17].

Interestingly, a more recent study in Nature claims that cold-induced activation of 
BAT promotes starvation of the tumor micro-environment in several murine models 
of cancer, decreasing the size of the tumor and increasing the survival of the mice 
[18]. This effect is achieved by mutual competition between BAT and the tumor for 
circulating glucose. After cold, glucose uptake is prioritized in BAT, limiting its supply 
to the tumor and forcing cancer cells to metabolically shift from aerobic glycolysis 
(also known as Warburg effect) to oxidative phosphorylation [18].

2.3 The high adaptability of BAT: The real contribution to energy expenditure

BAT has been hypothesized to present high plasticity and adaptability to diverse 
circumstances and environments. In fact, the type and intensity of the stimuli 
(e.g., cold) that activates the tissue is as important as the timing and duration of 
such stressors. This will determine whether the associated changes are either acute 
responses to maintain physiological balance or homeostasis or whether acclimatiza-
tion or even non-reversible genetic changes via natural selection pursued along 
generations in response to long-term adaptations to a specific environment [19].

In mammals, and generally in endothermic animals, the range of temperature 
where the body can maintain the core temperature through metabolic activity without 
the use of physical activity (i.e., at rest) and during fasting is known as the ther-
moneutral zone, when the production of heat as byproduct of metabolism balance 
the loss of “dry” heat from the epidermis to the environment, a process achieved by 
increased blood flow through the circulatory system. This concept is characterized 
by the basal metabolic rate (BMR), which is the minimum energy required needed to 
maintain vital functions at rest [20].

When the environmental temperature decreases, heat generation is enhanced to 
maintain core body temperature. Initially, this is accomplished through shivering 
thermogenesis by the skeletal muscle. However, when cold is sustained during a 
prolonged period of time, the organism adapts to the new environment by notably 
increasing blood flow to the BAT. This observation was accompanied by a slight 
increase in blood flow also to the skeletal muscle and at the expense of shivering, first 
defined in rats by Foster and Frydman in 1978 [21]. The discovery strengthens the 
hypothesis of BAT as the major contributor to non-shivering thermogenesis despite its 
small size (at least 60% versus 12% of the calorigenic response to cold acclimatation 
by the skeletal muscle).

In humans, prolonged fasting to mimic insulin-resistance conditions in healthy 
individuals, glucose uptake and non-shivering thermogenesis are decreased in BAT 
under cold stimulation, while other thermogenic tissues such as white adipose tissue 
and skeletal muscle are not affected. Reduced glucose uptake by BAT was accom-
panied by lower core temperature, emphasizing again the important role of BAT in 
maintaining body temperature during cold. However, this study unveils the question 
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of whether the skeletal muscle or white adipose tissue might be more prominent 
therapeutic targets to boost glucose clearance through cold exposure under insulin-
resistance conditions such as type-2 diabetes [22].

Yet, the total contribution of BAT in energy expenditure and the plausible role of 
the skeletal muscle is still controversial for some scientists. For instance, Carpentier 
and Blondin critically challenge the assumption that activation of BAT in humans has 
a real therapeutic effect. To date, the use of 18 F-fluoro-deoxyglocose (18F-FDG) PET, 
in combination with magnetic resonance imaging (MRI) or CT, is the gold standard 
method to identify BAT location and glucose uptake. This has been an indisputable 
useful technology that allowed for the assessment of BAT volume and metabolic func-
tion in humans. However, many concerns arise since 18F-FDG PET assumes glucose as 
a sole fuel of energy and neglects other plausible sources, such as circulating fatty acids 
[23]. Of note, Carpentier and Blondin highlighted the concept that decreased BAT 
activity, estimated by lower glucose uptake using 18F-FDG PET, is probably not a sign 
of less thermogenesis but might imply higher insulin resistance, which suggests that 
glucose uptake is not a reliable method to prove higher BAT-related thermogenesis [23].

2.4  Pitfalls and bias when studying non-shivering thermogenesis in murine 
models

It is worth noting that most studies in mice are conducted at room temperature 
(20–23°C), overlooking the fact that the thermoneutral zone of mice and rats is 
significantly higher (around 30°C). This aspect creates a significant bias because mice 
are typically housed at room temperature, below their thermoneutral zone, triggering 
cold adaptations and hyperactivation of the murine BAT [24]. Mild cold in experimen-
tal murine models also triggers an increase in food intake to compensate for the heat 
loss, providing another source of bias. Furthermore, our modern lifestyle involves 
comfortable temperatures both indoors and outdoors through the use of clothing, 
heating and insulation, resulting in humans spending most of their lives within their 
thermoneutral zone (20–22°C). This environmental difference contributes to conflict-
ing data found in the literature about the potential effects of BAT activation and WAT 
browning in metabolic diseases, particularly when comparing humans and mice [25].

3.  Crosstalk between the skeletal muscle and thermogenic adipose tissue

Skeletal muscles play another key role in the prevention of metabolic diseases. 
Regular physical activity, especially skeletal muscle training and adaptation, promotes 
glucose uptake by muscle cells and improves insulin sensitivity. This regulates blood 
sugar levels and reduces the risk of developing type-2 diabetes. Moreover, previous 
research suggests that browning of the so-called fibro-adipogenic progenitors (FAPs) 
in muscle can facilitate muscle regeneration by reversing fatty infiltration after injury 
[26–29]. Although the importance of skeletal muscle in the prevention of metabolic 
and age-related diseases is recognized, the precise communication between skeletal 
muscle and brown and beige adipose tissues is not yet fully understood. Particularly 
through exercise, a complex interaction is postulated to take place between these 
tissues [30]. However, the intricate mechanisms underlying this crosstalk continue 
to be researched. These interactions are of particular interest as they could represent 
potential approaches for the development of new therapies to improve energy expen-
diture and prevent metabolic diseases more effectively.
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4.  Batokines and their role in health and disease

Batokines are bioactive molecules secreted by BAT. These signaling factors, which 
include proteins, peptides, lipids and other bioactive compounds, play a critical 
role in regulating metabolic homeostasis and inter-organ communication. While 
the primary function of BAT is thermogenesis—generating heat through the action 
of uncoupling protein 1 (UCP1) in the mitochondria—research over the past two 
decades has revealed its additional role as an endocrine organ [31].

Several batokines have been identified, each with distinct roles in promoting 
metabolic health. For instance, fibroblast growth factor 21 (FGF21) is secreted by 
BAT during thermogenic activation and acts on peripheral tissues such as the liver and 
muscles to enhance glucose uptake and lipid oxidation, thereby improving insulin 
sensitivity and offering protection against obesity. Similarly, interleukin-6 (IL-6) 
released by BAT contributes to increased energy expenditure and enhanced lipid 
metabolism while also improving glucose tolerance, distinguishing it from the pro-
inflammatory IL-6 secreted by other tissues [32].

Another important batokine is myostatin, a regulator of muscle growth and 
energy expenditure. Although traditionally associated with skeletal muscle, myo-
statin secreted by BAT negatively impacts metabolic health, and its inhibition has 
been shown to boost thermogenesis and systemic energy expenditure [33].

Lipid-based batokines also play a critical role. For example, 12,13-diHOME, a lipid 
metabolite released during cold exposure, facilitates fatty acid uptake and utilization 
in skeletal muscle and brown adipocytes, improving metabolic flexibility during 
heightened energy demand [34]. Similarly, 12-HEPE, derived from omega-3 fatty 
acids, enhances glucose uptake in peripheral tissues, reduces circulating glucose levels 
and provides anti-inflammatory effects, making it particularly beneficial in prevent-
ing insulin resistance [35].

Together, these diverse batokines illustrate the multifaceted influence of BAT 
on systemic metabolic health and highlight its potential as a therapeutic target for 
metabolic disorders.

In conclusion, batokines represent a frontier in metabolic research, offering 
insights into the endocrine functions of BAT and its systemic impacts on health. By 
bridging thermogenic activity with inter-organ communication, batokines influence 
a wide spectrum of physiological processes, from energy balance to immune modula-
tion. Harnessing the therapeutic potential of these molecules could be a potential for 
the management of metabolic diseases, paving the way for novel treatments targeting 
obesity, diabetes and cardiovascular disorders.

5.  Molecular mechanisms driving BAT activation and WAT browning

The process of converting white fat into brown-like fat, known as “browning” or 
“beiging,” holds significant potential for enhancing metabolic health. Browning can 
be induced by various stimuli, including cold exposure, beta-adrenergic agonists, 
specific dietary components, exercise and genetic factors. Beige fat cells, like brown 
adipocytes, express uncoupling protein 1 (UCP1) and have the capacity to burn 
calories and produce heat.

Despite the fact that UCP1 is the main protein involved in non-shivering thermo-
genesis in the BAT [36], studies using UCP1 KO mice have shown unexpectedly adapta-
tion to cold [37], suggesting that there must be UCP1-independent mechanisms able to 



Adipose Tissue Homeostasis in Health and Disease

106

compensate for the lack of UCP1 to maintain core body temperature under cold-stimu-
lated challenges. Among the known UCP1-independent non-shivering thermogenesis 
include the futile Ca++ cycle [38, 39], the futile lipid [40] and futile creatine [41].

Since subcutaneous adipose tissue has the ability to become “brown” depending 
on external stimuli, browning of white adipose tissue as well as activation of inactive 
BAT have been proposed as promising therapeutic approaches against age-related and 
metabolic diseases [42]. Here, we present some of the most known activators of BAT 
and WAT browning:

5.1 Cold exposure

Cold exposure is the gold standard mechanism triggering non-shivering thermo-
genesis. When the body is exposed to cold temperatures, the sympathetic nervous 
system is activated, releasing norepinephrine (NE). This neurotransmitter binds to 
beta-adrenergic receptors on brown fat cells, triggering increased levels of intracel-
lular cAMP, which initiates a cascade of events, including transcriptional activation 
of the cAMP response element-binding protein (CREB), which leads to the activation 
of UCP1 at the 5′-UTR of the gene and consequently ATP uncoupled thermogenesis 
[43]. Regular exposure to cold environments, such as through cold showers, ice baths 
or spending time in cold weather, can increase the amount and activity of brown fat, 
promoting greater energy expenditure [44–46].

5.2 Thyroid hormone receptors

Thyroid hormones are known as key regulators of energy homeostasis. Mice knock-
out for all hormone biding nuclear thyroid hormone receptors (TRs) in murine models 
showed decreased BMR and a slight reduction in body temperature (0.5–1°C lower) 
compared to the wild-type animals. Of note, exogenous NE treatment failed to acti-
vate thermogenesis in these mice under cold acclimation at 4°C. However, decreased 
thermogenesis was not at the expense of lower UCP1 levels or activity in BAT, but due 
to less sensitivity to β3-adrenergic stimulation and hence less downstream generation 
of cAMP, a desensitization that can be restored with higher doses of NE [47].

5.3 Pharmacological treatments

Nowadays, the use of β-2 and β-3 adrenergic receptor (AR) agonists is one of the 
most studied pharmacological drugs to increase energy expenditure in both rodents 
and humans. However, many are the concerned due to their undesirable side effects, 
including a higher prevalence of atherosclerosis and hypertension [48, 49].

Since the discovery of the anti-diabetic effects of β3-AR agonists in murine models 
in the 1980s, many researchers have become aware of the pharmacological potential 
that β3-AR agonists may have against metabolic diseases. For example, the β3-AR 
agonist mirabegron has been suggested to be one of the most promising therapeutic 
approaches [50, 51]. Approved by the U.S. Food and Drug Administration in 2012, 
it is known to induce energy expenditure and WAT beiging while presenting low 
cardiovascular risks at 100 mg dose [52].

However, it was lately known by Blondin et al. that BAT activation in humans, in 
contrast to mice, is primarily driven by β-2 and not β-3 adrenergic receptors. This 
might explain the failed attempt to use mirabegron in clinical trials to induce human 
BAT thermogenesis at the normally prescribed dose [53].
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Mechanistic differences between humans and mice, unspecificity of the drugs 
co-stimulating beta-1 and beta-2 adrenergic receptors and their respective unde-
sired side effects, such as tachycardia and tremors, led to some disappointment in 
human clinical trials [54]. Of note, administration of the thermogenic drugs such 
as 2,4-Dinitrophenol (DNP), also used as a pesticide and explosive, may cause 
hyperthermia, rigidity and high-risk of death due to cardiovascular collapse in case 
of overdose. Hence, the urge to find safer pharmacological alternatives to increase 
energy expenditure that can be implemented clinically.

Some of the most clinically promising BAT activator substitutes comprise the use 
of purine receptor agonists. Gnad et al. showed that adenosine A2A receptor agonist 
not only enhances energy expenditure and promotes BAT activation and WAT brown-
ing, protecting mice from diet-induced obesity but interestingly also counteracts the 
loss of muscle mass and function during sarcopenia in aged mice [55, 56].

5.4 Melatonin

Melatonin hormone has been shown to regulate energy metabolism affecting BAT 
activation and volume in a clinical trial in humans. Oral administration of melatonin 
in patients with melatonin deficiency due to surgical extraction of the pituitary gland 
of radiotherapy increased BAT volume and improved total blood levels of cholesterol 
and triglycerides [57].

5.5 Exercise

An exciting aspect to investigate is the potential role of exercise in thermogenesis. 
Many studies have suggested physical activity as a promising mechanism to counter-
act the “whitening” effects of aging in brown and beige adipose tissue [58, 59].

One of the mechanisms by which exercise may contribute to thermogenesis is 
the interaction between skeletal muscle and adipose tissue, which can be mediated 
by the release of extracellular vesicles (EVs) into the bloodstream [60]. EVs are 
nanoparticles found in tissues and body fluids and are secreted by cells in response to 
stress factors such as physical activity and exposure to cold. They play a crucial role 
in the communication between cells and tissues. Interestingly, some studies in mouse 
models suggest that exercise stimulates the release of EVs containing microRNAs that 
regulate the conversion of white-to-beige adipose tissue [61]. However, there are also 
many studies that provide conflicting data, particularly between humans and mice, 
probably due to factors such as the temperature in which the mice are housed [62].

If exercise induces browning is still discussed. However, there are several indica-
tions that exercise has a browning effect. One of the mechanisms is that physical 
activity increases the levels of irisin, a hormone released by muscles during exercise. 
Irisin promotes the browning of white fat and enhances the thermogenic capacity of 
brown fat [63, 64]. Yet, despite the unquestionable contribution of regular exercise to 
overall fitness and prevention of weight gain, it is still under investigation whether it 
could also contribute to the recruitment and activation of brown fat in humans.

5.6 Foods and nutrients

Certain foods and nutrients have been identified as potential activators of 
brown fat. Capsaicin, the compound responsible for the heat in chili peppers, has 
been shown to stimulate brown fat activity via the activation of Transient-receptor 
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potential vanilloid 1 (TRPV1) [65]. Similarly, resveratrol, a naturally occurring 
compound found in red wine, and curcumin, the active component in turmeric, 
have been found to promote the browning of white fat, converting it into a more 
metabolically active form that resembles brown fat [66, 67]. Omega-3 fatty acids [68], 
found in fish oil, have also been linked to increased brown fat activity. Regarding the 
promising effects of all the mentioned components, the high-dose concentrations 
used in murine or in vitro studies and the lack of research in human subjects and 
make it nowadays translationally challenging.

5.7 MicroRNAs

MicroRNAs (miRNAs) are small, non-coding ribonucleic acid (RNA) molecules 
that play a crucial role in regulating gene expression. Recent research has identi-
fied several miRNAs that influence the development and function of brown fat. For 
instance, miR-196a or inhibition of miR-27b has been shown to promote the brown-
ing of white fat [69, 70]. miR-155 is another microRNA that is particularly enriched in 
brown preadipocytes and whose inhibition enhances brown adipogenesis and brown-
ing in white adipocytes and circulatory exosomal-derived miR-92a has been proposed 
as a biomarker of active BAT in humans [71, 72]. Currently, no miRNAs are known to 
be used in clinical trials to induce browning in humans. However, understanding the 
regulatory networks of miRNAs offers new opportunities for traditional therapeutics 
for the regulation of brown fat activity against metabolic disorders.

6.  Therapeutic potential

Harnessing the browning process presents a promising therapeutic strategy for 
obesity and related metabolic diseases. By increasing the proportion of metabolically 
active fat, it is possible to enhance overall energy expenditure and reduce adiposity. 
Therapies aimed at activating brown and beige fat could complement existing weight 
loss strategies, providing a multifaceted approach to combating obesity, however, 
further studies are needed.

7.  Conclusion

While the potential of brown fat and browning is well-recognized, more research 
is needed to fully understand the underlying mechanisms and optimize therapeutic 
approaches. Future studies should focus on identifying novel activators of brown fat, 
elucidating the role of genetic and epigenetic factors in browning, and developing 
safe and effective interventions for clinical use without the previously mentioned side 
effects. Additionally, exploring the interplay between brown fat and other metabolic tis-
sues will provide a more comprehensive understanding of its role in energy homeostasis.
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In Vitro Differentiation of 
Beige/Brown Adipocytes for the 
Treatment of Metabolic Diseases
Amine Bouchekioua, Olivier Pourquié  
and Alicia Mayeuf-Louchart

Abstract

Brown adipose tissue is responsible for non-shivering thermogenesis, controlling 
temperature regulation in newborns and childhood, and then in adults under cold 
conditions. However, its physiological functions are broader and include endocrine 
functions, regulation of glucose homeostasis and insulin sensitivity, as well as tri-
glyceride clearance. BAT activity is inversely correlated with body mass index (BMI), 
and cold-induced thermogenesis is significantly lower in people with excess weight 
and obesity. Therefore, brown adipocyte transplantation represents a new perspec-
tive for the treatment of diabetes, obesity and their cardiovascular and metabolic 
consequences. Several strategies have been designed to obtain brown adipocytes in 
vitro, notably based on the differentiation of human pluripotent stem cells (PSCs). 
In this chapter, we review the latest findings on the embryonic development of the 
different adipocyte lineages, which have laid the foundations for PSCs differentia-
tion protocols. We discuss the most recent technologies and their limitations, and the 
pharmacological approaches to stimulate brown adipocyte activity in vivo.

Keywords: brown adipocytes, PSCs, cell therapy, beiging, cell differentiation

1. Introduction

Diabetes and obesity are widespread disorders in modern societies, and their 
 cardiovascular, hormonal, and metabolic consequences have a significant and grow-
ing impact on public health [1–3]. Currently, the treatment of diabetes is daily, 
laborious and intrusive. Moreover, although there are several behavioral, hormonal, 
or surgical treatments for obesity, they sometimes have significant side effects and are 
not always effective for every patient [4].

Several studies have been conducted in recent years to find new treatments to 
these disorders. Among them, targeting brown adipose tissue (BAT) has been pro-
posed as a potential strategy. Initially identified in newborns for its heat production 
and thermoregulatory properties, it has been shown that BAT is also present in adults 
in small deposits. In addition to its role in thermoregulation, BAT has endocrine 
functions [5, 6], allows triglyceride clearance [7], and regulates glucose homeostasis 
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and insulin sensitivity [8]. Brown adipocytes express the mitochondrial protein UCP1 
(Uncoupled protein 1), which uncouples the respiratory chain from ATP synthase, 
releasing energy in the form of heat instead of ATP (Adenosine triphosphate) [9]. 
Some white adipocytes can also be converted to thermogenic cells called beige 
adipocytes, which share similar properties to brown adipocytes upon exposure to 
cold or drug treatments such as Forskolin [10]. This illustrates the adaptability of 
adipose tissues to environmental conditions. Another similar example is the transdif-
ferentiation of white adipocytes into “pink” adipocytes in the mammary gland during 
pregnancy [11].

Transplantation of healthy BAT tissues into mice improves glycemia and insulin 
sensitivity in type 1 (T1D) [12, 13] and type 2 (T2D) [14] diabetic non-obese ani-
mals. This confirms the high potential of BAT for cell therapy approaches to treat 
these diseases. Research has also been carried out to pharmacologically activate the 
beiging of white adipose tissue (WAT), but with no real success so far [15]. Another 
new strategy currently being explored is to generate thermogenic adipose tissue in 
vitro for transplantation. With the emergence of personal medicine and regenerative 
therapies, efforts are also deployed to generate brown adipocytes in vitro from human 
pluripotent stem cells (PSCs). PSCs are of interest for regenerative medicine because 
they can be generated from the patient’s own cells, allowing both autologous engraft-
ment and infinite production of cells.

In this chapter, we will focus first on reviewing the lineages and roles of heat-
producing adipocytes, and the importance of these cells for human metabolism and 
health. Then, we summarize the strategies developed to pharmacologically stimulate 
adipocyte beiging and discuss the latest advances in obtaining brown/beige adipo-
cytes in vitro for transplantation.

2.  Functions and origins of adipocytes involved in non-shivering 
thermogenesis

2.1 Discovery and functions of BAT

Human brown fat was identified as a tissue involved in non-shivering thermogen-
esis in newborns. It allows thermoregulation during the early stages of life, when heat 
production by muscle shivering is not yet possible [16]. Its total regression in adult-
hood, initially presumed, was refuted thanks to imaging approaches [17] combining 
Positron emission tomography (PET) and computer tomography (CT) with a fluoro-
deoxyglucose tracer (18F-FDG) [18]. This uncovered region of high glucose uptake, 
subsequently identified as BAT.

Brown adipocytes are characterized by expression of UCP1, a transmembrane 
protein located in the inner mitochondrial membrane. UCP1 enables heat production 
allowing dissipation of the proton gradient created by the mitochondrial respiratory 
chain. UCP1 allows the dissipation of energy as heat instead of storing it as ATP. 
Brown adipocytes exhibit multilocular lipid droplets, with each droplet composed 
of triglycerides. During embryonic development, lipid droplets are formed within 
glycogen clusters, which are progressively degraded [19]. Lipid droplets are closely 
associated with glycogen granules, improving substrate utilization and increasing 
heat generation efficiency. This thermogenic system uses ß-Oxidation and the Krebs 
cycle to respectively burn fatty acids and glucose as fuel in the mitochondria. This 
explains the brown fat ability to increase triglyceride [7] and glucose [8] clearance.
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2.2 Role of BAT in metabolic disorders

Obesity is associated with hyperplasic and hypertrophic white adipocytes that 
release free fatty acids, pro-inflammatory factors and reactive oxygen species (ROS). 
As a result, inflammation and lipotoxicity affect several tissues, such as muscles, liver 
or BAT. These defects, which also lead to organelle dysfunction, are the main cause 
of insulin resistance [20]. The inflammatory process involves TNF-α [21], which is a 
pro-inflammatory factor promoting the activity of several factors directly targeting 
insulin receptors on their serine residues [20, 22].

A number of studies have highlighted the close link between BAT activity and 
metabolic disorders [23]. Among them, Becher et al. recently studied the correlation 
between BAT and pathophysiological phenotypes [3]. This retrospective case-control 
study of patients diagnosed with cancer, monitored BAT activity using 18F-FDG 
PET-CT. Imaging was used to classify patients into two categories, BAT-positive 
(BAT+) and BAT-negative (BAT-). Results showed a positive correlation between 
BAT activity and lower body mass index (BMI), younger age and exposure to lower 
temperatures. Data collected during cold seasons showed significantly higher BAT 
activity. The incidence of various cardiovascular and metabolic diseases was assessed 
in the BAT+ and BAT- populations. Patients with obesity identified as BAT+ had a 
lower risk of developing complications than BAT- with a similar BMI, showing a 
protective effect of BAT against dyslipidemia, type 2 diabetes (T2D), cardiovascular 
and cerebrovascular afflictions. This analysis showed better glycemic regulation, 
lower blood triglyceride levels and higher levels of high-density lipoprotein (HDL) in 
the BAT+ group.

To conclude, brown fat presence is associated with better cardiometabolic health. 
Its activity is higher in women, young people, in a context of non-obesity and at cold 
temperatures [3].

2.3 The four different adipocyte types and their lineages

Adipocytes are classified into four categories based on color: white, brown, beige 
and pink. White adipocytes are the most commonly known adipocytes, involved in 
lipid storage and characterized by a single lipid droplet occupying the majority of the 
cytoplasm. Brown but also beige (or brite) adipocytes are cells involved in non-shiv-
ering thermogenesis [24, 25]. Beige adipocytes are white adipocytes which have the 
capacity to express UCP1 when stimulated. After stimulation by exposure to cold [26] 
or with activation of the Peroxisome Proliferator-activated Receptor γ (PPARγ) [24], 
UCP1 begins to be expressed in these cells, which then start to adopt a phenotype 
resembling brown adipocytes [27]. However, beige adipocytes are not just an induc-
ible version of brown adipocytes, as they exhibit different cell markers, anatomical 
location, and they have a different embryologic origin [28].

Another type of adipocyte discovered recently are the pink adipocytes, only 
present during pregnancy, lactation and post-lactation. They arise from the transdif-
ferentiation of subcutaneous white adipocytes into milk-producing glands [11]. Pink 
adipocytes are named for their lipid-rich composition. They are parenchymatous 
adipose organ cells containing large cytoplasmic lipid droplets whose function is to 
produce milk. Characteristics, roles and localization of each cell type is summarized 
in the Figure 1A.

To better understand adipocyte plasticity, with transdifferentiation and pheno-
typic changes, it is important to look at the developmental origin of these cell types 



Adipose Tissue Homeostasis in Health and Disease

118

(Figure 1B). After gastrulation, mammalian embryos are composed of three cell 
layers: endoderm, mesoderm and ectoderm. The embryonic mesoderm is divided in 
three main regions: the lateral plate mesoderm, which gives rise to most of the WAT; 

Figure 1. 
Origins and description of the four different types of adipocytes. (A) Table summarizing the characteristics and 
localization of each human adipose tissue. (B) Diagram showing the different adipose lineages derived from 
pluripotent stem cells during the physiological development in mouse. Myf5-negative (Myf5-) progenitors give 
rise to white, beige and pink precursors, while Myf5-positive (Myf5+) lead to brown adipocytes and skeletal 
muscle cells. Beige and white adipocytes share the same phenotype at a basal state, but beige adipocytes can adopt 
a brown-like phenotype after exposure to low temperatures or drug treatment such as Forskolin. Leptin (Lep), 
Resistin (Retn) and Angiotensinogen (Agt) are differentially expressed between white and beige preadipocytes. 
Pink adipocytes result from white transdifferentiation during pregnancy and lactation.
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the intermediate mesoderm, which gives rise to kidneys and gonads; and the paraxial 
mesoderm, which contains the presomitic mesoderm (PSM). The PSM undergoes a 
mesenchymal-epithelial transition that results in the formation of somites. Brown 
adipocyte progenitors originate from the dorsal part of the somite, the dermomyo-
tome. They share a common progenitor (MYF5+, PAX7+) with skeletal muscles and 
dermis (Figure 1B) [10].

We performed a single cell RNA sequencing analysis [29] of the dorsal tissue of 
developing mouse embryos and identified a cluster, at E11.5, containing fibroblastic 
progenitors of bone, cartilage, smooth muscles, connective tissues, dermis and brown 
adipocytes which express Pdgfr-α and Hic1. Bioinformatics analyzes suggest that these 
progenitors give rise to brown adipocyte precursors which express Ebf2 and Pparγ. 
These precursors give rise to a population of embryonic brown adipocytes express-
ing Ucp1 and Cidea which is first detected at E15.5 [29, 30]. Our work also identified 
Gata6 as a selective marker transiently expressed in the brown adipocyte lineage.

Beige and white precursors develop from different MYF5-negative cell lineages, 
like neural crest [31] or lateral mesoderm [32]. Like brown adipocytes, beige adipo-
cytes express Prmd16 during their differentiation [33]. Pink adipocytes arise from 
white adipocytes during lactation episodes by transdifferentiation [11]. During 
pregnancy, subcutaneous white adipocytes undergo structural remodeling resulting 
in enlarged endoplasmic reticulum and Golgi apparatus and splitting of the large lipid 
droplets into numerous small units [34]. At the end of the lactation episode, pink 
adipocytes re-adopt a white phenotype.

Understanding the development of these tissues is of particular interest for estab-
lishing strategies based on the production of differentiated brown adipocytes in vitro 
in a therapeutic perspective against metabolic disorders.

3.  Pharmacological strategies to stimulate the activity of brown 
adipocytes

Pharmacological approaches aimed at stimulating brown adipocytes activity or at 
inducing the browning/beiging [35, 36] of white adipocytes have been tested as poten-
tial strategies to improve metabolic disorders. Increasing differentiation, proliferation 
and activation of brown/beige adipocytes has been shown to promote energy expendi-
ture, insulin sensitivity and anti-inflammatory processes in animal models [37].

One example is the modulation of the RAR-related orphan receptor alpha (RORα) 
in vivo with an inverse-agonist (SR3335), which results in an increased UCP1 expres-
sion in BAT and WAT of wild-type mice [35]. RORα-deficient mice show a beiging 
phenotype with increased UCP1 expression and a higher metabolic rate [38, 39]. 
Antagonizing RORα with SR3335 in vivo successfully resulted in beiging the WAT and 
improving metabolism of mice with diet-induced obesity [35]. However, as RORα is 
an ubiquitous nuclear factor, any inhibition treatment would most likely result in a 
wide range of side effects.

Another approach is based on a serotonin reuptake inhibitor, the Fluoxetine, 
which can increase mitochondrial biogenesis and activation in different tissues [40]. 
In a population of young and obese rats, chronic Fluoxetine treatment was shown to 
induce beiging [40]. However, this also results in an increase in oxidative stress [40], 
meaning that this strategy would not be suitable for patients with diabetes. Serotonin 
reuptake inhibitors are mainly used to treat depression and anxiety troubles and their 
side effects, like somnolence, headaches, and tremors are well-known.
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The second pharmacological axis is the in vivo activation of BAT by stimulating its 
regulators. Four class of drugs have been described to activate BAT [41]: class 1, such 
as mirabegron [42] consists of β3-adrenergic agonists; class 2 acts on the norepineph-
rine transporter, thus activating β3-adrenergic receptor; class 3 activates PPARγ; class 
4 includes other strategies and natural products. Class 1 and 2 are stimulating the 
sympathetic nervous system, which activates BAT through the β3-adrenergic pathway. 
These drug-based strategies showed several limits, such as lack of specificity resulting 
in psychiatric and cardiac side effects. BAT regulation is complex and involves many 
different players. In man, in contrast to rodent, brown adipose-driven thermogenesis 
is not activated by the β3 but by the β2-adrenergic receptor (β2-AR) stimulation [43]. 
Former strategies relied on high doses of β3-adrenergic agonists, as their thermo-
genic effect were due to off-targeting β2-AR stimulation [43]. A randomized trial to 
evaluate the effect of the β2-AR agonist, Salbutamol [44] showed a positive effect 
on BAT glucose uptake without altering uptake in white adipose and skeletal muscle. 
However, the trial only included young and healthy men, which is the population 
with the highest BAT presence [44]. Furthermore, Salbutamol is usually used to treat 
respiratory diseases, and its effects are not expected to be restricted to BAT. Such a 
treatment could lead to a wide range of side effects if the drug is not delivered in a 
tissue specific fashion.

4. New strategies for the generation of beige adipocytes

4.1 Engineering beige adipocytes with CRISPR

Human “brown-like” adipocytes, or HUMBLEs [45], are the result of beiging 
engineering, using a CRISPR-based Synergistic Activation Mediator (CRISPR-SAM) 
technology to overexpress UCP1 in white pre-adipocytes in culture (Figure 2A). 
This technique uses a defective Cas9 protein, dCas9, which can bind DNA but is 
unable to fulfill its endonuclease function [51]. It is fused with transcriptional acti-
vators such as VP64, p65 or HSF1, resulting in overexpression of the targeted gene. 
This system is highly specific thanks to the RNA guides designed to target UCP1. 
Overexpression of UCP1 in HUMBLEs increased intracellular AMP concentrations 
and phosphorylation of AMPK. This results in higher mitochondrial biogenesis [52] 
with active UCP1, conferring on HUMBLEs a functional “brown-like” phenotype. 
These human cells were then transplanted in mice under high fat-diet and results 
show that metabolic parameters such as body weight, energy expenditure, glucose 
homeostasis, insulin sensitivity and triglyceride clearance were improved over long 
term (up to 12 weeks) [45]. However, assessment of glucose uptake in vivo using a 
radiotracer showed no difference between transplanted- HUMBLES and control 
mice. The healthier phenotype of transplanted mice was not due to the autonomous 
metabolic properties of the engineered cells, but due to the increased activity of 
endogenous BAT. Transplanted HUMBLEs have been shown to activate the endog-
enous BAT, through the production of nitric oxide (NO) [45]. NO is known to 
regulate mitochondrial function, increasing expression of thermogenic genes and 
leading to the beiging of white adipocytes [53].

In conclusion, these cells are not as efficient as mature brown or beige adipocytes, 
due to their inability to increase their glucose uptake in vivo. However, as they fulfill 
the remaining functions of beige/brown adipocytes and stimulate endogenous brown 
fat, they remain a potential target for the treatment of diabetes and obesity.
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4.2 Obtaining beige adipocytes using angiogenic factors

Human adipocyte precursors develop around newly formed vascular networks 
[54]. Angiogenesis is required for proliferation of adipose tissue during develop-
ment and is involved in hypertrophic expansion during adulthood [46]. This link 
between adipogenesis and angiogenesis, has led to the hypothesis that pro-angiogenic 

Figure 2. 
Differentiation strategies for non-shivering thermogenic cells. (A) Table comparing the two strategies presented 
for beige differentiation. The upper strategy is the HUMBLE strategy, achieved by overexpressing UCP1 through 
CRISPR technology [44]. The second is the discovery of beige adipocytes proliferation upon co-culture with 
capillaries and exposure to angiogenic factors [46]. (B) Comparative table of the five strategies leading to the 
differentiation of brown adipocytes [29, 47–50].
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factors may be involved in adipocytes differentiation and proliferation. This could 
be explained by the need for a strong vascular network in the vicinity of adipocytes 
to enable them to perform their functions, such as glucose and triglyceride uptake, 
endocrine secretions, etc.

To assess a potential influence of capillaries on adipocytes development, Min et al. 
[55] developed an in vitro system in which adipocytes are co-cultured with microves-
sels (Figure 2A). This protocol uses adipose tissue harvested from individuals who 
have been subjected to panniculectomy, i.e. the ablation of excessive skin and subcu-
taneous fat, often practiced after important weight loss. These samples were cultured 
in vitro with angiogenic factors such as VEGF (vascular endothelial growth factor), 
hEGF (human epidermal growth factor) or hFGF-B (human fibroblast growth factor 
B). This process results in the formation of capillaries in vitro [55]. Each capillary 
gives rise to sprouts, and the cells located at the tips of these sprouts organizes them-
selves into thicker structures. These structures are composed of various types of cells, 
including both endothelial and non-endothelial cells [55, 56]. To assess the presence 
of adipocytes progenitors in these vessel-like structures, the medium was replaced 
by an adipogenic cocktail, which induced differentiation into adipocytes [55]. As a 
result, vessels are surrounded by cells exhibiting multiple lipid droplets, leading to the 
conclusion that human adipose progenitors’ growth is simultaneous with the growth 
of capillaries. This process was found to be highly reliant on pro-angiogenic growth 
factors. A question remains: are these white or beige-inducible adipocytes [55]? To 
find out, adipose tissue taken from the previous culture was exposed to Forskolin, an 
activator of adenylate cyclase acting as a beiging signal. Results show the presence of 
beige adipocytes within the culture. Transplantation of these cells into mice fed with 
high fat-diet shows improved glucose homeostasis. However, triglyceride clearance 
and changes in body weight were not assessed [55].

5. Differentiating PSCs into thermogenic brown adipocytes

Transplantation of BAT from healthy mice to mice with obesity, type 1 [12, 13] or 
type 2 [14] diabetes rescues the pathological phenotype. However, this involves the 
use of healthy tissue taken from an individual and requires finding a way to overcome 
immune rejection. Moreover, the number of transplants would be limited by the 
number of donors. Developing a treatment for those epidemic afflictions requires 
an unlimited source of brown adipocytes for large-scale processing. iPSCs are very 
interesting in this respect [47]. They represent an unlimited source of cells that can be 
converted into mature beige/brown adipocytes. They can also be used for autologous 
treatment, thus circumventing immune reaction. Each patient provides their own 
cells, which are reprogrammed to the pluripotent state with Yamanaka factors, differ-
entiated in vitro into brown adipocytes and then transplanted. Efforts are underway 
to optimize this strategy, but above all it is crucial to succeed in developing mature 
brown adipocytes from the renewable source of iPSCs.

5.1 Development of PSCs-derived brown/beige adipocytes

Different protocols had been developed to obtain brown adipocytes from PSCs. 
Among them, Nishio et al. [48] produced thermogenic adipocytes from PSCs by 
culturing them with a medium supplemented with vascular endothelial growth 
factor (VEGF), interleukin-6 (IL6), fms-related tyrosine kinase 3 ligand (FLT3LG) 
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and KIT ligand (KITLG). Subcutaneous injection of their cells in mice success-
fully reduced levels of glucose and triglycerides after a few hours in a context of 
fasting or after high fat-diet, but no long-term data were provided. Zhang et al. 
[57] (Figure 2B) studied the markers expressed during the differentiation of 
adipocytes (Figure 1B). Brown adipocytes arise from the paraxial mesoderm, while 
the white and beige mostly originate from the splanchnic mesoderm [58]. Their 
study concludes that Nishio et al. [48] and other previous protocols produced beige 
adipocytes, which need to be induced to express UCP1, and which have a weaker 
thermogenic function due to their lower concentration of mitochondria.

In an effort to obtain brown adipocytes from iPSCs, we recently developed a new 
protocol based an analysis of in vivo development of brown adipocytes in mice [29]. 
We analyzed the transcriptomic profile of mouse inter-scapular BAT (iBAT) at differ-
ent embryological stages [19, 29]. By using single cell RNA-sequencing, we identified 
of a population of Gata6-positive brown adipocyte precursors appearing at E13.5 
(Embryonic day). We also identified signaling molecules and transcription factors 
exhibiting specific regulation during brown adipocytes differentiation. Based on the 
protocol of Chal et al. [49, 59] for muscle generation in vitro, we conducted differ-
entiation of human iPSCs to paraxial mesoderm, somite identity and PAX7-positive 
precursors. Based on our in vivo findings, we developed a 2D culture protocol to 
differentiate PAX7-positive cultures first toward GATA6-positive precursors and then 
into UCP1-positive cells after 40 days of culture. This protocol therefore generates 
brown adipocyte by following the differentiation pathway recapitulating the normal 
developmental trajectory of brown adipocytes in vivo.

Zhang et al. [57] and Carobbio et al. [60] have also elaborated protocols for 
generating BAT starting with paraxial mesoderm induction. However, the scarcity of 
information BAT development prevented them to benchmark the subsequent steps 
of their protocol against brown adipocyte differentiation in vivo. In contrast, in our 
study, the nature and timing of administration of the different factors used in the 
protocol was inferred based on the scRNAseq analysis of brown adipocytes develop-
ment in vivo. For instance, a major difference is the use of BMP7 by Zhang et al. [57] 
at day 8 of culture, when cells are still at the somite/dermomyotome stage. In contrast, 
we [29] introduce it at day 20, at a stage when PAX7+ brown fat progenitors have been 
generated. Moreover, these two studies differ on the use of TGF-β. While we suggest 
that TGF-β promotes adipogenesis at a progenitor stage, Zhang et al. are inhibiting it 
at this stage. Transcriptomic comparison of BAT generated with these three protocols 
showed that the tissue obtained with our protocol is closer to human BAT [29].

Zhang et al. [57] performed injections in immunodeficient mice with diabetes to 
assess the functionality of the cells differentiated with their protocol. They reported a 
higher body temperature and a significant increase in global metabolism in the injected 
mice. However, the long-term impact of these grafts has not been investigated.

5.2 Development of 3D BAT organoids for transplantation

Previous strategies were focused on the development of functional brown adi-
pocytes in 2D cultures from PSCs. These techniques yielded non-optimal results in 
terms of their anti-obesity and anti-diabetic effect in the long-term in vivo compared 
to transplantation of mouse tissue to an obese or diabetic one. The survival rate of 
adipocytes during cultures, preparation and transplantation are very low, reduc-
ing the efficiency of the treatment [50, 61]. Adipocytes are very fragile cells and 
they do not survive well the dissociation process [50]. Furthermore, Liu et al. [50] 
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demonstrated that injection of brown adipocytes differentiated in vitro from 2D 
cultures results in the death of 97.3% of them after 1 week.

To increase tissue cohesion and avoid the critical step of enzymatic dissociation 
of cultures, Wang et al. recently developed a 3D model based on an immortalized 
brown adipocyte progenitor line (Figure 2B) [61]. This enables BAT organoids to be 
formed, cultured in suspension with their differentiation medium. Centrifugation in 
non-adherent wells leading to the aggregation of stem cells, forming a small disk. The 
differentiation process is very similar to the 2D protocols, but the cells form aggre-
gates in suspension, and culture takes place on agitated plates. These organoids were 
cultured in thermoreversible hydrogels [62], before being injected into the kidneys of 
mice with obesity and induced type 2 diabetes. This protocol increased triglycerides 
clearance, insulin sensitivity and glucose uptake, and decreased body mass in obese 
models. To complete the functional evaluation of their 3D structures, they measured 
plasma adipokines [61]. The grafts survived for 5 months, expressing UCP1 and 
fulfilling their thermogenic and metabolic roles. In this study, organoids were not 
generated from iPSCs, but using progenitors isolated from the resection and purifica-
tion of a patient’s adipose tissue [61].

6. Conclusion

Cell therapy involving BAT transplant is a promising strategy to treat disorders 
as obesity, diabetes, and their cardio-metabolic consequences. This strategy is com-
peting with pharmaceutical treatments, which aim to activate BAT in vivo directly. 
Pharmacological strategies aiming at activating BAT have encountered limitations due 
to their lack of specificity and potential neurological and cardiac side effects.

Cell therapy aims to increase energy expenditure and regulate glucose homeostasis 
by differentiating non-shivering thermogenic cells in vitro and transplanting them 
into patients. The transplanted cells can be reprogrammed from the patient cells for 
autologous transplantation. While this circumvents the immune rejection, this requires 
establishment and validation of cell lines for each patient, carrying a prohibitive cost. 
Alternatively, strategy using allogeneic PSCs-derived cells could be implemented with 
cells bioengineered to overcome immune detection [63]. Different strategies obtained 
activate beige adipocytes, including PSCs differentiation, CRISPR bioengineered 
HUMBLEs and co-culture with capillaries. However, compared to beige adipocytes, 
brown adipocytes are more efficient [64]. Several brown adipocytes differentiation pro-
tocols have been reported. Wang et al. provided an alternative for the transplantation of 
brown adipocytes by generating organoids which improve cell survival. Other organoid 
tissues were developed in vitro using PSCs, as retina or brain, but in our knowledge, 
none were developed for BAT. Obtaining organoids from iPSCs is therefore the next step 
to be developed. This would be an important step toward regenerative medicine and cell 
therapy against type 1, type 2 diabetes and obesity, as well as other metabolic disorders.
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