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Diseases affecting adipose tissue (AT) function include obesity, lipodystrophy, and lipedema, among others.
Both a lack of and excess AT are associated with increased risk for developing diseases including type 2 diabetes
mellitus, hypertension, obstructive sleep apnea, and some types of cancer. However, individual risk of develop-
ing cardiometabolic and other ‘obesity-related’ diseases is not entirely determined by fat mass. Rather than ex-
cess fat accumulation, AT dysfunction may represent the mechanistic link between obesity and comorbid dis-
eases. There are people who remain metabolically healthy despite obesity, whereas people with normal weight
or very low subcutaneous AT mass may develop typically obesity-related diseases. AT dysfunction is character-
ized by adipocyte hypertrophy, impaired subcutaneous AT expandability (ectopic fat deposition), hypoxia, a va-
riety of stress, inflammatory processes, and the release of proinflammatory, diabetogenic, and atherogenic sig-
nals. Genetic and environmental factors might contribute to AT heterogeneity either alone or via interaction
with intrinsic biological factors. However, many questions remain regarding the mechanisms of AT dysfunction
initiation and whether and how it could be reversed. Do AT signatures define clinically relevant subtypes of obe-
sity? Is the cellular composition of AT associated with variation in obesity phenotypes? What roles do environ-
mental compounds play in the manifestation of AT dysfunction? Answers to these and other questions may ex-
plain AT disease mechanisms and help to define strategies for improving AT health. This review focuses on re-
cent advances in our understanding of AT biology.
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INTRODUCTION

Obesity and abdominal fat distribution are major health burdens
of modern societies."* Excessive accumulation of body fat induces
metabolic abnormalities and diseases, including insulin resistance,
prediabetes, type 2 diabetes mellitus (T2DM), dyslipidemia (high
triglyceride and low high-density lipoprotein cholesterol (HDL-C)
circulating concentrations), gout, and metabolic dysfunction-asso-
ciated fatty liver disease, among others. With increasing body mass
index (BMLI), the risk of developing T2DM progressively increases.®
On the other hand, very low or lack of subcutaneous body fat may
lead to similar metabolic and cardiovascular outcomes as obesity.”*

People with very low total body fat due to lipodystrophy have a

prevalence of T2DM that is similar to those with BMI > 40 kg/m?,
data from the Leipzig Obesity BioBank (LOBB)® suggest (Fig. 1).
Human lipodystrophy is an example that obesity-related metabolic
diseases might be the result of an inability of subcutaneous adipose
tissue (AT) to adequately expand upon a chronic positive energy
balance.'®'? Recently, it has been observed that people living with
human immunodeficiency virus (HIV) disease experience changes
in AT mass and fat depot composition before and after initiating
antiretroviral therapy that include regional AT loss (lipoatrophy),
gain (lipohypertrophy), or mixed lipodystrophy."* Another disease
that primarily affects AT is lipedema. Lipedema is a painful subcu-
taneous AT disease that is characterized by adipocyte hypertrophy,

altered immune cell recruitment, and fibrosis in the affected areas.*
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Figure 1. Relationship between body fat mass and frequency of type
2 diabetes mellitus (T2DM). Background data were extracted from
1,650 participants of the Leipzig Obesity BioBank® that represent a
wide range of age (18 to 96 years), body mass index (16 to 92 kg/m?),
and body fat mass (7.5% to 60%) from among people with lipodystro-
phy to morbid obesity.™ For categories of 2.5% or 5% body fat mass
groups, the prevalence T2DM is displayed. The j-curved extrapolated
line does not represent the exact mathematical relationship, but the
hypothetical curve suggests that both severely low fat mass in people
with lipodystrophy and obesity are associated with a higher risk of de-
veloping T2DM.

Although obesity is by far the most prevalent disease associated
with AT dysfunction,* a better understanding of the initiating fac-
tors and mechanisms of this condition and their relation to impaired
function and distribution of the adipose organ is needed.>'*'*

In this review, an overview of the current understanding of AT
dysfunction causes and consequences is provided, because insights
into AT dysfunction-related disease mechanisms will facilitate the

development of strategies to improve metabolic health.

NORMAL ADIPOSE TISSUE FUNCTION

Adipose tissue physiology

AT has several important physiologic functions: it contributes to
energy homeostasis as the main organ for energy storage, it provides
insulation for the body, and plays roles in thermoregulation and
mechanical organ protection.'®*" During periods of fasting and
prolonged starvation, AT releases lipids to serve as energy for the
body:'*"" In this context, AT possesses a remarkable capacity to ex-
pand and shrink as a result of different external and systemic cues
that include food intake, nutrition status, and temperature, among

others.”” Importantly, in addition to white adipocytes, brown and
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beige (or brite) adipocytes contribute to the central role of AT in
systemic thermoregulation and energy homeostasis in humans.***
White adipocytes of white AT comprise >95% of adipose mass,
while brown adipocytes represent approximately 1%-2% of fat and
beige or brite are interspersed within white AT and can transform
into brown-like adipocytes in response to cold exposure or adren-
ergic stimulation. White adipocytes are mainly responsible for AT
expansion in obesity. In contrast, brown and beige adipocytes have
multilocular droplets and high mitochondrial density to dissipate
heat through uncoupled respiration. In humans, AT dysfunction
has mainly been described in white AT, but impaired function also
exists in brown fat, but this has primarily been observed in rodent
models. However, the focus of this review is on white adipocytes
and AT dysfunction in humans.

AT produces and secretes adipokines and exosomes, which are
involved in the regulation of appetite, satiety, locomotor activity, re-

productive function, and insulin action."®

Cellular composition of adipose tissue

AT has remarkable plasticity, displaying adipocyte transdifferen-
tiation from white to brown phenotypes during chronic cold expo-
sure, physical exercise, lactation, and obesity.'®

High-fat feeding and other metabolic stressors cause marked chang-
es in AT morphology, function, and even cellular composition.>**’
Although adipocytes represent the main parenchymal cell type, AT
is composed of several different cells including preadipocyrte, fibro-
blast, endothelial, and immune cells, among others. Recently, sev-
eral human AT single-cell-resolution atlases have been reported.*”**
Adipocytes, which vary in size by up to 20-fold, are fragile, and have
a high lipid load, present unique challenges to single-cell RNA-se-
quencing, but have been included in recent atlases that utilized spa-
tial and/or single-nucleus transcriptomics. Using single-cell-resolu-
tion approaches, these studies identified spatial arrangements and
differential insulin responsiveness of adipocytes,” adipogenic po-
tential of distinct progenitor cells,” adipocyte regulation of ther-
mogenesis,” plasticity of mouse AT in response to diet-induced
obesity,* associations between specific AT cell types and metabolic

states,?”*

as well as commonalities and differences across species
and dietary conditions.” Interestingly, AT atlases noted some fat

depot differences in cellular composition, but mainly emphasized
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Table 1. Cell clusters of human adipose tissue with key marker genes

Cell population Key marker genes?

Adipocytes ADIPOQ, PLIN
Adipose stem and progenitor cells PDGFRA
Fibroblast and adipogenic progenitor cells CD55, PI16
Mesothelial cells MSLN
Endothelial cells JAM2
Lymphatic endothelial cells PROX1
Pericytes STEAP4
Smooth muscle cells MYOCD
Macrophages MAFB
Monocytes CYBB
Dendritic cells FLT3

Mast cells CPA3
Neutrophil cells CSF3R

B cells MS4A1

NK cells KLRD1

T cells IL7R
Endometrial cells PRLR

Clusters of cells have been identified in human visceral, omental, and
subcutaneous adipose tissue by single nuclei and single-cell RNA-se-
quencing approaches.?’* Higher-resolution maps identified more than
60 subpopulations of adipocytes, fibroblast and adipogenic progeni-
tors, and vascular and immune cells.®

commonalities in cell composition between subcutaneous and vis-
ceral AT»** In humans, adipocyte number is determined during
childhood and adolescence, and is maintained in adults even after
substantial weight loss.** Despite data providing novel cellular and
even spatial resolution of AT gene expression, the variation in gene
expression signatures among fat depots and their distinct functions
remain poorly understood.

Using the sophisticated bioinformatics approach CELL-type Ex-
pression-specific integration for Complex Traits (CELLECT)* that
integrates scRNA-seq and sNuc-seq data with data from genome
wide association studies, Emont et al.*” sought to identify distinct
cell populations that may reflect the risk of developing obesity-re-
lated diseases or conditions (Table 1). Surprisingly, there was no
cellular correlate of BMI variation, but there was a significant asso-
ciation between B and T lymphocytes and natural killer (NK) cells
in AT with autoimmune type 1 diabetes mellitus.”” Adipocyte phe-
notype was associated with waist to hip ratio as a surrogate for ab-
dominal fat deposition even after adjustments to BMIL*’ In a subse-
quent comprehensive meta-analysis of publicly available and new-

ly-generated single-cell, single-nucleus, and spatial transcriptomic
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data from human subcutaneous, omental, and perivascular AT, Mass-
ier et al.*® identified cell-cell interactions as well as relationships be-
tween specific cell subtypes (including those in the adipocyte frac-
tion) as well as insulin resistance, dyslipidemia, adipocyte volume,
and lipolysis with long-term weight changes. To validate these in-
triguing insights from cross-sectional studies of AT cellular compo-
sition, longitudinal and interventional approaches (e.g., before and
after pronounced weight loss upon bariatric surgery) are required.
Taken together, recent sNuc-seq data from human (and mouse)
AT suggest associations between distinct cell types, fat distribution
and metabolic states beyond BML

SIGNS AND SYMPTOMS OF ADIPOSE
TISSUE DYSFUNCTION

According to the World Health Organization, obesity is defined
as ‘abnormal or excessive fat accumulation that presents a risk to
health*” However, high-fat accumulation alone is not sufficient to
explain the heterogeneity in the individual risk of adiposity-induced
metabolic dysfunction.***** People with obesity that is character-
ized by predominantly upper body (abdominal subcutaneous and
intra-abdominal visceral), intrahepatic, intramyocelluar, and pan-
creatic fat deposition are at higher risk of developing T2DM than
those with a lower body, gluteofemoral fat deposition.'** Predomi-
nantly gluteofemoral fat accumulation—a phenotype more frequent-
ly observed in premenopausal women, is associated with lower tri-
glyceride and higher HDL-C serum concentrations, improved in-
sulin sensitivity, lower fasting blood glucose and insulin concentra-
tions and decreased risk of T2DM independent of BML*

In addition to the health- or disease-promoting aspects of fat de-
position, a deeper look into AT from animal models of obesity and
humans with or without cardiometabolic diseases led to the notion
that AT function may contribute to a multitude of diseases through
distinct AT-based alterations.'*> Although the mechanisms initiat-
ing AT dysfunction are not entirely understood, a chronic positive
energy balance with weight gain, increased nutrient flux into AT,
impaired subcutaneous expandability, and secretion of chemoat-
tractant molecules, as well as extrinsic factors such as toxins (e.g,,
alcohol in acquired lipodystrophy)* or environmental compound

exposure and bioaccumulation® may initiate this process (Fig. 2).
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Figure 2. Transition from normal to impaired adipose tissue (AT) function and adverse systemic outcomes. AT serves important functions includ-
ing energy storage, release of metabolites, body insulation, mechanical organ protection, endocrine secretion, and storage of xenobiotics under
normal conditions. With a chronic positive energy balance and body weight gain, AT expands due to increased nutrient flux. Adipocytes primarily
respond to the higher demand for energy storage by increasing their size (adipocyte hypertrophy). Adipocyte hypertrophy contributes to hypox-
ia, cellular and tissue stress, altered exosome production and release, and increased production of proinflammatory cytokines (including tumor
necrosis factor-o [TNF-al, interleukin [IL]-18, monocyte chemoattractant protein-1, chemerin, progranulin, plasminogen activator inhibitor-1 [PAI-
1), as well as activation of autophagy and apoptosis (mainly in visceral depots) and increased release of cell-free DNA. AT dysfunction is character-
ized by altered cellular composition including an increased number of immune cells. Symptoms of AT dysfunction include adipocyte hypertrophy,
ectopic AT deposition, and immune cell infiltration of AT. Through different mechanisms including increased lipolysis, higher free fatty acid (FFA)
release from AT, reduced glucose uptake, and increased secretion of diabetogenic, atherogenic, and proinflammatory signals, AT dysfunction is
linked to endorgan damage. MCP-1, monocyte-chemotactic-protein-1.

Most likely, impaired adipocyte function is caused by a combina-
tion of genetic, behavioral, and environmental factors that are not
entirely understood. The hallmarks of AT dysfunction can be sum-
marized as size (adipocyte hypertrophy), site (ectopic fat deposi-
tion), and ‘cytes’ (immune cell infiltration) (Fig. 2).

The inability of AT to expand by recruiting new (healthy) adipo-
cytes may activate a sequence of pathological mechanisms includ-
ing cellular insulin resistance and increased lipolytic capacity, intra-
cellular accumulation of toxic molecules, activation of stress path-
ways, visceral (ectopic) fat accumulation, changes in cellular and
intracellular matrix composition, increased number of immune cells
within AT, increased autophagy and apoptosis, fibrosis, alterations
in gene and protein expression patterns.”! As a result of impaired

subcutaneous AT expandability, adipocytes become larger (size:
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adipocyte hypertrophy), excess nutrients are more frequently stored
in ectopic depots (sites), and AT releases signals (e.g, hormones,
cells, and metabolites) resulting in a proinflammatory, diabetogenic,
and atherogenic serum profile (Fig. 2). These adverse signals may
contribute to inflammation of AT (‘cytes’) and secondary organ
damage in target tissues such as the liver, brain, endothelium, vas-

culature, endocrine organs, and skeletal muscle.

CAUSES (MECHANISMS/MOLECULAR
PLAYERS/PATHWAYS) OF ADIPOSE TISSUE
DYSFUNCTION

Adipose tissue stress and mitochondrial dysfunction
Adipocyte hypertrophy, AT hypoxia, advanced glycation prod-
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ucts, xenobiotics, toxins, lipopolysaccharides, and endogenous lip-
ids, as well as cell debris after damage, apoptosis, or local necrosis
may activate stress-sensing pathways in different AT cells.** Sever-
al stimuli can activate nuclear factor kB (NF-kB) and IxB kinase-f3
(IKKB) via receptor-mediated pathways.* In addition to the classi-
cal cytokine receptor activation such as tumor necrosis factor-a,
Toll-like receptors, and receptors for advanced glycation end prod-
ucts, intracellular stress including reactive oxygen species, endoplas-
matic reticulum stress, ceramide, and different protein kinase C iso-
forms can also activate NF-xB and IKK.*

The first studies on the biological processes that initiate AT dys-
function and contribute to obesity-related metabolic impairment
were conducted in mouse models."® Impaired AT function could
be the result of adipocyte hypoxia caused by inadequate oxygen
delivery under conditions of increased adipocyte oxygen demand
such as obesity.*’** Hypoxia may directly cause AT fibrosis by stim-
ulating AT fibrogenesis and AT immune cell infiltration via secre-
tion of chemotactic factors.*** Another consequence of AT dys-
function that may result from AT hypoxia is the suppression of AT
branched-chain amino acid catabolism, subsequently increasing
plasma branched-chain amino acid concentrations.”**

These mechanisms of AT dysfunction in animal models of obe-
sity could be translated into human conditions of obesity and AT
dysfunction. In human AT dysfunction, decreased interstitial AT
partial pressure of oxygen,* increased rates of fibrogenesis and ex-
pression of genes involved in extracellular matrix (ECM) formation,*

55,56 an d

production of exosomes that can induce insulin resistance,
alterations in expression of genes involved in branched-chain ami-
no acid catabolism® have been validated. Interestingly, activation
of AT stress seems to contribute to the distinction between insulin-
sensitive versus insulin-resistant metabolically healthy obesity in
people that were matched for age, sex, BMI, and fat mass.” '

Data from animal models and humans suggest that obesity is as-
sociated with impaired mitochondrial function in AT.** Mitochon-
drial oxidative phosphorylation (OXPHOS) and biogenesis in hu-
man subcutaneous AT are compromised under conditions of obe-
sity and hyperglycemia or diabetic obese and diabetic states.”** In-
terestingly, the reduction of mitochondria function in AT does not
seem to be primarily regulated by inherited factors. For example,
in monozygotic twin pairs discordant for BMI, AT mitochondrial

J Obes Metab Syndr 2024;33:275-288
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biogenesis and OXPHOS are downregulated as a function of obe-
sity and the extent of metabolic dysregulation.®* On the other
hand, treatment with peroxisome proliferator-activated receptor y
(PPARy) agonists or structured exercise programs with subsequent
improvements in insulin sensitivity enhance mitochondrial biogen-
esis and OXPHOS in AT In addition, improved AT mitochon-
drial function may be associated with weight loss.”*”! In this context,
genes that control mitochondrial function (e.g,, OXPHOS, citric
acid cycle, and free fatty acid oxidation pathways) show significant-
ly higher expression in subcutaneous AT after weight loss induced
by diet interventions’" or bariatric surgery.” Despite these lines of
evidence, whether impaired mitochondrial function is a cause or
consequence of AT dysfunction remains unclear."

Genetic studies in mice indicate a causal link between reduced
mitochondrial function in adipocytes and the development of in-
sulin resistance.”” Mice with an AT-specific knockout of the mito-
chondrial transcription factor A exhibit AT inflammation, increased
adipocyte apoptosis and whole body insulin resistance.” Deletion
PPARY coactivator 1o (PGCla) in adipocytes causes reduced mi-
tochondrial biogenesis in subcutaneous AT and systemic insulin
resistance,”* whereas increased AT mitochondrial function protects
against the development of AT dysfunction and immune cell infil-
tration.*” Indeed transgenic overexpression of the mitochondrial
protein that contains a NEET (Asn-Glu-Glu-Thr) sequence (mi-
toNEET) significantly improved AT function and caused benefi-
cial effects on insulin sensitivity at the systemic level in mice despite
adiposity.*” In summary, there are several lines of experimental
and human evidence supporting that mitochondrial function is as-
sociated with normal AT function and that reduced mitochondrial

mass and/or function is an indicator of AT malfunction.'®

Fibrosis of adipose tissue

In the past decade, there has been growing evidence that human
AT fibrosis is a symptom and hallmark of pathologically altered AT
morphology and function.”*” Bel Lassen et al.”” recently created a
fibrosis score of adipose tissue (FAT score) that integrates perilob-
ular and pericellular fibrosis and represents a simple semiquantita-
tive evaluation of human subcutaneous fat fibrosis. Using this FAT
score, people with obesity and AT fibrosis exhibit less weight loss
after bariatric surgery compared to people without evidence for AT
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fibrosis.”” AT fibrosis maybe considered an end stage of AT dys-
function that is initiated by alterations of the ECM, which is some-
what analogous to liver pathologies. The ECM is an important
component sof the plasticity of AT, because it is essential for struc-
tural support, mechanical stability, and cell signaling and function.”
In obesity with AT dysfunction, the tightly regulated balance be-
tween ECM synthesis and degradation malfunctions in a way that
prevents the plasticity and function of different cell types in AT.”*”
Recently, it has been suggested that in subtypes of obesity, adipo-
cyte size in visceral depots and fibrosis parameters are interrelated
and reflected by circulating microRNA.** Interestingly, AT fibrosis
persists after weight loss and further enhances AT dysfunction if
weight is regained.”””® Obesity can induce alterations in AT ECM
composition and deposition as well as the presence of thicker and
more aligned collagen fibers and ECM stiffness.”*® The levels of
several matrix metalloproteinases and their tissue inhibitors of me-
talloproteinases are regulated in response to obesity.*>!

Although targeting tissue fibrosis may have significant health ben-
efits that may include improving AT health, no anti-fibrotic thera-
pies have been approved by the U.S. Food and Drug Administra-
tion.”® However, there have been promising developments in sever-
al drug candidates that target AT ECM remodeling.” Despite the
fact that AT fibrosis and inflammation are regulated by distinct
mechanisms,* targeting macrophages that play a role in the onset
and progression of both obesity-related AT inflammation and fi-
brosis may represent a promising therapeutic strategy.** In the early
phases of drug development, some anti-inflammatory agents have
been shown to prevent macrophage infiltration into AT and might
also alter the macrophage phenotype towards an anti-inflammatory
subset.*® We need a better understanding of the precise mecha-
nisms, causative factors, and targets of AT fibrosis development to

cultivate pharmacotherapies that specifically prevent AT fibrosis.”®

Role of environmental compound accumulation in
adipose tissue dysfunction

The global increase in obesity prevalence is associated with chang-
es in behavior and lifestyle, but also the wide use of chemicals in
agriculture (e.g,, pesticides), for food preservation and packaging
43,84,85

(eg, plasticizers), and in cosmetics and other aspects of daily life.

Because genetic variation may only account for approximately 50%
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of obesity inheritance, behavior and environmental factors may play
an important role as drivers of obesity at the societal and individual
level. Although it is difficult to assess exposure to potentially obeso-
genic environmental compounds, measuring bioaccumulation of
lipophilic xenobiotics in human AT may provide an estimate. In
this context, we recently examined visceral and subcutaneous AT
biopsies from donors of the LOBB’ to test the hypothesis that stor-
age of distinct environmental chemicals correlates with parameters
of body shape and AT function.”” We found that specific environ-
mental chemicals are significantly associated with AT dysfunction
measures including adipocyte hypertrophy, local AT and systemic
inflammation, as well as variation in fat distribution even in people
with normal body weight (Fig. 3).* Interestingly, we observed nei-
ther a correlation of several environmental compounds with obesity
nor a fat depot-specific accumulation of these compounds. Howev-

er, in accordance with previous data®*®’

on the abundance of persis-
tent organic pollutants in serum and AT, we found associations be-
tween certain xenobiotics in AT and parameters of insulin sensitivi-
ty as well as fasting and chronic hyperglycemia.*’ Taken together,
AT bioaccumulation of distinct environmental compounds that may
directly act on AT processes via estrogen receptors® and PPARy*
may contribute to impaired AT function and may further link AT
dysfunction to systemic glucose metabolism.

There is an unmet need for mechanistic studies testing the hy-
pothesis that specific environmental compounds or exposure to a

mixture of chemicals may contribute to the regulation of fat distri-

bution, AT function, and cardiometabolic diseases.

CONSEQUENCES OF ADIPOSE TISSUE
DYSFUNCTION

Adipose tissue signatures as predictors of obesity subtypes

In clinical practice, it is a frequent observation that human obesity
consists of heterogeneous phenotypes. Subtypes of obesity include
monogenic, childhood-onset, syndromic, and forms of obesity that
vary in the extent of how medical, functional, and psychological
traits are affected.'%*°7%%2 A better stratification of obesity sub-
phenotypes may help to prioritize treatment strategies and to iden-
tify those people who may benefit the most from weight loss inter-
ventions. In this context, the Edmonton Obesity Staging System
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Figure 3. Adipose tissue (AT) distribution and morphology parameters in relation to persistent organic pollution concentration. Association of
omental AT bioaccumulation of persistent organic pollutants with anthropometric and AT morphology parameters in 13 lean subjects (body mass
index [BMI] <25 kg/m?). Values in tiles are Pearson'’s correlation coefficients. Adapted from Rolle-Kampczyk et al.,** with permission from Elsevier.
*P<0.05; 'P<0.01; *P<0.001. CT, computed tomography; vis, visceral; sc, subcutaneous; Macr, macrophage; M1, M1 macrophages; M2, M2 macro-
phages; DDE, dichlorodiphenyldichloroethane; PCB X, polychlorinated biphenyl X.

considers the severity of obesity based on the number and extent
of obesity-related comorbidities rather than BMI classification, and
may identify people with obesity who are at highest mortality risk.”
On the other hand, there are individuals with obesity that do not
develop premature obesity-related cardiometabolic diseases."” Peo-
ple with metabolically healthy obesity seem to be protected against
AT dysfunction'>” and exhibit lower morbidity and mortality risks
attributable to obesity.”* In order to identify factors underlying met-
abolically healthy obesity, we recently compared pairs of people with
obesity without manifest metabolic comorbidities and cardiovas-
cular risk factors which have been matched for age, sex and BMI
into groups of insulin-sensitive or insulin-resistant obesity." Inter-
estingly, patients with insulin-resistant obesity had a significantly
higher number of macrophages in visceral AT than those with insu-
lin-sensitive obesity, suggesting that the association between AT
inflammation and insulin resistance is not primarily related to fat
mass or BML" Consistent with our data, another independent study
identified visceral AT inflammation as the most significant corre-
late of metabolically unhealthy obesity.”* As another indicator for
distinct obesity subtypes, people with obesity who undergo bariat-

J Obes Metab Syndr 2024;33:275-288

ric surgery exhibit different responses with regard to weight loss,
but also T2DM (Fig. 4) and the risk of early weight regain. We hy-
pothesized that there is an obesogenic memory in AT that contrib-
utes to these different effects.’* In the context of a two-step bariatric
surgery strategy with an initial sleeve gastrectomy followed by Roux-
en-Y gastric bypass surgery, we investigated AT histology and gene
expression signatures and found two distinct directions of respons-
es to weight loss characterized by remission (n=68) or reoccur-
rence (n=32) of T2DM 2 years after the initial step surgery (Fig. 4).”*
These observations suggest an obesogenic memory that may be re-
lated to the inability of AT to return to normal function after signif-
icant weight loss.'* However, the exact mechanisms of AT obeso-
genic memory remain unclear. Based on these observations and
data, we are currently searching for obesity subphenotypes in the
LOBB’ using artificial intelligence methods that integrate AT gene
expression signatures at the whole-tissue and single-nuclei level with
genetics and proteomics information. Recent examples from newly
identified subtypes of T2DM and prediabetes suggest that novel
technologies and deeper phenotyping have the potential to define
potentially clinical relevant phenotypes that may guide treatment
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Figure 4. Obesogenic memory in a subgroup of patients from the Leipzig Obesity Biobank with obesity and type 2 diabetes mellitus (T2DM) un-
dergoing bariatric surgery (n=100). In the context of a two-step bariatric surgery procedure with an initial sleeve gastrectomy (baseline) and a
Roux-en-Y gastric bypass surgery (up to 24 months), we investigated adipose tissue (AT) histology and gene expression signatures as described in
Schmitz et al.** We found two distinct directions of responses to weight loss characterized by remission (n=68) or reoccurrence (n=32) of T2DM 2
years after the initial surgery. Mechanisms for sustained or delayed obesogenic memory specifically in AT remain unclear. Average age, body mass
index (BMI), and glycosylated hemoglobin (HbA1c) are shown at baseline and at approximately 2 years after significant average weight loss. AT
signatures but not BMI or age was associated with T2DM remission. The figure displays data included into a previous original publication by the

author’s research group.*

in the future.”*”

Recently, Yang et al.”® identified the existence of two patterns of
unexplained human phenotypic variation via multi-dimensional
analysis of monozygotic phenotypically discordant twins. One phe-
notype is characterized by increased fat mass with only a modest re-
duction of lean mass, the other phenotype exhibits clinical out-
comes linked to insulinemia, coordinated increases in fat and lean
mass across the body, and decreased neuronatin and increased his-
tone deacetylase-responsive gene signatures.”® This study provides
an example that stratification of disease phenotypes using novel
multi-dimensional approaches has the potential to identify pheno-
typically and molecularly distinct types of obesity.”®

Altered signals link adipose tissue dysfunction to
endorgan damage

After the discovery that AT is an active endocrine organ,”"'%" it
became clear that adipokines play specific roles in the regulation of

appetite and satiety, immune response and inflammation, glucose
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and lipid metabolism, insulin sensitivity, hypertension, vascular
growth and function, atherosclerosis development, bone develop-
ment, growth, and other biological processes.'®*"*'%* Altered secre-
tion of adipokines (e.g., leptin and adiponectin), cytokines (e.g.,
monocyte chemoattractant protein-1, chemerin, and interleu-
kin-6), metabolites (fatty acids), exosomes,'® and immune cells,
among others, is a symptom of AT dysfunction. An adverse, diabe-
togenic, proinflammatory, and atherogenic adipokine secretion pat-
tern links obesity and AT dysfunction (including conditions like 1i-
podystrophy) to obesity-related cardiometabolic diseases.”® There-
fore, adipokines are considered both as biomarkers for AT dysfunc-
tion and as tools for the prevention and treatment of obesity-related

18103106107 Changes in adipokine production under condi-

diseases.
tions of AT dysfunction dramatically change AT communication
with organs including the brain, pancreas, liver, skeletal muscle,
heart, vasculature, immune system, and distant fat depots.'*>'** In-
deed, adipokines regulate physiological functions of several organs

and in states of AT dysfunction adipokines have disease-modifying
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effects contributing to endorgan damage and pathological out-
comes.'”

Altered adipokine secretion upon AT dysfunction may affect pe-
riphery-brain cross-talk. For example, leptin regulates appetite, sati-
ety, and locomotor activity. AT dysfunction and fatty liver diseases
are closely interconnected. Adipokine secretion and changes in me-
tabolite release may contribute to fat accumulation in the liver and
liver insulin resistance.'®* As an example, leptin may improve hepat-
ic steatosis via indirect effects and directly via hepatic activation of
adenosine monophosphate-activated protein kinase (AMPK).'**
Adiponectin affects liver metabolism through its receptors and sup-
presses hepatic glucose output via phosphorylation of AMPK in
addition to lowering hepatic proinflammatory ceramides and in-
hibiting the fibrogenic effects of transforming growth factor-p.'”
Among signals released from brown fat, neuregulin 4 (NRG4) has
been suggested to link the activation of brown adipose tissue (BAT)
with protection against diet-induced obesity, insulin resistance, and
hepatic steatosis.'"* NRG4 was shown to directly reduce lipogenesis
in hepatocytes, and could indirectly activate BAT via sympathetic
neurons or via inducing brown adipocyte-like signatures in white
adipocytes in a paracrine manner.'"!

Adipsin/complement factor D controls alternative activation of
the complement system and reduces hepatic gluconeogenesis and
inflammation in mouse models for diabetes."* Adipsin expression
changes in AT dysfunction may exert relevant effects on impaired
B-cell function."? In addition to adipokines and altered metabolite
release from dysfunctional AT, adipose-secreted exosomes might
provide new treatment targets and markers to distinguish subtypes
of obesity that vary in the degree of associated metabolic alterations.
Extracellular vesicles contain bioactive molecules such as miRNAs
and adipokines and contribute to interorgan cross-talk.'” Exosomes
may have the advantages of higher stability, ability to be stored for
longer periods, and easily controlled dosing compared to other bio-
logical therapeutics.'”

Taken together, adipokines are candidates for future pharmaco-
logical treatment strategies.'”” Metreleptin is already used as a phar-
macotherapy in individuals with congenital leptin deficiency and
lipodystrophies.'”” Novel adipokine-related treatment strategies may
offer exciting new opportunities in a spectrum of diseases caused

or modified by AT dysfunction.

J Obes Metab Syndr 2024;33:275-288

CONCLUSION

AT dysfunction, which is characterized by increased abdominal,
intra-abdominal, liver, and ectopic fat distribution, adipocyte hy-
pertrophy and a disease-promoting adipokine secretion pattern,
links AT-related diseases like obesity and lipodystrophy to cardio-
metabolic diseases. Altered adipokine profiles, AT inflammation,
and the release of metabolites may provide a mechanistic link be-
tween obesity diseases. A better understanding of the mechanisms
responsible for AT dysfunction can lead to novel therapeutic inter-
ventions for obesity-related diseases. Alterations in AT dysfunction
include immune cell infiltration into (visceral) AT, fibrosis, and the
production of exosomes that can impair systemic insulin sensitivity.
Our understanding of the secreted factors that cause impaired or-
gan health continues to improve, but questions remain about the
alterations in AT communication that lead to irreversible endorgan
damage. In addition, factors that regulate AT function via brain, au-
tonomous nervous system, liver, and muscle cross-talk need to be
elucidated. To date, there are no specific therapies targeting AT dys-
function, although therapeutic weight loss, exercise, and healthier
eating patterns can ameliorate or normalize AT function. Therefore,
understanding the mechanisms of AT dysfunction and targeting
them may hold opportunities to improve the health of people with
obesity, lipodystrophy, and lipedema.
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