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Abstract 

 

Background and objectives: Obesity is an epidemic, noncommunicable, metabolic 

disease which can develop early in life, leading to a rapid and dramatic increase in the global 

prevalence of obesity-associated diseases. To avoid obesity, we have to understand the 

developing adipose tissue at the level of its molecular mechanisms and genomics.  

Hypothesis and aims: Gene expression changes and immune-metabolic mechanisms of 

the obese adipose tissue in adulthood are well studied, however we know much less about 

these in the developing adipose tissue. In this thesis we aimed to identify unique and defining 

transcriptional landscape and morphology of the adipose tissue in the early postnatal life. 

Furthermore, since fat catabolism is greater in early life than in adulthood, we hypothesize that 

adipocytes in the developing fat household a high amount of mitochondria to fulfil the demand 

of fat metabolism. It is plausible to assume that the extensive mitochondrial network may 

require a suppression of the immune response elicited by mitochondrial contents. Therefore, 

we searched for immune regulators, signals and mechanisms which favour mitochondrial 

network expansion.  

Results: We found that during postnatal development, infant fat depots contained beige 

adipocytes. We show that these adipocytes perform thermogenesis and develop 

independently from the brown adipose tissue (BAT). Thermogenic adipocytes in the early 

postnatal life expand their mitochondrial network by suppressing the innate immune 

recognition of mitochondrial DNA and RNA (mtDNA and mtRNA). This was achieved through 

a suppressed interferon (IFN) regulatory factor 7 (IRF7) expression. A unique mtRNA-driven 

signal mechanism triggers the mitobiogenesis and beige adipogenesis. The role of mtRNA is 

restricted to infant adipocytes, since adult adipocytes respond with an IFN burst after mtRNA 

exposure. Obesity increased IRF7 expression, leading to IFN response towards mitochondria, 

eventually impairing the mitochondrial network. Vit-D3 allows IFN-free, mtRNA-mediated 

mitobiogenesis in diet-induced obese adult mice which ultimately reduce obesity development. 

Summary and impact: This thesis showed that (i) beige adipocytes could be identified in 

the developing fat, and that (ii) maintaining these adipocytes´ mitochondria is key for the lipid 

catabolism and beige adipogenesis. These finding have impact on the adipose tissue field 

because it may add a 3rd adipocyte type which is present during infancy and has to be re-

establishing in adulthood to potentially reduce obesity.  

Key words: developmental genomics – obesity – adipogenesis – nucleic acid immunity 
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1. Introduction 

 

1.1. Obesity: a rising disease with many co-morbidities 

 

Adipose tissue biology gains intensive attention today, due to the worldwide incidence 

of obesity and its related co-morbidities, such as insulin resistance, diabetes, and other 

immune-metabolic diseases (1). Incidence of these diseases increases rapidly - 

affecting not only industrial countries but also developing countries (2) - and are 

predicted to affect approximately 60 % of the adult population by 2030 worldwide (3). 

Highlighted by a recent report of the World Health Organization, obesity develops into 

a serious pandemic health problem which is well illustrated by the fact that 650 million 

adults worldwide were obese in 2016 (4). Furthermore, 39 million children, below the 

age of 5, were overweight or obese in 2020 (4). Obesity is classified according to the 

body mass index (BMI) (3, 5) which is calculated by the individual´s body weight in 

kilogram divided by its height in meters squared (kg/m2) (3). Overweight is associated 

with a BMI of ≥ 25 kg/m2, obesity is defined with BMI ≥ 30 kg/m2 and morbid or extreme 

obesity is associated with a BMI ≥ 40 kg/m2 (2, 3, 6).  

Causes of obesity are diverse and include high calorie intake and poor 

exercising (7). In addition to that, genetics and diseases affect obesity development as 

well; while the genetic inheritance is poorly understood due to the interaction of multiple 

genes with environmental factors (8–10), diseases such as Cushing syndrome, 

polycystic ovary syndrome or an underactive thyroid are known to induce overweight 

and obesity (11–13). All these factors can lead to obesity which is considered to be an 

excess adipose tissue development. 

The adipose tissue is known as a lipid storage site, although it has many other 

roles, such as body temperature control through thermal insulation and the regulation 

of systemic metabolism through endocrine factors and immune mediators (14, 15). For 

instance, leptin, a 16-kDA large adipokine secreted mainly by white adipocytes, 

activates immune cells and regulates the proliferation, phagocytosis and chemotaxis 

of neutrophils (16). The production of leptin is dependent on adipose tissue mass (16–

18) which along with adipocyte size affects the blood level of leptin, and the immune 

effects of obesity (19, 20). The positive correlation of that adipokine and adipose tissue 

mass indicates leptin as a potential marker for obesity-related complications (21, 22). 
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Besides adipokines, adipose tissues are also able to produce and secrete immune 

mediators, such as interleukin-6 (IL-6) or interleukin-10 (IL-10) (23). IL-10 is a known 

anti-inflammatory cytokine which has the potential to increase insulin sensitivity by 

impeding obesity-associated immune cell infiltration in the skeletal muscle (24). Hence, 

it might play a role in the treatment of type 2 diabetes mellitus (T2DM). Furthermore, 

low blood level of IL-10 in obese women is associated with metabolic syndrome, 

abnormal obesity, hypertriglyceridemia or high blood pressure (25).  

As indicated by these examples, subcutaneous fat depots can adjust endocrine 

and immune functions through hormones, adipokines and cytokines to affect distant 

organs including liver, muscle, endocrine pancreas, as well as the cardiovascular and 

the skeletal system (1). Fat pads can also be found on muscles to reduce mechanical 

stress, or around deep nerves serving as a protecting layer (26).  

Obesity develops as a result of uncontrolled and excess adipose tissue 

development leading to co-morbidities which are partly incurable and negatively affect 

the lifespan (3, 27, 28). To expand the adipose tissue depot, the organ can either 

induce hypertrophy which is an enlargement of the adipocytes or hyperplasia which 

increases the number of adipocytes within the depot (29). Since adipocytes have a 

limited lipid storage capacity, excess caloric intake leads to the accumulation of fat in 

the distant organs, such as liver, skeletal muscle or heart. Excess amount of lipids in 

these organs causes “lipotoxicity” which results in development of insulin resistance 

(29). Insulin signaling requires many signal transducers, such as insulin receptor 

substrate-1 (IRS-1), 1-phosphatidylinositol 3-kinase (PI-3K), TBC1 domain family 

member 4 (AS160) and glucose transporter type 4 (GLUT4) (30). In the skeletal muscle, 

insulin evokes, upon binding to its receptor, IRS-1 activation. Through a signal cascade 

via PI-3K, AS160 is activated to impair GLUT4 interaction with Rab protein which 

ultimately leads to the GLUT4 presence in the plasma membrane (31). Circulating free 

fatty acids (FFA) in obese individuals impair IRS-1-mediated PI-3K activation in muscle, 

pancreas and heart (32, 33). Hence, decreased PI-3K activity reduces insulin-driven 

glucose uptake leading to insulin resistance.  

Lipotoxicity in the adipose tissue enhances immune cell infiltration (29). 

Therefore, T- and B-cells, macrophages, neutrophils and mast cells invade the lipid 

storing organ and generate a low-grade and chronic inflammation, a hallmark of obesity 

development (34). Hence, obesity research aims to understand excess adipose tissue 

development to find treatment strategies reverting or preventing this process.  
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1.2. The traditional two types of adipose tissue 

 

Adipose tissue is classified into two types according to their cell morphology and 

function: white adipose tissue (WAT) and brown adipose tissue (BAT) (35, 36). 

However, WAT and BAT have distinct ontogeny making it plausible that BAT is not a 

“true” adipose tissue. Adipocytes are lipid-storing cells which are involved endocrine, 

nervous and immune functions (37).  

WAT adipocytes are able to accumulate and store neutral lipids in a large fat 

droplet for a long period of time; however, this droplet can be dismantled in demand of 

energy, such as during starvation (15). In contrast, BAT adipocytes actively 

disintegrate fat droplets to oxidize fatty acids which results in the production of ATP or 

heat (38, 39). Adipocytes of the BAT are rich in mitochondria and organize their lipids 

in multiple small droplets which are located around the mitochondria (36, 40–42).  

Apart from neutral lipids, BAT contains glycogen abundantly, which is also used 

as a metabolic fuel after cold stress (36, 40–42). Maintaining multiple small lipid 

droplets in BAT allows an increased accessibility of the stored cargo to perform 

mitochondrial β-oxidation (35, 43). The different morphology of WAT and BAT is a 

distinguishing hallmark. Due to their multiple fat droplet organization, BAT adipocytes 

are termed multilocular, while WAT adipocyte rearranged their lipids to one large lipid 

droplet (unilocular) (35, 36, 44). WAT can be found in all vertebrates while BAT, in 

many species located in the interscapular region, is restricted to mammals (45). In 

addition to that, among the mammalian fat depots, WAT is more prevalent than BAT. 

BAT consists abundantly mitochondria which express uncoupling protein 1 

(UCP1) (46). UCP1 needs to be activated for instance through long-chain fatty acids 

(47). Located in the inner mitochondrial membrane (IMM), it can manipulate the H+ 

gradient as a transport protein (48). Thereby, IMM changes its conductance which 

leads to uncoupling of the mitochondrial respiration. Thus, a heat production rather 

than ATP is mediated by UCP1, due to which effect BAT is also known as the 

thermogenic fat performing non-shivering thermogenesis (47, 49–51). This shows that 

brown adipocytes are able to increase energy expenditure and thermogenesis through 

the uncoupling process (46). Obesity is the consequence of excess adipose tissue 

development which means in specific the expansion of WAT at the expense of BAT 

prevalence (52–54). Therefore, generating heat through the uncoupling process in 

adipocyte by using stored lipids, is a desired strategy to combat obesity (49, 55–58). 
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1.3. Beige adipocytes: cells with white & brown adipocyte features 

 

Besides the two traditional types of adipose tissue, there is a third type of adipose 

tissue which is called brown-in-white adipose tissue (“brite”) or “diffuse BAT” (38). 

Accordingly, this adipose tissue accommodates uni- and multilocular fat cells. 

Furthermore, it has a higher potential in fat oxidation compared to WAT and it can 

generate heat through uncoupling which is a key feature of BAT (59). Multilocular 

adipocytes located in the brown-in-white adipose tissue are able to oxidize fat and to 

perform thermogenesis; and they often termed as beige adipocytes (i.e., a transitional 

cell type between “white” and “brown” fat cells) (60, 61).  

Beige adipocytes appear in WAT depots in response to cold stress, allowing 

adaptive thermogenesis. Since beige fat cells burn off energy stored in fat in the form 

of heat, the induction of beige adipocyte development in WAT depot is a desired 

approach to reduce obesity. Many studies show that adipocytes exposed to cold, T 

helper type 2 (Th2) cytokines, β-adrenergic stimuli, thiazolidinediones, and some lipid 

species respond to these stimuli with beige differentiation or “browning” (60, 62–64). 

In addition to the induced beige adipocytes, there are permanent thermogenic fat 

depots in the supraclavicular region, around the large arteries, and in the kidney 

capsule. These fat depots are considered as beige adipocytes. Of note, previously 

these fat depots were identified in the literature as BAT (65–67).  

Furthermore, there is a debate about beige adipocyte lineage whether it 

develops from BAT preadipocytes located within WAT (68) or as the term “brite” 

indicates through special differentiation programs in the adipocyte precursors (69). 

These programs define the adipocyte to be involved in the fat storing or fat oxidation 

and thermogenesis (69). Thermogenic fat, like beige and brown adipocytes have a 

heterogenous ontogeny in mice (70). BAT and the skeletal muscle have the same 

progeny which can be seen in in the development of brown adipocytes from myogenic 

factor 5 (Myf5)-positive progenitors (70). Cells deriving from Myf5+ progenitors are 

hardly visible in WAT depots (71). In addition to that, a development of thermogenic 

fat in WAT was proceed independently from the Myf5+ lineage (71). Furthermore, there 

are studies highlighting that thermogenic fat cells can also derived from ectodermal 

progenitors, in detail from stem cells of the neural crest (72, 73). Indicated by the 

previous evidence, beige adipocyte lineage is still a fact to debate. Nevertheless, WAT 
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accommodates inducible, fat-oxidizing beige adipocytes as well as fat-storing white 

adipocytes (74).  

 

1.4. The mitochondrial network in beige adipocytes: indispensable 

for fat catabolism 

 

For over 50 years the endosymbiotic theory shapes the way of thinking of scientists to 

discriminate prokaryotic and eukaryotic cells (75). Interestingly, there are more than 

20 different versions of the theory available in the literature to explain the origin of 

mitochondria-consisting eukaryotes (76). The most updated version explains that the 

host cell was not a eukaryote, but an archaeon, also known as an archaebacterium 

(76–78). Whereas the symbiont used to be a prokaryote, since prokaryotic DNA and 

mitochondrial DNA are very similar (79).  

The main function of a mitochondrion is to generate ATP through oxidative 

phosphorylation (79). However, it is also able to use fat as a substrate to generate 

energy supply (β-oxidation) or to generate heat which process is called mitochondrial 

uncoupling (80). Cell metabolism of fat to perform mitochondrial uncoupling and β-

oxidation demands an extensive mitochondrial network (59). Householding a large 

number of mitochondria increases the unintended leaking of mitochondria-associated 

danger signals into the cytosol, such as prokaryotic-like mitochondrial DNA (mtDNA) 

and virus-resembling double stranded RNA (dsRNA). These signals are also known 

as mitochondrial damage-associated molecular patterns (DAMPs) (81). They evoke 

inflammasome activation and interferon (IFN) response through the promotion of 

mitochondrial reactive oxygen species (mROS), NOD-, LRR- and pyrin domain-

containing 3 (NLRP3) inflammasome signaling, or caspase 1 activation (81, 82). 

Inflammatory products from these signal mechanisms impair the mitochondrial network 

expansion and the fat-oxidizing potential of adipocytes (83–85). Furthermore, they 

trigger metabolic inflammation leading to a hyper-inflammatory disorder which is 

associated with obesity (86). Nevertheless, beige adipocytes maintain a high amount 

of mitochondria regardless of a potential inflammatory burst.  
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1.5. The possible role of thermogenic versus fat storing adipocytes 

in childhood obesity 

 

Obesity does not affect only adults and can develop already in the early life which is 

termed as childhood obesity. Childhood obesity is considered to be a public health 

challenge, exclusive formula milk feeding or the extinction of BAT supports obesity 

development in children and adolescents, respectively (63, 87, 88). Overweight or 

obese children are prone to take the obese-status until adulthood causing a life-long 

obesity (89).  

Growing up in the intrauterine environment generated by the mother, the fetus 

receives carbohydrate-rich nutrients provided by the maternal metabolism. The human 

adipose tissue primordia start to expand in the last trimester of gestation which requires 

lipogenic substrates, such as maternal ketone bodies and glucose (90). In addition, 

around 70 % of the glucose in the fetus is metabolized into fat before birth (70, 91). 

Furthermore, primordial fat cells accommodate glycogen and neutral lipids (41, 44, 92, 

93). Adipocytes perform lipolysis after birth which is accompanied by de novo fatty acid 

synthesis, lipogenesis, and catabolism of glycogen (glycophagy) (44). According to 

that, glycophagy enhances the formation of lipid droplets in the developing adipocytes 

(92). In infancy, building up the lipid storage requires constant lipid supply which is 

achieved by the consumption of breast-, or formula milk (90).  

Hence, glycophagy and breast milk support thermogenic fat development (63, 

92). In contrast to that and indicated by previous studies, the loss of fat-oxidizing and 

thermogenic adipocytes favour the expansion of fat-storing adipocytes in the infant 

adipose tissue (88, 94, 95). Like adults, infant adipose tissue may start to increase 

adipocyte size (hypertrophy) and number (hyperplasia) (29) which ultimately leads to 

the WAT expansion and childhood obesity. Reverting this process may require 

thermogenic fat cells, first to deal with the number of fat-storing cells (weight reduction) 

and second to exclude FFA which affect distant organs (lipotoxicity reduction). Due to 

their ability to oxidize fat, mitochondria-rich fat cells may be key players to prevent 

obesity.  

 However, householding a vast amount of mitochondria is potentially dangerous 

and metabolically demanding process. Mitochondria dysfunction or damage leads to 

hyper-inflammation response which supports obesity development. This observation 
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prompted us to question whether thermogenic fat cells developed an immune-

modulated mechanism to avoid the loss of their mitochondrial network.  

 

1.6. Hypothesis and aims of the thesis 

 

Since beige adipocyte induction is a potential strategy to treat obesity and the majority 

of experiments were done in adult fat cells (60, 61, 96), studies about beige adipocytes 

during infancy are underrepresented. Located within the subcutaneous fat depot, 

thermogenic fat is involved in the postnatal intense fat oxidation (40, 97, 98). Hereby, 

we propose beige adipocytes located within the infant adipose tissue able to perform 

thermogenesis and energy expenditure like BAT. Therefore, this thesis aims to identify 

weather infant adipose tissue consists beige adipocytes and do they have differences 

or similarities towards other fat depots. 

 

Aim 1.  

First, we explored the morphology of adipose tissues, for that, fat tissues were 

compared from the inguinal and interscapular regions at different age of mice. 

Furthermore, we checked their ability to perform thermogenesis by the 

immunohistochemical staining of UCP1.  

 

Aim 2. 

Second, we investigated the transcriptional landscape of infant and adult adipose 

tissue to reveal specific hallmark gene networks and hub genes. These investigations 

should identify beige adipocyte existence in the developing fat and highlight its unique 

gene expressions pattern of the developing fat depots. 
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Beige adipocytes household a high amount of mitochondria to perform fat-oxidation 

and thermogenesis. Mitochondrial danger signals can leak into the cytosol evoking 

inflammation and as a result triggering the loss of mitochondrial network. To keep the 

abundant mitochondrial content, we hypothesize that beige adipocytes suppress their 

innate immune mechanisms in favour to expand the mitochondrial network. 

Furthermore, we propose that re-establishing this mechanism in adults allows white 

adipocytes to be converted to infant-like beige adipocytes which may reduce obesity 

development.  

 

Aim 3. 

To test our hypothesis, we explored the transcriptional landscape of immune response 

related genes to find underrepresented immune-related hub genes in the infant 

adipose tissue. We further challenged infant and adult fat cells to detect possible 

differences in their innate immune response. Next, we aimed to reveal anti-

inflammatory immune regulators differently expressed in adults and infants. We 

manipulated these regulators in vivo and in vitro to treat diet-induced obesity. 

 

Aim 4. 

Lastly, we revealed the signals which allow mitochondrial network expansion. 

Therefore, this work aimed to highlight the importance of that signal regarding early 

adipose tissue development and obesity protection.  
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2. Materials and methods 

 

2.1. Materials 

  

2.1.1. List of Equipment 

Equipment Supplier 

BGISEQ-500 platform BGI Genomics Inc. 

Bürker cell counting chamber Marienfeld GmbH 

camera MC190 HD Leica 

cell culture flask (T-25, T-75) Thermo Fisher Scientific 

centrifuge 5423R and 5810R Eppendorf 

coverslips 24 x 60 mm Herenz 

culture plates (6, 24 wells) Thermo Fisher Scientific 

Eppendorf tubes (1.5, 2ml) Thermo Fisher Scientific 

FACS analysis BD LSR II cytometer 

Falcon™ tubes (15, 50 ml) Thermo Fisher Scientific 

Falcon™ cell strainer (40 µm) Thermo Fisher Scientific 

freezer (8, -20 °C) Liebherr 

homogenizer MagNA Lyzer Roche 

humidity chamber Sigma-Aldrich 

incubator HeraTherm Thermo Fisher Scientific 

incubator Incubat (for ELISA) Melag 

Isotemp® freezer (-80 °C) Thermo Fisher Scientific 

laminar flow hood BioAir EuroClone 

light microscope 61717192 Motic 

light microscope Olympus CKX53 Olympus 

MicroAmp® optical 96-wells reaction plate  Thermo Fisher Scientific 

MicroAmp® optical adhesive film Thermo Fisher Scientific 

microscope glass slides Herenz 

microscope slides Polysine® slides Thermo Fisher Scientific 

microtome  Pfm Medical 
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Equipment Supplier 

Nanodrop 2000 Thermo Fisher Scientific 

PHOmo photometer Anthos 

Pipette Boy (Easypet 3) Eppendorf 

pipettes (10, 200, 1000 µl) Thermo Fisher Scientific 

plastic chambers for staining DiaPath 

QuantStudio 3 Real-Time PCR systems Thermo Fisher Scientific 

serological pipette (5, 10 ml) Thermo Fisher Scientific 

tubes with 1.4 ceramic beads Thermo Fisher Scientific 

Vilber Fusion FX6 Edge Vilber 

water bath Isotemp™ GPD02 Thermo Fisher Scientific 

 

2.1.2. List of Softwares 

Software Supplier 

AUTOsoft Autobio Co. LTD 

clustered image maps CIM-Miner, Heatmapper 

DEseq2 algorithm Love et. al. 2014 (99) 

EnrichR Kuleshov et. al. 2016 (100) 

Fusion FX6 Edge Vilber 

GraphPad Prism 5 GraphPad Software Inc. 

ImageJ NIH (101) 

Interferome-2.0 Rusinova et. al. 2013 (102) 

Leica Application Suite X Leica 

Leica Application Suite Z Leica 

Microsoft Office 365 Microsoft 

NanoDrop 2000/2000c Thermo Fisher Scientific 

NGS Analysis Software BGI Genomics Inc. 

Olympus cellSense Entry OLYMPUS 

Panther Mi et. al. 2013 (103) 

QuantStudio™ Design & Analysis Software Thermo Fisher Scientific 

SMART Servier Medical Art Servier (104) 

STRING ELIXIR's 
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2.1.3. List of chemicals 

Chemical  Supplier 

10x PBS Sigma-Aldrich 

absolute ethanol (100%) Thermo Fisher Scientific 

acidified alcohol (30x) Roth 

agarose  Sigma-Aldrich 

bovine serum albumin (BSA) Sigma-Aldrich 

calcitriol Sigma-Aldrich 

carbonyl cyanide m-chlorophenyl hydrazone (CCCP) Sigma-Aldrich 

cGAMP Invivogen 

chloroform VWR 

collagenase P Sigma-Aldrich 

CpG Invivogen 

DEPC treated water Roth 

dexamethasone Sigma-Aldrich 

Entellan®  Merck-Schuchardt 

eosin Sigma-Aldrich 

ethanol (analytical graded) Sigma-Aldrich 

ethanol (molecular biology graded) Thermo Fisher Scientific 

FCS - extracellular vesicle-free (EV-free) Gibco 

fetal bovine serum (FBS) Gibco 

fetal calf serum (FCS) Gibco 

formula milk Commercial brand 

glacial acetic acid Roth 

glycogen (RNAse-free) Thermo Fisher Scientific 

Hanks´ balanced salt solution  Sigma-Aldrich 

hematoxylin (Harris) Sigma-Aldrich 

HEPES buffer solution Gibco 

high fat diet SSNIFF 

High-Capacity cDNA Reverse Transcription Kit Thermo Fisher Scientific 

hydrogen peroxide Thermo Fisher Scientific 

IBMX Sigma-Aldrich 
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Chemical  Supplier 

insulin solution human Sigma-Aldrich 

isopropanol VWR 

L-15 medium (Leibovitz) with L-glutamine Sigma-Aldrich 

Lipofectamine 3000 Invivogen 

Magnetofection™ (DogtorMag) OZBIOSCIENCE 

methyl green Sigma-Aldrich 

my Budget 5x EvaGreen® qPCR Mix II Bio Budget Tech. GmbH 

p(dA:dT)/LV Invivogen 

pCMV6 Sigma-Aldrich 

penicillin/streptomycin Sigma-Aldrich 

periodic acid solution Roth 

pIpC/LV Invivogen 

rosiglitazone Sigma-Aldrich 

Schiffs reagent Roth 

sodium pyruvate solution Sigma-Aldrich 

TRI Reagent® (tissue, cultured cells) Sigma-Aldrich 

TRI Reagent® LS (fluid samples) Sigma-Aldrich 

Triton™ X-100 Sigma-Aldrich 

trypsin EDTA solution 10x Sigma-Aldrich 

TurboFect™  Sigma-Aldrich 

Tween-20 Merck-Schuchardt 

VACV/LV Invivogen 

antigen unmasking solution (Citrate-based) Vector Laboratories 

ImmPACT DAB Substrate (Peroxidase, HRP) Vector Laboratories 

vitamin D3 Sigma-Aldrich 

xylene VWR 
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2.1.4. List of Kits 

Kit Supplier 

Cell Meter Autophagy Fluorescence Imaging kit  AAT Bioquest 

Caspase-Glo® 1 Inflammasome Assay Promega 

Exosome Precipitation Solution Kit Immunostep 

MitoTracker Dyes Thermo Fisher Scientific 

MitoBiogenesis™ Flow Cytometry Kit  Abcam 

Mitochondria Isolation Kit For Tissue Thermo Fisher Scientific 

MitoThermo Yellow  Chrétien et. al. 2018 

Mouse TNFa ELISA Kit BD Biosciences 

Mouse VDR ELISA Kit MybioSource 

Mouse Vitamin D3 ELISA Kit MybioSource 

 

2.1.5. Antibodies 

Table 1: Antibodies used in the thesis for protein detection 

Target Class, Host, Company 

anti-rabbit IgG (H+L) polyclonal, HRP-conjugated, goat, Invitrogen, Carlsbad, CA 

anti-rabbit IgG (H+L) polyclonal, Alexa Fluor® 488, goat, Invitrogen, Carlsbad, CA 

CD11b Monoclonal, rat, ThermoFisher Scientific, Rockford, IL 

F4/80 Polyclonal, rabbit, Santa Cruz Biotechnology Inc., Dallas, TX 

GABA-A receptor Polyclonal, rabbit, Alomone Labs, Jerusalem, Israel 

h/m AIM2 Polyclonal, rabbit, Sino Biological, Eschborn, Germany 

h/m DDX41 Polyclonal, rabbit, Sino Biological, Eschborn, Germany 

h/m p204 (IFI16) Polyclonal, rabbit, Novus Biologicals, Denver, CO 

h/m UCP1 Polyclonal, rabbit, ThermoFisher Scientific, Rockford, IL 

h/m ZBP1 Polyclonal, rabbit, Sino Biological, Eschborn, Germany 

J2 (dsRNA) Monoclonal, rabbit, Absolute Antibody, Wilton, UK 
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2.1.6. Primers 

Table 2: Mouse primer pairs for RT-qPCR 

Target gene Forward (fw) and 
Reverse (rev) 

Primer sequence (5´-3´) 

Bactin  FW GCACCAGGGTGTGATGGTG 

REV CCAGATCTTCTCCATGTCGTCC 

Ppia   FW ATTTCTTTTGACTTGCGGGC 

REV AGACTTGAAGGGGAATG 

Gapdh FW TGACGTGCCGCCTGGAGAAA 

REV AGTGTAGCCCAAGATGCCCTTCAG 

Aim2 FW GATTCAAAGTGCAGGTGCGG 

REV TCTGAGGGTTAGCTTGAGGAC 

Ddx41 FW ACAGGAGAAGCGGTTGCCTTTC 

REV GACGGCAGTAATACTCCAGGATG 

Ifi204 FW CAGGGAAAATGGAAGTGGTG 

REV CAGAGAGGTTCTCCCGACTG 

Ifi205 FW CAAGCAGGCCACTTCTGTTG 

REV TCAAACGGGTCTGTTGCAGT 

Zbp1 FW AACCCTCAATCAAGTCCTTTACCGC 

REV TCTTCCACGTCTGTCCGTCATAGCT 

Tmem173  FW GGGCCCTGTCACTTTTGGTC 

REV GAGTATGGCATCAGCAGCCAC 

Irf7 FW CGACTTCAGCACTTTCTTCCGAGA 

REV AGATGGTGTAGTGTGGTGACCCTT 

Il6 FW GCTACCAAACTGGATATAATCAGGA  

REV CCAGGTAGCTATGGTACTCCAGAA  

Ifnb  FW CCAGCTCCAAGAAAGGACGA 

REV CGCCCTGTAGGTGAGGTTGAT 

Tnfa FW TGCCTATGTCTCAGCCTCTTC  

REV GAGGCCATTTGGGAACTTCT 

Ifna FW TGAAGGACAGGAAGGACTTTG 

REV GAATGAGTCTAGGAGGGTTGT 

Ucp1 FW CCTGCCTCTCTCGGAAACAA 

REV CTGTAGGCTGCCCAATGAAC 

Ppargc1a  FW GACTCAGTGTCACCACCGAAA 

REV TGAACGAGAGCGCATCCTT 

Cox7a1 FW ATGAGGGCCCTACGGGTCTC 

REV CATTGTCGGCCTGGAAGAG 

Cidea FW TACTACCCGGTGTCCATTTCT 

REV ATCACAACTGGCCTGGTTACG 

Dio2 FW GTCCGCAAATGACCCCTTT 

REV CCCACCCACTCTCTGACTTTC 
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Target gene FW and REV Primer sequence (5´-3´) 

Cyp27b1 FW AGCTCCTGCGACAAGAAAGT 

REV ATTCTTCACCATCCGCCGTTA 

Vdr FW ACTTTGACCGGAATGTGCCT 

REV CATGCTCCGCCTGAAGAAAC 

 

Table 3: Mouse primers for the detection of mitochondrial DNA 

Target gene FW and REV Primer sequence (5´-3´) 

Nd1 FW GCTTTACGAGCCGTAGCCCA 

REV GGGTCAGGCTGGCAGAAGTAA 

16S FW ACACCGGAATGCCTAAAGGA 

REV ATACCGCGGCCGTTAAACTT 

12S  FW ACACCTTGCCTAGCCACACC 

REV GTGGCTGGCACGAAATTTACCA 

D-loop  FW AATCTACCATCCTCCGTGAAACC 

REV TCAGTTTAGCTACCCCCAAGTTTAA 

Cytb FW TCCTTCATGTCGGACGAGGC 

REV AATGCTGTGGCTATGACTGCG 

Atp6 FW AGCTCACTTGCCCACTTCCT 

REV AAGCCGGACTGCTAATGCCA 

Nd5 FW GGCCCTACACCAGTTTCAGC 

REV AGGGCTCCGAGGCAAAGTAT 

Co1 FW TCAACATGAAACCCCCAGCCA 

REV GCGGCTAGCACTGGTAGTGA 

 

Table 4: Mouse primers for the detection of mitochondrial RNA 

Target gene FW and REV Primer sequence (5´-3´) 

28S (Rn28s) FW CAGGGGAATCCGACTGTTTA 

REV ATGACGAGGCATTTGGCTAC 

18S (Rn18s) FW CGCGGTTCTATTTTGTTGGT 

REV AGTCGGCATCGTTTATGGTC 

16S FW GACTTCACCAGTCAAAGCGA 

REV ACATCGAGGTCGTAAACCCT 

12S FW ACTGCTCGCCAGAACACTAC 

REV GGTGAGGTTGATCGGGGTTT 

ND1 FW GCAGCCGCTATTAAAGGTTCG 

REV TATCATTTACGGGGGAAGGCG 

ND5 FW TATGTGCTCCGGGTCCATCA 

REV CTGCTAATGCTAGGCTGCCA 

CO1 FW TCAGGCTACACCCTAGACCA 

REV CCGGATAGGCCGAGAAAGTG 

CYTB FW AACTTCGGCTCACTCCTTGG 

REV CTCGAGTGATGTGGGCGATT 
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2.2. Methods 

 

2.2.1. Animal and cell samples 

C57BL/6 (Charles River Laboratories, Wilmington, MA, USA) mice were used as wild-

type (WT) animals and accommodated under pathogen free conditions. Additionally, 

we used and kept Irf7-/- (RIKEN, Wako, Japan) animals under the same conditions. 

Under the approval of the local ethic commission, animal experiments were performed 

and registered. The isolation and culture of adipocytes from infant and adult inguinal 

adipose tissue through collagenase digestion and cell fraction separation was 

performed as described in previous studies (63, 105, 106). Magnetic bead cell 

purification with an anti-F4/80 antibody was performed to isolate adipose tissue 

macrophages (ATMs) from the stromal vascular fraction (SVF) (107). Isolated 

preadipocytes were maintained in 20 µg/ml insulin-supplemented L-15 Leibovitz cell 

culture medium (10 % fetal calf serum (FCS), 1 % penicillin/streptomycin, 1% pyruvate 

and 1 % L-glutamine). White adipogenic differentiation of preadipocytes were induced 

through 50 µm IBMX, 1 µM dexamethasone, 1 µM rosiglitazone and 20 µg/ml insulin, 

according to a previous study (63). Obtained from the ATCC (Sigma-Aldrich), 3T3-L1 

preadipocytes were maintained, as described (108).  

 

2.2.2. Cell culture treatments 

In vitro treatments were performed on the immortalized 3T3-L1 cell line and isolated 

adipocytes from infants and adults. Cells were seeded in 6- or 24-well plates until the 

confluency of 80-90% was achieved. Cells were treated with pCMV6, 

poly(deoxyadenylic-deoxythymidylic) acid sodium salt (p(dA:dT)), polyinosinic-

polycytidylic acid (p(I:C)), mitochondrial RNA (mtRNA), mitochondrial DNA (mtDNA) or 

carbonyl cyanide m-chlorophenyl hydrazone (CCCP). Treatment time and dose are 

indicated in the respective figure legends.  
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2.2.3. Histology and image analysis of adipose tissues 

Adipose tissue samples taken from the inguinal (iAT) and interscapular brown (BAT) 

region were fixed in 4 % paraformaldehyde. After fixation of tissues, samples were 

embedded in paraffin and processed as described (3). Adipose tissue-containing 

paraffin sections were stained with haematoxylin-eosin (H&E) or periodic acid Schiffs 

(PAS)-reagent. In addition, UCP1 and GABA-A receptor immunohistochemistry 

staining were performed on adipose tissue paraffin sections. J2 (dsRNA), AIM2, 

DDX41, p204 and ZBP1 immunohistochemistry were detected through antibodies 

against the respective target in isolated infant and adult adipocytes. The list of 

antibodies is illustrated in Table 1. Autophagosomes were labelled using Cell Meter 

Autophagy Fluorescence Imaging Kit and further visualized under the fluorescence 

microscope. 

 

2.2.4. Flow cytometry analysis  

Isolated ATMs were marked through incubation with antibodies against CD11b and 

F4/80 antigen. CD11b+ and F4/80+ immune cells were analysed through fluorescence 

associated cell sorting (FACS) performed on a BD LSR II cytometer (107). FACS 

analysis of mitochondrial biogenesis, content and uncoupling were performed by the 

use of MitoTracker dyes (mitochondrial content), Mitobiogenesis™ Flow Cytometry Kit 

(mitobiogenesis) and MitoThermo Yellow (mitochondrial uncoupling, thermogenesis), 

as described (93, 109, 110). Therefore, succinate dehydrogenase complex 

flavoprotein subunit A (SDH-A) was labelled after mtRNA transfection to measure by 

FACS the mitobiogenesis. In addition, Flow Repository identifiers of raw FACS data 

are highlighted in the publication or manuscript, respectively (43, 93).  

 

2.2.5. Analysis of RNA and next generation sequencing 

Total RNA extraction was performed as indicated in previous studies (63, 105). The 

quality of the RNA isolated from the whole cell was determined by the integrity of 

ribosomal RNAs which were labelled in a denaturing gel electrophoresis. Reverse 

transcription quantitative PCR (RT-qPCR) assays were done on the Quantabio 

platform and Bactin, Gapdh and Ppia (CycloA) were used as reference genes (63). 

Samples used for the RT-qPCR assays are homogenized fat tissues, cell culture from 

the immortalized cell line and isolated preadipocytes. Primer sequences of the 
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respective target genes are highlighted in Table 2. Furthermore, primer pairs to identify 

mtDNA species are shown in Table 3 and primer pairs to discriminate mtRNA are 

presented in Table 4. PCR analysis of DNA-isolated samples or mtDNA detection in 

the respective matrices were performed as described in the preprint (93).  

For the next generation sequencing (NGS) analysis the BGISEQ-500 platform 

was used which generated approximately 26.2 million reads per sample (43, 93). 

Sequencing reads were performed to exclude low-quality, adaptor-polluted and 

unknown base reads. Thereby, filtered clean reads could be mapped to the reference 

genome which was performed by the use of HISAT (43, 111) to show the comparability 

of the respective samples. Clean reads were further process through the mapping on 

Bowtie2, a reference transcript. In the following, a gene expression could be calculated 

for each sample by REM (112, 113). Additionally, sequencing data saturation analysis 

was applied to ensure that the depth of the data is enough for bioinformatic analysis. 

Due to the respective gene expression levels and the application of the DEseq2 

algorithm, we could determine differentially-expressed genes (DEGs) among sample 

groups (99).  

Gene Ontology (GO) classification and functional enrichment were used to 

identify biological functions, pathways, and biological processes. EnrichR, Panther and 

Interferome-2.0 generated annotations of transcripts which revealed enrichment of 

predicted transcription factor sites and additional pathway analysis (43, 100, 102, 103). 

CIM-Miner and Heatmapper were used to create clustered image maps (CIMs, heat-

maps). STRING Functional Protein Associations Network was used to develop 

interactome maps of the DEGs (114). Raw NGS data are saved and accessible as 

indicated by in the publication (43) or preprint (93).  

 

2.2.6. Mitochondrial RNA and DNA isolation and their transfection in vitro 

Mitochondria were isolated from adipocytes through a commercial mitochondria 

isolation kit which uses a reagent-based method. Therefore, a mitochondria pellet 

could be achieved. An aliquot of that pellet was checked according to functionality and 

integrity of the isolated mitochondria by MitoTracker Red labelling and FACS analysis. 

Afterwards, TRI Reagent was applied to the mitochondria pellet to isolate mtRNA and 

mtDNA. TRI Reagent-based phase separation allows the isolation of mtRNA and 

mtDNA from the same mitochondria pellet. The procedure of RNA isolation was 

identical as previously described (63, 105). DNA pellet from the mitochondria needed 
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to be reconstituted in TE buffer (10 mM TRIS-HCL, 1 mM EDTA, pH 8.0). The 

transfection of 2 µg/ml mtRNA or mtDNA was performed on 3T3-L1 cells and P6 or 

P56 adipocytes. The confluency of cells was 80-90%. Cells were seeded in 6- or 24-

well cell culture plates. Lipofectamine 3000 was used as a mtRNA transfection reagent 

with a 1:3 ratio. TurboFect™ was used to introduce mtDNA into the cells. Control cells 

were treated with the respective cargo-free transfection reagent. Cells were harvested 

after 18 hours of treatment for further analysis.  

 

2.2.7. Extracellular vesicle isolation of culture media, breast, and formula milk 

EVs were isolated from commercially available cattle milk-based formula. Throughout 

the study, EV-depleted FCS was used to avoid bovine EV contamination. EVs were 

collected through precipitation by the use of EPStep exosome precipitation solution. 

Concentrated EV pellets were checked for diameter and area by ImageJ (NIH), and 

EV classification were performed according to their morphology and electron density 

as described by others (115, 116). EVs were used to as a treatment in vitro or analysed 

to detect mtRNA and mtDNA species as described in the preprint (93).  

 

2.2.8. ELISA assays 

After recording the weight, tissue samples were homogenized in RIPA buffer using 

ceramic beads and the MagNA Lyzer at 4000 rpm for 1 min. Cell culture supernatants 

were centrifuged at 0.8 g for 10 min and cell debris-free supernatants were further 

analysed to measure the protein level of vitamin D3 (Vit-D3) and vitamin D receptor 

(VDR). In addition, infant adipocyte EVs were tested for Vit-D3. Upon the analysis, all 

samples were stored at -80°C to avoid protein degradation.  
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2.2.9. High fat diet feeding and in vivo mtRNA transfection 

Rodent high fat diet (HFD) was used in the HFD feeding of mice including dams with 

litters P6 to P9 and mice at P28 for 12 weeks. Vit-D3 was supplemented in the diet and 

mtRNA was transfected with Magnetofection™ for 14 days in vivo. Therefore, mtRNA 

was packed mixed with Dogtor and combined with CombiMag to generate mtRNA-

containing magnetizable nanoparticle complexes. Upon injection to the inguinal 

adipose tissue, a magnet is placed closely to the injection point to concentrate and 

enrich the mtRNA transfection on the desired location as described (117).  

 

2.2.10. Statistics and Data representation 

Data of gene expressions are illustrated as mean ± s.e.m. in bar graphs or with each 

individual data point. Gene transcription differences between samples were visualized, 

through transcript levels relative to the reference gene or to the relative abundance of 

the respective transcripts. Uniquely expressed genes of the respective sample groups 

were highlighted by Venn diagrams. Venn diagrams also allows to visualize number of 

genes which are restricted to a given sample or expressed in various sample groups. 

In addition to the Venn diagram, volcano and scatter plots were applied as well to 

illustrate the number of DEGs in the multiple sample groups. Regarding the volcano 

plots, the Χ-axis shows the log2 transformed fold change of DEGs, while the Y-axis 

illustrates the -log10 transformed significance. Scatter plots were generated with an X-

axis showing the value A (log2 transformed mean expression level) and a Y-axis 

highlighting the vale M (log2 transformed fold change). Within the scatter plots, blue 

dots represent the downregulated DEGs, red dots indicate upregulated DEGs and gray 

dots show non-DEGs. Data illustrated as CIMs show gene transcription differences 

and they include either Z-scores of the relative abundance or fold change. Applied 

statistical tests were highlighted and described in the legends of the respective figures.  
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3. Results 
 

3.1. The P6 adipose tissue is rich in beige adipocytes in mouse 

 

Due to the paucity of information of beige adipocytes development in early life, we first 

aimed to define whether beige adipocytes naturally exist in the early postnatal life. Fat 

depots develop before birth in human, however in mouse the subcutaneous fat depot 

expands from birth to weaning age. In contrast, BAT depots are already established at 

birth in both human and mouse. We studied inguinal adipose tissue (iAT) of mice in 

the early postnatal life (postnatal day 6) and in adulthood (postnatal day 56). At 

postnatal day 6 (P6), iAT is already well-developed in mice, allowing us to collect 

sufficient sample size for analysis. Furthermore, at P6 the milk spot starts to disappear 

which is an indicator for proper breastfeeding and a healthy development of the young 

animal (118), and there is proper nutritional supply from breastfeeding allowing 

adipocyte development (63). P56 animals were mature adults, which are often used in 

age-dependent studies (119).  

First, we tried to identify if P6 animals had beige adipocytes, we checked the 

morphology of P6 and P56 iAT and compares them to their respective BAT 

counterparts by hematoxylin and eosin (H&E) staining (Figure 1A). It is known that 

thermogenic fat is built up from multilocular adipocytes, which store neutral lipids in 

multiple lipid droplets (38, 39). In contrast to that WAT adipocytes, which store neutral 

lipids in a large lipid droplet (unilocular) for later demands such as starvation (15). As 

a next step, we detected uncoupling protein 1 (UCP1) in the fat depots, using 

immunohistochemistry. UCP1 expression is a hallmark of thermogenic (beige and 

brown) fat cells.  

We found numerous multilocular fat cells in P6 iAT, which were also strongly 

positive for UCP1. In turn, multilocular, UCP1+ adipocytes were lacking in P56 iAT 

(Figure 1B). A strong UCP1 expression was observed in BAT adipocytes in both age 

groups (Figure 1B). Thermogenic adipocytes store glycogen and use it as a lipogenic 

substrate. Accordingly, we found that P6 iAT, P6 and P56 BAT adipocytes were stained 

positively for cytoplasmic glycogen granules by periodic acid Schiff (PAS) staining. 

Especially the multilocular adipocytes had an intense PAS staining, which is in 

agreement with previous findings (92, 120).  
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Figure 1: Anatomy and histology of iAT in young and adult mice.  

(A) Scheme of the anatomical location of iAT and BAT in P6 and P56 animals. (B) Hematoxylin-eosin 

(H&E) staining and UCP1 immunostaining of BAT and iAT at P6 and P56. Inlets show periodic acid 

Schiff staining (PAS). Scale bars: 50 µm. Source: Figure from (43), reused under license CC BY 4.0 

(https://creativecommons.org/licenses/by/4.0/). 

 

Based on these histological observations, we could conclude that P6 iAT had both uni- 

and multilocular adipocytes. Therefore, it could not be defined as WAT or BAT. 

Although P6 iAT was located in the same body region as P56 iAT (Figure 1A), it shared 

features with the interscapular BAT, such as glycogen storage and UCP1 expression.  

Besides these morphological differences, we also highlighted similarities and 

unique expression patterns among P6 iAT, P6 BAT, P56 iAT and P56 BAT. We used 

NGS analysis on the BGISEQ-500 platform to generate “raw” sequencing reads. After, 

filtering the sequencing reads to create clean reads, the quality of clean reads were 

checked through HISAT (111). Clean reads were normalized to the reference 

sequence by Bowtie2 and the level of gene expression for each sample was generated 

through REM (112, 113). After another quality check, differently-expressed genes 

(DEGs) were identified by the use of the DEseq2 algorithm for each sample group (99).  

Furthermore, through the expression level of all samples we could perform a 

hierarchical clustering analysis. The analysis reveals that the transcriptional landscape 

of P6 iAT and P56 BAT were the most distinct from each other (43). This was surprising 

due to the fact that both tissues expressed UCP1 and consisted of multilocular 

adipocytes (Figure 1B). Beige adipocytes visibly occurred in early life and their 

transcription pattern did not resemble neither P6 BAT, P56 iAT or P56 BAT. Hence, it 

was highly interesting to further define gene networks and pathways unique to P6 iAT.  
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3.2. Differentially-expressed genes of adipose tissues in P6 and P56 

mice  

 

First, we sought to identify unique genes which are expressed differently in P6 and 

P56 iAT, allowing us to define genes and gene networks that are necessary for adipose 

tissue functioning after birth. Moreover, this analysis also allowed us to define genes 

involved in adipose tissue maturation.  

Pairwise comparison of P6 iAT with P56 iAT and P6 BAT with P56 BAT was 

performed to identify DEGs (Figure 2A,B). DEGs were illustrated as a volcano plot and 

the most over- and underrepresented genes were shown. A comparison between P6 

and P56 iAT revealed that 3398 DEGs were overrepresented, while 1782 DEGs were 

underrepresented in P6, when it was compared to P56 iAT (Figure 2A). Thereby, the 

most overrepresented gene at P6 was keratin 5, which was encoded by Krt5. 

Interactome analysis shows Krt5 as a core gene for three gene networks (cadherin, 

caveolin-3 and keratin networks). Genes from these networks are involved in the 

vinculin binding and cell-cell-adhesion according to their gene onthology (GO) analysis 

(43). The most underrepresented gene in P6 iAT was major urinary protein 2 encoded 

by Mup2 (Figure 2A). Mup2 is a core gene involved in the gene network of 

steroidogenesis (43).  

Seeing these gene expression differences appearing during iAT development, 

we asked whether BAT development was associated with similar chenges. We next 

analyzed the transcriptome of BAT at P6 and P56 (Figure 2B). Therefore, we identified 

2437 overrepresented DEGs and 1230 underrepresented DEGs in the developing BAT 

compared to P56 BAT. Regarding the overrepresented DEGs, angiotensin II receptor 

type 2 (Agtr2) had the highest abundance. Among the underrepresented DEGs in P6 

BAT, H2-Q9 had the lowest abundance (Figure 2B). This gene encodes a a member 

of the H-2 and class I histocompatibility antigen network, whereas Agtr2 is associated 

with multiple networks including the network of chemokine ligands (CCLs), the network 

of CXC chemokine receptors (CXCRs) and certain components of the angiotensin- and 

kininogen-signaling (43).  

Next, we aimed to define the extenct of similarity beween iAT and BAT, the 

“bona fide” thermogenic fat depot. We compared DEGs of BAT and iAT. Therefore, we 

initiated a third assay by comparing BAT and iAT at P6 (Figure 2C). P6 BAT had 1183 

DEGs overrepresented and 1827 DEGs underrepresented, when it was compared to 
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P6 iAT. The strongest expression was Ucp1, the major thermogenic gene transcript. 

Ucp1 encodes UCP1 which was also detetcted in P6 iAT and BAT by immunostaining 

(Figure 1A). The most underrepresented DEG in this comparision was keratin 71 

encoded by the gene Krt71 (Figure 2C). Krt71 belongs to the network of keratins which 

members are associated with keratin filament binding and bioactive lipid receptor 

activity according to the GO analysis (43). 

In the final assay, we compared BAT and iAT of P56 and could reveal 1641 

overrepresented, and 2321 underrepresented DEGs in P56 BAT (Figure 2D). Fatty 

acid-binding protein 3 (Fabp3) was the most overrepresented DEG. Fabp3 belongs to 

the Fabp3 network which has functions in fatty acid transport and lipid catabolism (43). 

Among the underrepresented DEGs, glycosylation-dependent cell adhesion molecule 

1 (Glycam1) had the lowest abundance (Figure 2D). Glycam1 is a pseudogene of the 

innate immune system and belongs to the network of genes associated with leukocyte 

tethering and adhesion (43). 

 

 

Figure 2: Assays to compare DEGs in different adipose tissues of both age groups 

(A) Assay 1: P6 and P56 iAT expression profile comparison with corresponding volcano plot. (B) Assay 

2: P6 and P56 BAT expression profile comparison with corresponding volcano plot. (C) Assay 3: P6 

BAT and iAT expression profile comparison with corresponding volcano plot. (D) Assay 4: P56 BAT and 

iAT expression profile comparison with corresponding volcano plot. Source: Figure from (43), reused 

under license CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/). 
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These results suggested the existence of thermogenic (UCP1+) fat cells in the iAT of 

young mice. UCP1+ adipocytes develop from at least two cell lineages, which are often 

described as “classical brown” and “beige” adidpoyte lineages. The former builds BAT 

in mouse, while the latter gives rise to induced BAT or beige/brite fat cells within WAT 

depots during adaptive thermogenesis. These two forms of thermogenic fat have their 

distinct transcriptional landscapes (43), hence as a next step, we asked whether iAT 

at P6 expressed BAT-like or beige-like gene networks. Therefore, we analyzed further 

classical brown, and beige marker genes in all fat depots. 

 

3.3. Beige marker gene transcription in P56 brown- and P6 adipose 

tissue.  

 

Adipose tissue challenged with cold led to the discovery of brown and beige marker 

genes which was achieved by transcriptional profiling (43, 60, 62). In mammals, Ucp1 

is one of the most important thermogenic genes which was expressed abundantly in 

BAT of both age groups. Compared to BAT, iAT expressed less Ucp1, but a reasonable 

amount of the transcript could be detected in P6 iAT (Figure 3A).  

Another strongly expressed gene in both BATs is peroxisome proliferator-

activated receptor gamma coactivator 1 (Ppargc1a or Pgc1a), a crucial 

mitobiogenesis gene, which was moderately and similarly expressed in iAT of P6 and 

P56 mice (Figure 3A). After chemical or cold exposure, brown-like adipocytes appear 

within the WAT, genes which support this process are termed “browning” genes. (121, 

122). These genes, such as cell death inducing DFFA like effector A (Cidea), 

cytochrome c oxidase subunit 7A1 (Cox7a1) and iodothyronine deiodinase 2 (Dio2) 

(121), were plentifully expressed in P56 BAT and less prevalently in the infant BAT. In 

relation to BAT, iAT in both age groups hardly expressed these genes. Interestingly, a 

higher level of Dio2 could be measured in P6 iAT compared to P56 iAT (Figure 3A). 

Besides Ucp1 and brown marker genes, we also investigated beige marker 

genes, such as transmembrane protein 26 (Tmem26) and T-box transcription factor 1 

(Tbx1) (66). As we wanted to test the possibility that P6 iAT accommodated beige 

adipocytes, we measured Tmem26 and Tbx1 which were abundantly expressed in the 

young iAT (Figure 3A). Adult iAT could also express these genes, however, not as 

strongly as in P6 iAT. Interestingly, P6 BAT had a low expression of both beige genes, 
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whereas P56 BAT failed to express Tmem26 and Tbx1. Therefore, we could see 

Tmem26 and Tbx1 as unique hallmark genes for P6 iAT (Figure 3A).  

Next, we were investigating BAT and WAT markers in the given adipose tissues. 

Eva-1 homolog A (Eva1a) was described in previous studies as a BAT marker gene 

(66, 123). As expected, it was present in P6 BAT and P56 BAT (Figure 3B). P6 iAT 

was able to express Eva1a at the same level as both BAT tissues, whereas Eva1a 

level was significantly lower in P56 iAT compared to the other adipose tissues. 

According to that, this gene can be seen as a BAT and P6 iAT marker.  

In the following, we checked mRNA level of myogenic factor 5 (Myf5) in adipose 

tissues of P6 and P56. Myf5+ cells are progenitors of BAT adipocytes (71). Myf5 was 

highly expressed in P6 BAT and less expressed in both adipose tissues at P56 (Figure 

3B). In addition to that, P6 iAT expressed a significantly higher level of Myf5 level 

compared to P56 iAT. We investigated further other BAT marker genes, such as LIM 

homeobox 8 (Lhx8) which was expressed abundantly in P6 BAT, similarly to Myf5. 

Lhx8 could be also expressed in P56 BAT but not as strong as in P6 BAT. Inguinal AT 

of both age groups repressed Lhx8 compared to BATs. As mentioned before, many 

BAT and beige markers were discovered after cold induction of mice, one of them is 

encoding zinc finger protein 1 (Zic1) (66, 124). Zic1 was highly expressed in P6 and 

P56 BAT and minimally expressed in iAT of young and old animals (Figure 3B). 

Nevertheless, P6 iAT was able to express more Zic1 than P56 iAT. 

Lastly, we examined WAT marker genes from the homeobox family, such as 

Hoxc8 and Hoxc9 which have an increasing expression level during WAT 

differentiation (66). As expected, both genes were abundantly expressed in iATs, 

whereas BATs had a minimal Hoxc8 and Hoxc9 expression (Figure 3B).  

Our previous study highlighted that ether lipids, known as alkylglycerols (AKGs), 

assist beige adipogenesis in the subcutaneous adipose tissue of young mice (63). 

AKGs can be degraded by AKG monooxygenase (AGMO) which is encoded by Agmo. 

Hence, Agmo expression acts against beige adipogenesis and supports fat maturation. 

By analysing adipose tissues for Agmo, we found that it was highly expressed in the 

adults regardless of adipose tissue type (Figure 3B). The highest Agmo level could be 

found in P56 iAT.  
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Figure 3: BAT and beige adipocyte defined marker genes in P6 and P56 fat depots 

(A) Transcription level of nonshivering thermogenesis, mitobiogenesis and beige marker genes. 

Nonshivering thermogenesis requires Ucp1, mitobiogenesis is regulated by Ppargc1a. Cidea, Cox7a1, 

Dio2, Tmem26 and Tbx1 are marker genes for beige adipocyte development. (B) Transcription level of 

BAT and WAT marker genes. Eva1a, Lhx8 and Zic1 are BAT marker gene while Myf5 is expressed by 

its progenitor adipocytes. Hoxc8 and Hoxc9 rise during adipocyte development of WAT. Agmo degrades 

alkylglycerols (AKGs) which is known to induce beige adipocyte lipid species. Ucp1: uncoupling protein 

1, Ppargc1a: peroxisome proliferator-activated receptor gamma coactivator 1-α, Cidea: cell death 

inducing DFFA like effector A, Cox7a1: cytochrome c oxidase subunit 7A1, Dio2: iodothyronine 

Deiodinase 2, Tmem26: transmembrane protein 26, Tbx1: T-box transcription factor 1, Eva1a: eva-1 

homolog A, Myf5: myogenic factor 5, Lhx8: LIM homeobox 8, Zic1: zinc finger protein 1, Hoxc8/9: 

homeobox C8/9, Agmo: AKG monooxygenase. Source: Figure from (43), reused under license CC BY 

4.0 (https://creativecommons.org/licenses/by/4.0/). 

 

In summary, P6 iAT was able to express specific white and brown marker genes nearly 

comparable to adult iAT and BAT. Additionally, beige marker genes were highly 

express in P6 iAT compared to the others. These results indicated that the 

subcutaneous fat depot was a BAT-independent thermogenic and fat-oxidizing 

adipose tissue in young developing mice. The loss of thermogenic fat cells may leads 

to childhood obesity, which was indicated through studies in a childhood obesity mouse 

model (63, 95) Hence, understanding differences and changes of beige adipocyte 

content within the developing adipose tissue was key to prevent childhood obesity. Our 

study highlighted beige adipocytes in P6 iAT and showed similar and unique 

transcriptional patterns of young iAT compared to the other adipose tissues. Next, we 

aimed to find shared gene networks to show similarities between adipose tissues.  
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3.4. Neuropeptide and GABA signaling in P56 brown- and P6 inguinal 

adipose tissue 

 

Venn diagram of P6 BAT compared to P56 BAT revealed 203 unique transcripts in 

adult BAT, 1745 unique transcripts in P6 BAT and 16000 transcripts which were 

equally present in the two age groups (Figure 4). GO analysis of the unique transcripts 

of P56 BAT were associated with neuropeptide signaling pathways. The same analysis 

in P6 BAT highlighted genes related to chemical synaptic transmission.  

By comparing P6 iAT and P6 BAT, GO analysis of overrepresented DEGs in P6 

iAT were associated with neuropeptide signaling (Figure 5A) which could be also seen 

in P56 BAT (Figure 4). In detail, P6 iAT had overrepresented DEGs linked to pancreatic 

polypeptide (PP), neuropeptide Y (NYP) and gamma aminobutyric acid (GABA) 

receptor signaling.  

 

 

Figure 4: Gene ontology analysis of young and adult BAT 

Venn diagram highlighting representative genes in infant and adult BAT. GO terms was performed with 

P6- and P56-specific transcripts. Source: Figure from (43), reused under license CC BY 4.0 

(https://creativecommons.org/licenses/by/4.0/). 
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The same comparison in the adults revealed overrepresented DEGs from the GABA 

receptor signaling in P56 BAT. A comparison of P6 iAT with P56 iAT showed 

overrepresented DEGs from the GABA receptor signaling in P6 iAT. As mentioned 

before and supported by the following comparison, DEGs from the neuropeptide 

signaling were also overrepresented in P6 iAT compared to P56 iAT showing that P6 

iAT and P56 BAT had the similar expression pattern regarding neuropeptide and 

GABA signaling. 

These DEGs involved NPY (Npy) and its receptor, several genes form the 

GABA-A receptor signaling, PP receptors (Npy2r, Npy4r and Npy6r), neuropeptide 

B/W receptor (Npbwr1) and galanin (Gal). Like P56 BAT, P6 iAT overrepresented more 

DEGs involved in the GABA signaling compared to P56 iAT.  

 

 

Figure 5: Signaling networks overrepresented in P56 BAT and in P6 iAT 

(A) Distinct gene transcripts of P56 BAT and P6 iAT with the respective gene ontology (GO) analysis. 

(B) Left: GABA-A receptor encoded by the expression of Gabra1, and GABA-B-receptor encoded by the 

expression of Gabbr1 in P6 and P56 adipose tissues. * p < 0.05, *** p < 0.001, Student´s two-tailed 

unpaired t-test. Right: GABA-A receptor immunostaining in iAT of P6 and P56, scale: 50 µm. Source: 

Figure from (43), reused under license CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/). 

 



34 
 

Therefore, we sought to check Gabra1, encoding GABAAR (GABA-A receptor), and 

Gabbr1, encoding GABABR (GABA-B receptor), expression in the respective tissues 

(Figure 5B). Irrespective from the adipose tissues, P6 animals expressed more Gabra1 

compared to their adult counterparts. This outcome was supported by GABAAR 

immunostaining of P6 and P56 iAT (Figure 5B). Gabbr1 was equally expressed in 

infant and adult iAT but a comparison of P6 BAT with P56 iAT revealed more Gabbr1 

in the former mentioned one. The data underlined that GABA signaling was a specific 

BAT trait and P6 iAT was able to express the very same signaling showing that infant 

iAT had similarities in DEG overrepresentation to P56 BAT regarding neuropeptide and 

GABA signaling. To identify more gene networks associated with these signal 

pathways, we performed an interactome mapping of DEGs. 

This analysis revealed that P6 iAT had another signaling pathway related to 

GABA receptor and G0 protein-coupled neuropeptide receptor signaling. The related 

signaling pathway included genes from the NFB-, signal transducer and activator of 

transcription 3 (STAT3)- and IRF-signaling. Due to their functions, GABA and 

neuropeptides might play a role in the anti-inflammatory or in the immune suppressive 

response towards NFB-, STAT3- or IRF-induced inflammation in P6 iAT and P56 BAT 

(43, 125) (Figure 6A). To proof that possibility, we performed several GO analyses on 

P56 BAT. Therefore, we could show that DEGs related to NFB signaling were 

underrepresented in adult BAT (Figure 6B).  

Our results showed that P6 iAT shared many overrepresented DEGs with P56 

BAT from several signaling pathways. While DEGs from the NFB signaling, 

inflammatory genes and IFN-regulated genes were not prevalent in P56 BAT, P6 iAT 

overrepresented genes of the NFB signaling (Figure 6A).   
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Figure 6: Difference in NFB signaling-related gene expression in P6 iAT and P56 BAT. 

(A) Interactome analysis of DEGs in P6 iAT highlighted three signaling pathways: GABA receptor, G0 

protein-coupled neuropeptide and NFB signaling. PPI enrichment p-value < 1.0 x 10-16. (B) Immune-

related transcripts in P56 BAT regarding cellular and biological functions. p-values were combined and 

illustrated by colour code. TYROBP: TYRO protein tyrosine kinase-binding protein (transmembrane 

immune signaling adaptor). Source: Figure from (43), reused under license CC BY 4.0 

(https://creativecommons.org/licenses/by/4.0/). 

 

Due to the functional annotation of DEGs overrepresented in P6 iAT, we could indicate 

a possible inhibitory signaling of GABA and neuropeptides towards NFB, STAT3 and 

IRFs (43). This might give GABA and neuropeptides an immune-suppressive or anti-

inflammatory role in P6 iAT.  

Since we wanted to identify beige adipocytes in P6 iAT, we tried to identify 

common and unique gene networks, distinguishing P6 iAT from the other adipose 

tissues. Inflammatory genes, ISGs and genes involved in the NFB signaling were 

underrepresented in P56 BAT (Figure 6B), but overrepresented in P6 iAT (Figure 6A). 

This shows a marked difference in the immune functioning of the young and the adult 

adipose tissue. Therefore, we continued our study focusing on immune gene networks 

in the young adipose tissue. 
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3.5. Immune gene networks in P6 adipose tissue 

 

To have an overview on the immune gene transcription landscape in BAT and iAT, we 

compared first both adipose tissues in adult mice. Thereby, we could identify distinct 

transcriptional profiles regarding IFN-stimulated genes (ISGs) in the respective tissues 

(Figure 7A). ISGs were target of type-I and -II IFNs. 1179 DEGs were highly present 

in BAT, from these, 44% were ISGs. Within these ISGs thermogenic (Ucp1) and 

mitobiogenesis (Cox7a1, Cidea, Cpt1b and Dio2) related genes were included (Figure 

7B). Further ISGs overrepresented in adult BAT were involved in macrophage 

activation and antiviral response (Figure 7B). In contrast to that, 35% of the 3295 

underrepresented DEGs in P56 BAT were ISGs. These ISGs were involved in IFN 

response, RNA metabolism and they were associated with macrophage genes. Hence, 

macrophage genes were absent in BAT and further analysis confirmed the shortage of 

adipose tissue macrophages (ATMs) in BAT (Figure 7C,D) (43).  

Since we wanted to investigate P6 iAT immune gene network, and genes 

related to immune response were underrepresented in BAT, we further compared P6 

with P56 iAT. We found the gene network involving Agtr2 was highly expressed in P6 

iAT (Figure 7E). In addition, angiotensin converting enzyme 2 (Ace2) and bradykinin 

receptor 2 (Bdkrb2) were overrepresented in P6 iAT as well. Our NGS analysis 

revealed a solid Ace2 expression in young iAT compared to its adult counterpart 

(Figure 7F). Ace2, angiotensin (Ang), chymase (Cma1) and genes expressing 

kallikreins belonged the Agtr2 network (Figure 7F). They are required to form 

angiotensinogen to ANG-2 and ANG(1-7) (126). The two receptors – angiotensin II 

receptor type 2 (AGTR2) and bradykinin receptor B2 (BDKRB2) – can form a 

heterodimer which phosphorylates I and dephosphorylates p38-MAPK and STAT3 

(127). Hence, P6 iAT might be able to inhibit NFB and STAT3 signaling through the 

angiotensin-kallikrein network. Comparing P6 with P56 iAT by GO analysis of 

biological function, we could see that P56 iAT highly expressed neutrophil chemotaxis 

and migration, which could be achieved by the expression of inflammatory genes 

(Figure 7G).  
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Figure 7: Genes involved in the immune response of iAT and BAT 

(A) The comparison of P56 iAT and P56 BAT revealed over- and underrepresented DEGs in adult BAT 

which are shown in the scatter plot, respectively. DEGs related to the IFN-stimulated genes (ISGs) were 

given in percentage. (B) Detailed description of the respective ISGs categorized in over- and 

underrepresented DEGs in P56 BAT. (C) Percentage of adipose tissue macrophages (ATMs) residing 

in the stromal vascular fraction (SVF) of P6 iAT, P56 iAT and P56 BAT. *** p < 0.001, two-way ANOVA 

with Dunnett´s post hoc test. P6 BAT was used as reference group. (D) Emr1, a macrophage marker 

encoding the antigen F4/80, expression level. ** p < 0.01, two-way ANOVA with Dunnett´s post hoc test. 

P6 BAT was used as reference group. (E) Gene expression level of local kininogen and angiotensin 

pathway. * p < 0.05, ** p < 0.01, *** p < 0.001, Student´s two-tailed unpaired t-test. (F) Summary scheme 

of the angiotensin and kininogen pathway. Highlighted genes were strongly expressed by P6 iAT. (G) 

GO analysis of highly expressed DEGs in P56 iAT related to biological functions with a  

combined p-value < 0.01. Source: Figure from (43), reused under license CC BY 4.0 

(https://creativecommons.org/licenses/by/4.0/). 
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Therefore, iAT maturation leads to an inflammatory milieu which agrees with previous 

studies stating an upregulation in NFB subunits expression due to adipogenesis (128). 

To sum up, P6 iAT shared numerous signaling pathways with P56 BAT. Furthermore, 

P6 iAT had unique traits, such as the expression of the angiotensin-kallikrein network 

which allowed it to control NFB signaling. Hence, this feature could be seen as a 

distinguishing hallmark of P6 iAT.  

Adipose tissue inflammation is associated with obesity (129–131). As we 

showed in P6 iAT, DEGs from the NFB, STAT3 and IRF signaling were 

overrepresented and needed to be controlled to avoid inflammation leading to 

childhood obesity (95). Less is known how P6 iAT controls inflammation and a 

complete “shut-down” of the inflammation response is undesired, since interleukin-6 

(IL-6) for instance, is obligatory for iAT to maintain beige adipocytes (63). Therefore, 

ATMs take up and convert breast-milk-derived AKGs to platelet activated factor (PAF). 

Emitted PAF from the ATM are taken up by the infant adipocyte to generate IL-6 over 

the IL-6/STAT3 pathway (63). IL-6 is known to sustain beige adipocyte development 

(132). Indicated by our previous study, P6 iAT needed to have a tight regulated 

inflammation and immune response. Therefore, we aimed to investigate further 

immune functions-related gene expression patterns of the developing adipose tissue.  
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3.6. Suppressed IFN response in P6 adipose tissue 

 

Inflammatory signals are harmful for the extended mitochondria network (83–85), but 

certain inflammatory stimuli, such as interleukin-6 (IL-6), are crucial for beige adipocyte 

development in infant iAT (63). Therefore, we checked the transcriptional landscape of 

P6 and P56 iAT regarding underrepresented DEGs involved in the inflammation 

response. The analysed NGS of P6 iAT revealed that 63% of the 1782 

underrepresented DEGs belonged to one large network including the stimulator of 

interferon genes (STING) and the IFN-inducible protein absent in melanoma 2 (AIM2) 

signaling (Figure 8A,B). Genes from that network were underrepresented in P6 iAT 

compared to P56 iAT (Figure 8A). Their role in cellular immune response was the 

assembly of DNA-inflammasomes and to generate IFNs in response to cytosolic DNA 

(133). In the cytosol, B-DNA can be sensed by DDX41 (DEAD-box helicase 41) and 

p204 which is also known as IFN-inducible protein 204 (IFI204) in BALB/C mice, 

IFI205 in C57/BL6 mice and in human under the name IFI16 (133). In an active cell 

associated with high transcription output, Z-DNA can be prevalent in the cytosol (134) 

which is detected by another DNA sensor known as ZBP1 (Z-DNA-binding protein 1, 

also alternatively named as DAI (135)). If these DNA sensors bind one of their targets, 

the production of type-I IFNs are enrolled by the activation of several proteins such as 

the stimulator of interferon genes (STING), TANK binding kinase 1 (TBK1) and 

interferon regulatory factors (IRF3 and IRF7), respectively (133).  

To have a better overview of the underrepresented DEGs in P6 iAT involved in 

this network, we classified the investigated proteins into functional clusters: receptors 

(AIM2, DDX41, p204 and ZBP1), adaptor (STING) and effector (IRF7) (Figure 8B). 

NGS analysis of P6 and P56 iAT revealed low transcription of receptors, adaptor and 

effector in P6 adipocytes (Figure 8A). Indicated by NGS, we tried to verify the findings 

by two-step RT-qPCR in which we found nearly the same outcome in tissue (iAT) and 

adipocytes of P6 and P56 animals (Figure 8C,D). Only one gene, encoding STING, 

was expressed equally in both tissues.  
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Figure 8: Underrepresented genes related to immune response in P6 iAT 

(A) NGS analysis of ISGs in developing iAT with volcano plot, Venn diagram, STRING analysis and the 

respective heat map. (B) Investigated receptors (AIM2, DDX41, p204 and ZBP1) with respective targets, 

adaptors (STING and TBK1) and effectors (IRF7 and IRF3) involved in the STING pathway. NGS: next 

generation sequencing, AIM2: absent in melanoma 2, DDX41: DEAD-box helicase 41, p204 or IFI204: 

IFN-inducible protein 204 (BALB/C mice), ZBP1: Z-DNA-binding protein 1, STING: stimulator of 

interferon genes, TBK1: TANK binding kinase 1, IRF3/7: Interferon regulatory factor 3/7. (C) Relative 

mRNA transcription of gene members related to the STING/AIM2 pathways in P6 and P56 iAT. ** p < 

0.005, *** p < 0.0001, ns: not significant, Student´s two-tailed unpaired t-test. (D) Relative mRNA 

transcription of gene members related to the STING/AIM2 pathways in P6 and P56 adipocytes isolated 

from iWAT. * p < 0.03, *** p < 0.0001, ns: not significant, Student´s two-tailed unpaired t-test. (E) DNA 

sensor expression in P6 and P56 adipocytes. Scale: 10 µm (F) Inflammatory gene expression in P6 and 

P56 adipocyte after the treatment with 1 µg/ml naked CpG for 8 hours. Source: Figure from (93), reused 

under license CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/).  
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Especially, Irf7 level was significantly higher expressed in iAT and adipocytes of P56 

compared to P6 (Figure 8C,D). IRF7 activation leads to expression of genes involved 

in the STING/AIM2 pathway of P56 adipocytes (93). Furthermore, protein detection by 

immunostaining highlighted the abundance of AIM2, DDX41, IFI204 and ZBP1 proteins 

in the perinuclear region and cytosol of P56 adipocytes. This was in line with their 

functions to detect DNA fragments within the cell (135, 136). These proteins were 

lacking in P6 adipocytes (Figure 8E). Furthermore, adipocytes, like other cells, can 

detect foreign pathogens by Toll-like receptors (TLR), such as TLR8 which is located 

on the cell surface or in the endosomal compartments (137, 138). We exposed adult 

and infant adipocytes to a synthetic oligonucleotide containing unmethylated CpG 

dinucleotides (CpG) which was detectable through TLR8 (137). We found that P56 

adipocytes were able to trigger inflammation whereas P6 adipocytes were immune 

suppressed towards cytosolic or endosomal DNA (Figure 8F).  

Since STING transcription was present in P6 and P56 adipocytes, we treated 

P6 and P56 adipocytes with a STING-specific ligand to test their inflammation 

response. Therefore, we exposed infant and adult adipocytes with the natural STING 

activator 2´3´-cyclic-GMP-AMP (cGAMP). The activator entered the cell from the 

extracellular matrix into the cytosol through the transporter SLC19a (Figure 9E). 

Hereby we could prove that P56 adipocytes generated significantly higher 

inflammation products encoding by interferon  (Ifna), interferon  (Ifnb), tumor 

necrosis factor  (Tnfa) and IL-6 (Il6) (Figure 9A). The mirror experiment in infants 

showed that P6 adipocytes were protected from STING-induced inflammation 

response. In addition to that the same expression pattern of inflammation genes could 

be shown in iAT of P6 and P56 after cGAMP (Figure 9E). STING ligand cGAMP 

increased the number of autophagosomes in young adipocytes (Figure 9B-D). 

Autophagy is a summary term involving mitophagy, a process to reduce mitochondria 

content and mitochondrial DNA (mtDNA) (139). According to the literature STING is 

involved in the autophagy process (140) while STING inhibition impairs mitophagy in 

P6 adipocytes (93). 
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Figure 9: P6 adipocytes are protected from mtDNA-mtRNA-triggered IFN response  

(A) Relative mRNA transcription of genes related to inflammation response in P6 and P56 adipocytes 

after 18 hours with 10 µg/ml 2´3´-cyclic-GMP-AMP (cGAMP). * p < 0.02, *** p < 0.0001, Student´s two-

tailed unpaired t-test. Ifna/b: interferon β, Tnfa: tumor necrosis factor  IL-6: interleukin 6. (B) 

MitoTracker Red (MTR) staining after 2 hours 10 µg/ml cGAMP in P6 adipocytes. (C) Top: 

Autophagosome (APh) labelling in P6 adipocytes. nc: nucleus, Bottom: Number of APh in P6 and 3T3-

L1 adipocytes with and without 2 hours of cGAMP. TEM image of autophagosome-forming P6 adipocyte. 

Php: phagophore, Phs: phagosome, Phl: phagolysosome, Mt: mitochondrion. Scale: 10 µm (B,C); 0.1 

µm (TEM). * p < 0.05, ** p < 0.01, *** p < 0.001. Student´s two-tailed unpaired t-test or one-way ANOVA 

with Dunnett´s post-hoc test. (D) Different functions of mtDNA-mediated STING activation in P6 and 

P56 iAT. (E) Left: A scheme of the structure of STING ligand cGAMP and its transporter into the cytosol 

SLC19a (141). Slc19a1 transcription in P6 and P56 iAT. Right: IFN response of P6 and P56 iAT after 

18 hours of 10 µg/ml cGAMP. * p < 0.05, ** p < 0.01, *** p < 0.001. Student´s two-tailed unpaired t-test 

or one-way ANOVA with Dunnett´s post-hoc test. (F) Relative abundance of mtDNA (16S and Nd1) to 

genomic mouse DNA in P6 and P56 iAT. (G) IFN response after the transfection of mtDNA or mtRNA 

(2 µg/ml, 18 hours) in P56 and P6 adipocytes. mtDNA/RNA: mitochondrial DNA/RNA. (H) Caspase-1 

(CASP1) activity after 4-h challenge of cytoplasmic mtDNA or mtRNA (both 2 µg/ml) to measure 

inflammasome activation in P56 and P6 adipocytes. Source: Figure from (93), reused under license CC 

BY 4.0 (https://creativecommons.org/licenses/by/4.0/). 
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Since excess mitochondria were present within beige adipocytes during adipose tissue 

development in P6 iAT, we wanted to know if nucleic acids from the mitochondria would 

induce inflammation. The prevalence of mtDNA (16S and Nd1) was higher in P6 

compared to P56 iAT (Figure 9F). Mitochondria can be stressed by pathogens, such 

as bacteria (142) or metabolic events (mitochondrial fusion and fission) (143, 144). 

Hence, it was not unlikely that mitochondrial content can leak into the cytosol. 

Furthermore it is known that mtDNA-stimulated STING activation causes type-I IFN 

response (145). P6 adipocytes treated with cGAMP induced mitophagy (Figure 9B-E). 

Therefore, P6 adipocytes were able to impair mtDNA-mediated inflammation through 

an active STING pathway (Figure 9G,H). Lastly, we wanted to know if mtRNA was 

immunogenic in adipocytes. We transfected mtRNA into the adipocytes of P6 and P56 

animals which showed an impaired inflammation response in P6 adipocytes and a 

robust inflammation induction in P56 adipocytes (Figure 9G,H). 

In summary, mtRNA and mtDNA did not evoke inflammation in P6 adipocytes 

which might be due to the absence of IRF7. Furthermore, mtDNA-mediated STING 

activation in infant adipocytes induced mitophagy.  

 

3.7. Beige adipocyte development through the mtRNA signaling 

 

Our data show that beige adipocytes tolerate mitochondrial content, which might be 

due to the lack of IRF7. Next, we tried to understand the purpose of mtRNA, since 

mtDNA was involved in the mitophagy process of P6 iAT. Descending from 

endosymbiotic bacteria, mitochondria retain features from its prokaryotic origin like a 

circular genome (Figure 10A). The compact genome can be transcribed bidirectional 

which results in overlapping transcripts leading to double-stranded RNA (dsRNA).  

We found that mtRNA and mtDNA were packed within extracellular vesicles 

(EVs), secreted by the adipocytes (Figure 10B,C). EVs are generated through inverse 

budding of endosomes which leads to the formation of multivesicular bodies (MVBs) 

(93). By applying P6 EVs on adult adipocytes we could induce UCP1 expression 

(Figure 10D). Furthermore, beige marker genes (Cidea and Dio2) and mitobiogenesis 

genes, such as Ppargc1a were upregulated after 18 hours incubation with P6 EVs. 

Besides P6 EVs, breast milk is also known to transmit beige-inducing signal (63) and 

in line with that, human-derived breast milk EVs are rich in mtRNA (93). Therefore, we 

isolated EVs from murine breast milk and formula milk as a reference, to treat 3T3-L1 
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adipocytes. As it was indicated by P6 EVs, only breast milk EVs were able to 

beneficially regulate thermogenic, mitobiogenesis and beige genes towards beige 

adipocyte development (Figure 10E). Furthermore, Il6 transcription was unaffected 

after the treatment with breast milk EVs. In line with our previous study showing that 

IL-6/STAT3 signaling induces beige adipose tissue development (63). IRF7 

suppression could be achieved by the application of formula and breast milk EVs 

(Figure 10E).  

 

 

Figure 10: P6 and breast milk EVs induce beige adipocyte development  

(A) Scheme of circular mtDNA with heavy and light chain. Arrows indicate transcription direction in the 

respective chain. (B) Level of mtDNA in extracellular vesicles (EVs) of infant adipocytes. (C) Labelling 

of double-stranded RNA (dsRNA) in P6 adipocytes using J2 antibodies; scale: 10 µm. Quantified RNA 

species in EVs of infant adipocytes. (D) Left: Effect of P6 EVs on the UCP1 expression on P56 

adipocytes. Right: Relative mRNA transcription of beige and mitobiogenesis marker genes after 18 

hours with P6 EVs. (E) Relative mRNA transcription of 3T3-L1 adipocyte after 18 hours with breast milk 

or formula milk EVs. * p < 0.01, ** p < 0.005, *** p < 0.0001, ns: not significant, Student´s two-tailed 

unpaired t-test. Source: Figure from (93), reused under license CC BY 4.0 

(https://creativecommons.org/licenses/by/4.0/). 
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EVs from the P6 adipocytes carried dsRNA (Figure 10C) which might trigger TLR3, 

retinoic acid-inducible gene 1 (RIG-I) or RIG-I-like melanoma differentiation-associated 

gene 5 (MDA5) (146–148). We treated adipocytes with naked polyinosinic-polycytidylic 

acid (p(I:C)), a synthetic dsRNA, and could not mirror the effects of EVs (Figure 11A). 

In contrast to that, cytosolic mtRNA induction which was detected by RIG-I and MDA5 

led to a robust gene transcription of beige adipocyte development (Figure 11C). Unlike 

mtRNA, mtDNA transfection did not affect any of these genes. The lack of RIG-I and 

MDA5 compromises mitobiogenesis which ultimately induces the loss of beige 

adipocytes (93).  

Beige adipose tissue needs IL-6/STAT3 signaling (Figure 11D), especially a 

physiological level of IL-6 is needed which can be generated in adipocytes through the 

metabolism of PAF as previously described (63). Adipocyte Il6 transcription was 

induced by breast milk EVs and mtRNA (Figure 10E, Figure 11E).  

EV-packed nucleic acids are protected against nucleases and may serve as 

intracellular messengers (149). Therefore, the delivery of mtRNA into the cytosol led 

to mitobiogenesis, thermogenesis and the induction of beige marker genes in 3T3-L1 

and P56 adipocytes (Figure 11C, E). However, in adult adipocytes mtRNA treatment, 

as well as other nucleic acid ligands, forced a high inflammatory response (Figure 11B) 

which might be caused by an active IRF7 expression. In the following, we tried to 

understand the mechanisms of IRF7 suppression in P6 iAT. The absence of IRF7 

might be key to permit beige adipogenesis through mtRNA. 
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Figure 11: Beige adipocyte development through paracrine mtRNA signal 

(A) Application scheme of naked polyinosinic-polycytidylic acid (p(I:C)) treatment and relative mRNA 
transcription of Ucp1, Ppargc1a (Pgc1a), Cidea and Cox7a1 after 18 hours with 5 µg/ml p(I:C) on P6 
adipocytes. (B) Cytosolic DNA/RNA effect on P56 adipocytes regarding Ifnb and Tnfa. P56 adipocytes 
receive 1 µg/ml pCMV6, 2 µg/ml mtDNA/mtRNA, 2.5 µg/ml p(dA:dT), 10 µg/ml cGAMP, 0.5 µg/ml p(I:C) 
or EVs containing pCMV6 (pCMV6 EVs). Exposer time was 18 hours for all treatments. pCMV6: pCMV6 
plasmid transfection, pCMV6 EVs: Extracellular vesicles of pCMV6 plasmid-treated adipocytes. 
p(dA:dT): poly(deoxyadenylic-deoxythymidylic) acid sodium salt. (C) Left: Scheme of mtDNA and 
mtRNA transfection. Right: Response of 3T3-L1 adipocytes after 18 hours with 2 µg/ml mtDNA or 
mtRNA regarding beige gene transcription and SDH-A FACS analysis to determine mitobiogenesis. *** 
p < 0.0001, Student´s two-tailed unpaired t-test. SDH-A: Succinate Dehydrogenase Complex 
Flavoprotein Subunit A. (D) Scheme of mtRNA-induced signaling in P6 adipocytes. (E) Relative mRNA 
transcription of genes involved in the beige adipocyte development after 18 hours with 2 µg/ml mtRNA 
on P56 adipocytes. ** p < 0.002, *** p < 0.0001, Student´s two-tailed unpaired t-test. Source: Figure 
from (93), reused under license CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/).  
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3.8. Vitamin D receptor mediated IRF7 suppression in infant adipose 

tissue 

 

Active IRF7 in P56 adipocytes led to high inflammation response after cGAMP, 

synthetic ligands of cytosolic nucleic acid sensor proteins, mtDNA or mtRNA treatment 

through the activation of STING/AIM2 and RIG-I/MDA5 pathways (Figure 11B). IFN 

expression damages mitochondria in adipocytes (93). In contrast to that, IRF7-deficient 

adipocytes failed to induce IFN expression (Figure 12A,B) and they were able to keep 

abundant beige adipocyte content to adulthood (Figure 12C). The outcome is in line 

with a previous report showing that IRF7-deficient mice are protected from obesity 

(150). Like breast milk and formula milk EVs, P6 EVs were able to repress Irf7 mRNA 

and IRF7 protein level in adipocytes (Figure 12D). Furthermore, P6 EVs did not trigger 

IFN-response, unlike P56 EVs which triggered IRF7 and IFN expression (93). Hence, 

a IFN-mediated reduction of mitochondrial content can be noticed after P56 EVs 

treatment (93, 151).  

Our study revealed high expression of genes associated with vitamin D receptor 

(VDR)-controlled gene networks in P6 adipose tissue (93). Cathelicidin an 

antimicrobial peptide (152) encoded by Camp which is a known VDR-target, was 

abundantly expressed in P6 iAT (Figure 12E). In contrary, P6 adipocytes failed to 

transcribe of coronin A1 (Coro1a) which was a gene known to be repressed by VDR. 

Coronin A1 is able to reduce autophagosome formation (153). Hence, the lack of 

Coro1a due to VDR allowed P6 iAT to use STING-mediated autophagy, as described 

before (Figure 9B-D). P6 adipocytes were able to transcribe vitamin D metabolizing 

enzymes leading to vitamin D3 (Vit-D3) storage and calcitriol formation (Figure 12E) in 

infant iAT.  



48 
 

 

Figure 12: Absent of IRF7 supports beige adipocyte development  

(A) Response of adult wild-type (wt) and IRF7-deficient (Irf7-/-) adipocytes after cGAMP treatment, 

CCCP-induced (1 µM, 15 min) mitochondrial damage and mtDNA/mtRNA transfection. CCCP: carbonyl 

cyanide m-chlorophenyl hydrazone. (B) Relative Ifnb transcription after 4 hours with 2 µg/ml 

mtRNA/mtDNA transfection in adult adipocytes of wt and Irf7-/- animals. (C) Adult iAT of wt and Irf7-/- 

mice. Scale: 25 µm. H&E and UCP1 immunostaining. (D) Irf7 transcription and IRF7 expression in 

mouse adipocytes after P6 EVs. (E) Vdr transcription level, VDR-controlled genes and genes involved 

in the vitamin D metabolism of P6 and P56 iAT by NGS. (F) Top: Vit-D3 level in P6 EVs, Cyp27b1 

transcription after mtRNA in 3T3-L1 adipocytes, VDR/Vit-D3 ratio in P6 and P56 iAT. Bottom: Irf7 

transcription in mouse adipocyte after 48 hours with different doses of Vit-D3. Relative Irf7 transcription 

in mouse adipocytes after 1 µM Vit-D3 and Vehicle or 7.5 µM PS121912 (VDR Inhibitor) treatment (154). 

Source: Figure from (93), reused under license CC BY 4.0 

(https://creativecommons.org/licenses/by/4.0/). 
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Next, we checked the availability of Vit-D3 and found that P6 EVs were rich in Vit-D3 

(Figure 12F). Furthermore, mtRNA supported the transcription of the calcitriol 

synthesizing enzyme 1--hydroxylase, encoded by Cyp27b1. VDR expression was 

more prevalent in P6 iAT (Figure 12F).  

After knowing the availability of Vit-D3 in the iAT, we treated 3T3-L1 adipocytes 

with Vit-D3 for 48 hours and found a reduction in Irf7 transcription in a dose-dependent 

manner (Figure 12F). Furthermore, inhibiting VDR activity by PS121912, a selective 

VDR-coregulator inhibitor (154), impaired the Vit-D3-mediated Irf7 suppression. 

Diet-induced obesity compromised Vdr expression and upregulated the 

transcription of Irf7 (Figure 13A). Correspondingly, VDR inhibition led to the loss of 

beige adipocytes in P10 iAT and increased IRF7 protein level (Figure 13A,B). 

Adipocytes pre-treated with Vit-D3 managed to decrease inflammation response to 

cGAMP, mtRNA and mtDNA (Figure 13C,D). Furthermore, VDR signaling did not 

impair mtRNA-mediated Il6 transcription and IL-6 release in mouse and human (Figure 

13D, (93)).  

IRF7 is a hub gene associated to the STING pathway which triggers IFN-

response upon activation (93, 155, 156). Hence, suppressing IRF7 was a potential 

mechanism to suppress IFN production in P6 iAT after the detection of cytosolic 

mtRNA or mtDNA (Figure 13D). Protected from an IFN-response through Vit-D3, 

mtRNA could induce mitobiogenesis, thermogenesis and beige gene expression in 

vitro. Therefore, we could show that mitochondrial nucleic acids trigger different 

pathways to evoke mitophagy or beige gene expression (Figure 13E).  
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Figure 13: Vitamin D3-mediated Irf7 suppression impairs triggered IFN response 

(A) Top: Vdr and Irf7 level in iAT of normal chow diet (NCD) and high fat diet (HFD) mice. Bottom: IRF7 

protein level after 7.5 µM P121912 in P10 iAT. (B) H&E and UCP1 immunostaining of P10 iAT after 

vehicle or PS121912 treatment. Scale: 25 µm. (C) Ifnb and Il6 transcription after cGAMP in 1 µM Vit-

D3-pretreated adipocytes. * p < 0.05, ** p < 0.01, *** p < 0.001, Student´s two-tailed unpaired t-test or 

one-way ANOVA with Dunnett´s post-hoc test. (D) Ifnb transcription and response of 1 µM Vit-D3-

pretreated adipocytes after mtDNA or mtRNA. (E) Scheme of possible VDR role in P6 iAT. Source: 

Figure from (93), reused under license CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/). 
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3.9. Obesity-driven loss of mitochondria immune tolerance in P6 

adipocytes 

 

As shown earlier in this thesis, diet-induced obesity increased Irf7 transcription while 

the transcription of Vdr was impaired (Figure 13A,B). According to that, blocking VDR 

activity resulted in the loss of beige adipocytes.  

In the following, we investigated a mouse model mimicking childhood obesity. 

Therefore, we used infant mice nursed by dams fed with normal chow diet (NCD) or 

high fat diet (HFD) (Figure 14A,B) (157). Animals receiving dams fed with HFD induced 

a robust Irf7 transcription and an impaired Vdr expression in adipocytes (Figure 14C). 

Furthermore, mice receiving HFD-fed dams lose beige adipocytes and assisted 

inflammasome activation (Figure 14D,E). With an increase in IRF7 and the loss of 

mitochondria immune privilege, these adipocytes started to express DNA sensors 

associated with the AIM2/STING pathway (Figure 14F). In addition to that, they failed 

to build up the same mitochondrial network compared to animals nursed with NCD-fed 

dams. The effect of HFD-feeding was reverted by applying Vit-D3 to the infant mice 

(Figure 14G,H). Vit-D3 protected infant mice from diet-induced obesity in vivo by 

maintaining beige adipocytes and reducing inflammasome activity.  

Earlier in this thesis we investigated the effect of Vit-D3 in a childhood obesity 

mouse model. Next, we want to treat diet-induced obese adult animals with mtRNA 

and Vit-D3 which we expected to mend mtRNA-mediated inflammation. In response to 

Vit-D3, IRF7 protein level was reduced even though mtRNA was transfected in the iAT 

of adult mice (Figure 14I-K). Vit-D3 did not impair mtRNA-driven beige-inducing effects 

in adult adipocytes, therefore, mtRNA could increase mitochondrial network, 

thermogenesis, and energy expenditure (Figure 14J-M). The Vit-D3-mtRNA-treatment 

induced infant-like iAT in adults. Due to that, cGAMP induction failed to active STING-

mediated inflammation which allowed treated adult cells to behave like infant 

adipocytes (Figure 14N) regarding inflammation response and beige adipocyte 

development.  

The combination study of mtRNA and Vit-D3 showed promising results in vitro 

and in vivo to reduce diet-induced obesity in adult mice. Furthermore, we could show 

that an immune response against mitochondria in the infant adipocytes triggered early 



52 
 

onset of obesity. Hence, sustaining the immune tolerance of mitochondrial content in 

the thermogenic fat cells in infants is important to avoid early obesity development.  

 

 

Figure 14: Treating diet-induced obese mice with cytosolic mtRNA and Vit-D3  

(A,B) NCD and HFD feeding in nursing mice for 3 days after the offsprings reach postnatal day 6. 

Inguinal ATs of mice nursed with NCD-fed or HFD-fed dams were investigated at P10. (C) Vdr and Irf7 

level in iAT of NCD- and HFD-fed mice. (D) H&E and UCP1 immunostaining of iAT from NCD- and HFD-

fed mice. Scale: 50 µm. (E) CASP1 activity in adipocytes and iAT/body weight ratio of NCD- or HFD-fed 

dams mice. (F) DNA sensor expression and mitochondrial network in adipocytes of NFD-fed or HFD-

fed dams nursed animals. MTR: MitoTracker Red. Scale: 50 µm. (G) P10 iAT histology of mice receiving 

NCD-fed or HFD-fed dams and vehicle or Vit-D3 at P6 to P9. Scale: 100 µm. (H) CASP1 activity in 

adipocytes and iAT/body weight ratio (eAT: epididymal adipose tissue) of NCD- or HFD-fed dams mice 

with or without Vit-D3 at P6 to P9. (I) IRF7 level in adipocytes, (J) histology images, (K) CASP1 activity 

and iAT/body weight ration of NCD- and HFD-fed adult animals with and without mtRNA treatment. Vit-

D3 was supplied to both study groups. (L) Mitochondrial network of NCD- and HFD-fed adult animals 

with and without mtRNA treatment. Scale: 10 µm. (M) Mitochondrial mass (relative MTR fluorescent 

intensity) and mitochondrial temperature change (Mito-ΔT) from isolated adipocytes of NCD- and HFD-

fed adult animals with and without mtRNA treatment. (L) Vehicle- or mtRNA-treated adipocyte CASP1 

activity after 4 hours with cGAMP. ** p < 0.01, *** p < 0.001, Student´s two-tailed unpaired t-test or one-

way ANOVA with Dunnett´s post-hoc test. Source: Figure from (93), reused under license CC BY 4.0 

(https://creativecommons.org/licenses/by/4.0/). 
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4. Discussion 
 

In this thesis, we have identified gene networks and hub genes which can be seen as 

hallmarks of the developing BAT and WAT. In adult BAT, transcripts of thermogenesis 

and lipid catabolism were overrepresented. This outcome was unexpected since BAT 

was long considered to be functionally mature after birth and having a declining role 

after early postnatal life. (Figure 1A) (121) (87).Thermogenic and lipid catabolism 

transcripts could also be found in infant iAT. In addition to that, iAT was also able to 

express transcripts related to cold-induced beige adipogenesis. Our findings indicate 

an ongoing differentiation and maturation of infant BAT, while iAT displayed a 

prominent thermogenic potential. 

Accordingly, we could identify beige/brite morphology and gene marker 

expression in young iAT. Furthermore, we could show the presence of glycogen in P6 

BAT, P56 BAT and P6 iAT. Glycogen is metabolized through glycophagy in brown 

adipocytes to generate substrates for lipogenesis and lipid droplet formation (92). This 

feature allows brown and beige adipocytes to form multilocular lipid droplets which has 

a better lipid accessibility to perform lipolysis (158). Furthermore, pathways inducing 

beige adipocytes in infant and adult iAT vary from one another indicating that signals 

triggering thermogenic fat may be different after birth and adulthood. Altogether, these 

findings are impactful because they show that beige adipocytes are present in the 

infant fat. Like brown adipocytes, they contribute to lipolysis and thermogenesis at early 

age which is important for the developing adipose tissue.  

In the first three years after birth, adipose tissue development has a great impact 

in childhood obesity (94). Losing beige adipocytes early in life is a trait known in obese 

children, unlike lean children who maintain their beige adipocytes in iAT until puberty 

(87, 95). Breast milk-derived signals, such as AKGs, can help to sustain beige 

adipogenesis in iAT (63). However, adipocytes from obese children lose the ability to 

induce lipolytic activity (88). Hence, it is likely that higher prevalence of beige 

adipocytes in early life is key to avoid childhood obesity development.  

Our study revealed different hub genes and gene networks of P6 iAT, P6 BAT, 

P56 iAT and P56 BAT to discriminate them from each other. Therefore, we could 

identify new functions of BAT and beige adipocytes which provide new target genes 

and gene networks for future studies. As an example, we compared key genes and 

gene networks of young iAT to show their relations towards cell-cell-adhesion and cell-
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matrix interaction. Therefore, we could reveal cytoskeletal protein Krt5 as a hub gene. 

Present in the basal layer of skin epithelia, KRT5 can be found in keratinocytes (43). 

Although infant iAT and the skin are anatomically closed to each other, it is unlikely 

that adipocytes and keratinocytes are connected. Hence, Krt5 expression in iAT was 

observed due to infant adipocytes. There are also other adipocytes able to generate 

KRT5 such as BAT adipocytes which derive from the keratin-rich embryonic ectoderm 

(72, 159). In line with the presence of Krt5 in P6 iAT, obesity or type-I diabetes mellitus 

(T1DM) suppresses keratin expression including Krt5 which lead to obesity-associated 

skin fragility (160, 161). Our data indicates an involvement of keratins at early fat 

development; however, their role and mechanism are undiscovered, yet.  

Genes involved in steroidogenesis were underrepresented in infant iAT. 

Adipocytes belong to the steroidogenic cells, and are capable of de novo synthesis of 

pregnenolone, oxysterol, 27-hydroxycholosterol and mevalonate (43). Furthermore, it 

is known that the inhibition of steroidogenesis favours adipocyte differentiation (162). 

Human adipocyte differentiation in the subcutaneous fat increases the production of 

enzymes which are involved in the synthesis and inactivation of androgens (163). 

Therefore, the steroidogenic potential of iAT increases due to adipose tissue 

maturation. Due to the fact that infant iAT may contain beige adipocytes, the 

steroidogenic potential of infant and adult iAT is of relevance regarding childhood 

obesity (43). Beige adipocyte extinction is shown in obese children and as a 

consequence of insufficient breast milk supply (63, 95). Steroidogenesis includes 

sexual steroid production which is crucial for the sex-dependent organ differentiations 

in early life.  

As an example, after birth in the first six months in boys and the first 2 months 

in girls, minipuberty takes places which is a sex-dependent activation of the 

hypothalamic-pituitary-gonadal axis (164). Minipuberty can be identified through an 

increase in oestradiol and testosterone which are required for sex-specific growth and 

maturation. Minipuberty also affects the body composition, BMI, growth velocity and 

body weight of infants (164). Childhood adiposity affects the obesity state in adulthood, 

the premature loss of thermogenic fat cells in infant iAT may affect negatively 

minipuberty, and in turn it may enhance obesogenic metabolism. Several studies 

already highlighted that insufficient breastfeeding impairs various minipuberty-related 

physiological functions, for instance body adiposity, cognitive and gonadal 

development (63, 165, 166). Hence, breastfeeding is eminent for a functional adipose 
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tissue in the postnatal life. Furthermore, it assists in the hormonal change which takes 

place during minipuberty. Altogether, these findings are impactful, because they show 

in another aspect that beige adipocytes are important at early life. Adiposity acquired 

during infancy can affect the obesity status in adulthood. Therefore, premature loss of 

beige adipocytes may impair minipuberty and induce obesogenic imprinting.  

Our comparative assays aimed to reveal over- and underrepresented DEGs in 

the respective adipose tissues. Another approach to identify the different adipose 

tissue depots is to measure beige-, brown- and white-specific adipocyte marker genes.  

This thesis highlighted two beige marker genes (Tbx1 and Tmem26) which are 

known to be present only in adipose tissues accommodating beige adipocytes. Both 

genes are upregulated after -adrenergic stimulation or cold exposure which ultimately 

results in an UCP1 upregulation (69). Hence, TMEM26, encoded by Tmem26, 

enhances indirectly the uncoupling process via UCP1 increase. Furthermore, TMEM26, 

a cell-surface protein of native beige precursors, can be detected and used to isolate 

beige cells from the adipose tissue (38). As mentioned before, -adrenergic stimulation 

or cold exposure increase Tbx1 and Tmem26 expression. While Tmem26 supports 

UCP1 expression, Tbx1 is involved in the -adrenergic sensitivity and glucose 

homeostasis in vivo (167). In addition to that, its overexpression alone does not 

increase beige adipocyte development, whereas its absent in iAT results in adipocyte 

size reduction (167). Even a comparison of brown and beige adipocytes after -

adrenergic stimulation shows a higher expression of Tbx1 and Tmem26 in the latter. 

Hence, both genes were exclusive beige marker genes.  

Eva1a is known to be a BAT marker gene (69). Our data revealed that P6 iAT 

was able to express Eva1a nearly to the same degree as BAT in P6 and P56. Due to 

the ability that P6 iAT could perform mtDNA-driven mitophagy - which will be discussed 

later in detail - Eva1a expression in infant adipocytes was necessary to develop the 

autophagosome membrane (168).  

 WAT marker genes such as Hoxc8 and Hoxc9 were strongly expressed in iAT 

of P6 and P56 animals. Hoxc8 and Hoxc9 belong to the family of T-box genes which 

are known to play an important role in the mesoderm development (169). Comparing 

P6 and P56 iAT showed a higher expression of both genes in the adult iAT. As a WAT 

marker gene, Hoxc8 expression increases with diet-induced obesity in mice, in turn, 

starvation in human reduces Hoxc8 expression (169). Like Hoxc8, Hoxc9 also 

increases through obesity development (170). Furthermore, Hoxc9 is involved in the 
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adipogenesis by assisting Fabp4 expression (170). Hoxc8 is more prevalent in the 

subcutaneous fat, while Hoxc9 can be found abundantly in the visceral adipose tissue 

(171). This is in line with our findings showing a high relative abundance of Hoxc8 

measured in iATs. Besides being WAT marker genes, both genes are known to be 

present in beige adipocytes at early age (172). Interestingly, Hoxc8 and Hoxc9 

expression correlates negatively with expression of UCP1 (66). WAT maturation led to 

the increase of both gene expressions which would explain the decline of UCP1 

expression from P6 to P56. Both genes are absent in P6 and P56 BAT which match 

with the high level of UCP1 measured there.  

Cidea and Dio2 were highly expressed in P56 BAT compared to P6 iAT, P6 BAT 

and P56 iAT. These genes were also named “browning genes”. CIDEA (encoded by 

Cidea) belongs to the cell death-inducing DNA fragmentation factor A-like effector 

(Cide) family which is known to play an important role in unilocular lipid droplet 

formation (173). BAT consists visibly adipocytes with multilocular lipid droplets which 

does not agree with the relative abundance of Cidea found in P56 BAT. Fat-specific 

protein of 27 β (FSP27β) is an isoform of FSP27, and a member of the Cide family, is 

also known to be highly expressed in BAT (173). FSP27β forms a complex with CIDEA 

to allow multilocular fat droplet formation, in contrast, inhibiting FSP27β in a dependent 

manner increases the unilocular fat droplet formation in brown adipocytes (173). The 

ratio of both proteins can determine uni-, and multilocular fat droplet formation. 

Therefore, FSP27β may decline with WAT maturation which allows the formation of 

one large lipid droplet within the white adipocytes.  

Besides Cidea, Dio2 is also a declared browning marker gene which can be 

measured in beige adipocytes of iAT after cold induction (121). There are two forms of 

thyroid hormones which are thyroxine (T4) and the active metabolite 3,5,3´-

triiodothyronine (T3) (174). The level of T3 and T4 are controlled by the enzymes 

deiodinase iodothyronine type 1 (Dio1) and deiodinase iodothyronine type 2 (Dio2). 

Especially DIO2 is of interest due to its ability to convert T4 into the active T3 (174). T3 

in the BAT induces thermogenesis through mitochondrial uncoupling which is 

performed by UCP1 (175, 176). It is also known that T3 enhances fatty acid oxidation, 

mitochondrial respiration, mitophagy and mitochondrial biogenesis in brown 

adipocytes (177). Along with Ppargc1a and Ucp1, Dio2 expression can also be evoked 

by PR/SET Domain 16 (PRDM16) which is able to induce a strong brown fat-like 

phenotype in the WAT (178). Thus, these features could be observed in BAT of P6 and 
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P56, by far P56 BAT expressed a very high amount of Dio2 compared to the others. 

Furthermore, we found that P6 iAT expressed more Dio2 compared to P56 iAT proofing 

beige adipocytes among white adipocytes in P6 iAT. Altogether, these findings are 

impactful, because they show that beige adipocytes were able to express specific white, 

beige and brown marker genes. Due to that we can conclude that beige adipocytes 

can be described as a 3rd type of adipocyte in the developing fat.  

BAT and iAT were also common in the expression of genes associated with the 

local angiotensin-kininogen system, GABA-A signaling and neuropeptide receptors in 

young animals. These overrepresented DEGs in young BAT and iAT were in detail 

NPY receptors, Npy, Gal, Npbwr1 and several genes from the GABA-A signaling. In 

addition to that, adult BAT shared the same expression regarding genes from the 

GABA-A signaling. NPY, a orexigenic hormone, is the main ligand for NPY2R which 

can be expressed by the subcutaneous fat (179). Furthermore, cold stress favours the 

release of NPY (180). Fat-derived NPY plays an important role in young iAT 

development regarding angiogenesis and fat cell differentiation (180). Therefore, NPY 

may support adipose tissue vascularization and the expansion of iAT. Unlike being 

beneficial in postnatal life, excessive NPY signaling leads to obesity in adults (181, 

182). 

Adipocytes from P6 iAT showed an increase in the expression of Npy4r 

encoding NPY4R, the receptor for pancreatic polypeptide (PP). Pancreas-derived PP 

is released in response to meal ingestion and reduce appetite. Low level of PP in 

plasma is associated with obesity in human, in addition to that, PP level is more 

prevalent in men compared to women (183–185). Due to the same relation towards 

obesity, PP may have a similar role, like NPY, in infant adipose tissue development.  

According to our data, young iAT and BAT interactome maps showed a relation 

between the gene network of neuropeptide signaling and genes associated with NFB 

and STAT3 signaling. Among other pathways, NFB signaling was impaired in iAT and 

BAT of P6 animals. NFB suppression remained in BAT until adulthood, additionally a 

low level of immune cells was detected. In contrast to BAT, young iAT lose the local 

angiotensin-kininogen system, neuropeptide receptor and GABA-A signaling in the 

process of fat maturation. In turn, iAT maturation leads to the expression of genes 

related to inflammatory pathways. The angiotensin-kininogen system is able to control 

cytokine-triggered NFB and STAT3 signaling through the activation of I and the 

dephosphorylation of STAT3, respectively (43, 127, 186). Stress activated protein 
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kinases (SAPKs) belongs to the family of mitogen activated protein kinases (MAPKs) 

(187, 188). SAPKs can be further divided into smaller families including p38 family 

which consists of four members. Beige adipocytes might suppress p38-MAPK 

phosphorylation by the heterodimer of AGTR2 and BDRKRB2 to prevent p38-MAPK-

driven adipogenesis (189–191). The gene network and hub gene comparison of P6 

and P56 BAT revealed overrepresented DEGs of the Agtr2 gene network in the infant 

BAT. In addition, P6 iAT overrepresented genes from the Agtr2 gene network including 

angiotensin converting enzyme 2 (Ace2) and Bdkrb2. ACE2, encoded by Ace2, is a 

SARS-CoV-2 receptor, besides its main role to convert angiotensin 2 (Ang-2) to 

angiotensin 1-7 (Ang ((1-7)) (192, 193). Ace2 allows virus entry in human adipocytes 

(193). Therefore, Ace2 enhances the COVID-19 infection course which is more lethal 

for obese patients, although the expression of Ace2 is independent form obesity (194). 

Nevertheless, our study revealed less Ace2 expression in adult iAT compared to P6 

iAT. Infant iAT would allow hypothetically more viral entry and due to their immune 

tolerance of cytosolic nucleic acids (which will be discussed later), an infection with 

COVID-19 for instance, proceed mostly asymptomatic or mild in young individuals 

(195).  

Infant adipocytes have many potential strategies to control inflammation. It is 

known that GABA suppresses inflammatory cytokine signaling (125, 196, 197). 

However, the anti-inflammatory effect of GABA depends on the type of the GABA 

receptor, as well as the cell expressing the receptor. In addition, GABA receptors. 

Similarly to the neuropeptide receptors NPYR, NPBWR1 and neuropeptide FF 

receptor 1 (NPFFR1), GABA-B receptor is a G-protein coupled receptor (43, 198). In 

contrast, GABA-A receptor is an ionotropic receptor (43, 199). As an example of their 

functions, GABA-B receptor, present in infant and adult adipose tissue, impairs BAT 

functions and the inhibition of GABA-B signaling reverts obesity-induced BAT 

extinction (200). In contrast, activating GABA-A receptor in the lateral hypothalamus 

reduces food intake and body weight (201). Furthermore, GABA via GABA-B receptor 

can inhibit obesity-induced macrophage infiltration into the subcutaneous inguinal 

adipose tissue, but a GABA treatment in the visceral epididymal AT remains unaffected 

(202). Thereby, GABA prevents local inflammation generated by the infiltrating immune 

cells.  

Macrophages in an obesogenic environment activate the NFB signaling to 

enhance their survival within the adipose tissue (203). Accordingly, anti-inflammatory 
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signals, such as GABA and neuropeptides, are used to control NFB signaling in young 

iAT. In the stromal vascular fraction of BAT, the level of immune cells was very low and 

the suppression of NFB signaling could be retained until adulthood. Hence, the lack 

of immune cells in the adipose tissue may repress NFB signaling. Therefore, GABA 

treatment through GABA-B receptor in the adipose tissue reduces immune cell content, 

but in contrary induces the loss of thermogenic fat cells due to the lack of specific 

inflammatory signals within the adipose tissue. According to our data, GABA-B 

receptor was equally expressed in P6 iAT and P56 iAT, but a lower level of the receptor 

was measured in P56 BAT. GABA might help to exclude immune cells in BAT from 

infancy to adulthood, but how BAT protects its thermogenic fat cells at the same time 

from the effect of GABA remains undiscovered, yet.  

Excessive calorie intake leads to metabolic dysfunction of adipocytes. Therefore, 

the adipose tissue is dysregulated which leads to dyslipidaemia, immune cell infiltration, 

impaired vascular structure, and fibrosis (34). Especially, immune cell infiltration along 

with local inflammation contributes to fat depot expansion which in turn can be impeded 

by GABA via GABA-B receptor. Nevertheless, a high amount of immune cells, such as 

T- and B-cells, macrophages, neutrophils and mast cells, infiltrate the adipose tissue 

which generate a low-grade and chronic inflammation, a hallmark of obesity 

development (34). In contrast to that, the amount of eosinophils and Th2 cells 

decreases in the adipose tissue of obese patients (204). Interestingly, Th2 cytokines, 

such as interleukin 4 (IL-4) and interleukin 13 (IL-13), are known inducers of beige 

adipocyte differentiation (205, 206). Furthermore, a previous study highlighted IL-4 

receptor alpha (IL4R) to be crucial for beige adipocyte development after cold 

induction. Besides Th2 cytokines, beige adipocyte development can also be evoked 

through inflammatory signals which are generated through pathways, such as the 

Janus kinase (JAK)/STAT3 signaling or the autocrine IL-6/STAT3 signaling loop (63, 

207, 208). In addition to that, there are also inflammatory signals impairing the obesity-

associated metabolic shift which ultimately sustain beige adipocytes (209, 210).  

In line with previous findings, our study revealed cytosolic mtRNA as a potential 

inflammatory inducer for beige adipocyte development in infant adipocytes. The 

endosymbiotic origin theory describes host cell and mitochondria co-dependency 

regarding the metabolism and energy supply (211). The communication between 

mitochondria and nucleus is established by the retrograde mitochondria-to-nucleus 

signaling pathway which is required to transcribe genes for mitochondria maintenance 
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located within the nuclear genome. In our study we showed that mitochondria could 

emit their nucleic acid content into the cytosol. This event is in line with previous 

findings which describe stress-induced mitochondria content leaking due to pathogens, 

bacteria or metabolic events (142–144).  

Due to MVBs and EVs, mtRNA and mtDNA could be transferred to other 

adipocytes acting like a paracrine signal. Through endocytosis, EVs can deliver their 

cargo into the cytosol of the recipient adipocytes. After mtRNA detection, cytosolic RNA 

sensors activate the autocrine IL-6/STAT3 signaling loop. The IL-6/STAT3 signaling 

allows gene transcription related to beige adipocyte development as it was described 

before (63). It is known that non-coding, mitochondrial RNA species enables the 

transcription of mitochondrial genes encoded by the genome located within the nucleus 

(212). We could also highlight mtRNA in breast milk and P6 EVs indicating mtRNA as 

a paracrine signal. Six days after birth mice were still dependent on their mothers and 

required breast milk feeding. Breast milk contain minerals, vitamins, proteins, fatty 

acids, antibodies and other nutrients in humans (63, 213–215). Besides the nutritional 

support of breast milk, it has also protective roles during P6 development (216, 217). 

Breast milk contains EVs to deliver relevant biological cargos (218), such as mtRNA 

and mtDNA, which are introduced into the recipient cell by EV-membrane fusion (219). 

In nature, bacteria already used the release of EVs to communicate with their host cells 

(220, 221). In the cytosol they are recognized by RNA or DNA sensors, respectively. 

In conclusion, breast milk and P6 EVs supports beige adipocyte development in infant 

adipose tissue through the transfer of mtRNA via EVs. 

RIG-I and MDA5 are the main cytosolic sensor proteins to detect dsRNA (148). 

RIG-I can bind dsRNA irrespective from the 5´-triphosphate end, while MDA5 can only 

bind uncapped RNA (93). 5´-triphosphate end is a molecular signature for viral RNA 

species (222). Hence, a 5´-triphosphate end on the dsRNA is not required to be 

detected by RIG-I and MDA5. Therefore, mtRNA is a potential target for these RNA 

sensors as well. Depending on the dsRNA length, it is either bound by RIG-I or MDA5, 

respectively (223). Mitochondria have a prokaryotic origin; therefore, their genome and 

relative transcripts can be detected by the host as foreign DNA and RNA. These 

mtRNA species, such as ribosomal RNA, uncapped mitochondrial mRNA or non-

coding mtRNA can be emitted into the cytosol to be detected by RNA sensors (224, 

225). According to our data, application of p(dA:dT) to the adipocyte evokes beige 

adipocyte gene transcription through indirect RIG-I activation (93, 146, 147). 
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Furthermore, activation of MDA5 through high molecular weight p(I:C) also induce 

thermogenesis, mitobiogenesis and beige marker gene transcription which are not 

inducible by single-stranded RNA (93). In addition to that, the lack of RIG-I and MDA5 

in mice lead to an impaired mtRNA-driven beige adipocyte development resulting in 

an early WAT maturation. As indicated by our study, we assumed that mtRNA structure 

should be long, double-stranded and rich in loop regions (93). These assumptions 

could be confirmed through in silico analysis by RNAfold (226) revealing in all RNA 

sequences multibranched, internal and hairpin loops (93). 

The beneficial effects of mtRNA regarding beige adipocyte development is dose 

dependent, excess mitochondrial content release is a harmful signal for the cell 

resulting in an elevated IFN-response which ultimately damages the thermogenic fat 

development (83–85). This leads to mitochondrial dysfunctions or triggers adipocyte 

apoptosis through the mitochondrial pathway (227, 228) which ultimately enhance 

obesity-related metabolic diseases (229, 230).  

In conclusion, our study show that infant adipocytes lack an immune response 

to mtRNA or mtDNA due to the lack of cytosolic DNA sensors and IRF7 expression. 

Regardless of an immune response, infant adipocytes were able to benefit from the 

presence of cytosolic mtDNA since it stimulated mitophagy. Therefore, the amount of 

mitochondria could be controlled by cytosolic mtDNA. This prevents inflammation, by 

removing excess or damaged mitochondria. Moreover, mtRNA induces mitobiogenesis. 

The effect of mtRNA and mtDNA, without inflammation as a side effect, can be only 

documented in infant adipocytes so far. The key protein is hereby IRF7 which has to 

be impaired to allow these features.  

Infant adipocytes lose IRF7 suppression during adipocyte maturation. This may 

be achieved through the induction of STAT1 and NFB signaling (43). On the contrary, 

IRF7 inhibition could be achieved by the application of Vit-D3. Vit-D3 is known as an 

immune regulating metabolite and its insufficient supply leads to autoimmune 

processes (231). The conversion of Vit-D3 into the active compound calcitriol was 

supported by mtRNA. Vit-D3 was detectable in breast milk, breast milk- and formula 

milk EVs, and in P6 EVs. Hence, a constant supply of Vit-D3 paired with cytosolic 

mtRNA sustained beige adipocyte development. Dysregulating IRF7 suppression by 

diet-induced inflammation impaired the immune privilege for mitochondria in infant 

adipocyte leading to an early loss of beige adipocyte. The innate immune response of 

the adipose tissue includes VDR signaling and many others (152). VDR is known to 
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compromise IFN-response and the expression of IRF7 (232, 233). The IRF7 promoter 

accommodates 4 NFB binding sites (234). Interestingly, NFB signaling can be 

impaired by VDR interaction with IB kinase β (IKKβ), this process can be enhanced 

by calcitriol (235). VDR also targets subunits of NFB, such as p65 in different organs 

(235, 236) or p50 in macrophages (237) which ultimately impairs NFB-mediated 

inflammation. IKKβ is a subunit of IKK and needs IKK and IKK to degrade I (238). 

The degradation of I leads to the canonical NFB activation (239). IKK can be 

triggered through cytokines, growth factors and many other stress-inducing agents 

(186). As described before, a heterodimer formation of AGTR2 and BDKRB2 induces 

I expression to inhibit NFB signaling. Thereby, VDR can support the angiotensin-

kallikrein network by the suppression of IKK formation in infant iAT.  

Furthermore, VDR improves glucose uptake and prevents oxidative stress (240). 

Oxidative stress is known to trigger inflammation pathways and can caused chronic 

inflammation by constant exposure over a long time (241). Furthermore, infant iAT 

cannot tolerate oxidative stress due to the excess amount of mitochondria present in 

beige adipocytes. Reactive oxygen species damage mitochondria (242) and would 

force an uncontrolled mtRNA and mtDNA leaking which would ultimately support the 

loss of beige adipocytes. Furthermore, VDR can form homo- and heterodimers, 

therefore, it is able to interact with retinoid-X-receptor (RXR) (243). VDR-RXR 

heterodimer induces the gene expression of cathelicidin (encoded by Camp) and 

defensin beta 4 (231, 244), genes which are known to be abundantly expressed in P6 

iAT (43, 152). The abundance of cathelicidin and defensin decreases due to the fat 

maturation and that might be mediated through the decrease of VDR expression. 

Accordingly, a heterodimer of VDR and RXR cannot be formed to generated 

antimicrobial peptides which protect the host from intracellular Mycobacterium 

tuberculosis (244). Vit-D3 also inhibited the expression of Coro1a which is involved in 

the reduction of the autophagosome formation (153). In line with the finding a strong 

Eva1a expression in P6 iAT allows the development of the autophagosomal membrane 

(168). Therefore, we could see mtDNA-driven STING-mediated mitophagy, an 

autophagy process of mitochondria, in the developing subcutaneous adipose tissue 

(93, 245).  

Vit-D3 supplementation is routine today in postnatal care which might be the 

reason for the Irf7-suppressing effect of the formula milk EVs in our study. Obese 

children and adolescence develop a Vit-D3 deficiency which enhances the risk factor 
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for co-morbid diseases (246–248). Although Vit-D3/VDR signaling prevents weight 

gain in the muscle through UCP3, VDR overexpression in mice increases mouse body 

weight (249, 250). In line with that, formula milk was originally used to enhance Vit-D3 

uptake and to increase body weight (251). In contrast to breast milk, formula milk does 

not consist maternal signals to sustain beige adipocyte development, moreover, it 

contains obesogenic signals (63). Increasing the amount of Vit-D3 in obese children 

will not revert obesity due to the lack of VDR signaling as a result of the metabolic 

disorder. In addition to that, VDR overexpression studies in adipose tissue of mice 

show an increase body weight and plasma lipid levels (250). Therefore, an elevated 

plasma FFA level can be measured which in an excessive amount is known to impair 

glucose transporter type 4 (GLUT4) presentation on the cell membrane (31, 252). 

Furthermore, excess FFA in the plasma evokes insulin secretion until exhaustion in 

pancreatic β-cells (lipotoxicity of the pancreas) (253, 254). Impaired glucose transport 

in combination with increased insulin secretion results in type 2 diabetes mellitus 

(T2DM) which is a co-morbidity of obesity (30). In addition to that, GABA treatment 

protects from T1DM-driven loss of β-cells mass (255). Hence, the overexpression of 

VDR or an increase of Vit-D3 supply will not help to treat obesity.  

During obesity the amount of Th2 cytokines decreases while Th1 cytokines are 

elevated due to immune cell infiltration (34, 204). The active form of Vit-D3, calcitriol, 

can mend the Th2 cytokine production with its immunosuppressive effect on dendric 

cells (DCs) (256). Accordingly, DCs releases interleukin-12 (IL-12) which results in the 

production of Th1 cytokines, such as IFN and interleukin-2 (IL-2). Vit-D3 presence 

has a broad anti-inflammatory effect. In contrast, VDR knockout mice do not develop 

obesity after HFD induction (257, 258). Infant subcutaneous adipose tissue has 

lipolytic activity and was able to liberate FFA in a physiological amount to convert it 

immediately into heat and ATP (88), this feature declines with childhood obesity.  

Nevertheless, beige adipocytes were able to use Vit-D3 via VDR to reduce 

mtRNA-driven IFN response. This mechanism allows to household the expanded 

mitochondrial network which used FFA as a fuel to generate thermogenesis and 

energy supply (43). Furthermore, we could show that Vit-D3 in combination with 

cytosolic mtRNA induce beige adipocyte development in adult and infant mice (93). A 

combination of both ligands reduces body weight in diet-induced obese mice which 

shows that the combination treatment is a potential approach to reduce obesity.  
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5. Conclusion 

 

1. This thesis shows infant adipose tissue is rich in beige fat cells. Genes involved in 

the thermogenesis and lipid catabolism were expressed in infant iAT. Therefore, 

beige adipocytes in P6 iAT used fat to generate energy and heat. Lipolysis can be 

performed by beige and brown adipocytes and the inhibition of lipolysis results in 

thermogenic fat development (259). Furthermore, lipid signals induce beige and 

brown adipocyte differentiation (260) and breast milk-derived lipid metabolites 

sustain them in infants (63).  

2. We also show a that a metabolic reprogramming appears during the maturation of 

the subcutaneous adipose tissue. The fat depot which is a fat-burning, heat- and 

energy generating tissue at early life, transforms into a lipid-accumulating energy 

storage site by adulthood. This observation is supported by the intense lipid 

catabolism and fatty acid release from the subcutaneous adipose tissue which is 

noticed in newborns of mammals and humans (40, 97, 98). In addition to that, 

subcutaneous fat cells can be induced into beige adipocytes upon cold exposure 

(74, 121). To determine and prevent childhood obesity, it is important to monitor 

beige adipocyte population in the subcutaneous adipose tissue of infants. Since the 

loss of beige adipocytes accelerates WAT maturation which results in childhood 

obesity. 

3. We also show that there is an immune privilege of mitochondrial content in infant 

adipocytes. As a result, mitochondrial content is not immunogenic in the early 

postnatal life. This lack of immune response was due toa VDR-mediated IRF7 

suppression in infant adipocytes. Furthermore, adipocyte maturation leads to a rise 

of IRF7 expression which can be reduced by Vit-D3. Like mice, human adipocytes 

are able to suppress cytosolic mtRNA- or mtDNA-driven inflammation response as 

long as Vit-D3 is supplied (93).  

4. The thesis also shows that diet-induced obesity in infant or adult mice led to the 

increase of Irf7 transcription and compromised the transcription of Vdr. The change 

of Irf7-Vdr-ratio within adipocytes led to immune response to mtRNA and mtDNA. 

This was due to the activation of RIG-I, MDA5 and a set of DNA sensors. STING-

mediated mitophagy was induced by mtDNA while mtRNA triggered Vit-D3 

conversion, IFN production and beige adipocyte development (Figure 15).  
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5. As of medical impact, we show here that mtRNA triggered the expression of 

nucleus-encoded mitochondrial genes, allowing beige adipocyte development. 

When VDR is active, this signaling is operative without evoking an immune 

response against cytosolic mtRNA (Figure 15). The therapeutic combination of 

mtRNA and Vit-D3 may induce mitochondria-to-nucleus signaling and protect 

against obesity.  

 

 

Figure 15: Role of mtRNA and Vit-D3 in the mitochondria-to-nucleus signaling 

Donor adipocyte can pack mtRNA and mtDNA into EVs which are released into the extracellular matrix 

by MVB and exocytosis. As an endogenous signal, mtRNA can be taken up by an acceptor adipocyte. 

In the cytosol, mtRNA triggers the RIG-I/MDA5/ IL-6/STAT3 pathway inducing Vit-D3 metabolism, IFN 

production and beige adipocyte development. Acting through VDR, Vit-D3 is a potent IRF7 suppressor. 

Active VDR signaling is necessary to allow mtRNA-driven beige adipocyte development. Infant 

adipocytes are immune privileged for mitochondria which enables a retrograde mitochondria-to-nucleus 

signaling to induce mitobiogenesis and beige fat development. Source: Figure from (93), reused under 

license CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/). 
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