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Abstract 
 

Obesity is a pandemic medical condition, which causes a set of comorbidities, including 

cardiovascular diseases, hypertension, dyslipidemia, insulin resistance and type II diabetes 

mellitus. Also, there is a prevalence of childhood obesity all around the world today. To 

understand the onset and to prevent childhood obesity seems to be a crucial task in the 21st 

century. In this dissertation, I have studied adipose tissue development during infancy, with 

focus on the interaction between adipose cells and so-called tissue macrophages (ATMs). 

Understanding this interaction might be critical for maintaining a healthy adipose tissue 

environment and can help to prevent the onset of obesity. I have studied the role of an appetite-

regulating neurohormone, so-called neuropeptide FF (NPFF) in the early development of the 

adipose tissue and found that NPFF can help to sustain a healthy adipose tissue 

microenvironment by affecting both adipocytes and ATMs. In this thesis I also show that an 

ether lipid family, so-called alkylglycerols (AKGs) are enriched in breast milk and are 

necessary for adipose tissue development in infancy. AKGs can be metabolized by ATMs into 

platelet activating factor (PAF), and PAF can induce interleukin-6 (IL-6) production and 

activate the IL-6/STAT3 signaling pathway in adipocytes, which triggers a fat-oxidizing and 

heat-generating adipose tissue development. The AKG-controlled communication between 

ATMs and adipocytes however potentially can lead to inflammation, and NPFF is necessary to 

avoid such unfavorable effect of AKGs by promoting their catabolism. NPFF is hence 

important for adipose tissue quality, and the healthy transformation of the fat-oxidizing infant 

adipose tissue into a fat-storing, adult adipose tissue. 
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1.  Introduction 

 

1.1  Childhood obesity and type 2 diabetes in the 2020s 
 

Obesity is a pandemic health problem. 

Increasing prevalence of childhood obesity in the 21st century 

 

Obesity is considered to be a deleterious medical issue, which develops as a result of excessive 

body fat accumulation (Longo et al., 2019). According to the WHO, obesity is one of the most 

severe public health problems of the 21st century. Today there is a consensus that obesity has 

reached pandemic proportions and needs attention, and straightforward strategies of treatment 

and prevention (Meldrum et al., 2017). When we define whether an adult is overweight or obese, 

we use the concept of body mass index (BMI), which is calculated by the kilograms of body 

weight divided by meters squared of body surface, for describing it (Apovian, 2016). Adults 

who have a BMI between 25.0 and 29.9 kg/m2 are defined as overweight, while those who have 

a BMI above 30 kg/m2 are defined as obese (Apovian, 2016). Using BMI as an estimation, 

roughly 38% of the world’s adult population will be overweight and another 20% will be obese 

by 2030 (Finkelstein et al., 2012; Geserick et al., 2018; Nishtar et al., 2016). Obesity is 

increasingly prevalent among children and adolescents. In children and adolescents, the BMI 

method seems not to be suitable, due to the rapid growth of the body. BMI is hence substituted 

with another measure of body mass, the so-called BMI percentile scale, or BMI-SDS, which is 

based on the child’s age and sex, and determines the deviation from an expected BMI score of 

the given population (Fitch et al., 2015). Already in 2016, 18% of children and adolescents aged 

5-19 were overweight or obese. And what about the children below age of 5 years? The figures 

are alarming, showing that at least 41 million infants and young children were obese and 

overweight in 2016. This will rise to 70 million until 2022 according to a prediction (Nishtar et 



  3  

al., 2016). And it is said that there is a 30% increase in the last two decades and a 10-fold 

increase in the last four decades (Nishtar et al., 2016; H. Yu et al., 2019).  

        There is evidence showing that once the children are getting obese during their early-age 

childhood, they might have difficulties to lose weight and they might maintain obesity in their 

adulthood (Faienza et al., 2016; Geserick et al., 2018; M. H. Park et al., 2012; Young et al., 

2011). Data collected in Germany show that almost 90% of the children who were already obese 

at the age of 3 years were likely to maintain obesity during their adolescence (Geserick et al., 

2018). Thus, there is an emergency to pay attention to the problem of childhood obesity. 

        As we already know that obesity is due to the abnormal accumulation of excessive fat, 

which is mainly caused by the imbalance of the nutrition intake and expenditure. It is believed 

that the over-consumption of caloric dense food, drinking high calories contain beverages and 

lack of sufficient physical exercise as well as sedentary lifestyle are the main reasons that can 

cause and accelerate this process (Xu & Xue, 2016). These are considered as a personal 

behavior factors, however, the environmental and social activity can also influence the 

occurrence of obesity (Albuquerque et al., 2017). In the modern industrial society, the food is 

available and affordable in the developed countries. Also, in the developing countries there is 

a higher chance to build an obesogenic environment compared to the past centuries. All these 

factors together promote the onset of obesity. Albeit 90% of the obesity cases are caused by 

idiopathic reasons, still 10% of the obesity cases are caused by genetic factors, which should 

not be ignored (Xu & Xue, 2016). In this instance, obesity is recognized as a multifactorial 

disease: a combination of lifestyle, nutrition, environmental factors and genetics. 

        Obesity itself is a disease, but it can also be comorbid with other metabolic diseases. It is 

well known that obesity can cause insulin resistance (IR) and type 2 diabetes mellitus (T2DM), 

hypertension, cardiovascular disease, atherosclerosis, coronary heart disease, and non-alcoholic 

fatty liver disease (Fuster et al., 2016).  
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        In obese patients, it is said that the white adipose tissue (WAT) becomes abnormal and has 

a dysfunctional fat storage, i.e., excessive fat depot expansion. The adipose tissue depot 

expansion can be a critical reason for the onset of metabolic syndromes in obesity. There are 

two ways of the fat depot expansion, one is through hypertrophy, an enlargement of the 

adipocytes in volume, the other is through hyperplasia, an increase in adipocyte number (Longo 

et al., 2019; Q. A. Wang et al., 2013). Also once the adipocytes exceed their capacity to store 

the fat, it can induce the ectopic fat deposition into the other tissues, for example in liver, kidney, 

skeletal muscle and heart (Longo et al., 2019; Ye et al., 2019). This term is defined as 

“lipotoxicity”, a possible mechanism leading to IR. Also, the dysfunctional WAT can lead to a 

low grade, chronic inflammation (also called as metabolic inflammation), accelerate 

macrophage infiltration into the adipose tissue, as well as adipocyte hypertrophy which might 

be deleterious to the β-cells of the pancreatic islets (Longo et al., 2019). And the destruction of 

the ß-cells can lead to the insufficient insulin production and diabetes. It is said that anyone 

who is overweight or obese might have certain level of IR, and the insulin production is not 

matching to the level of IR in individuals with T2DM (Al-Goblan et al., 2014). 

Hyperinsulinemia can develop in T2DM due to the IR.  Lack of insulin, or its insufficient 

production, or the presence of IR despite hyperinsulinemia can cause the elevation of fatty acids 

in plasma, prevent cellular glucose uptake in the muscles, and increase the production of hepatic 

glucose (Al-Goblan et al., 2014). This condition manifests in T2DM. T2DM today is considered 

as an incurable, severe chronic metabolic disease. The typical symptoms of T2DM are increased 

thirst and hunger, frequent urination, and hyperglycemia. Besides, individual with T2DM might 

have high risk of both microvascular complications and macrovascular complications 

(DeFronzo et al., 2015; Wabitsch et al., 2004).  

        The link between obesity and T2DM we have discussed in the previous paragraphs. As we 

already know, there is an increased prevalence of childhood obesity. Also, the recent studies 

point out that T2DM among obese children and adolescents of Caucasian origin living in 
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Europe has an increased prevalence, hence screening diabetes in severe obese children and 

adolescents has become a routine in the pediatric practice  (Wabitsch et al., 2004).  

 

 

1.2  Adipose tissue 
 

Adipose tissue is traditionally recognized as a passive reservoir of energy 

storage site, but nowadays it is also proved to be an endocrine organ. The 

adipose tissue affects metabolic health of other organs. 

 

1.2.1 General overview  

 

 

Adipose tissue  plays an essential role in the metabolic regulation (Rosen & Spiegelman, 2014). 

In a traditional view of the lecture books of the 19th and 20th century, adipose tissue was only 

recognized as an energy reservoir. It stores triglycerides as energy source, and elaborates free 

fatty acids during fasting (Rosen & Spiegelman, 2014). But in the late 1980s, scientists 

identified that the adipose tissue also can function as a major site for hormone production and 

endocrine regulation (Siiteri, 1987). Nowadays we know that adipose tissue plays a key role as 

an endocrine organ that can be a critical player in regulating the systemic metabolism by 

providing and secreting plenty of hormones, such as adipsin, leptin, adiponectin, ghrelin and so 

on, as well as cytokines, like interleukin-6 (IL-6) or tumor necrosis factor α (TNFα).  

        In general, adipose tissue was categorized into two developmental and functional subtypes: 

white adipose tissue (WAT), and brown adipose tissue (BAT). Though they are mainly 

composed from adipocytes, the morphologies and functions of them are rather different. 

Adipocytes can be subdivided into white adipocytes and brown adipocytes as they differentiate 

from different progenitors.  
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1.2.2 White adipose tissue: organ of lipogenesis and lipolysis 

 

WAT contains mainly white adipocytes, as the most abundant cell type. Besides that, WAT 

also contains preadipocytes, epithelial cells, fibroblasts, leukocytes, including macrophages 

(Esteve Ràfols, 2014). WAT is mainly used for lipid storage and plays a role as an energy 

supplier in mammals, in the meantime it also functions as an endocrine organ for secreting the 

adipokines for helping the energy balance in the body. WAT can be further divided into two 

subtypes, the subcutaneous WAT and the visceral WAT. This classification reflects to the gross 

anatomical location of the fat depots. The subcutaneous WAT is considered to be heterogeneous 

and has mature unilocular adipocytes as well as many small multilocular adipocytes, while the 

visceral WAT mainly contained the larger unilocular adipocytes as a more uniform tissue 

(Berry et al., 2013). The subcutaneous WAT presents mainly in the gluteofemoral, back, and 

anterior region while the visceral WAT is mainly located in mesentery and omentum in human 

(Liu et al., 2020). But in different species, the location of the visceral WAT might be different, 

for example, in human, the visceral WAT can accumulate in the omentum, while in rodents, 

there is a visceral WAT depot accumulated in the epididymal region, which does not exist in 

human (Rosen & Spiegelman, 2014). Beyond these reginal distinctions, the functions of the 

different adipose tissue depots are also different, for example, the rate of lipolysis and the 

secretion of adipokines are variable among the different adipose tissue depots. When comparing 

the subcutaneous WAT and the visceral WAT, it is obvious that the subcutaneous WAT has 

higher metabolic rate in terms of lipogenesis and lipolysis. Also the subcutaneous WAT has a 

higher secretion rate of adipokines, for example, leptin is predominately secreted in the 

subcutaneous WAT (Fain et al., 2004; Khan & Joseph, 2014). Though the reasons behind all 

these are not fully understood, there are at least two possible explanations: 1) different adipose 

tissue depots might have different innervation and  unique circulation system; 2) there are cell 

autonomous mechanisms to sustain the consistence of the adipose tissue depots (Rosen & 
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Spiegelman, 2014). For example, preadipocytes isolated from distinct fat depots sustain their 

depot-specific traits, since they sustain their depot-specific transcriptional profiles (Macotela et 

al., 2012; Rosen & Spiegelman, 2014; Tchkonia et al., 2013). 

        Lipogenesis and lipolysis are the basic functions of WAT. A diet rich in the carbohydrate 

can lead to lipogenesis and fat storage, while the fasting process can inhibit the lipogenesis, and 

instead increase the rate of lipolysis and reduction of fat mass (Kersten, 2001). Glucose in the 

plasma is used as substrate for fatty acid synthesis since glucose can be converted into acetyl-

coenzyme-A, which fuels lipid synthesis. Glucose can upregulate the expression of lipogenic 

genes inside adipocytes, such as peroxisome proliferator-activated receptor gamma (Pparg) and 

sterol regulatory element-binding protein 1 (Srebp1).  Glucose can enhance the secretion of 

insulin for stimulation of lipids synthesis (Kersten, 2001).  

        Lipogenesis is regulated by hormones like insulin, leptin, adrenaline, and others. Insulin 

can help for increasing the uptake of glucose as well as activate the lipogenic and glycolysis 

enzymes (Kersten, 2001). Leptin, on the other hand, can inhibit the lipogenesis by inhibiting 

SREBP1 and increase the release of glycerol from adipocytes (Kim et al., 1998). Besides, 

neuropeptide FF (NPFF) can help to regulate the appetite and reduce the food intake, thus it 

might indicates a reduction of glucose in the plasma and therefore inhibits the lipogenesis in 

adipocytes (Lin & Chen, 2019; Waqas et al., 2017).  

        Lipolysis, on the other hand, helps to break down the triacyclglycerols into glycerol and 

fatty acids to provide free energy during the fasting and energy saving process. The 

triacyclglycerols are catabolized through lipolysis by 3 main lipases: adipose triglycerides 

lipase (ATGL), hormone sensitive lipase (HSL), monoacylglycerol lipase (MGL). There are 

two types of lipolysis. One is mainly dominated by the ATGL, which is so-called basic lipolysis, 

the other one is called catecholamine-induced lipolysis with the HSL playing a main role. And 

in obese patients, the basic lipolysis level is increasing while the catecholamine-induced 

lipolysis is decreasing, thus it is a primary deficiency in obesity (Langin et al., 2005).  In lean 
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people, the balance between lipogenesis and lipolysis is not disrupted, while in obese patients 

there are disturbances in both lipogenesis and lipolysis (Saponaro et al., 2015).    

 

Figure 1.1. Mouse adipose tissue distribution (A) and human adipose tissue distribution 

(B). In mouse, white adipose tissue which is mainly distributed in the subcutaneous region is 

given the name subcutaneous white adipose tissue while the others locate in the mesenteric, 

perirenal and perigonadal region are called visceral white adipose tissue. Brown adipose tissue 

in general is located in the intrascapular region. In human, white adipose tissues are mainly 

distributed in the femoral subcutaneous, upper body subcutaneous as well as mesenteric and 

omental regions. However, there are also ectopic accumulation of the WAT in liver, bone, and 

muscle. Unlike in mouse, the brown adipose tissue is absent in human adults. Figure is reprinted 

and adapted by permission from Elsevier (Tchkonia et al., 2013). 

Reprinted from Cell Metabolism, 17(5), Tamara Tchkonia, Thomas Thomou, et al., Mechanism 

and Metabolic Implications of Regional Differences among Fat Depots, 644-656, 2013, with 

permission from Elsevier. 

 

1.2.3 Brown adipose tissue and thermogenesis        

 

BAT, another form of adipose tissue, plays a different role. Instead of playing a role in energy 

storage, it dissipates ATP as heat and is mainly used for the non-shivering thermogenesis to 

maintain the core body temperature. By burning the lipids via a high level of uncoupling protein 

1 (UCP-1), it can protect from hypothermia in mammals, albeit this role is negligible in adult 

human (L. Luo & Liu, 2016). BAT is hence a thermogenic (heat-generating) adipose tissue. 
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        Brown adipocytes have plenty of mitochondria inside their cytoplasm. Compared to white 

adipocytes, brown adipocytes do not have a unilocular lipid droplet inside the cell, instead they 

have several small lipid droplets scattered in the cytoplasm. For this reason, the brown fat cells 

are often called as multilocular fat cells. And in general, brown adipocytes are smaller in 

diameter than the white adipocytes (Rosell et al., 2014). 

        BAT is located in the intrascapular region in rodents and some other mammals (Cypess et 

al., 2009; Sacks & Symonds, 2013; F. Zhang et al., 2018).  Fat depots in the region extending 

from the anterior neck to the thorax in human are considered to be BAT. BAT is present in 

rodents throughout the whole life, while in human, the BAT mainly appears during infancy and 

childhood but not in adolescents and adults (Cannon & Nedergaard, 2004). However, it is 

estimated that even as little as 50g of the BAT can give  20% of the daily energy expenditure 

in an adult human (Cypess et al., 2009; Rothwell & Stock, 1983).  Although less is known about 

the adipokines secreted by BAT, it is said that BAT can secrete brown adipokines in the form 

of peptide and non-peptide molecules as well as miRNA and lipids (Villarroya et al., 2019; 

Villarroya, Gavaldà-Navarro, et al., 2017). All these mediators are involved in the control of  

BAT thermogenesis (Villarroya, Cereijo, et al., 2017). 

        It is said that the BAT is mainly present during the infancy for maintaining the core 

temperature of the infants (Lidell, 2019). But evidence shows that in adults there is also BAT 

accumulation, though compared to the infants might be just limited amounts (Gilsanz et al., 

2013; Sacks & Symonds, 2013). Moreover, recent studies show that what was considered as 

BAT in human, is more similar to the murine beige adipose tissue (BeAT), and BeAT shares 

the developmental origin with WAT, but has a function similar to BAT (Cypess et al., 2009; 

Saito et al., 2009; van Marken Lichtenbelt et al., 2009; J. Wu et al., 2012).  
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1.2.4 Beige adipose tissue: shares origins with WAT, and functions as BAT 

 

Traditionally, it is considered that there are only two forms of adipose tissue, the WAT and the 

BAT, as we already briefly discussed above. But there is also another form of adipose tissue, 

the so-called beige adipose tissue (BeAT). Beige adipose tissue (BeAT), though it has the 

similar function with the BAT, it shares its ontogeny with WAT. The beige adipocytes are 

mainly derived from the white adipocytes precursors (Kaisanlahti & Glumoff, 2019). As we 

already described above, WAT plays an important role in storing extra energy, insulation and 

protection as well as acting as an endocrine organ for secreting numerous adipokines. BAT is 

mainly recognized as a thermogenic organ. BeAT itself can also act like the BAT for 

maintaining body core temperature via the uncoupling process of the mitochondrial respiration 

by the uncoupling protein-1 (UCP-1). This allows BeAT to dissipate heat instead of producing 

ATP. BeAT adipocytes share similarity in morphology with brown adipocytes, for example, 

they have multilocular lipid droplets and dense mitochondrial network. 

        How the beige adipocytes considered to be another kind of adipocytes is intriguing. The 

theories regarding the origin of the beige adipocytes consider that the beige adipocytes might 

be a transitional form from the mature white adipocytes but also, they might differentiate from 

the white-, or brown adipocyte precursors (Kaisanlahti & Glumoff, 2019). White adipocytes 

can be converted into heat-generating beige fat cells, in the so-called “adipocyte browning” 

Cold stress and certain chemical stimuli, for example, activators of the β3-adreneric receptor 

(β3AR) can stimulate the expression of UCP1, via the cAMP, p38 mitogen-activated protein 

kinase (p38 MAPK) and protein kinase A (PKA) (Cao et al., 2001; Jiang et al., 2017). 

Stimulation of the β3-adreneric receptor happens through secretion of catecholamines through 

sympathetic nerve terminals and the adrenal glands (Tamucci et al., 2018; Zhou et al., 2018), 

Beige adipocytes may be a special form of white adipocytes. However, the gene expression 

pattern in beige adipocytes are found to be different from the white adipocytes, which  indicates 
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that the beige adipocytes should be considered not just as a trans-differentiated form of white 

adipocytes and also not identical with brown adipocytes (J. Wu et al., 2012).  

        Still, the beige adipocytes share characteristics of both brown adipocytes and white 

adipocytes. Their gene expression profile is more similar to the white adipocytes since they 

have similar adipogenesis level and express the same adipocyte-specific markers like Pparg (J. 

Wu et al., 2012) as well as the same level of Ucp1 in absence of cAMP stimulation (J. Wu et 

al., 2012). But once stimulated by cAMP, beige adipocytes can have a robust up regulation in 

their Ucp1 transcription (J. Wu et al., 2012), thus indicating a higher thermogenesis activity 

similar to brown adipocytes.  

Altogether, in human, BeAT is relevant only  in infancy, however, transformation of 

WAT into BeAT  has therapeutic potential (J. Wu et al., 2012). Since human “brown” fat cells 

are actually beige fat cells, there is a potential of differentiating white fat cells into beige cells 

to reduce obesity (Lizcano, 2019; Singh et al., 2020). This “browning” or “beiging” of white 

adipocytes into beige adipocytes might be an effective therapeutic method for spending the 

extra energy stored inside the adipocytes (Lizcano, 2019). By effective burning the lipids, it 

might help to reduce the size of the adipocytes. WAT transformation into BeAT might only 

exist in lean people instead of obese patients, which might be contradictory to what the scientists 

initially thought (Carey et al., 2013; Rosenwald & Wolfrum, 2014). 

 

1.2.5 Adipose tissue development and adipogenesis 

 

How to maintain a healthy adipose tissue environment becomes a critical strategy for avoiding 

the onset of obesity. As it is described before, adipose tissue nowadays is thought to be the 

largest endocrine organs inside the body since it can control and regulate many necessary 

biological functions like appetite, glucose homeostasis and insulin sensitivity, fertilization, 

body core temperature (Berry et al., 2013).         
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Adipocytes are differentiated from the pre-adipocytes. And different types of adipocytes 

also have their respective pre-adipocytes. In general, the pre-adipocytes are majority 

differentiated from mesenchymal stem cells. The brown pre-adipocytes are mainly derived 

from Myf5+ myotomal precursors while the white pre-adipocytes are mainly derived from 

Myf5- myotomal precursors (Rosenwald & Wolfrum, 2014). The master regulator of 

adipogenesis is the transcription factor PPARγ (Lefterova et al., 2014). It can activate the genes 

necessary for stimulating the lipid uptake and adipogenesis in adipocytes. It helps insulin 

sensitivity for improving the lipogenesis and maintaining the glucose homeostasis (Sugii et al., 

2009).  

         In infant, the beige adipocytes are considered to be the dominant adipocytes in the 

subcutaneous region (Ikeda et al., 2018). The beige adipocytes share the same origin, the Myf5- 

progenitors, with the white adipocytes (A. Park, 2014), though they express different genes 

profiles like expressing specific beige genes such as Ppargc1a, Tmem26, Dio2, Cox7a1, Ucp1, 

Cidea (Roh et al., 2018). For the beige adipocyte development, the important regulator might 

be the PGC1α, since it is the master regulator for the mitochondria biogenesis (Dabrowska et 

al., 2015). Beige adipocytes, compared to the brown adipocytes, express lower amounts of 

UCP-1, but they can be induced for energy expenditure by dissipating the mitochondria 

respiratory chain to generate heat by certain chemical signals like cytokines, IL-6, IL-4. Thus, 

it suggests an idea that the immune system and immune cells like macrophages, mast cells, 

eosinophils can contribute to maintain the heat generation in the adipose tissue (Fang et al., 

2020; Vohralik et al., 2020).  

It also suggests that in early development during the infancy, the premature immune 

system might develop together with the adipose tissue metabolic functions in order to regulate 

the thermogenesis as well as the energy homeostasis (J. C. Yu et al., 2018). Interaction of the 

metabolism and the immune system may begin during infancy. Thus, to understand the beige 
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adipose tissue development during the infancy might help us to make strategies to prevent the 

childhood obesity.  

 

1.3  Role of macrophages in obesity and type 2 diabetes 
 

Adipose tissue macrophages play an important role in regulating the 

homeostasis of the adipose tissue. For example, a pro-long inflammation can 

have negative effect on the adipose tissue, can cause the insulin resistance in the 

adipose tissue, induce the obesity and type II diabetes mellitus. 

 

1.3.1 Macrophages and immunometabolism 

 

Macrophages are defenders of the body, key cells of the innate immune system (Varol et al., 

2015).  In human immune system, when the pathogens invade the body, macrophages are the 

first to interact with them and neutralize them. In this process, they can discriminate the 

intruders from the own cells. Besides, they also involve in maintaining tissue integrity and 

homeostasis (Jain et al., 2019; Lavin & Merad, 2013). As macrophages can interact with the 

parenchymal and stromal cells in metabolic organs like liver, pancreas, adipose tissue, the 

interaction between them can mark and adapt the changes to the environment as well as the 

nutrient changes (Man et al., 2017). A basic function of macrophages is phagocytosis(Aderem 

& Underhill, 1999; Jain et al., 2019). Macrophages can ingest not only invaders like bacteria, 

virus but also apoptotic cells and tumor cells (Jain et al., 2019). By fighting against the 

pathogens and clearance of apoptotic cells they can secrete cytokines and mediators like 

interleukin 6 (IL-6), tumor necrosis factor α (TNFα), which can trigger the autocrine activation 

of macrophages and recruit immune cells (e.g., T lymphocytes, B lymphocytes) involved in 

adaptive immune response accompanying a pro-inflammatory reaction (Duque & Descoteaux, 

2014; Luis Muñoz-Carrillo et al., 2019). Furthermore, via digestion of the pathogens, 

macrophages can present the foreign antigens to the T lymphocytes in order to amplify the 

adaptive immune response (Guerriero, 2019). 
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        However, an insufficiency of macrophages clearance of pathogens or own cell debris 

might cause a prolonged and chronic inflammation, which however can in return further 

damage the surrounding tissues and result in metabolic diseases, for example, T2DM or 

autoimmune diseases (Ying et al., 2020).  

        As the activation states and functions of macrophages are rather complex, and 

macrophages play an essential role as important guardians as well as regulators to the human 

body (Wynn & Barron, 2010), to understand how macrophages work is necessary for 

maintaining human and animal body in a healthy state.  

 

1.3.2 Polarization of macrophages 

 

Today, the activation states – or polarization states – of macrophages can be classified into two 

principal categories. One is the classical activation state (M1), and the other is alternative 

activation state (M2). The M1 state is mainly triggered by the bacterial component like 

lipopolysaccharides (LPS), and cytokines, such as interferon γ (IFNγ) and TNFα 

(Parameswaran & Patial, 2010; C. Wu et al., 2014; T. T. Wu et al., 2009). IFNγ is mainly 

produced by the T lymphocytes, natural killer (NK) cells and also possibly macrophages 

themselves. INFγ itself cannot kill the pathogens ingested by macrophages, but it can play a 

role as a signal amplifier to enhance the ability of macrophages killing pathogens. Thus, it 

primes the macrophages in the M1 state. LPS, also known as endotoxins, is mainly found in the 

outer membrane of Gram-negative bacteria. It is considered as a strong immune response 

trigger for a long time (Sampath, 2018). When macrophages are polarized into the M1 state, 

they can produce inflammatory cytokines like IL-6, TNFα and so on. Besides producing the 

cytokines, the M1 state macrophages can generate the inflammation during the activation state 

(Atri et al., 2018). At first, it helps to erase the pathogens, but a prolonged inflammation is 

harmful to the human body as it may damage the own healthy tissue as well (Lawrence & Gilroy, 
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2007). Thus, recent studies have shown that too much inflammation can cause IR, which can 

further lead to T2DM, additionally other autoimmune diseases and atherosclerosis are related 

to the overwhelming of M1 state macrophages (Ma et al., 2019; Olefsky & Glass, 2009; 

Shoelson et al., 2006). 

         Apart from the M1 state, macrophages can also be polarized into an alternative 

activation state (M2), comparing to the M1 state called as an anti-inflammatory state (Roszer, 

2015). The M2 state is mainly activated by interleukin 4 (IL-4) or interleukin 13 (IL-13). In M2 

state, macrophages play a different role in humoral immunity and wound healing comparing to 

the M1 state, which mainly kills the pathogens and generates inflammation (Martinez & Gordon, 

2014; Roszer, 2015). The IL-4 and IL-13 can upregulate the expression of various anti-

inflammatory mediators and tissue-regenerating alongside with promoting wound healing and 

granuloma formation (Gordon & Martinez, 2010). The M2 macrophages produce less pro-

inflammatory cytokines and the toxic oxygen-, and nitrogen radicals (Virág et al., 2019).  

         However, a dysregulated M2 state can also cause diseases, like tissue fibrosis, allergy 

and can increase tumor growth (Hao et al., 2012; Roszer, 2015; Suzuki et al., 2017; Wynn & 

Vannella, 2016). Hence, the balance between the M1 and M2 state is important for the 

maintenance of the adipose tissue physiological homeostasis. 

 

1.3.3 ATMs, obesity and insulin resistance 

 

The macrophages inside the adipose tissue are tissue resident macrophages, or can be transient, 

monocyte-derived macrophages (Röszer, 2018). They are given the name adipose tissue 

macrophages (ATMs). ATMs play an important role in maintaining the homeostasis of the 

adipose tissue (Boutens & Stienstra, 2016). They can help the adipose tissue for fighting against 

the pathogens like bacteria and viruses in the adipose tissue environment as well as clear the 

apoptotic cells. However, ATMs can cause a severe metabolic inflammation (Amano et al., 
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2014) or induce tissue fibrosis (Li et al., 2020).  When activated, ATMs might secrete an 

overload of cytokines like IL-6 and TNFα which in turn cause damage to the adipose tissue and 

can lead to IR (Chen et al., 2015; Ellulu et al., 2017).  

In obese individuals, the adipocytes show hyperplasia and hypertrophy (Jo et al., 2009). 

These might induce an infiltration of the macrophages into the adipose tissue as well as ATMs 

accumulation via proliferation and generate a chronic low-grade inflammation. In turn, the M1 

macrophages continuously secrete IL-6 and TNFα, which can in long term impair the insulin 

sensitivity and also induce adipokine dysregulation in the adipose tissue (Unamuno et al., 2018). 

It might be a therapeutic way to polarize the macrophages into M2 state, the alternative and 

here anti-inflammatory state, which might help to reduce the metabolic inflammation (Poltavets 

et al., 2020). 

Studies show that once exposure to the cold environment, the alternative adipose tissue 

macrophages (M2 ATMs) was promoted and induced by interleukin-4 (IL-4). With the help of 

eosinophils and type 2 cytokines, the beige fat development can be induced and sustained by 

M2 ATMs (Qiu et al., 2014). Moreover, it was initially thought that M2 ATMs release 

catecholamines (K. D. Nguyen et al., 2011). Catecholamines induce adaptive thermogenesis (Y. 

Luo et al., 2017; K. D. Nguyen et al., 2011; Qiu et al., 2014). Also, the adiponectin can enhance 

the M2 phenotype in the adipose tissue and help to regulate the maintenance of beige adipocytes 

for energy expenditure, thus can help for reducing the onset of obesity (Hui et al., 2015). 

However,  recent studies show that ATMs do not synthesize catecholamines, (Fischer et al., 

2017; Skuratovskaia et al., 2020). Hence, the role of the M2 ATMs in maintaining the beiging 

phenotype of adipose tissue is still unclear.  
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1.4  The possible metabolic role of NPFF  

 

1.4.1 Neuropeptides  

 

According to the definition, neuropeptides are small proteins (or categorized as small peptides 

as they normally only contain several amino acids) produced by neurons and many of them act 

through G-protein coupled receptors. In most cases, their effect has a slow onset, but it is long-

lasting at the synaptic transmission. Some of them can function either as neurotransmitter or 

hormone (Hökfelt et al., 2000). The families of neuropeptides and their receptors provide 

information for the phyletic relationships and evolutionary processes (Hoyle, 1999). Besides, 

neuropeptides are targets for drug development. 

 

1.4.2 The RF-amide peptide family         

 

One family of neuropeptide is called the RF-amide peptides, as they share the common structure, 

having a carboxyl-terminal arginine and an amidated phenylalanine motif (Findeisen et al., 

2011).  RF-amide peptides can be further divided into 5 subgroups, like the neuropeptide FF 

(NPFF) group (including NPFF and NPAF), the gonadotropin-inhibitory (GnIH) group 

(including NPVF and NPSF), the 26RFa group (including 26RFa and 43RFa), the 

kisspeptin/metastin group (including kisspeptin 54, kisspeptin 14, kisspeptin 13 and kisspeptin 

10) and the prolactin-releasing peptide group (including PrRP31 and PrRP20) (Findeisen et al., 

2011). The first identified RF-amide peptide was isolated in 1977 in the invertebrate 

Macrocallista nimbosa and recognized as a cardioexcitatory peptide (Price & Greenberg, 1977).  

        In general, this RF-amide peptide family presents a multiligand and multireceptor system, 

which indicates that several ligands can be recognized by one G-protein coupled receptor and 
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also one ligand can interact with several receptors in one family (Findeisen et al., 2011). This 

might lead to a complex overlap of RF-amide functions.  

 

1.4.3 NPFF: structure and function 

 

        Neuropeptide FF (NPFF) was first isolated in bovine brain in 1985 and with neuropeptide 

AF (NPAF) were recognized as the first mammalian RF-amide peptides (Yang et al., 1985). 

The sequence of NPFF is Phe-Leu-Phe-Gln-Pro-Gln-Arg-Phe-NH2. NPFF has pleiotropic 

functions, such as pain sensation, morphine tolerance, stress regulation, cardiovascular and 

neuroendocrine regulation (Änkö & Panula, 2005; Ayachi & Simonin, 2014; Jhamandas & 

Goncharuk, 2013; Lin & Chen, 2019). NPFF is abundant in the hypothalamic area and studies 

show that NPFF and its receptor system can help to maintain the physiological homeostasis of 

appetite control and energy balance (Lin & Chen, 2019). These atypical functions of NPFF give 

out a hint as a possible therapeutic candidate to cure the stress related disorders and obesity 

(Lin & Chen, 2019). 

        In human and mouse, NPFF comes from the hypothalamus as well as the from the 

peripheral nerves inside the adrenal gland. Also a recent study showed that the pancreatic islets 

can secrete NPFF and express Npff (Waqas et al., 2017). 

        Besides the functions mentioned above, recently it is reported that NPFF can also help 

to reduce the appetite in rodents by activating hypothalamic nuclei (Lin & Chen, 2019; Waqas 

et al., 2017). And the appetite control is critical in the onset of obesity and energy balance. Then 

it might indicate a role of NPFF in fighting against obesity. Data showed that in lean adults, the 

NPFF level in plasma is higher compared to the obese individuals both in mouse and in human 

(Waqas et al., 2017). Also, in intermittent fasting, the plasma NPFF is also elevated in human, 

and in response to caloric restriction in mouse (Waqas et al., 2017; H. Yu et al., 2019). Hence, 

the NPFF might play an important role in regulating metabolism. 



  19  

         What’s more, NPFF also has impact on the adipose tissue immunity. By binding to the 

NPFFR2, NPFF can increase the M2 ATM activation and improve the self-renewal of this 

subset of ATMs in the adipose tissue while inhibit the interferon-related inflammation in the 

adipose tissue. This might help to reduce the chronic low grade of inflammation within the 

adipose tissue (Sun et al., 2014; Waqas et al., 2017).  

         There are mainly two receptors detected for binding NPFF. They are neuropeptide FF 

receptor 1 (NPFFR1) and neuropeptide receptor 2 (NPFFR2). Both receptors are G protein 

coupled receptors and functioning through regulating cytoplasmic adenylyl cyclase. Both of the 

receptors are seven transmembrane receptors and coupled with Gi/o (T. Nguyen et al., 2020). 

According to this, NPFF binds to the receptors for inhibiting the adenylyl cyclase and reducing 

the production of cAMP. 

         The expression level of both receptors in different tissue are different, which might 

indicate a tissue specific function. For example, NPFFR2 is the major receptor expressed in 

ATMs while NPFFR1 is almost negligible in macrophages (Waqas et al., 2017). NPFFR1 in 

the other hand is more abundant in the adipocytes while NPFFR2 is almost missing from these 

cells (H. Yu et al., 2019).  

         We here would like to examine the function of NPFF on the adipocytes and in the early 

development of adipose tissue. We propose that the NPFF might also have function on 

regulating the immunity of the adipocytes by another signaling pathway different from the 

function on ATMs. 
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Figure 1.2. NPFF receptor 1 and NPFF receptor 2. Both NPFFR1 and NPFFR2 are both G-

protein coupled receptors. They both have 7 transmembrane domains. And with the help of the 

LOMETS server, we generated the possible models of them and from the first glance, they are 

quite similar. 
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1.5 Aims of the dissertation 

 

1.5.1 Identify the possible functions of NPFF in the adipose tissue development 

during infancy 

 

Plasma NPFF level is higher in the lean people than in obese individuals, which indicates the 

possible function of NPFF helping to fight obesity. Our previous study provided evidence that 

NPFF mitigates obesity-associated IR (Waqas et al., 2017). My first specific aim was to define 

whether NPFF has a similar role in the developing adipose tissue. Hence, I aimed to identify 

the possible functions of NPFF in regulating the healthy development of the adipose tissue 

during infancy.  

 

1.5.2 Study the role of ATMs in the infant adipose tissue 

 

During early infancy, there is already recruitment of ATMs to the adipose tissue. Hence, the 

ATMs might also play an important role in regulating the development of the adipose tissue. 

NPFF can help to maintain the M2 ATMs self-renewal, which can in a way help to reduce the 

inflammation inside the adipose tissue. As a continuation of a previous work of our laboratory, 

my study was focused on an NPFF-regulated gene, so-called Agmo or Tmem175. This gene 

product is the so-called alkylglycerol monooxygenase (AGMO), a partly characterized enzyme. 

In our previous work, AGMO was identified as a marker of M2 ATMs (Roszer, 2015; Waqas 

et al., 2017). My aim was to study further the function of this gene product and the role of NPFF 

in regulating its function.  
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1.5.3  Study the possible role of breast milk on the infant adipose tissue 

development and NPFF signaling 

 

It is known that AGMO catalyzes the breakdown of a unique ether lipid family, so-called 

alkylglycerols (AKGs) (Watschinger & Werner, 2013). Previous studies show that AKGs are 

present in breast milk (Qian et al., 2014; H. Yu et al., 2019; M. Zhang et al., 2013). Breast milk 

is considered to be one of the most important nutrition that infants can consume and easy to get. 

Since the breast milk contains lipids, it is plausible that some lipid species serve not only as 

nutrients, but also as lipid mediators. Lipid signaling is critical for the adipogenesis. We aimed 

to test whether AKGs can have such regulatory function in affecting the early development of 

the adipose tissue as the. Since the level of AGMO, a potential AKG-catabolizing enzyme is 

controlled by NPFF we raised the hypothesis that NPFF affects fat development through AKG 

metabolism.  
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2.  Materials 

 

2.1  Equipment 

 

 

Equipment Manufacturer 

BD LSR II (Flow Cytometer Analyzer) BD Bioscience 

Camera MC190 HD Leica 

Cell culture flask SARSTEDT 

Cell culture pump INTEGRA VACUSAFE 

Centrifuge 5424R Eppendorf 

Centrifuge 5810R Eppendorf 

EASY strainer™ 40μm-sterile  Greiner bio-one 

Eppendorf tubes 

(1.5ml, 2ml) 

Sigma-Aldrich 

Eppendorf® Combitips advanced® pipette tips, Biopur® 

grade 

Sigma-Aldrich 

Falcon tube  

(15ml, 50ml) 

SARSTEDT 

Incu-Shaker™ 10L  Benchmark 

Incubator Galaxy 170S New Brunswick 

Laminar flow hood  

Class II, Microbiology Safety Cabinet  

Thermo Fisher Scientific 

MicroAmp®Optical 96-wells reaction plate with barcode Thermo Fisher Scientific 

MicroAmp®Optical adhesive film Thermo Fisher Scientific 

Inverse microscope Leica 

Multiwell Plate with Lid  CytoOne 
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(6-well, 12-well, 24-well) 

Nanodrop 2000 Thermo Fisher Scientific 

Petri dish SARSTEDT 

Pipette boy (Easypet 3) Eppendorf 

PHOmo photometer PHOmo 

QuantStudio 3 Real-Time PCR Systems Thermo Fisher Scientific 

Serological Pipette  

(5ml, 10ml, 25ml) 

SARSTEDT 

Steril tubes (U shape) SARSTEDT 

Tissue culture dish 100X20mm CytoOne 

Water bath Julabo  

ViiA7 Real-Time PCR Systems Thermo Fisher Scientific 

Vilber Fusion FX6 Edge VILBER 

ZaehlK. Neubauer improved bright-line cell counting 

chamber 

BLAU BRAND 

 

2.2  Chemicals 

 

Chemical Supplier 

2-Propanol VWR 

Acetic acid Sigma-Aldrich 

Agarose Sigma-Aldrich 

Azelaoyl PAF Sigma-Aldrich 

Batyl alcohol  Sigma-Aldrich 

Bovine serum albumin (BSA) Sigma-Aldrich 

Bromophenol blue Sigma-Aldrich 
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Carbamyl PAF Sigma-Aldrich 

Chloroform VWR 

Chimyl alcohol  Nippon Surfactant Industries 

DEPC H2O Roth 

Dispase II (neutral protease grade II) from Bacillus 

polymyxa 

Roche  

Dulbecco’s Modified Eagle Medium F-12 Nutrient 

Mixture DMEM/F12 (1:1) (1X)+ GlutaMAX™-I  

Life technology gibco 

ECL Western Blotting Analysis System Amersham 

Ethanol Sigma-Aldrich Honeywell 

Ethidium bromide ThermoFisher Scientific 

Ethylenediaminetetraacetic acid (EDTA)  Sigma-Aldrich 

Farnesol Sigma-Aldrich 

Fetal Bovine Serum (FBS) Thermo Fisher Scientific 

Glycerol Sigma-Aldrich 

Glycin  Thermo Fisher Scientific 

Goat anti-rabbit IgG Invirtogen 

Hanks’ Balanced Salt Solution 10X Sigma-Aldrich 

Hanks’ Balanced Salt Solution 1X Sigma-Aldrich 

High-Capacity cDNA Reverse Transcription Kit Thermo Fisher Scientific 

Insulin Sigma-Aldrich 

Interleukin-4 Sigma-Aldrich 

Interleukin-6 Sigma-Aldrich 

JAK/STAT3 inhibitor ruxolitinib Cayman 

Kanamycin sulfate from Streptomyces Kanamyceticus Sigma-Aldrich 

LY315920 Cayman 
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LPCAT2 antibody Invitrogen 

Neuropeptide FF Tocris 

Nitrocellulose Blotting Membrane Amersham 

On-column DNase I Digestion Set  Sigma-Aldrich 

PAF C16:0 Cayman Chemicals 

PAF C18:0 Cayman Chemicals 

PAF C18:1 Cayman Chemicals 

Paraformaldehyde Sigma-Aldrich 

Penicillin-Streptomycin Sigma-Aldrich 

Peptone from Casein AppliChem 

Phosphate-buffered saline Sigma-Aldrich 

Polyinosinic:polycytidylic acid Sigma-Aldrich 

Potassium chloride  Fluka 

Potassium dihydrogen phosphate  Merck 

PPARγ inhibitor GW9662 Sigma-Aldrich 

PTAFR inhibitor SR27417 Sigma-Aldrich 

PureYield™ Plasmid Midiprep System Promega 

RPMI-1640 Medium with L-glutamine and sodium 

bicarbonate 

Sigma-Aldrich 

Rosiglitazone Sigma-Aldrich 

Selachyl alcohol  Nippon Surfactant Industries 

Sodium dodecyl sulfate Thermo Fisher Scientific 

Sodium chloride  Sigma-Aldrich 

Sodium hydrogen phosphate  Merck 

sPLA2 inhibitor 17277 Cayman 

STAT3 inhibitor cucurbitacin Cayman 
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Sybre Green Thermo Fisher Scientific 

TNFα Sigma-Aldrich 

TRI Reagent® Sigma-Aldrich 

Tris Sigma-Aldrich 

Trypan Blue  Sigma-Aldrich 

Trypsin-EDTA Solution 10X Sigma-Aldrich 

TSI-01 Cayman 

Xylene Cyanol FF Sigma-Aldrich 

Yeast extract  AppliChem 

 

2.3  Vectors 

 

Name Catalog No. 

 

pCMV6-Entry 

 

PS100001 

 

Mouse Agmo cDNA clone 

 

 

MR217983 

Mouse Lpcat2 cDNA clone MR218203 
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Figure 2.1 Schematic structure of the pCMV6-Entry Vector. Description of the pCMV6-

Entry Vector in 4.9kbp. The sequences illustrate the restriction enzyme cutting site in the 

pCMV6-Entry Vector. Figures are taken from Origen company. 

https://www.origene.com/catalog/vectors/mammalian-expression-vectors/ps100001/pcmv6-

entry-mammalian-expression-vector 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://www.origene.com/catalog/vectors/mammalian-expression-vectors/ps100001/pcmv6-entry-mammalian-expression-vector
https://www.origene.com/catalog/vectors/mammalian-expression-vectors/ps100001/pcmv6-entry-mammalian-expression-vector
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2.4  Primers for qPCR 
 

 

m-Bactin Fw. GCACCAGGGTGTGATGGTG 

Rev. CCAGATCTTCTCCATGTCGTCC 

m-Ucp1 Fw. CCTGCCTCTCTCGGAAACAA 

Rev. CTGTAGGCTGCCCAATGAAC 

m-Ppargc1a Fw. GACTCAGTGTCACCACCGAAA 

Rev. TGAACGAGAGCGCATCCTT 

m-Cox7a1 

 

Fw. ATGAGGGCCCTACGGGTCTC 

Rev. CATTGTCGGCCTGGAAGAG 

m-Cidea Fw. TACTACCCGGTGTCCATTTCT 

Rev. ATCACAACTGGCCTGGTTACG 

m-Dio2 Fw. GTCCGCAAATGACCCCTTT 

Rev. CCCACCCACTCTCTGACTTTC 

m-Tmem26 Fw. AAGAACTCGGGCTGGCAATC 

Rev. GCTCTTCCTTCACCCAGGTC 

m-Adrb3 Fw. GTCGTCTTCTGTGTAGCTACGGT 

Rev. CATAGCCATCAAACCTGTTGAG 

m-Lipe (m-Hsl)  Fw. AGCCTCATGGACCCTCTTCT 

Rev. AGCGAAGTGTCTCTCTGCAC 

m-Atg (m-Pnpla2)  Fw. ACTGAACCAACCCAACCCTT  

Rev. CGCACTGGTAGCATGTTGGA  

m-Olfr544 Fw. CCTTATTGTCTTTGACTGCAACAT 

Rev. TCGGTTGAAGATGCGAACAG 

m-Pparg Fw. GCCCTTTGGTGACTTTATGGA 

Rev. GCAGCAGGTTGTCTTGGATG 

m-Chpt1  Fw. TGTTCTGTGGATAGCAATGGTCA 

Rev. GTCAATATGCTTGTAAACCTGTT 

m-Cd206 Fw. GTTCACCTGGAGTGATGGTTCTC 

Rev. AGGACATGCCAGGGTCACCTTT 

m-Cd163 

 

Fw. GGCTAGACGAAGTCATCTGCAC 

Rev. CTTCGTTGGTCAGCCTCAGAGA 

m-Nos2 Fw. GAGACAGGGAAGTCTGAAGCAC 

Rev. CCAGCAGTAGTTGCTCCTCTTC 

m-Tnfa Fw. TGCCTATGTCTCAGCCTCTTC  

Rev. GAGGCCATTTGGGAACTTCT 

m-Il6 Fw. GCTACCAAACTGGATATAATCAGGA  

Rev. CCAGGTAGCTATGGTACTCCAGAA  

m-Arg1 Fw. CATTGGCTTGCGAGACGTAGAC 

Rev. GCTGAAGGTCTCTTCCATCACC 

m-Il4ra Fw. CACCTGGAGTGAGTGGAGTC 

Rev. AGGCAAAACAACGGGATG 
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m-Lpcat2 Fw. GTTGACCCTGACTCCCGAAAA 

Rev. TGGGATGAAGGCTCCTGGTT 

m-Pla2g2a Fw. AACTCCTGTCAGAAACGGCT 

Rev. GTTTTCTTGTTCCGGGCGAA 

m-Pla2g10 Fw. ACATCCTGTGTGGTGAGTGC 

Rev. TGGTCCACAAGGGTACAGGA 

m-Pla2g7 Fw. GAGCTAGTGTTGTGTGAGCCT 

Rev. CTGACTCCCGGATACCCAGA 

m-Agmo Fw. CTTTCTTAGGAGTTGACTTTGGCTACT  

Rev. TGTGCTGCCCAGAAAATATTAATC 

m-Npffr1 Fw. CCCCCGAGTCTGAACGAGA 

Rev. TAGTAGGAAGAGAAGGTGAGGCT 

m-Npffr2 Fw. CAGATTCCGCTGTGTGGTCT 

Rev. TCGCTCTCAGGGAATAGGCT 

m-mtNd1 Fw. GCTTTACGAGCCGTAGCCCA 

Rev, GGGTCAGGCTGGCAGAAGTAA 

m-mtNd5 Fw. GGCCCTACACCAGTTTCAGC 

Rev. AGGGCTCCGAGGCAAAGTAT 

m-mtCo1 Fw. TCAACATGAAACCCCCAGCCA 

Rev. GCGGCTAGCACTGGTAGTGA 

m-mtCytb Fw. TCCTTCATGTCGGACGAGGC 

Rev. AATGCTGTGGCTATGACTGCG 

m-12s Fw. ACACCTTGCCTAGCCACACC 

Rev. GTGGCTGGCACGAAATTTACCA 

m-16s Fw. ACACCGGAATGCCTAAAGGA 

Rev. ATACCGCGGCCGTTAAACTT 

m-Dloop Fw. AATCTACCATCCTCCGTGAAACC 

Rev. TCAGTTTAGCTACCCCCAAGTTTAA 

m-Ppia Fw. ATTTCTTTTGACTTGCGGGC 

Rev. AGACTTGAAGGGGAATG 

h-BACTIN  Fw. AGAGCTACGAGCTGCCTGAC 

Rev. AGCACTGTGTTGGCGTACAG 

h-AGMO Fw. CTGACCTTGACTTCCATTGGATT 

Rev. CAAGCAACGGAGAGTTTCCATA 

h-CCL2 Fw. CCTTCATTCCCCAAGGGCTC 

Rev. GGTTTGCTTGTCCAGGTGGT 

h-IL6 Fw. GAGCAGGCACCCCAGTTAAT 

Rev. ATTTGTGGTTGGGTCAGGGG 

h-ILR4 Fw. TTGCGAGTGGAAGATGAATG 

Rev. CTCCGTTGTTCTCAGGGATAC 

h-UCP1 Fw. TGGAATAGCGGCGTGCTTG 

Rev. CTCATCAGATTGGGAGTAG 
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2.5  Software  
 

Microsoft ®Word for MAC Office 365  

Microsoft ®Excel for MAC Office 365 for qPCR data analysis 

Adobe Illustrator CC 2018 for graphic editing  

GraphPad Prism 5.0 for graphic editing and statistics analyzation 

QuantStudio 3 Real-Time PCR Systems for qPCR experiments performance 

Autosoft 2.6 for photometric measurement 

EvolutionCapture for performing Western Blot image development 

LOMETS server and Chimera for the protein structure construction 

BGISEQ-500 platform by BGI Genomic Services for NGS data analyzation  
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3. Methods 

 

3.1  Animal and human samples 

 

3.1.1 Animal samples 

 

All the animal experiments were approved by the local ethical committees and under approved 

conditions of the animal facility of Ulm University. Animals were euthanized in accordance 

with the regulations of the animal facility at Ulm University and of the EU-Directive 

2010/63/EU documented in Annex IV. Here we use the C57BL/6 male mice (Charles River 

Laboratories) and CD1 mice (CLEA Japan Inc.) for conducting this study. For treatments we 

used alkylglycerols (AKGs) dissolved in AKG-free sterile olive oil and by oral administration, 

the mice were treated daily with AKGs or vehicle. To induce the obesity, we used a high fat 

diet (HFD) (Waqas et al., 2017), also the AKGs were provided to the treatment group. To 

deplete ATMs, here we used intraperitoneal injection of clodronate-filled liposomes (Bu et al., 

2013). 

 

3.1.2 Human samples 

 

Leipzig Childhood Adipose Tissue cohort provided the subcutaneous inguinal adipose tissue 

from human infants, collected during elective surgery (ClinicalTrials.gov NCT02208141). 

Infants were assigned to breastfed or formula-fed groups after ROC analysis. Duration of 

breastfeeding counted as a percentage of age was used as a predictor variable, and the optimal 

cut-off for group assignment was estimated by means of the Youden index using the Optimal 

Cutpoints package of R software (www.r-project.org). For all children included in the study, 
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written informed consent was obtained from the parents. The human study protocols were 

approved by the ethics committees of the Leipzig University and the Ulm University. (H. Yu 

et al., 2019) 

 

3.1.3 Primary pre-adipocyte isolation, adipose tissue macrophages (ATMs) 

isolation and in vitro culture 

 

For isolating primary pre-adipocytes, we first euthanized the mice in a CO2 chamber. Then we 

carefully dissected the mice to take out the fat pad from the inguinal subcutaneous region. 

Carefully minced the tissues and digested them with digestion buffer (20mg collagenase P, 7ml 

1x HBSS, 3ml 7.5% BSA) for two hours at 37°C while shaking at 100rpm. From time to time, 

we took out the samples for checking the digestion process. Then we left the tube at room 

temperature and let the phases to be separated. We collected the upper phase into an Eppendorf 

tube for adipocyte analyzation and filtered the lower phase through the 50μm cell strainer into 

a new 50ml Falcon tube. Then we centrifuged the tubes for 10 minutes at 1500rpm. After that, 

we removed the supernatant and resuspended the cells with Dulbecco’s Modified Eagle’s 

Medium (DMEM) high glucose culture media (containing 10μg/ml insulin) and plated the cells 

into a cell culture plate. Finally, we put the plate into the 37°C CO2 incubator. We waited for 

2-3 days until the cells grow into 80% confluence and used the cells further. In the same 

procedure we collected the lower phase from each Eppendorf tube and filtered them through 

the cell strainer. At last, we centrifuged the falcon tube at 1500rpm for 10 minutes at 4°C. After 

centrifugation, we discarded the supernatant and resuspended the pellets with the Roswell Park 

Memorial Institute Medium (RPMI-1640 media) for culturing the ATMs. And to be noted, 

human ATMs were defined as CD68+, while mouse ATMs as F4/80+ and CD11b+. We 

performed the preparative cell sorting process as described (Rőszer et al., 2011). 
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3.2  Cell lines 

 

Cell culture is the basic technology of life science today. Different cell types require different 

cell culture media for maintaining and culturing. Here we used J774A.1 macrophage cell line 

from American Type Culture Collection (ATCC), 3T3-L1 cell line from ATCC. For culturing 

the J774A.1 cell line, we used the RPMI-1640 medium or Leibovitz media. For culturing the 

3T3-L1 cell line we used the DMEM with high glucose or Leibovitz media. 

 

3.2.1 Maintenance of the cell lines 

 

Before using trypsin to split the cells, we observed the flask under the microscope to check 

whether the cells confluence reaches approximately 70%-80%. In the meanwhile, we prepared 

the PBS, 10X trypsin and Leibovitz medium in the 37°C water bath for warming up.  

        When we started the cell splitting, first we removed the old medium and washed the 

bottom with 5ml pre-warmed PBS. We gently shook the flask and removed the PBS. After 

cleaning the rest of the medium, we add 5ml trypsin and incubated the flasks for 5 minutes at 

37°C. We checked the flask under a microscope to make sure the cells detached from the flask, 

agitated the cells when needed. Then we added 5ml media to neutralize trypsin and collected 

the whole cell suspension into a 50ml Falcon tube, centrifuged at 1200rpm for 3 minutes. After 

centrifugation, we removed the supernatant and added 5ml fresh media to resuspend the cell 

pellet. At last, we divided the cell suspensions in new flasks. Normally in a medium size cell 

culture flask, we added 9ml fresh culture media and 1ml cell suspension. 
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3.2.2 Cell counting and treatment 

 

To count the cell number and set the certain concentration of cells in a tissue culture plate, we 

used the Neubauer Chamber. One big square is 0.1cm x 0.1cm= 0.01cm2 and the depth between 

the cover slip and the chamber is 0.01cm. According to the information above, it indicates the 

counting volume of the big square is 0.01cm x 0.01cm2 = 0.0001cm3 = 0.0001ml = 0.1µl. After 

using counting the cell numbers in four big squares, we use the following equation to calculate 

the concentration of the cell suspension: 

 

“Concentration (cell/ml) =  
Number of cells x 10.000

Number of squares
"  

 

When the concentration was known, we placed the cells with certain number in the cell culture 

plate. Here we used 300.000 cells in 2ml cell culture media pro well for 6-well plate and 10.000 

cells in 1ml culture media pro well for 12-well plate. Then we incubated the plates overnight. 

       On the next day we changed the media and for the treatment we first added the respective 

chemicals into 2ml cell culture media before we pipette the media into the well.  

        The chemicals and their respective concentration used for this dissertation are described 

as following: BA (100nM), CA (100nM), SA (100nM) or an equimolar combination of the 3 

AKGs for in vitro assays, IL-6 (0.2ng/ml), TNFα (50pg/ml), IL-4 (10ng/ml), PAF C16:0 

(50nM), PAF C18:0 (50nM), PAF C18:1 (50nM), azelaoyl PAF (50nM), PTAFR inhibitor 

SR27417 (10nM), PPARγ inhibitor GW9662 (10μM), STAT3 inhibitor cucurbitacin I (500nM), 

JAK/STAT3 inhibitor ruxolitinib (280nM), farnesol (100nM), TSI-01 (0.5μM), LY315920 

(9nM), sPLA2 inhibitor 17277 (1nM), NPFF (1nM). 
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3.3  Real time quantitative polymerase chain reaction (RT-qPCR) 

 

Quantitative real time polymerase chain reaction (RT-qPCR) is a technique based on the PCR 

method (Heid et al., 1996a). The qPCR can use for detecting the physiological changes in the 

gene expression. By binding the molecules with the fluorescence dye, for example SYBR Green, 

it can real time detect and quantify the fluorescence signals emitted from the report molecules 

(VanGuilder et al., 2008). This method provides a quick and sensitive way to detect the changes 

of the mRNA level within the cells in response to specific treatments.  

 

3.3.1 Nucleic acid isolation 

 

3.3.1.1 RNA isolation 

 

There are several methods to isolate RNA, including using kits. Here in this dissertation, we 

used the TRIzol reagent (T9424) for isolating whole RNA from the cells, tissue, organoids 

samples. The TRIzol reagent method provides a quick, convenience way for separating the 

samples into RNA, DNA and proteins. Though normally it is mainly used for whole cell RNA 

isolation, once needed, it can also provide a simple way for isolating DNA as well as proteins. 

        We first added 1ml TRIzol reagent to each well of a 6-well plate and transfer to a clean 

1.5 ml Eppendorf tube. The TRIzol amount could be differ depending on the cell confluency 

and the size of the cell culture plate. After carefully lysis the samples, we added 200l 

chloroform into the samples based on the ratio 1:5 = chloroform:  TRIzol. Then we carefully 

shaked them upside down for 15 seconds and incubated the samples for 10 minutes at room 

temperature.  

         After the incubation, following a 12000xg centrifugation at 4 C for 15 minutes, we 

carefully took out the upper phase of the mixture and transferred it into another new and clean 
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1.5ml Eppendorf tube. For increasing the yield of the RNA, we prefer here to add 5l of 1g/l 

glycogen. We added same amount of 2-propanol respectively to the upper phase amount and 

mix them properly and incubated for 10 minutes in room temperature.  

         After the incubation, following a 12000xg for 15 minutes centrifugation at 4 C, we 

discarded the supernatant and washed the pellet with 1ml 70% ethanol by spinning for 5 minutes 

at 12000xg at 4 C for two times. After the centrifugation, we air-dried the pellet at room 

temperature for roughly 20 minutes. At last, depending on the size of the pellet we added 15-

25l of DEPC water into each sample. We performed the same procedures for isolating the 

RNA from the cell culture media, but here we used the TRIzol Reagent (T3934) for the isolation. 

We use 750l TRIzol Reagent for each 250l samples. The other steps remained the same.  

 

3.3.1.2 DNA isolation 

 

We here also used the TRIzol for sample DNA isolation. After adding the chloroform for 

isolating the samples into 3 phases and taking out the upper water phase, we added 300ml 100% 

ethanol per 1ml of TRI Reagent used in the sample preparation. Then we mix them carefully 

by inversion and incubated at room temperature for 5 minutes.  

        After the incubation, we centrifuged down the samples with 12000xg at 4°C for 5 minutes. 

Then we carefully removed the supernatant and wash the DNA pellet twice in 0.1M trisodium 

citrate, 10% ethanol solution. We used 1ml washing solution per 1ml TRIzol we used for the 

sample preparation. Each time after adding the washing solution, we first incubated the samples 

for 30 minutes and follow with 12000xg, 4°C, 5 minutes centrifugation.  

         We carefully removed the supernatant and then resuspend the DNA pellet with 75% 

ethanol. We incubated them in room temperature for 20 minutes and centrifuged them with 

12000xg, 4°C, 5 minutes. After that, we discarded the supernatant and air-dried the DNA pellet 
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in room temperature for 20 minutes. At last, we dissolved the DNA pellet with 100l 1x TE 

buffer and incubate the samples at 56°C for 20 minutes. This extra step could help the DNA to 

dissolve more efficiently in the 1x TE buffer. We performed the same procedures for isolating 

DNA from the cell culture media, but as TRIzol Reagent we use was TRIzol Reagent T3934. 

The other steps remained the same as described in this part.  

 

3.3.2 Nucleic acid concentration measurement 

 

We used the NanoDrop 2000 for measuring the RNA or DNA concentration. For RNA 

concentration measurement, we first added 1.5l of DEPC onto NanoDrop 2000 and used it as 

a blank. Then we loaded 1.5l of each sample on the NanoDrop2000 to determine the RNA 

concentration of the sample. We considered the ratio of 260/280 nm for determining the purity 

of RNA. The ratio of 260/280 nm should be around 2 for indicating pure RNA. For DNA 

concentration measurement, we first added 1.5l of 1x TE buffer onto NanoDrop 2000 and use 

it as a blank. Then we load 1.5l of each sample on the NanoDrop2000 to determine the DNA 

concentration of the sample. We consider ratio of 260/280nm for determining the purity of the 

DNA. The ratio of 260/280nm should be around 1.8 for indicating the pure DNA. 

 

3.3.3 Agarose gel for DNA/RNA quality check 

 

Firstly, we prepared 2% agarose gel in 1x TAE buffer and mixed them in oven. Then we let it 

cool down to room temperature and added 2.5l Roti®-GelStain Red per 50ml agarose gel 

solution. We cleaned the chamber with new TAE buffer and carefully poured the agarose gel 

on the chamber, waited until the polymerization of the gel to be finished.  
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            Secondly, we prepared the RNA samples for loading: 

Component 1x 

DNA/RNA sample 3l 

2x RNA loading buffer 5l 

DEPC H2O 2l 

Total volume 10l 

             

Lastly, we loaded the samples into the gel and run for 20-25 minutes at 120 volts and after the 

running phase, we checked the gel in the illuminator.  

 

3.3.4 Reverse transcriptase reaction and cDNA synthesis for RNA samples 

 

We put the RNA samples and high-capacity cDNA reverse transcription kit components on ice 

and prepared the master mixture as following described: 

Components 1x 

10x RT Buffer 2l 

25x 100nM dNTPs 0.8l 

10x RT Random Primers 2l 

MultiScribe Reverse Transcriptase 1l 

DEPC H2O 4.2l 

Total volume 10l 

 

        After knowing the concentration of RNA samples, we divided 1000/mean values to get 

RNA amount (l) that should be added in DEPC H2O to make a total volume of 10l. 

        We mixed the master mixture and the RNA samples in 0.2ml PCR reaction tube, here we 

got a total volume of 20l. Then we centrifuged the tubes and loaded them onto the thermal 

cycler. For the cDNA generation program, we used the following settings: 

Step Time Temperature 

Anneal 10 minutes 25°C 

cDNA synthesis 120 minutes 37°C 

Terminate reaction 5 minutes 85°C 
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        After the program finishes, we diluted the cDNA samples with DEPC H2O in the ratio 1:5, 

in such case, with 80l DEPC H2O. 

 

3.3.5 Quantitative real-time PCR 

 

Before using the primer of specific genes, we diluted the primer with DEPC H2O in a ratio 1:10 

from the primer stock solution. We prepared the cDNA samples, primers and Sybre Green on 

ice. Then we prepared the master mixture as described: 

Component 1x 

SYBR Green 5µl 

Primer forward 0.5µl 

Primer reverse 0.5µl 

DEPC H2O 1.5µl 

Total volume 7.5µl 

 

        Here we used a 96 well plate or a 384 well plate, and in each well 7.5µl of master mixture 

and 2.5µl of sample are added. After finishing loading the samples, we covered the plate with 

adhesive folie and fix it tight. The plate was centrifuged at 1500 rpm for 1 minute at 4°C. We 

set up the program as following described. The running phase was divided into three stages. 

After the program finished, we collected the data and exported the running data into an Excel 

file. 

Stage Time Temperature  Cycle 

Hold stage 2 minutes 50°C 1 Cycle 

 10 minutes 95°C  

PCR stage 15 seconds 95°C 40 Cycle 

 1 minute 60°C  

Melt curve stage 15 seconds 95°C 1 Cycle 

 1 minute 60°C  

 15 seconds 95°C  
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3.3.6 Quantitative real-time PCR data analysis 

 

For calculating the mRNA relative transcription rate, we used the ∆∆Ct relative calculation 

methods (Livak & Schmittgen, 2001). After finishing the qPCR, we got the Ct value of each 

reaction well. Ct means threshold cycle (Heid et al., 1996b). It indicated the cycle number at 

which the fluorescence signal crosses threshold, and a threshold means at which significant and 

specific amplification occurs (Heid et al., 1996b). 

        Since we used the relative calculation methods, we chose housekeeping gene β-actin and 

Ppia as our reference gene. The reference gene should remain stable expressed in both the 

control and the treatment condition.  

        As each sample should be measured in duplicates, we should calculate the mean value of 

the Ct for each gene, including the reference gene. Then we used the following formulas to 

determine the relative transcription of the target gene: 

∆Ct1 = Ct (Target gene in treatment) – Ct (Reference gene in treatment) 

∆Ct2 = Ct (Target gene in control) – Ct (Reference gene in control) 

∆∆Ct = ∆Ct1 – ∆Ct2 

Detected gene expression in treatment level =2(-∆∆Ct) 

        In order to quantify the relative expression level of nucleic acid in the cell culture media, 

we first performed the ∆Ct for calculating the relative abundance in the cell culture media. For 

the mtDNA, we used the EVs-depleted cell culture media as the reference while we used the 

Ppia as the reference gene for normalizing the mtRNA level. Here is the formular using for 

calculation: 

∆Ct1 = Ct (Target gene in treatment) – Ct (Reference gene in treatment) 

Expression level=2(-∆Ct) 

        After calculating the relative transcription, we used the Graph Prism 5.0 to perform the 

statistical analysis. Here the student T test, one-way ANOVA were used. 
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3.4  Western Blotting 

 

Since the first establish and description of Western Blot in 1979 (Towbin et al., 1979). Using 

Western Blot for protein detection is accomplished by 3 elements: 1. Protein separation by size 

using SDS-PAGE electrophoresis. 2. Protein transfer from the gel to a solid membrane. 3. 

Protein detection by using the specific antibody to mark them. (Mahmood & Yang, 2012) 

 

3.4.1 Cell lysis for protein extraction 

 

Here we used the Radio-Immunoprecipitation Assay (RIPA) buffer to lyse the cells or tissue 

samples. We first prepared the 1x RIPA buffer. The needed components are as following: 

50mM Tris Base, 150mM NaCl, 1.0% Triton X-100, 0.25% sodium deoxycholate, 1mM EDTA. 

Before using, for every 10ml of the 1x RIPA buffer we add 1 mini tablet of protease inhibitor 

and phosphatase inhibitor.  

        After the cell culture treatment was done, we discarded the cell culture media and added 

1ml cold, sterilize PBS to wash away the rest of the media before adding the RIPA buffer. In 

general, for the 6-well plate, we added 200µl RIPA buffer per well depending on the cell 

confluency. We used a scrapper to harvest the cells lysed in the RIPA buffer and transfered the 

sample into a clean 1.5ml Eppendorf tube. We stored the samples at -20°C. 

        As for the tissue samples, we added sufficient 1x RIPA buffer to the samples and 

homogenized the samples using ceramic beads.  
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3.4.2 Protein concentration determination 

 

We used the bicinchoninic acid assay (BCA assay) to determine the protein concentration. BCA 

assay is nowadays a common and popular used method for colorimetric detection and 

quantitation of total protein.  

        The BCA assay is based on the reduction reaction of Cu2+ to Cu+ by protein in an alkaline 

medium (Walker & Walker, 2003). This reaction is also known as biuret reaction. After the 

reduction of the cuprous cation, it binds to the BCA reagent which is a highly sensitive and 

selective colorimetric detection reagent and produces a purple color. Depending on the amounts 

of the proteins reducing the cuprous cation, the stronger the color indicates higher concentration 

of the proteins to be measured.  

        Here in this dissertation, we used the Pierce™ Rapid Gold BCA Protein Assay Kit for the 

protein determination. We made a series dilution of bovine serum albumin (BSA) to make a 

standard curve for later calculation of the unknown protein concentration. Here was the 

concentration series: 2mg/ml, 1.5mg/ml, 1.0mg/ml, 0.75mg/ml, 0.5mg/ml, 0.25mg/ml, 

0.125mg/ml, 0.025mg/ml, 0mg/ml. And we prepared the working reagent according to the 

protocol attached to the kit in the ratio Reagent A: Reagent B=50:1. After pipetting 20µl of 

each sample into the 96-well plate, we add 200µl working solution onto each sample and 

incubated the plated in room temperature for 5 minutes. We then measured the 96-well plate 

with the PHOmo photometer with the wavelength 492 nm.  After we measured the optical 

density (OD) of each well, we exported the data into an Excel file and calculated the protein 

concentration.  
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3.4.3 Protein samples preparation 

 

Once we know the protein concentration, we made all the samples into same amount of protein 

and at least 40µg is recommended. We used the 2x Laemmli sample buffer to dilute the samples 

into same volume. Then we denatured the samples at 95°C for 5 minutes. After denaturing, we 

stored the samples at 4°C. 

 

3.4.4 SDS-PAGE electrophoresis 

 

We used the BioRad Mini-PROTEAN® Tetra cell system to cast the 1.0mm thick gels. Due to 

the size of interested protein, the polyacrylamide concentration can be varied from 10% to 16% 

in the separation gel. The below table lists the ingredient for the separating gel. 

Separating gel: 

Chemical 10% 16% 

Distilled H2O 4ml 2ml 

Tris, 1.5M, pH8.8 2.5ml 2.5ml 

10% SDS 100µl 100µl 

Polyacrylamide 3.30ml 5.34ml 

10% Ammonium Persulfate 70µl 70µl 

TEMED 7µl 7µl 

         

        After pouring the separating gels into the glass chamber, we use 2-propanol to cover the 

gels for making the upper edge horizontal. Once the gels were polymerized, we poured off the 

2-propanol and washed the upper part of the gels carefully with the distill H2O. Then we 

prepared the stacking gels for loading samples.  The table below lists the ingredient needed for 

the stacking gel. 

 

 

 



  45  

Stacking gel: 

Chemical  

Distilled H2O 3.05ml 

Tris, 0.5M, pH6.8 1.25ml 

10% SDS 50µl 

Polyacrylamide 650µl 

10% Ammonium Persulfate 60µl 

TEMED 7µl 

 

        After overlaying the stacking gels onto the separating gels, we inserted the comb for 

creating sample loading chamber. We waited until the gels polymerize.  

        We prepared the chamber for SDS-PAGE electrophoresis. First, we poured the 1x SDS 

running buffer (25mM Tris, 192mM glycine, 0.1% SDS) into the chamber. Second, we loaded 

the samples and the Roti® -Mark PRESTAINED ladder into the gels. Third, we ran the gels 

first with 80V to let the samples accumulate. Until they reached the separating gels, we changed 

the voltage into 100V and ran the gels until the end. 

 

3.4.5 Western Blotting 

 

When the gels finished running, we carefully took out the gels and assemble the semi-dry 

blotting sandwich with 0.2µm nitrocellulose membranes for transferring the proteins to the 

membranes. We poured the 1x transfer buffer (25mM Tris, 192mM glycine, 200ml methanol 

per 1l transfer buffer, freshly added) into the chamber and ran at 300mA for 2 hours. For 

avoiding the heat generated, we put the blotting machine in an ice box and put the whole device 

in the cold room. 
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3.4.6 Protein detection 

 

Once the blotting step finished, we took out the membrane and used Ponceau S to check whether 

the protein has been successfully transferred to the membrane or not. If we saw bands after the 

Ponceau S staining, we washed the membranes carefully with 1x tris-buffered saline, 0.1% 

Tween 20 detergent (1xTBST) for a short time to get rid of the rest of Ponceau S.  

        We blocked the membranes with 5% skim milk (dissolved in 1x TBST) for 1 hour. After 

blocking, we washed the membrane in 1xTBST for 3 times, each time for 5 minutes. Then we 

cut membranes into small membrane strips referred to the molecular weight of the interested 

protein and incubated the membrane strips with the 1st antibody overnight. We stored the 

membrane strips at 4°C. 

        On the next day, we washed the membrane strips with 1xTBST for 3 times, each time for 

10 minutes. After washing, we put the 2nd antibody on the membrane strips and incubate them 

for 1 hour. Following 3 times washing with 1xTBST, each time for 15 minutes, we detected the 

membrane strips using Amersham™ ECL™ Western Blotting Analysis System under the 

western blot and chemiluminescence imaging system: Vilber Fusion FX6 Edge.  

 

3.5  Bacterial transformation for vector amplification 

 

We first bought the empty vector PS100001, Mouse Agmo cDNA clone vector or Mouse Lpcat2 

cDNA clone vector from OriGene Company. Then we used the molecular cloning method for 

amplification of the vectors.  

        We took 100μl Escherichia coli XL1-Blue cells in a 14ml round bottom tube. Took 2μl 

vector (0.1μg/l), carefully pipetted it into the 14ml round bottom tube and placed the tube on 

ice for 15 minutes for the mixture of the vector and bacteria. After finishing incubation, we 

placed the tube in the 42°C water bath for exact 45 seconds for heat shock. Immediately took 
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out and placed it back on ice for 5 minutes. Then we added 1ml LB media (10g/l Peptone, 5g/l 

Yeast extract, 5g/l Sodium chloride) and incubated in 37°C incubator with shaking speed 

220rpm.  

        After 1h incubation, took out the tube and centrifuged for 5 minutes with 4000rpm. Took 

out approximate 1ml supernatant and then suspended the pellet in the rest media and pipetted 

about 50μl transformed cell solution on an kanamycin agar plate (10g/l peptone, 5g/l yeast 

extract, 5g/l sodium chloride，15g/l agar, 50µg/ml kanamycin) and gently poured the plate. We 

incubated the plate at 37°C incubator for overnight culture. 

        After we got the clones the next day, picked up one clone of the plate with a pipette tip 

and put it into an Erlenmeyer flask containing 250ml LB media. We put the flasks in the 37°C 

incubator with 220rpm shaking for overnight culture. 

        On the other day we used PureYield plasmid midiprep system to extract the plasmid 

vectors from the bacteria. We used the NanoDrop2000 to measure the cDNA vector 

concentration. Here the measure samples should be dsDNA and the ratio of A260/280 should 

be around 2 to insure the purity of the vectors for further usage.  

 

3.6  Cell transfection and overexpression 

 

In order to overexpress AGMO or LPCAT2 in J774A.1 macrophage, we transfected the cells 

with mouse cDNA Agmo or Lpcat2 vector. We used the pCMV6-Entry empty vector as 

negative control. Here we use the attractene transfection reagent for cell transfection. 

        One day before cells transfection, seeding 300,000 cells per well in a 6-well plate. Each 

well containing 2ml RPMI media. We incubated the cells overnight in normal condition (37°C 

and 5% CO2).    
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        On the day for transfection, we first prepared the transfection complex including 1.2μg 

cDNA dissolved with serum free, antibiotic free RPMI media in a total volume of 100μl, then 

add 4.5μl attractene transfection reagent to the DNA solution. We incubated the transfection 

complex for 15 minutes in room temperature. In the meanwhile, we exchanged the media of 

the 6-well plate. At last, we added the transfection complexes in a drop wise into the cells as 

well as swirl the plate gently to make sure the transfection complex can distribute equally 

among the wells. We put the plate back to the incubator and incubated the cells for 2 days 

without any touch and media change. And after 2 days, the cells were ready for using. 

 

3.7  Phagocytosis assay 

 

Phagocytosis activity is a basic function of macrophages. In this thesis, we want to know 

whether the phagocytosis activity was affected by the AKGs or not. After AKGs treatment 

finished, we prepared the phagocytosis assay. Firstly, we change the media with serum free 

RPMI 1640 media with 1% penicillin/streptomycin to starve the cells for 2 hours. In the 

meanwhile, the red latex beads should be suspended in PBS. Secondly, we added the beads into 

the J774A.1 macrophage culture and incubated the cell culture plate for 2 hours. Also, we 

prepared one well for non-treated cells as negative control. Thirdly, we washed the J774A.1 

cells with PBS and used trypsin to split the cells. We collected the whole cells in a FACS tube, 

then we washed the cells again and resuspended the cells in 200µl selection buffer. Finally, we 

analyzed the percentage of the phagocytosis J774A.1 macrophage with FACS. 
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3.8  ELISA 

 

Enzyme-linked immunosorbent assay (ELISA) is using the specific binding between the 

antigen and antibody. It is quick and sensitive for protein detection. 

  

3.8.1 PAF ELISA 

 

We used the Mouse Platelet activating factor ELISA kit to test the production of PAF in 

macrophages and adipocytes.  

 

3.8.1.1  Samples and reagents preparation 

 

 First, we treated the cells with AKGs for 30 minutes, and then we collected the cell culture 

supernatant. Before we frozen them in -20ºC, we needed to centrifuge them down to get away 

the floating cells with the speed of 1500 rpm for 10 minutes. Second, we made the mouse PAF 

standard samples by adding 1.0ml double distilled water into mouse PAF lyophilized standard 

sample and mark label on tube 1, then made dilution into a series: 200ng/ml, 100ng/ml, 50ng/ml, 

12.5ng/ml, 6.25ng/ml, 3.12ng/ml. We made sure to mix them properly. Third, we prepared the 

biotinylated mouse PAF antibody liquid. By calculating how much we needed, we employed 

antibody diluent to dilute the concentrated biotinylate antibody (1:100). The antibody should 

be prepared 30 minutes before using and could only be used on the same day. Forth we prepare 

the color reagent by mixing the color reagent A and color reagent B in proportion of 9:1.  
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3.8.1.2 Experimental procedures 

 

We performed the experiment in room temperature. We set the blank wells. Then we first added 

the mouse PAF standard samples and the cell culture supernatant samples to corresponding 

wells, each well 100μl, 0ng/ml well should be filled with standard diluent. We sealed up the 

reaction wells with adhesive tapes and incubating them at 37 ºC for 90 minutes. 

        30 minutes before the end of incubation we prepared the biotinylated mouse PAF antibody. 

After incubation, we washed the ELISA plate for 2 times. Then we added 100μl antibody to 

each well following 60 minutes incubation at 37 ºC with adhesive tapes. 

       30 minutes before the end of incubation we prepared the enzyme-conjugated liquids. After 

incubation, we washed the plate for 3 times and added 100μl enzyme-conjugated to each well 

except the blank well. We sealed up the plate again and incubated at 37 ºC for 30 minutes. 

        After incubation, we washed the plate for 5 times. We added 100μl color reagent into each 

well and incubated in dark at 37 ºC until color gradience appeared in the standard samples, 

which meant that higher concentration stronger color. This process should be controlled in 30 

minutes. After the chromogenic reaction was ready, we added 100μl color reagent C to each 

well. We mixed them properly and check the plate in 450nm OD within 10 minutes. We used 

OD to calculate the concentration by referring to the standard curve. 

 

3.8.2 NPFF ELISA 

 

We used the mouse NPFF ELISA kit (CEG003Mu) as well as human NPFF ELISA kit 

(CEG003Hu) to detect the contents of NPFF in plasma. 
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3.8.2.1 Samples and reagents preparation 

 

We collected mouse plasma samples from postnatal day 3, postnatal day 10 and weaning age 

mice after mice euthanized. We centrifuged the samples for 15 minutes at 1,000xg at 4ºC, and 

removed the plasma and stored samples in -20 ºC if not assay immediately. By human samples 

we collected by venous blood collection. 

        We reconstituted the standard samples with 1.0ml of standard diluent. And we made a 

series of concentration as following: 1000pg/ml, 500pg/ml, 250pg/ml, 125pg/ml, 62.5pg/ml, 

31.5pg/ml, 0pg/ml. We reconstituted the Detection Reagent A with 150μl of Reagent Diluent. 

We diluted the Detection Reagent B with Assay Diluent B in the ratio 1:100. We diluted the 

Wash Solution with distilled water in the ratio 1:30. 

 

3.8.2.2 Experiment procedures 

 

In the ELISA plate, we set the wells for standard, blank or samples. In each well we added 50μl 

of diluted standard, samples or blank and immediately added 500μl of Detection Reagent A. 

We sealed the plate properly and incubated it for 1 hour at 37 ºC. Then we aspirated the solution 

and wash each well with 350 μl 1X Wash Solution for 3 times. After washing, we added 100μl 

of Detection Reagent B to each well and then incubated for 30 minutes at 37 ºC.  Then we 

washed the plate 5 times with 1X Wash Solution.  

        After washing, we added 90μl of Substrate Solution to each well and incubated the plate 

for 20 minutes. After the color turned into blue, we added 50μl of stop solution to each well. In 

the end, we detected the plate under a microplate reader at 450nm immediately. And we used 

OD to calculate NPFF concentration by referring to the standard curve. 
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4.  Results 

 

4.1  NPFF induces mitophagy in adipocytes 

 

We first treated 3T3-L1 adipocytes with 1nM NPFF to screen the possible effect of NPFF on 

the transcriptional landscape of adipocytes. Samples were analyzed with next generation 

sequencing (NGS). As the NPFF can help to reduce the inflammation in ATMs through 

maintaining the STAT6 signaling pathways to inhibit the various inflammatory pathways 

(Waqas et al., 2017), first we also expected the same mechanism to exist in adipocytes. 

However, the NGS results turned out to show that the NPFF increased parkin (Park2) in a most 

prominent way. Also, NPFF increased the expression of lysosomes-associated transcripts 

(Figure 4.1). Park2 encodes parkin, a cytosolic E3 ubiquitin ligase, which plays an important 

role in regulating the quality of mitochondria through mitophagy, a specific form of autophagy 

for recycling the damaged mitochondria (Bingol & Sheng, 2016). Due to the damage of the 

inner membrane electrochemical gradient of the mitochondria, the PTEN-induced putative 

kinase protein 1 (PINK1), a serine/threonine kinase, is inhibited to transport into the 

mitochondria and located on the outer membrane of mitochondria, this triggers the recruitment 

and activation of the parkin (Truban et al., 2017; Yamano & Youle, 2013). The activated parkin 

thus can label the damaged mitochondria and lead them for mitophagy. Electron microscopy 

images of our laboratory have confirmed that the NPFF-treated 3T3-L1 adipocytes had a larger 

number of mitophagosomes compared to the vehicle-treated 3T3-L1 adipocytes (Figure 4.1), 

which matched the NGS results that showed a higher mitophagy rate in the NPFF-treated 3T3-

L1 adipocytes.  
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Figure 4.1. NGS results and electron microscopy images of NPFF treated 3T3-L1 

adipocytes. According to the NGS results, it showed that the 1nM NPFF can induce the Park2 

as well as the lysosomal transcripts up-regulation. In the electron microscopy image, it showed 

that there is a higher amount of the mitophagosomes accumulated after 1nM NPFF 18h 

treatment on 3T3-L1 adipocytes. Scale bars: 5m; 1m (inset).  

Source: first published in The Journal of Clinical Investigation under the open resource number 

DOI: 10.1172/JCI125646 (H. Yu et al., 2019). 

Republished with permission of American Society for Clinical Investigation, from The journal 

of clinical investigation. Breast milk alkylglycerols sustain beige adipocytes through adipose 

tissue macrophages. Yu, H., Dilbaz, S., et al. 129(6), 2019; permission conveyed through 

Copyright Clearance Center, Inc.  

 

Mitochondrial nucleic acids are mitochondrial DNA (mtDNA) and mitochondrial RNA 

(mtRNA), which can trigger an autoimmunity, since these nucleic acid species considered to 

be immunogens (Dhir et al., 2018; Pajak et al., 2019; West & Shadel, 2017). Thus, how to 

remove the damaged mitochondria as well as their nucleic acid content becomes a challenge to 

the fat cells. Here we supposed that the mitophagy was a possible mechanism for removing 

these extra nucleic acids safely without generating autoimmunity. By up-regulating Park2 and 

producing parkin, NPFF increased mitophagy in 3T3-L1 cells in order to safely remove extra, 

damaged, or dysfunctional mitochondria by recycling mitochondrial materials. Without this 

process, the mitochondria DNA and RNA might have a higher chance to be packed into the 

multivesicular body and emitted out of the cell through extracellular vesicles (EVs).  

        Since mitophagy may affect he nucleic acid cargo of EVs, we asked whether adipocytes 

emitted mtDNA and mtRNA via EVs. We first identified the nucleic acids species emitted by 
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primary preadipocytes into the cell culture media, using qPCR and found that mitochondrial 

nucleic acids species were prominent in EVs. asked whether endogenous NPFF synthesis of the 

adipocytes would affect the release of mtDNA/mtRNA. We used NPFFR2 transgenic mice, 

which overexpressed NPFFR2. NPFFR2 has higher NPFF binding affinity than NPFFR1 (Lin 

& Chen, 2019). We first isolated and cultured the primary pre-adipocytes of NPFFR2 transgene 

and WT mice for 2 days and then we treated them with 1nM NPFF for overnight, then we 

collected cell culture supernatant for RNA and DNA isolation and later performed the qPCR 

analysis of mtDNA/mtRNA species. We saw that the NPFF reduced the amount of mtRNA 

species (like mtCo1, mtNd1, mtND5, mtCytb, 12s, 16s) both in the wild-type (WT) and the 

NPFFR2 transgene primary preadipocytes. Preadipocytes of the NPFFR2 transgenic mice 

already showed a lower level of the mtRNA leakage into cell culture media even without the 

NPFF treatment (Figure 4.2A). The same was also appliable for the mtDNA species (such as 

mtCo1, mtNd1, mtND5, mtCytb, D-loop) (Figure 4.2B).  

         Since the adipocytes mainly express NPFFR1 instead of NPFFR2 (Lefrère et al., 2002; H. 

Yu et al., 2019), we also cultured the primary preadipocytes of both WT and NPFFR1 knockout 

mice, to further confirm that whether the NPFF had an effect on reducing the mitochondrial 

nucleic acid emission into the cell culture media.  We first isolated the primary pre adipocytes 

from the NPFFR1 KO mice as well as the WT mice. We cultured them for 2-3 days and then 

collected the supernatant for nucleic acid isolation. We isolated the total RNA and DNA from 

the culture media and made an absolute quantification by measuring them with NanoDrop2000. 

We found out that both the RNA and DNA amounts were much higher in the cell culture media 

of NPFFR1 knockout primary pre-adipocytes compared to the WT primary pre-adipocytes 

(Figure 4.2C).  

        In summary, we compared the mtRNA and mtDNA species of primary pre-adipocytes 

emitted into cell culture supernatant between the NPFFR2 transgene mice and the WT mice 

and found out that less mtRNA and mtDNA emitted into the supernatant in the transgene mice 
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as well as in the 1nM NPFF treated WT mice, which might indicate a higher mitophagy rate in 

the present of NPFF. However, when the NPFFR1 was depleted, we observed that higher 

amount of nucleic acids, both including DNA and RNA, was emitted into cell culture 

supernatant, this might indicate that without the NPFFR1, the mitophagy process might be 

blocked in adipocytes and thus led to higher secretion of mitochondria nucleic acids.   

         Thus, we concluded that the NPFF could induce mitophagy to recycle the mitochondrial 

nucleic acids and reduced the mtRNA and mtDNA release into extracellular environment by 

the EVs.  

 

Figure 4.2. NPFF can induce mitophagy and reduce mitochondria nucleic acid species in 

EVs. A. The mitochondria RNA species in primary pre-adipocytes EVs detection, comparison 

between the WT and NPFFR2 transgene mice as well as the following the 1nM NPFF 18h 

treatment. B. The mitochondria DNA species in primary pre-adipocytes EVs detection, 

comparison between the WT and NPFFR2 transgene mice as well as the following the 1nM 

NPFF 18h treatment. C. Primary preadipocytes supernatant RNA and DNA amount detection, 

a comparison between the WT and NPFFR1 knockout mice. 
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4.2  NPFF upregulates AGMO expression in ATMs and increases AKG 

degradation in the adipose tissue 

 

Besides the NPFF effect in the adipocytes showed above, in 2017, our group also identified the 

effect of NPFF in ATMs. NPFF could activate through NPFFR2 in ATMs to sustain the IL-

4/STAT6 signaling pathway for self-renewing and activation of M2 macrophages (Waqas et al., 

2017). In the meanwhile, NPFF also increased transcription of the M2 macrophage genes like 

IL-4 receptor α (Il4ra), arginase 1 (Arg1), interleukin-10 (Il10) as well as alkylglycerol 

monooxygenase (Agmo) in the macrophages (Waqas et al., 2017). Since ATM polarization can 

affect the homeostasis of the adipose tissue and the polarization can be affected by NPFF, we 

asked how NPFF could affect the interaction between ATMs.  Our results showed that NPFF 

could increase the transcription level of Agmo in the ATMs, while the Agmo level of adipocytes 

was not affected (Figure 4.3A). And this might illustrate a specific effect of NPFFR2, which 

was abundant in ATMs, for regulating the Agmo level instead of NPFFr1, which is mainly 

expressed in the adipocytes. 

        Now we shed an eye on the AGMO effects in ATMs. AGMO (or TMEM195) is a 

membrane-bound enzyme for cleaving alkylglycerol (AKG), one kind of ether lipids, into fatty 

aldehyde and glycerol (Figure. 4.3B). Also, the transcriptional study of the Agmo in different 

organs like liver, intestine, BAT as well as macrophages as well as different age groups like 

comparison between the postnatal day 6 (PD6) mice and PD56 mice showed a correlation of 

AKGs accumulation, which meant that higher level of AGMO indicated lower amounts of 

AKGs accumulation (Figure 4.3 E-H). Liver expressed higher AGMO level and showed 

negligible amounts of AKGs while the AGMO level was moderate in the AKGs-accumulating 

adipose tissue (Figure 4.3C). Besides, AGMO level was higher in the adipocytes compared to 
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the ATMs (Figure 4.3H), indicating a higher catabolizing rate of AKGs among the adipocytes 

than among the ATMs.  

        Since AKGs can be responsible for the synthesis of platelet-activating factor (PAF), which 

is an inflammatory mediator (Garrido et al., 2017; Gill et al., 2015; Kelesidis et al., 2015), 

AGMO can be used for effectively removing the AKGs for synthesizing the PAF. In this 

instance, it might also help to maintain the balance between the M1 and M2 macrophages in 

the adipose tissue microenvironment.  

        In order to confirm that the AGMO can effectively reduce the inflammation state, we tried 

to overexpress AGMO in J774A.1 macrophages, and also treated them with AKGs. We found 

that the Il6 and Tnfa level were diminished after the overexpression of AGMO (Figure 4.3I). It 

indicated that AGMO itself could reduce inflammatory cytokine production.  

       In summary, AGMO could be considered as a marker for M2 macrophages. AGMO could 

be used for catabolizing the AKGs to avoid PAF production in adipose tissue (Figure 4.3J). 

NPFF increased the production of AGMO in an indirect way to eliminate the AKGs 

accumulation. We supposed that NPFF might up-regulate AGMO in ATMs to help maintain a 

healthy adipose tissue environment. 
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Figure 4.3. NPFF can induce the Agmo up-regulation in ATMs instead of adipocytes and 

can increase AKGs degradation. A. Agmo was up regulated in ATMs after 1nM NPFF 

treatment and showed no differences in the adipocytes. B. The schema for illustrating the 

catabolic effect of AGMO on AKGs. C. AKGs (CA=chimyl alcohol, BA=batyl alcohol, 

SA=selachyl alcohol) levels in mouse liver and adipose tissue at PD10 D. AKGs level in adult 

human subcutaneous adipose tissue. E. Adult mice organs Agmo transcription level. F. Agmo 

transcription levels comparison in liver between PD10 and PD56. G. Agmo transcription in 

mouse intestine at PD10 and PD56. H. Comparison of Agmo transcription level in various 

adipose tissue depot from 6 adult mice (BAT: brown adipose tissue, eAT: epididymal adipose 

tissue, iAT: inguinal adipose tissue).  I. Overexpression of AGMO in J774A.1 macrophage and 

treated with AKGs for 18h. Agmo mRNA level was measured after 24h transfection and the 

mRNA level of Il6 and Tnfa were measured after 18h AKGs treatment. J. PAF secretion after 

24h AGMO overexpression. ** p<0.01, ***p<0.001, Student’s 2-tailed unpaired test or one-

way ANOVA.  

Source: first published in The Journal of Clinical Investigation under the open resource number 

DOI: 10.1172/JCI125646 (H. Yu et al., 2019). 

Republished with permission of American Society for Clinical Investigation, from The journal 

of clinical investigation. Breast milk alkylglycerols sustain beige adipocytes through adipose 

tissue macrophages. Yu, H., Dilbaz, S., et al. 129(6), 2019; permission conveyed through 

Copyright Clearance Center, Inc.  
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4.3  AKGs are enriched in the breast milk 

 

AKGs are ether lipids (Magnusson & Haraldsson, 2011). They are enriched in the so-called 

marine lipids or the “shark liver oils” (Vadalà et al., 2017). In the shark liver oils, the percentage 

of the CA, BA and SA were 9.1%, 2.8% and 33.8% respectively (H. Yu et al., 2019). And in 

the other species like sponges, sea cucumbers, slugs and squids, they also had enriched AKGs 

in a concentration range from 5-36µmol (Figure 4.4A). However, all of them did not consider 

as the normal daily nutrition intake source, thus the nutrition impact from them was negligible. 

        In human, the breast milk is the only relevant nutritional source of AKGs (H. Yu et al., 

2019). The AKGs contents of human breast milk are chimyl alcohol (CA), batyl alcohol (BA), 

and selachyl alcohol (SA). The total fat of the human breast milk according to analysis is 4-

4.4%, in which the total AKGs is 1mg/g fat. The CA, BA, SA concentration in human breast 

milk is 44.94 µM, 35.79µ M and 13 µM respectively. And the mouse milk also contained AKGs 

in a micromolar range when compared to the human breast milk. Similarly, AKGs were also 

identified in canine and goat milk, while the cow milk showed negligible level of AKGs (only 

0.1mg/g).  This showed that the cow milk was not a source for the AKGs intake, thought the 

cow milk is the major component of infant formula milk (Figure 4.4B).  

        The daily intake of the AKGs from human breast milk was totally 11.4 µmol/kg, among 

which there were 5.5 µmol/kg CA, 4.3 µmol/kg BA and 1.6 µmol/kg SA. But for human adults 

to consume the same amount of AKGs like the infant it is almost impossible, since they needed 

to consume 10 l goal milk or 100 l cow milk to provide the equivalent AKGs (Figure 4.4C).  

        However, the metabolic effect of AKGs was unexplored. The AKGs were mainly 

synthesized in the ether lipid metabolism, but the precise mechanism remained unknown. Only 

in the bacteria and archaea have been characterized (Grossi et al., 2015). According to the study, 

the environment which enriched in n-alkyl compounds could provide the substrates for 

synthesizing ether phospholipids of heterotrophic bacteria. This suggested us that the sea 
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sediments might be the sources to provide AKG-like ether lipids potentially entering the food 

chain (Grossi et al., 2015; Y. Wang & Xu, 2016).  

 

Figure 4.4. AKGs are enriched in breast milk as well as other sources. A. AKGs level in 

shark liver oils, sponges, sea cucumbers, slugs and squids(H. Yu et al., 2019). B. Estimation of 

AKGs content in human, goat and cow milk basing on previously published values (Ahrné et 

al., 1983; Ahrné & Palmquist, 1982; Hallgren & Larsson, 1962; H. Yu et al., 2019). C. Daily 

uptake of AKGs from breast milk in infant and the estimate amount for a human adult to 

consume daily.   

Source: first published in The Journal of Clinical Investigation under the open resource number 

DOI: 10.1172/JCI125646 (H. Yu et al., 2019). 

Republished with permission of American Society for Clinical Investigation, from The journal 

of clinical investigation. Breast milk alkylglycerols sustain beige adipocytes through adipose 

tissue macrophages. Yu, H., Dilbaz, S., et al. 129(6), 2019; permission conveyed through 

Copyright Clearance Center, Inc.  

 

4.4  AKGs effects on the 3T3-L1 adipocytes and primary pre-adipocytes 

 

AKGs treated adipocytes and pre-adipocytes alone did not induce beiging 

 

Breast milk is enriched in the lipid mediators and the lipid signaling is critical for the adipose 

tissue physiology. Also, breast milk is an important nutrition resource for infant in the aspects 

like development and immunity, we would like to understand how the breast milk can help the 

infant to develop a healthy adipose tissue. As we already discussed the composition of breast 

milk above, we noticed that the AKGs are enriched in breast milk when we compared with the 
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formula milk. Then we asked which role AKGs played in the early development of infant? To 

identify the AKGs effect in the adipose tissue, we check the AKGs effect both on the adipocytes 

and ATMs. 

        First, we would like to examine the effect of AKGs on preadipocytes and adipocytes. To 

testing the effect of AKGs in the preadipocytes, we seeded the 3T3-L1 preadipocytes as well 

as the adipocytes differentiated from preadipocytes by insulin media. We treated the 3T3-L1 

preadipocytes with AKGs for 18h and measured BeAT genes. We found out that AKGs alone 

did not induce 3T3-L1 adipocytes beiging since all the beige genes we tested, including Ucp1, 

Ppargc1a, Cox7a1, Tmem26 remained unchanged and also the transcription level of Adrb3 

remained the same. Adrb3 was first thought to be related to beiging/browning of adipocytes by 

cold stimulation, however, recent study showed that it was dispensable for adipocytes beiging 

(de Jong et al., 2017). Adrb3 was not a BeAT gene but a marker for indicating that here the 

3T3-L1 cells were differentiating into adipocytes. We then also treated the 3T3-L1 adipocytes 

with AKGs for 18h. We measured the Ucp1 level and found out that there was no change 

(Figure 4.5A-B). At the same time, AKGs treatment also failed to glycerol release from the 

adipocytes. Also, the preadipocytes derived from the inguinal adipose tissue also failed to 

increase the BeAT genes transcription after AKGs treatment. These might indicate that there 

was no direct beiging effect of AKGs on the adipocytes.  

        Second, we also performed transwell experiments to detect the possible interaction effect 

between the adipocytes after AKGs treatment. In order to mimic the in vivo situation, we seeded 

3T3-L1 adipocytes in a 6 well plate. And then in each well we inserted a cell culture insert and 

also seeded with 3T3-L1 adipocytes. After the cells attached to the wells or to the inserts, we 

treated them with AKGs for 18h, adding the AKG solution in the upper chamber formed by the 

inserts. At the end point of the experiment, we measured BeAT genes in 3T3-L1 adipocytes 

seeded on the cell culture plate (bottom chamber). We found that AKGs failed to induce a 
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beiging phenotype in 3T3-L1 adipocytes since BeAT genes remained unchanged (Figure 4.5C-

D).   

        Hence, there was no direct effect of AKGs on preadipocytes or adipocytes. It might 

indicate that the AKGs did not direct function in the preadipocytes and this might be due to a 

higher expression level AGMO in the adipocytes, since AGMO can cleave the AKGs into fatty 

aldehyde and glycerol. Since adipocytes had also lots of other enzymes to catabolize or modify 

AKGs, such as choline phosphotransferase 1 (CHPT1), phospholipase 2 group X (PLA2G10), 

they might help to generate platelet-activating factor (PAF), which could be synthesized from 

1-O-alkyl-2-acetyl-sn-glycerols (AAGs) which shares the similar structures to AKGs, however, 

there was no PAF production and thus it indicated that the AGMO might first interact with 

AKGs to cleave them before the other enzymes responded to the AKGs.  

 

 

Figure 4.5. AKGs effect on 3T3-L1 adipocytes as well as preadipocytes. A. Ucp1 level and 

other beige genes in 3T3-L1 preadipocytes (a) and adipocytes (b) treated with vehicle or AKGs 

for 18h. B. Transcription level of Fabp4 and Id3 during 3T3-L1 preadipocytes differentiation, 

also called adipogenic differentiation. C. In a transwell system, we seeded 3T3-L1 adipocytes, 

and preadipocytes from adult inguinal adipose tissue (iAT) were seeded in the cell culture plate 

and treated the transwell cells with vehicle or AKGs for 18h. The BeAT gene transcription was 

measured. D. In a transwell system, we seeded 3T3-L1 adipocytes both in the transwell and 

also the cell culture plate and treated transwell cells with vehicle or AKGs for 18h. The BeAT 

gene transcription was measured. Student’s 2-tailed, unpaired t-test.  

Source: first published in The Journal of Clinical Investigation under the open resource number 

DOI: 10.1172/JCI125646 (H. Yu et al., 2019). 

Republished with permission of American Society for Clinical Investigation, from The journal 

of clinical investigation. Breast milk alkylglycerols sustain beige adipocytes through adipose 

tissue macrophages. Yu, H., Dilbaz, S., et al. 129(6), 2019; permission conveyed through 

Copyright Clearance Center, Inc.  
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4.5  AKG effects on J774A.1 macrophages and ATMs 

 

AKGs can be used as backbone of PAF (platelet activating factors) and the production of 

PAF from AKGs is through macrophages. AKGs can induce the PAF generation by 

macrophages. And PAF can bind to the PTAFR on macrophage causing the macrophage 

polarized to M1 state, which is releasing the cytokine IL6. 

 

AKGs failed to directly induce beiging of adipocytes. Now we would like to examine the effect 

of AKGs on ATMs or macrophages. Also, we would prefer to study the effect when both 

adipocytes and ATMs presented at the same time, since this was the way to mimic the in vivo 

situation.  In order to achieve this, we checked the AKG effects on the macrophages by 

performing several functional tests. We found out that AKGs did not increase the phagocytosis 

rate of the macrophages, did not affect the proliferation of the macrophages, did not affect cell 

viability and general morphology. At the same time, we were also interested in the effect of 

AKGs on the macrophage polarization. We measured both the M1 markers of macrophages (Il6, 

Tnfa, Nos2) and the M2 marker of macrophages (Arg1, Il4ra, Cd163, Cd206) (Figure 4.6D). 

But we concluded that the AKGs did not affect the polarization state of the macrophages. 

        Then we performed an NGS analysis after treating the macrophages with AKGs for 18h. 

According to the NGS results, it showed that the AGKs has the main effect on the 

phosphatidylcholine (PC) and lyso-PC metabolism (Figure 4.6A). AKGs-treated ATMs 

enriched in platelet-activating factor (PAF) precursor phosphocholine metabolites. Also, the 

AKGs can serve as the backbones of the sn-acyl chain of PAF (Figure 4.6B).   

        Then we asked whether AKGs could generate PAF in macrophages. For this question, we 

added CA, BA, SA alone or the mixture of all three AKGs on the macrophages, we collected 

the supernatant after 30 minutes treatment for performing the PAF ELISA experiment. We 

found out that there was a robust production of PAF by the AKGs (Figure 4.6C). 

        The next question was to answer how and why PAF was generated from AKGs by ATMs 

and not by adipocytes. It was still poorly understood how the AKGs could be metabolized, but 



  64  

the observations mentioned above still led us to search the possible mechanism for metabolizing 

the AKGs into PAF in the macrophages. The PAF generation was complex, but studies showed 

the AKGs were possible to convert into PAF by a multienzyme-catalyzed process (Hartvigsen 

et al., 2006; Hichami et al., 1997; H. Yu et al., 2019).  

 

 

Figure 4.6. AKGs effect on macrophages. A. NGS results showed that AKGs treated 

macrophages enriched transcripts related to phosphatidylcholine (PC) and lyso-PC metabolism. 

Pink bar indicates the relative abundance of GO terms. B. AKGs can be used as back bone of 

sn-acyl chain of PAF. C. Top: PAF contents in cell culture media of 3T3-L1 preadipocytes and 

adipocytes or ATMs treated with vehicle or AKGs for 30 minutes. Bottom: PAF release from 

PD6 mouse preadipocytes and adipocytes as well as PD6 ATMs with vehicle or AKGs 

treatment for 30 minutes. D. Heat map shows that PAF or AKGs induced transcriptional 

changed in ATMs. All the treatments were for 18h.   

Source: first published in The Journal of Clinical Investigation under the open resource number 

DOI: 10.1172/JCI125646 (H. Yu et al., 2019). 

Republished with permission of American Society for Clinical Investigation, from The journal 

of clinical investigation. Breast milk alkylglycerols sustain beige adipocytes through adipose 

tissue macrophages. Yu, H., Dilbaz, S., et al. 129(6), 2019; permission conveyed through 

Copyright Clearance Center, Inc.  

 

By measuring PAF with ELISA, we confirmed the release of PAF after AKG treatment 

by mouse and human ATMs. Also, the human THP-1 macrophages could convert AKGs to 

PAF and this was confirmed by our study. PAF itself can bind to the PAF receptor (PTAFR) 

on macrophages, and AKGs induced transcriptional changes which were dependent on PTAFR. 

Once PTAFR was inhibited by SR27417 (PTAFR inhibitor) in macrophages, AKGs failed to 
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evoke the transcription of genes like Il6 and Tnfα (Figure 4.7A). What’s more, PAF can be 

nonenzymatically converted into the PPARγ agonist azelaoyl-PAF (AzPAF) (Figure 4.7C) and 

when treated macrophages with AzPAF (Davies et al., 2001; H. Yu et al., 2019), it had an 

elevated transcription level of Arg1 and Il4ra, resembling the effect of the AKGs treatment 

(Figure 4.7B).  

        Next question we asked what the key enzyme for metabolizing AKGs into PAF in 

macrophages was. AKGs are structurally similar to 1-O-alkyl-2-acetyl-sn-glycerols (AAGs), 

the substrates for de novo PAF synthesis, and to lyso-PAF, a substrate synthesized PAF by 

phospholipid remodeling. Enzymes involved in these processes are CHPT1, lyso-PAF 

acetyltransferase 2 (LPCAT2). Hence, we measured the expression of these enzymes in 

adipocytes and ATMs, in order to identify which was responsible for metabolizing AKGs into 

PAF. We found that choline phosphotransferase 1 (CHPT1), encoded by Chpt1 and the enzyme 

converting AAGs into PAF, was abundant in the adipocytes while absent from mouse ATMs. 

And lyso-PAF acetyltransferase 2 (LPCAT2), encoded by Lpcat2, the enzyme remodeling lyso-

PAF into PAF, was mainly expressed in mouse ATMs instead of adipocytes (Figure 4.7D, F). 

When we inhibited LPCAT2 in ATMs, we found that AKGs failed to induce PAF release from 

ATMs (Figure 4.7E). On the other hand, when we overexpressed LPCAT2, we found an 

increasing PAF release after AKGs treatment (Figure 4.7G).  

However, when we inhibited CHPT1 in adipocytes, we found that it might diminish but 

not abolish the PAF synthesis from AGKs, thus we supposed that the PAF was generated by 

the ATMs but not the adipocytes (Figure 4.7E). 

        The PAF generated from AKGs through ATMs in return bound to the PTAFR for 

activating ATMs to adopt an M1-like phenotype. In this instance, AKG-treated ATMs produced 

IL-6 and TNFα.  
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Figure 4.7 AKGs can generate PAF and convert to AzPAF by macrophages. A. We 

inhibited platelet-activating factor receptor (PTAFR) by using SR27417 in macrophages and 

treated with 100nM AKGs for 18h. Then we measured transcription level of Tnfa, Il6. B. We 

inhibited PPARγ by using GW9662 in macrophages and treated with 100nM AKGs or AzPAF 

for 18h. Then we measured transcription level of Il4ra and Arg1. C. Scheme of non-enzymatic 

conversion of PAF into AzPAF. D. Transcription level of PAF-metabolizing enzymes in mouse 

ATMs and adipocytes. E. PAF released from macrophages by AKGs while inhibiting different 

PAF synthesis inhibitors. FRS, farnesol (CHPT1inhibitor); TSI-01, LPCAT2 inhibitor; 

LY315920 and 12777, PLA2 inhibitors. F. Western blot of LPCAT2 in mouse adipocytes and 

ATMs. G. PAF release from vehicle and LPCAT2 overexpression macrophages. *p<0.05, 

**p<0.01, ***p<0.001, #p<0.05, ###p<0.001 Student’s 2-tailed unpaired t-test or one-way 

ANOVA.  

Source: first published in The Journal of Clinical Investigation under the open resource number 

DOI: 10.1172/JCI125646 (H. Yu et al., 2019). 

Republished with permission of American Society for Clinical Investigation, from The journal 

of clinical investigation. Breast milk alkylglycerols sustain beige adipocytes through adipose 

tissue macrophages. Yu, H., Dilbaz, S., et al. 129(6), 2019; permission conveyed through 

Copyright Clearance Center, Inc.  
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4.6  Breast milk AKGs helped maintain BeAT in infant through ATMs 

 

AKGs can induce the beiging effect on the iWAT of PD10 mice. 

 

        Now we wanted to test the in vivo effects of AKGs on the adipose tissue development in 

infant mice. Neonates of C57BL/6 mice received 20% more AKGs in during the time frame 

from PD3 to PD10, and the control group received the AKGs-free olive oil. We compared the 

parameters like body weight, body core temperature, inguinal WAT physiological function. 

The inguinal WAT treated with AKGs showed weight reduction and maintained a BeAT-

dominated inguinal adipose tissue while compared to the vehicle group (Figure 4.8A). The size 

of the adipocytes was smaller and the content of the triacylglycerol in the adipose tissue were 

significantly lower in the AKGs treated group. And AKGs treatment can increase the Beige 

genes like Ucp1, Ppargc1a, Cox7a1, Cidea, Dio2 and Tmem26 in the inguinal adipose tissue 

while the transcription level of lipolysis genes like Adrb3, Lipe and Pnpla2 were not affected 

(Figure 4.8B). In the meanwhile, AKGs treated mice could maintain a higher core body 

temperature than the vehicle mice when challenged with the hypothermia (H. Yu et al., 2019). 

The PD3 to PD10 is considered to be the critical time for the development of the adipose tissue 

in mice and during this time frame, the BeAT started to transit into the lipid storage WAT. 

Respectively, this period is late infancy in human.  

        AKGs intake by the infant through breast feeding thus suggested that it can increase the 

BeAT content during the infancy. And what would happen if an infant did not receive the breast 

feeding? In order to answer this question, we performed experiments comparing the mice 

receiving either breast feeding or formula milk feeding as well as comparing 20 human infants 

inguinal subcutaneous adipose tissue aged 0.2-1.0 year for UCP1 expression. 

        In human infants who received the breast feeding as the unique nutrition sources, they 

showed a higher UCP1 expression level compared to the partial or the never received breast 
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feeding infants. When compared with the same ages, the breast-feeding infants have higher 

mRNA of UCP1 than the formula fed infants (Figure 4.8D-F). Hence, it led us to consider 

whether the deficiency of AKGs led to the early BeAT lost during the infancy. In order to test 

this hypothesis, we performed experiments dividing the mice into 3 groups, one received the 

breast-feeding, one received the artificial reared with formula milk lacking AKGs, and the last 

group received the artificial reared with formula milk contained AKGs supplements. The mouse 

strain used in this experiment was CD1 mouse as they were more compatible for the artificial 

reared studies and when compared to the C57BL/6 mice, they have a longer BeAT to WAT 

transition phase. The qPCR results showed that when the AKGs level in the artificial milk were 

restored to the range of breast milk level, UCP1 expression in the inguinal adipose tissue was 

similar to the level in the breast-feeding group (Figure 4.8G-I). Hence, it indicated the AKGs 

deprivation might lead to BeAT lost during the infancy.  
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Figure 4.8. Breast milk AKGs help maintain beiging in infant mice and human baby. A. 

Inguinal adipose tissue weight on PD10 mice with or without AKGs treatment. B. Thermogenic 

genes as well as adipogenesis and lipolysis genes transcription level comparison in inguinal 

adipose tissue on PD10 mice with or without AKGs treatment. C. Schematic of AKGs treatment 

of infant mice. D. Breast fed human infants, E. formula-fed human infants, F. Color-coded CIM 

showing the relative UCP1 transcription level in human infants, comparison between the breast 

fed and formular fed infants. G. Scheme of artificial rearing (IR) experiment. H. BeAT content 

of the inguinal adipose tissue at PD34. I. Heat map showing the relative transcription level of 

Ucp1 in inguinal adipose tissue at PD10 and PD34. *p<0.05, **p<0.01, ***p<0.001, Student’s 

2-tailed unpaired t test or 1-way ANOVA with Dunnett’s post hoc test.  

Source: first published in The Journal of Clinical Investigation under the open resource number 

DOI: 10.1172/JCI125646 (H. Yu et al., 2019). 

Republished with permission of American Society for Clinical Investigation, from The journal 

of clinical investigation. Breast milk alkylglycerols sustain beige adipocytes through adipose 

tissue macrophages. Yu, H., Dilbaz, S., et al. 129(6), 2019; permission conveyed through 

Copyright Clearance Center, Inc.  
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        We have already briefly explained the effect of AKGs in both the adipocytes and ATMs, 

here we supposed that the AKGs induced and maintained the beige adipocytes in an ATMs 

dependent manner. As we already knew that the AKGs did not have any direct effect in 

adipocytes and AKGs can convert into PAF by ATMs. PAF released by the ATMs could bind 

to the PAFR on the ATMs to produce the IL-6. At last, the IL-6 released by the ATMs could 

hence induce the beiging effect on the adipocytes. Due to this autocrine loop, the adipose tissue 

can be maintained at beige adipose tissue during the infancy.  

        In order to test this hypothesis, we performed again transwell experiments. In this setting 

we seeded 3T3-L1 adipocytes in the bottom chamber, and ATMs in the top chamber. We treated 

the ATMs with AKGs and then harvested the 3T3-L1 adipocytes to detect BeAT gene 

expression level. We found that when ATMs were present, there was an upregulation of Ucp1 

in 3T3-L1 cells. But once the ATMs were missing, the beige effect was not induced in the 

adipocytes (Figure 4.9A-B). Also, we performed the same experiment but seeded the 

preadipocytes isolated from adult inguinal adipose tissue and we detected Ucp1 expression 

level and found an upregulation of this gene. We also aimed to understand the in vivo effect of 

AKGs on the adipose tissue.  

        We wanted to confirm that the beiging effect of the adipose tissue was maintained by the 

AKGs in the ATMs dependent manner. We first fed the mice with HFD for 3 months to induce 

obesity. Then we injected the mice with AKGs and checked the beige genes in the inguinal 

adipose tissue. We found that Ucp1, Ppargc1a and Cox7a1 were all up regulated after the 

AKGs injection within 4 hours (Figure 4.9C). What’s more, when we depleted mice ATMs 

with clodronate liposomes 24 hours before the AKGs injection, we found that BeAT genes in 

the inguinal adipose tissue remained unchanged even with the AKGs injection (Figure 4.9D). 

All these findings suggest us that the ATMs are necessary for maintaining the beiging effect 

induced by the AKGs in the adipose tissue.  
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        As we already described the AKGs effect on the macrophages, first we believed that the 

PAF synthesis by the macrophages might be the key player to induce the beiging effect on the 

adipocytes. However, when we challenged the 3T3-L1 adipocytes with PAF, we did not see an 

up-regulation of the Ucp1 and Ppargc1a in the adipocytes (Figure 4.9E). But when ATMs were 

present, PAF could induce the mitochondria biogenesis and increase the mitochondria load 

while the PTAFR was blocked, this effect was gone. With these findings, we suggest that the 

AKGs were converted into PAF by the ATMs, following that PAF activated the ATMs through 

PTAFR to release IL-6. We next treated the adipocytes with IL-6 and found out that it induced 

a highly up-regulation of beige genes like Ucp1, Ppargc1a, Cidea, Dio2, and Tmem26 in the 

adipocytes while the Cox7a1 was suppress by the IL-6 (Figure 4.9G). IL-6 can act through 

STAT3 and all the beige genes mentioned above have binding sites for STAT3 and STATs 

upstream of their promoter. Once we inhibited the STAT3 or JAK/STAT3 signaling pathway, 

the condition media from the AKGs-treated ATMs fail to induce the beige genes transcription 

in the adipocytes (Figure 4.9H).  

        Altogether, we concluded that the PAF does not have a direct beiging induction in the 

adipocytes, however, the PAF can act through the PTAFR in the macrophages to release IL-6 

by an autocrine loop, which is the ultimate substance to induce and maintain the adipocytes 

beiging (Figure 4.9I). 
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Figure 4.9. AKGs induce beiging by an ATMs dependent manner and is mediated by 

PAF/IL-6/STAT3 signaling. A. Schematic of a transwell assay system with the interaction 

between ATMs and 3T3-L1 adipocytes. B. Ucp1 transcription level in adipocytes treated with 

vehicle or AKGs for 24h with or without ATMs. C. Hear map representation of BeAT genes 

and genes asscociated with adipogenesis and lipolysis transcription level in inguinal adipose 

tissue of lean mice and high fat diet (HFD) fed mice treated with vehicle or AKGs. D. Heat 

map representation of BeAT genes transcription level in inguinal adipose tissue of HFD-fed 

mice treated with vehicle or AKG. ATMs were depleted by clodronate liposomes 24 hours 

before treatment in 1 group of mice (n=5). E. Relative transcription level of Ucp1 and Ppargc1a 

in 3T3-L1 adipocytes treated with vehicle and 50nM PAF for 18h. F. Transcription factor 

binding site of BeAT genes analyzation. G.  Transcription of BeAT genes in adipocytes treated 

with vehicle, 0.2ng/ml IL-6 or 50pg/nl TNF-α for 18h. H. ATMs were treated with vehicle or 

AKGs for 4h, then collected the cell culture media and treated adipocytes for 18h. Heat map 

summarized the transcription level of beige genes in adipocytes. STAT3 was inhibited with 

500nM cucurbitacin 1, JAK/STAT3 with 280nM ruxolitinib. I. Schematic illustration for the 

mechanism by which AKGs induce BeAT genes transcription in adipocytes. **p<0.01, 

***p<0.001, Student’s 2-tailed unpaired t test.  

Source: first published in The Journal of Clinical Investigation under the open resource number 

DOI: 10.1172/JCI125646 (H. Yu et al., 2019). 

Republished with permission of American Society for Clinical Investigation, from The journal 

of clinical investigation. Breast milk alkylglycerols sustain beige adipocytes through adipose 

tissue macrophages. Yu, H., Dilbaz, S., et al. 129(6), 2019; permission conveyed through 

Copyright Clearance Center, Inc.  
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4.7  NPFF can help the BeAT safely transform into WAT 

 

After the weaning time, the beige adipocytes should turn into white adipocytes for using as 

fatty acid storage organ. In order to successfully to make a beige to white adipocytes 

transition, NPFF here come to help to induce the mitophagy inside the beige adipocytes to 

digest the extra mitochondria. This help to avoid a self-immunity causing by the damage 

mitochondria DNA/RNA.  

 

After the weaning time, the beige adipocytes should transit into the white adipocytes for using 

as reservoir for fatty acid storage. The beige adipocytes are enriched in mitochondria content, 

and high level of uncoupling, which might generate unfavorable autoimmune effect and the 

hyperthermia condition once these are overreacting. Thus, how the beige adipocytes safely 

transit into the white adipocytes and how to deal with the extra mitochondria content within the 

adipocytes might need to be studied.  

         Here we supposed the NPFF might play a role. We performed the NPFF ELISA using the 

plasma samples and found out that during the infancy, NPFF were almost negligible circulating 

in the blood, however, once the infant mice came to the weaning time, there was a robust 

secretion of NPFF into the plasma (Fig. 4.10A). The timing of NPFF level changed in the 

plasma is similar to the beige and white adipose tissue transition. This might suggest us that the 

activation of NPFF and NPFFR2 signaling in the ATMs might help to reduce the AKGs effect 

during the weaning time. As we showed that the NPFF can increase the AGMO level in the 

ATMs, which help diminish the AKGs, we believed that NPFF helped to stop the AKGs for 

maintaining the BeAT. At the same time, since NPFF can induce the mitophagy as we briefly 

described above, we supposed that NPFF can help to recycling the mitochondria contents and 

safely remove the extra mitochondria and hence helps the BeAT safely transit into WAT.  
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Figure 4.10. NPFF comes in the weaning time also Agmo is up-regulated A. Plasma NPFF 

levels in C57/BL6 mouse at PD3, PD10 and weaning. B. Transcription level of Agmo in ATMs 

isolated from PD3, PD7, PD14 and PD56. C. Schematic of AKG-mediated signaling in adipose 

tissue. (a). Breast milk AKGs are metabolized into PAF by ATMs. (b). PAF binds to PTAFR 

on ATMs by autocrine loop and release IL-6. (c). IL-6 activates JAK/STAT3 signaling in 

adipocytes. (d). Then it induces the beige genes like Ucp1, Ppargc1a, Cidea, Dio2, and 

Tmem26 transcription and maintains beige during infancy.  

Source: first published in The Journal of Clinical Investigation under the open resource number 

DOI: 10.1172/JCI125646 (H. Yu et al., 2019). 

Republished with permission of American Society for Clinical Investigation, from The journal 

of clinical investigation. Breast milk alkylglycerols sustain beige adipocytes through adipose 

tissue macrophages. Yu, H., Dilbaz, S., et al. 129(6), 2019; permission conveyed through 

Copyright Clearance Center, Inc.  

 

4.8  NPFF behaves in a dual role by regulating ATMs and adipocytes 

through different ways 

 

In summary, we found that NPFF plays an important role in regulating the immunity and 

metabolism in the adipose tissue. It might play a dual role on both major cell types in the adipose 

tissue. As the NPFFR2 is mainly expressed in the ATMs, through binding to the NPFFR2, 

NPFF activated M2 ATMs in the adipose tissue and enhanced the self-renewal of the M2 ATMs, 

which in return reduced inflammation in adipose tissue (Waqas et al., 2017). 

        On the other hand, NPFFR1 is more expressed in the adipocytes, thus NPFF might acting 

through the NPFFR1 on adipocytes to increase mitophagy rate, which might help to recycle the 
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damaged and excess mitochondrial content as well as reducing extracellular vesicles (EVs) 

generated by adipocytes in order to reducing the source of inflammation in the adipocytes. 

According to NPFF ELISA results, it showed that the NPFF was detectable during the weaning 

time, and in PD3 and PD10, almost no NPFF were detected. This led us to think that NPFF help 

to inactivate the AKG-mediating signaling in this time point, also referred as BeAT to WAT 

transition. Since NPFF can increase the M2 macrophages polarization by up regulating the 

transcription of Agmo, and express higher level of AGMO, which might in return eliminate the 

AKGs in adipose tissue. Also, at the same time, M2 macrophages reduced the transcription of 

Lpcat2 and Pla2g10, which are responsible for encoding enzymes involved in AKGs to PAF 

conversion, helping to stop the PAF production. Besides, in lean adults, the AKGs were no 

longer effective response, also due to the M2 ATMs.  
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5. Discussion 

 

5.1  Lipid signaling is critical for adipose tissue development 

 

Lipid signaling is critical for adipose tissue development since lipids are recognized as 

important signaling molecules for triggering certain physiological functions, such as 

lipogenesis and lipolysis. The balance between lipogenesis and lipolysis maintains the energy 

homeostasis inside the body (Saponaro et al., 2015). However, in obese patients the 

performance of the lipid regulation is disturbed in a way that extra lipid circulating around but 

does not convert into the triacylglycerols, as a higher rate of lipolysis and an inhibition of 

lipogenesis (Rosen & Spiegelman, 2014). To understand the lipid signaling transduction and 

the disturbances of it might help us to better study the onset of obesity and the later comorbidity 

disease like T2DM.  

        Lipids like fatty acids activate the PPARγ for triggering lipogenesis. Besides fatty acids, 

other lipids like eicosanoids, phosphoinositide, sphingolipids are also playing roles in 

controlling important cellular process like proliferation, apoptosis and metabolism (Wymann 

& Schneiter, 2008). The modification of these lipids is taken out by several key sets of enzymes 

like phospholipase, prostaglandin synthase. The enzymes are regulated by the extracellular 

cytokines, growth factors as well as nutrition. 

        Here in this dissertation, we identified that AKGs as key ether lipids species, which 

maintain BeAT during infancy. AKGs can be converted into PAF by a complex enzymatic 

process hold by ATMs. As AKGs are enriched in the breast milk and for human it is the only 

relevant source for consumption, AKGs are the critical lipids for early infant adipose tissue 

development. To our knowledge AKGs are the first identified lipid species which are specific 

to the breast milk, and have a direct impact on the BeAT development (H. Yu et al., 2019). 
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        AKGs did not show any responses on the adipocytes since the adipocytes have higher level 

of AGMO. They might easily catabolize AKGs onto fatty acids by AGMO. Instead, AKGs 

prone to have effects in ATMs. By producing PAF and due to the autocrine loop of binding to 

the PTAFR, they produce certain amounts of IL-6, which activates the mitochondria biogenesis 

inside the adipocytes, and the IL-6 triggers the white adipocytes differentiation into beige 

adipocytes.  

        For infants, the adipose tissue mainly plays a role as thermogenesis organ instead of the 

energy reservoir for storing extra energy. Compared to adults, infants lack of the ability to 

maintain and regulate their own body core temperature (Lidell, 2019; Lubkowska et al., 2019). 

Thus, the early BeAT can be recognized as a strategy for helping to solve this problem. If the 

infants are not fed by breast-feeding, they might lose the BeAT too early since they lack the 

AKGs to maintain the BeAT. They would be earlier to transit into WAT compared to the breast-

feeding infants. In this instance, the infants might have a higher chance to develop a childhood 

obesity in early future. This might be a possible mechanism for illustrating the onset of 

childhood obesity.  

 

5.2  Breast milk lipids are important for the infant development 

 

Breast milk is important nutrition source for infants, and it is easy to get access by infants. 

Breast feeding is considered to be the most efficient way and important measure for improving 

the infant health (Horta & Victora, 2013). The contents of breast milk are variants and 

heterogenous (Ballard & Morrow, 2013). It contains plenty of immunological, biochemical and 

cellular components like immunoglobulin, cytokines as well as commensal and beneficial 

bacteria necessary for helping infants to develop into a healthy stand (Meng et al., 2019). These 

components have the ability to alter the immunity of infants and help to avoid early infection 

of virus and harmful bacteria (Hamosh, 1998).  
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        Besides the components mentioned above, breast milk is a rich source of lipid mediators 

(Hallgren & Larsson, 1962). It is well known that lipids mediators can alter the metabolism and 

immunity within the adipose tissue and affect adipose tissue development (Iyer et al., 2010; 

Rosen & Spiegelman, 2014). To be noticed, the change of the breast milk component might 

result in a possible chronic inflammation and inflammatory disease in infants (Van Elten et al., 

2015; Wöckel et al., 2008).  

        As we mentioned above, adults can get access to other lipid species via diet consumption, 

however, AKGs are only present in human diet as form of breast milk. Hence AKGs might have 

an effect which is specific for infancy, i.e., infant fat development (H. Yu et al., 2019).  

        With the interaction between the adipocytes and ATMs by the AKGs, AKGs help to 

develop a health adipose tissue in infants. At the same time, recent research also suggests the 

breast-feeding can help to build up a healthy intestinal microbiota. As AKGs can help to 

proliferate the Lactobacillus in intestine, in an indirect way they also contribute to the metabolic 

beneficial of the breast feeding.  

        Today almost 60% of infants are never breastfed (Biggs et al., 2018; Grummer-Strawn et 

al., 2017; H. Yu et al., 2019). And this might have its impact on the childhood obesity as the 

early loss of BeAT might contribute to the pre-mature of WAT. Also, the formula milk nowadays 

might be responsible for the negative effect on regulating the infant metabolism as the formula 

milk lacks the AKGs (H. Yu et al., 2019). The reason might be that the cow milk has higher 

catabolism of AKGs. And also, the cow milks contained certain kinds of miRNA species which 

can inhibit BeAT development (Melnik et al., 2013; H. Yu et al., 2019). In summary, we 

discovered that the AKGs play key role in regulating the BeAT development in infant.   
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5.3  ATMs are crucial players helping to maintain a healthy development 

of adipose tissue in infant 
 

ATMs might be the most important immune cells type in the adipose tissue as they can help to 

maintain the homeostasis within the adipose tissue. The immune functions of ATMs are critical 

for the adipose tissue development as well as the adipose tissue functions.  

        When challenges with M1 stimulator like LPS and PAF, ATMs polarizes into M1 state. 

In general, the M1 state is believed to be the inflammation and pathogen killing state. But a 

prolonged M1 state results in the chronic inflammation inside the adipose tissue, and further 

damage the sensitivity of the insulin causing insulin resistance and promote the possibility to 

get a type II diabetes. In the other hand, M2 ATMs, an alternative activation, here in adipose 

tissue recognized as the tissue repaired and anti-inflammatory state, can release the IL-4, IL-13, 

Arginase-1 and AGMO. And what’s more, research showed that the M2 ATMs might play a 

role in BeAT differentiation (Finlin et al., 2017). However, in our study, we found out that the 

PAF synthesis from AKGs by ATMs was suppressed in the M2 state, since the AGMO level 

was upregulated in M2 ATMs and helped to catabolize the AKGs. In general, the BeAT 

maintained by the AKGs challenged on the ATMs indicated that the M1 state was required in 

the BeAT development in infant as the PAF was synthesized by ATMs and produce IL-6 to 

trigger IL-6/JAK/STAT3 signaling pathway and built up an inflammatory environment (H. Yu 

et al., 2019).  

        Nevertheless, M2 state inducing BeAT might happen during cold induction in adults but 

did not play a role in the early development of the infants. After the weaning time, the BeAT 

should be transient into the WAT to take out the energy storage function instead of energy 

expenditure. The ATMs number is decreased in lean adults and adolescents, which indicates 

the less infiltration of macrophages into the adipose tissue. Thus, the M2 ATMs might in this 

case dominant in the ATMs pools in the adipose tissue. Also, the decrease of ATMs as well as 
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the prevalence of the M2 ATMs might explain the reason why the lean adults are not sensitive 

to the AKGs compared to the infants.  

 

5.4  NPFF as a newly identified player in the adipose tissue 

immunometabolism  

 

NPFF belongs to the RF-amide neuropeptide family and was first identified in the bovine brain. 

The function of NPFF originally recognizes as pain sensation and pain modulation. NPFF is 

abundant in the hypothalamic area in brain. However, NPFF was also found expressed in the 

pancreas (Waqas et al., 2017). And interestingly, NPFF can circulate through blood to reach 

the adipose tissue and take out the immune regulatory functions. We first categorized NPFF as 

the neurotransmitter for transducing information between neurons. However, the pancreatic 

NPFF leads us to think over again the role of NPFF, since they can function ectopically in the 

adipose tissue. We might categorize the NPFF as a hormone for remote endocrine regulation. 

In 2017, our group identified that NPFFR2 was mainly expressed in the ATMs and bound with 

NPFF, it can promote the M2 polarization of M2 ATMs as well as their proliferation aspect 

(Waqas et al., 2017). It is also showed that NPFF are enriched in lean adults compared to the 

obese individuals. Also, the fasting individuals have higher level of the NPFF in their blood. It 

indicates the role of NPFF in controlling the appetite and affecting the adipose tissue immunity 

through the ATMs. 

        NPFF also thought to have functions in regulating stress (Lin et al., 2017), including the 

mental stress as well as the cellular level stress. According to the NGS results as well as the 

electro microscopic images, we showed that NPFF can help to increase the mitophagy, a 

specific kind of autophagy only focusing on the mitochondria, inside the adipocytes (Ding & 

Yin, 2012). With this ability, NPFF can help adipocytes to eliminate extra amounts of 

mitochondria inside BeAT, once the BeAT to WAT transition comes during the weaning time. 

In the meantime, NPFF activates the M2 ATMs polarization during the weaning time. With the 
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M2 ATMs dominant in the adipose tissue, the inflammation is reduced by the NPFF in this 

instance.  

        However, NPFF level was low before the weaning time came (H. Yu et al., 2019). The 

possible explanation was that the NPFF might trigger the M2 ATMs polarization and AGMO 

expression to eliminate AKGs in the adipose tissue, which might not be beneficial for AKGs 

effect on the adipose tissue as we discussed before. But during the weaning time, the extra 

mitochondria inside the adipocytes must be safely recycled by mitophagy. In this instance, 

NPFF can in one hand help to recycle the mitochondria in the adipocytes and suppress 

inflammation by polarizing ATMs to M2 state on the other hand. Thus, in general, NPFF helps 

to maintain a healthy environment in the adipose tissue during the infant development. NPFF 

is like a protector to help maintain the balance of the inflammation and anti-inflammation inside 

the adipose tissue.  
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Supplemental Information 

 

2 

 

 

Supplemental Figure 2. Possible sources of AKGs in human nutrition 

(A) AKGs (chimyl alcohol [CA], batyl alcohol [BA] and selachyl alcohol [SA]) are enriched 

in so-called marine lipids or “shark liver oils”, which are present in the liver of certain shark 

species (4), the viscera of mollusks, cells of sponges (5), corals (6) and sea cucumbers (7). 

These sources, however, do not have a nutritional impact. For instance, sponges and slugs are 

not consumed, and molluscan viscera are removed during food processing. The so-called 

“shark liver oils” are used in certain folk remedies without proven medical benefits (8). 

Similarly, little is known on the metabolic effects of AKGs. In diet-induced obesity, an SA-

rich diet reduces adiposity (9), although the applied doses are magnitudes higher than the 

AKG concentrations in tissues. AKGs are synthesized in the ether lipid metabolism (10), 

although the precise mechanism is unknown. AKG synthesis is characterized only in archaea 

and bacteria (11), and the enrichment of AKG-like ether lipids is known in marine sediment, 

from which they potentially enter the food chain (11, 12). PCF: phosphocholine fraction. (B) 

Estimated AKG content of human, goat and cow milk, based on previously published values 

(13-17). (C) Daily AKG intake of a human neonate and its theoretical equivalent in an adult. 

Of note, a human adult is unlikely to consume the similar amount of AKGs as a neonate. 

Hence AKGs are lipid species that are taken up in a relevant amount solely by breastfeeding.  
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Supplemental Figure 8. Effects of AKGs and IL-6 on preadipocytes and adipocytes 

(A) 3T3-L1 adipocytes were seeded into a transwell system, and treated with vehicle or 

AKGs for 18 h. BeAT gene transcription was measured. (B) Preadipocytes from adult iAT 

were treated with vehicle or AKGs for 18 h, and BeAT gene transcription was measured. (C-

D) Transwell assays using preadipocytes and ATMs from adult mouse iAT. Ucp1 

transcription (C) and relative MFI of Mitotracker Green (MTG) and Mitotracker Red (MTR) 

(D). (E) FACS analysis of mitochondrial biogenesis in adult iAT-preadipocytes, treated for 

18 h with conditioned media of AKG-treated adult ATMs. Succinate dehydrogenase complex 

subunit A (SDH-A) is encoded by genomic DNA (gDNA). Cytochrome c oxidase subunit 1 

(COX-I) is encoded by mitochondrial DNA (mtDNA). (F) Ucp1 level in preadipocytes (Pre-

ACs) harvested from adult mice, and from six-day-old neonate mouse iAT. (G) 

Preadipocytes of six-day-old neonate mouse iAT were treated with conditioned media of 

neonate ATMs for 18 h and Ucp1 transcription was measured. (H) Effect of AKGs on 

neonate mouse preadipocytes after 18 h treatment, without or with the presence of neonate 

ATMs.  (I) Mito Thermo Yellow (MTY) signal of adipocytes isolated from vehicle-, or 

AKG-treated neonate mice on PD10 (see Figure 1C). MTY signal of iAT preadipocytes 

differentiated into white adipocytes (W-Ac) or induced towards beige differentiation (B-Ac). 

(J) MTY signal in adult or neonate Pre-ACs, treated with vehicle or AKGs for 18 h, without 

or with the presence of ATMs. (K) Mice were injected i.p. with PBS-filled liposomes (PBS), 

or clodronate-filled liposomes (CLD) on postnatal day 3. BeAT gene transcription was 

measured on postnatal day 7. AKG levels of the ingested breast milk were also measured. (L) 

BeAT gene transcription in 3T3-L1 preadipocytes (Left) and adult Pre-ACs (Right). Cells 

were treated with vehicle or 2 ng/ml IL-6 for 18 h. Bottom: Il6ra level in mouse WAT and 

BAT. *p<0.05, **p<0.001, Student´s 2-tailed, unpaired t-test. 
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Supplemental Figure 9. ATMs of the neonate AT  

Left: For better visibility we display here the enlarged Figure 3I. Case numbers of the 

Macaca mulatta infant samples used for Iba1 immunostaining: 2016c331 (4 days old female), 

2016c270 (term fetus male stillborn), 2017c349 (14 days old female); protocol approval 

G005151-R01. Right: FACS analysis of stromal vascular fraction isolated from infant mouse 

iAT on postnatal day 6 (PD6), and iAT of HFD-fed adult C57BL/6 mice. Cells were pooled 

from 8-11 neonate mice for each data point. ATMs: cell population rich in ATMs, iMCs: cell 

population rich in immature myeloid cells. These cell populations have previously been 

characterized by FACS and transmission electron microscopy (26, 27).  
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Supplemental Figure 12. Biosynthesis of PAF by ATMs and adipocytes 

AKG metabolism by adipocytes and ATMs. CHPT1 synthesizes PAF from 1-O-alkyl-2-

acetyl-sn-glycerol in the so-called de novo PAF synthesis (24, 29). AGMO is an AKG 

catabolizing enzyme (23). Fatty aldehydes, products of AGMO, are further converted to fatty 

acids by ALDHA32 (24). LPCAT synthesizes PAF from lyso-PAF and lyso-

phosphatidylcholine (lyso-PC) in the so-called remodeling PAF synthesis (23, 29). 

PLA2G2A and PLA2G10 generate lyso-PC, hence can indirectly fuel PAF synthesis (30-32). 

PLA2G7 degrades PAF into lyso-PAF. The PAF/lyso-PAF/PAF conversion is called Land´s 

cycle. AKGs are structurally similar to 1-O-alkyl-2-acetyl-sn-glycerol and lyso-PAF, and 

thus can potentially enter both the de novo and the remodeling pathway of PAF synthesis (4, 

28). AKGs can also be acylated and phosphorylated (24, 33), and hence serve as substrates 

for PLA2G2A and PLA2G10. PC: phosphocholine 
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Supplemental Figure 16. Supporting information for NGS and image analysis 

(A) Percentage of clean reads and correlation matrix of samples used for NGS (ATMs treated 

with vehicle or AKGs, shown in Figure 4A, 6H, source files are accessible in GEO 

(GSE125405). (B) Percentage of clean reads and correlation matrix of samples used or NGS 

(adipocytes treated with vehicle or NPFF, shown in Figure 7E, source files are accessible in 

GEO (GSE125405). (C) Adipocyte size was measured with ImageJ software (NIH). Images 

were masked to label the borders of each adipocyte, and area measurement was carried out 

using built-in script of ImageJ. (D-E) Controls of UCP1 and F4/80 immunostaining. (F) 

Western blot of UCP1 in AT samples on PD56. 1-3 iAT, 4-6 BAT. (G) BeAT area was 

measured with in-house software, which upon publication is available for use. Briefly, the 

software was adjusted to recognize BeAT morphology cell clusters using H&E–stained 

sections. Total tissue area and percentage of BeAT area is calculated automatically. As a 

validation, we used ImageJ-analyzed samples as a comparison. (H) Mitochondrial content 

was measured using ImageJ with the publicly available Mitophagy Macro script, developed 

by Ruben K. Dagda, according to the application´s instructions (37). To avoid mitochondrial 

swelling to be misidentified as increased mitochondrial content, we calculated the ratio of 

area/perimeter and normalized it to minor axis of mitochondria. This value remained constant 

across experimental groups. 
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Supplemental Table 2. Part B. Supplementary data on the infants involved in the study 
 

ID 
Mother's  

age at birth 

in years 

Type of 

elective 

surgery 

Length 

(cm) 

Weight 

(kg) 
BMI 

Mother's 

weight at 

surgery 

(kg) 

Mother's 

height at 

surgery 

(cm) 

Mother´s 

BMI at 

surgery 

Diabetes state 

of mother 

751 37.4 herniotomy 75 8.4 14.9 61 180 18.8 non-diabetic 

631 29.4 herniotomy 60 5.4 15.0 83 163 31.2 non-diabetic 

708 19.0 herniotomy 61.8 6.44 16.9 62 161 23.9 n/a 

504 29.0 herniotomy 61 5.7 15.3 50 167 17.9 non-diabetic 

884 31.7 herniotomy 55 4.24 14.0 61 165 22.4 type 2 

757 31.9 herniotomy 55.7 5.9 19.0 110 165 40.4 type 2 

649 24.3 herniotomy 63.3 5.95 14.8 65 165 23.9 non-diabetic 

553 22.3 herniotomy 58.5 5.715 16.7 65 160 25.4 non-diabetic 

650 22.4 herniotomy 60.7 5.27 14.3 65 163 24.5 not avalable 

862 32.7 herniotomy 65 7.1 16.8 91 165 33.4 non-diabetic 

608 42.3 herniotomy 62 5.265 13.7 52 162 19.8 non-diabetic 

557 36.0 herniotomy 65 6.3 14.9 60 160 23.4 non-diabetic 

627 29.9 herniotomy 59 5.36 15.4 65 160 25.4 non-diabetic 

831 19.8 orchidopexy 74.5 8.2 14.8 100 176 32.3 non-diabetic 

655 35.0 herniotomy 66 7.59 17.4 60 160 23.4 non-diabetic 

704 30.7 herniotomy 76 9 15.6 60 160 23.4 non-diabetic 

781 26.2 herniotomy 75 8.75 15.6 n/a n/a n/a non-diabetic 

654 24.9 orchidopexy 75 10.1 18.0 60 168 21.3 non-diabetic 

634 32.0 orchidopexy 122 22 14.8 68 174 22.5 non-diabetic  

740 33.8 orchidopexy 78 11.8 19.4 80 168 28.3 non-diabetic 

None of the mothers developed gestational diabetes during pregnancy. Mothers of infants 884 

and 757 had diagnosed and hence treated, type 2 diabetes. UCP1 levels of infants 884 and 

757 are compared in Supplemental Figure 6A. None of the infants had metabolic disease at 

the time of surgery. 

Supplemental Table 2. Part C. Supplementary data on the infants involved in the study 

Breast-fed infants Formula-fed infants 

ID UCP1 Ct value ID UCP1 Ct value 

751 27.10 504 >40 

631 27.93 757 37.87 

708 37.50 553 30.40 

884 30.47 862 >40 

649 21.10 557 35.57 

650 36.51 831 >40 

608 31.39 655 >40 

627 33.71 704 34.21 

634 34.67 781 >40 

740 29.53 654 >40 
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Supplemental Table 3. 

qPCR primer sequences used in this study (m: mouse, h: human) 
m-Bactin Fw. GCACCAGGGTGTGATGGTG 

Rev. CCAGATCTTCTCCATGTCGTCC 

m-Gapdh Fw. TGACGTGCCGCCTGGAGAAA 

Rev. AGTGTAGCCCAAGATGCCCTTCAG 

m-Ucp1 Fw. CCTGCCTCTCTCGGAAACAA 

Rev. CTGTAGGCTGCCCAATGAAC 

m-Ppargc1a Fw. GACTCAGTGTCACCACCGAAA 

Rev. TGAACGAGAGCGCATCCTT 

m-Cox7a1 

 

Fw. ATGAGGGCCCTACGGGTCTC 

Rev. CATTGTCGGCCTGGAAGAG 

m-Cidea Fw. TACTACCCGGTGTCCATTTCT 

Rev. ATCACAACTGGCCTGGTTACG 

m-Dio2 Fw. GTCCGCAAATGACCCCTTT 

Rev. CCCACCCACTCTCTGACTTTC 

m-Tmem26 Fw. TCCTGTTGCATTCCCTGGTC 

Rev. GGGTGCTGCAATACTGGTTTC 

m-Adrb3 Fw. GTCGTCTTCTGTGTAGCTACGGT 

Rev. CATAGCCATCAAACCTGTTGAG 

m-Lipe (m-Hsl)  Fw. AGCCTCATGGACCCTCTTCT 

Rev. AGCGAAGTGTCTCTCTGCAC 

m-Atg (m-Pnpla2)  Fw. ACTGAACCAACCCAACCCTT  

Rev. CGCACTGGTAGCATGTTGGA  

m-Olfr544 Fw. CCTTATTGTCTTTGACTGCAACAT 

Rev. TCGGTTGAAGATGCGAACAG 

m-Pparg Fw. GCCCTTTGGTGACTTTATGGA 

Rev. GCAGCAGGTTGTCTTGGATG 

m-Chpt1  Fw. TGTTCTGTGGATAGCAATGGTCA 

Rev. GTCAATATGCTTGTAAACCTGTT 

m-Cd206 Fw. GTTCACCTGGAGTGATGGTTCTC 

Rev. AGGACATGCCAGGGTCACCTTT 

m-Cd163 

 

Fw. GGCTAGACGAAGTCATCTGCAC 

Rev. CTTCGTTGGTCAGCCTCAGAGA 

m-Nos2 Fw. GAGACAGGGAAGTCTGAAGCAC 

Rev. CCAGCAGTAGTTGCTCCTCTTC 

m-Tnfa Fw. TGCCTATGTCTCAGCCTCTTC  

Rev. GAGGCCATTTGGGAACTTCT 

m-Il6 Fw. GCTACCAAACTGGATATAATCAGGA  

Rev. CCAGGTAGCTATGGTACTCCAGAA  

m-Arg1 Fw. CATTGGCTTGCGAGACGTAGAC 

Rev. GCTGAAGGTCTCTTCCATCACC 

m-Il4ra Fw. CACCTGGAGTGAGTGGAGTC 

Rev. AGGCAAAACAACGGGATG 

m-Lpcat2 Fw. GTTGACCCTGACTCCCGAAAA 

Rev. TGGGATGAAGGCTCCTGGTT 

m-Pla2g2a Fw. AACTCCTGTCAGAAACGGCT 

Rev. GTTTTCTTGTTCCGGGCGAA 

m-Pla2g10 Fw. ACATCCTGTGTGGTGAGTGC 

Rev. TGGTCCACAAGGGTACAGGA 

m-Pla2g7 Fw. GAGCTAGTGTTGTGTGAGCCT 

Rev. CTGACTCCCGGATACCCAGA 

m-Agmo Fw. CTTTCTTAGGAGTTGACTTTGGCTACT  

Rev. TGTGCTGCCCAGAAAATATTAATC 
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m-Npffr1 Fw. CCCCCGAGTCTGAACGAGA 

Rev. TAGTAGGAAGAGAAGGTGAGGCT 

m-Npffr2 Fw. CAGATTCCGCTGTGTGGTCT 

Rev. TCGCTCTCAGGGAATAGGCT 

m-Ppia Fw. ATTTCTTTTGACTTGCGGGC 

Rev. AGACTTGAAGGGGAATG 

m-Fabp4 Fw. GAAATCACCGCAGACGACAG 

Rev. AACTCTTGTGGAAGTCACGCC 

m-Id3 Fw. CTGCTACGAGGCGGTGTG 

Rev. CACCTGGCTAAGCTGAGTGC 

h-BACTIN  Fw. AGAGCTACGAGCTGCCTGAC 

Rev. AGCACTGTGTTGGCGTACAG 

h-AGMO Fw. CTGACCTTGACTTCCATTGGATT 

Rev. CAAGCAACGGAGAGTTTCCATA 

h-CCL2 Fw. CCTTCATTCCCCAAGGGCTC 

Rev. GGTTTGCTTGTCCAGGTGGT 

h-IL6 Fw. GAGCAGGCACCCCAGTTAAT 

Rev. ATTTGTGGTTGGGTCAGGGG 

h-ILR4 Fw. TTGCGAGTGGAAGATGAATG 

Rev. CTCCGTTGTTCTCAGGGATAC 

h-UCP1 Fw. TGGAATAGCGGCGTGCTTG 

Rev. CTCATCAGATTGGGAGTAG 

PLA2G2A primer was obtained from Qiagen, #PPH05823B. Further tested primer sequences 

are available upon request. 

Taqman probes 
Gene Primer Probe 

UCP1 F 5´- ACGACACGGTCCAGGAGTTC-3`  
R 5´- ACCAGCTAAAATCTTGCTTCCTAAAC-3` 

5´-TCACCGCAGGGAAAGAAACAGCACC-3´ 

HPRT1 F 5´- GGCAGTATAATCCAAAGATGGTCAA  
R 5´- GTCTGGCTTATATCCAACACTTCGT 

5´-CAAGCTTGCTGGTGAAAAGGACCCC-3´ 

ACTB F 5´- CGACGCGGCTACAGCTT 
R 5´- CCTTAATGTCACGCACGATTT 

5´-ACCACCACGGCCGAGCGG-3´ 

TBP F 5´- TTGTAAACTTGACCTAAAGACCATTGC 
R 5´- TTCGTGGCTCTCTTATCCTCATG 5´-AACGCCGAATATAATCCCAAGCGGTTG-3´ 

Supplemental Table 4. Antibodies used in this study 
UCP1 rabbit polyclonal Abcam, Cambridge, UK , ab10983; and rabbit polyclonal, 

Invitrogen, Carlsbad, California, PA1-24894 

LPCAT2 rabbit polyclonal, Invitrogen, Carlsbad, California, PA5-52481 

CHPT1 rabbit polyclonal, Invitrogen, Carlsbad, California, PA5-23695 

PLA2G2A sheep polyclonal, Invitrogen, Carlsbad, California, PA5-47672 

PLA2G10 rabbit polyclonal, Invitrogen, Carlsbad, California, PA5-59776 

F4/80 antigen rabbit polyclonal, Santa Cruz Biotechnology, Dallas, Texas, sc-25830 

PLA2G7 rabbit polyclonal, MyBioSource, San Diego, California, MBS9205733 

AGMO rabbit polyclonal, Aviva Systems B iology, San Diego, California 
ASB-ARP44468_P050 

pSTAT6 and STAT6 rabbit polyclonal, Cell Signaling Technology, Danvers, Massachusetts, #9362, 
#9131 

Phospho-p38 MAPK  
(Thr180, Tyr182) 

APC, eBioscience, Thermofisher, Waltham, Massachusetts, clone: 4NIT4K K  

Rabbit anti-goat IgG  H+L , cross-Adsorbed, FITC, polyclonal, secondary antibody, Invitrogen, 
Carlsbad, California, F-2765 

Goat anti-rabbit IgG  H+L , HRP, Polyclonal, Secondary Antibody, Invitrogen, Carlsbad, California 

Apoptosis detection Invitrogen™  eBioscience™  Annexin V Apoptosis Detection K it APC 

Macrophage detection F4/80 APC, CD45 PerCy5.5, CD11b APC or PE  or AF700, CD68 PE or APC, 
K i67 PE  as detailed in (26); eBioscience, Thermofisher, Waltham, Massachusetts 
CD163 (10D6, Invitrogen, MA5-11458), Iba1 (Waco Chemicals, Richmond, VA, 
019-19741)  



  119  

 
 

Supplemental Information 

 

21 

 

Supplemental Methods 

 

Analysis of AKGs 

AKG species were analyzed by nano-electrospray ionization tandem mass spectrometry 

(Nano-ESI-MS/MS) with direct infusion of the lipid extract (Shotgun Lipidomics): tissue 

samples were weighed and homogenized in Milli-Q water (1 mg/10 µl) using the Precellys 24 

Homogenizer (Peqlab) at 6,500 rpm for 30 sec. Body fluids (plasma, milk) were diluted with 

a 10-fold volume of water. Mouse milk was collected from the gastric content of neonate 

mice on PD3 and PD6, and used for subsequent analysis. Blood plasma was collected in 

EDTA-coated hemotubes and centrifuged at 1500 rpm for 15 min. In total, 50–200 µl of the 

tissue homogenate/diluted body fluid was used for extraction. 

Before extraction, 200 ng of the internal standard 17:0 AKG (abcr Gmbh, Karlsruhe, 

Germany) was added to the tissue homogenate and body fluid samples; total lipids were then 

extracted using a method developed by Bligh & Dyer (44). The total lipid extract was dried 

under a constant stream of nitrogen. The dried lipid extract was resolved in 1.2 ml of 

methanol, and then 300 µl of 35 % potassium hydroxide in water was added. Alkaline 

hydrolysis was carried out for 1.5 hours at 80°C. The hydrolysate was extracted with 4 ml of 

hexane, which was then washed with 2 ml of water. The organic phase was dried under a 

stream of nitrogen, resolved in 100 µl of methanol and stored at -20 °C until analysis. 

For analysis, the sample was diluted 1:4 with 10 mM ammonium acetate in methanol. 

Lipid infusion and ionization was conducted using Nano-ESI chips with the TriVersa 

NanoMate operated by ChipSoft Software (Advion) under the following settings: sample 

infusion volume: 14 μl, volume of air to aspirate after sample: 1 μl, air gap before chip: 

enabled, aspiration delay: 0 s, pre-piercing: with mandrel, spray sensing: enabled, cooling 

temperature: 10°C, gas pressure: 0.5 psi, ionization voltage: 1.4 kV, and vent headspace: 

enabled. Pre-wetting was done once. Mass spectrometric analysis was performed using the 

QTRAP 6500 (SCIEX) platform operated by Analyst 1.6.3. 

The following instrument-dependent settings were used: curtain gas, 30 psi; CAD gas, 

medium; and interface heater temperature, 100°C. AKG analysis was performed in the 

positive ion mode by applying characteristic multiple reaction monitoring (MRM) transitions 

with additional scans for precursors of m/z 75 and m/z 93 for confirmation. 

 For quantification of AKG species, MRM data were processed using MultiQuant 
Software 3.0 (SCIEX). For each analyte, 3 MRMs were recorded, and the respective 

quantifier transition (see Table 1) was used for quantification. Endogenous AKG species 

were quantified against external calibration curves, which were calculated from MS/MS 

measurements of serially diluted synthetic AKG species in a range 1–250 µM. A fixed 

amount of the internal standard 17:0 AKG was added to each dilution. The standard 

calibration curves were plotted based on molar concentration versus peak area ratio of AKG 

species to the internal standard. Linearity and the correlation coefficient (R2) of the 

calibration curves were obtained via linear regression analysis. The calculated amounts of 

endogenous AKG species were normalized to the tissue weight or volume of body fluid, 

respectively.  

 

Artificial rearing of neonate mice 

Pregnant CD-1 mice (CLEA Japan, Inc., Tokyo, Japan) were bred on custom pelleted diets 

(MF, Oriental Yeast Co., Ltd., Tokyo, Japan, Supplemental Table 4), and male offspring 

were used in this study.  The mice were maintained on the pelleted diet after weaning. 
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  Supplemental Table 5.  Composition of experimental diet1  

 Component Amount (g/100 g diet) 

Crude protein  23.1 

Carbohydrates 55.3 

Minerals  5.8 

Crude fat  5.1 

Dietary fiber 2.8 

 

1 The experimental diet was MF, obtained from Oriental Yeast Co., Tokyo, Japan. 
 

Artificial rearing system 

The artificial rearing procedure used a hand-feeding technique with specially-constructed 

nursing bottles.  Pups were separated from their dams on postnatal day 2 and fed artificial 

milk by hand using a nursing bottle every 3 h (5 times/day).  Pups were capable of suckling 

from silicon nipples connected to the nursing bottles.  Pups were placed in a cage with an 

ovariectomized foster mother for maternal care and warmth except at feeding times.  From 

day 14, pups were fed artificial milk from a nursing bottle in combination with a pelleted diet. 

Infant diets were made by mixing a crushed control diet and its respective artificial milk.  

Pups in all groups were weaned to the pelleted diet at day 21.  Pups were housed in an 

artificially regulated environment at 23 ± 3°C, 55 ± 10% humidity using a 12-h light/dark 

cycle  (lights on between 07:00-19:00). 

 

Artificial mouse milk  

Artificial milk formula was developed based on the methods of Hatanaka et al. (45), with 

slight modifications of fat content (Supplemental Table 5). Casein and whey protein were 

used as protein sources and lactose was used as the carbohydrate. Fat was adjusted to 16% 

by mixing several oils. For complete dissolution, ingredients were mixed using a sonicator 

(Ultrasonic Processor S-4000, Misonix, Inc., Farmingdale, NY).  Milk was homogenized 

twice under high pressure (800–1000 bar) using a high-pressure homogenizer (Panda 

PLUS 2000, Niro Soavi S.p.A., Parma, Italy) resulting in emulsified, sterilized, and 

smoothed milk.  The homogenized milk was stored at -80°C. AKG supplementation 

restored the natural AKG content of the milk (see Supplemental Figure 3E). 
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Supplemental Table 6.  Composition of the artificial milk1  

 Ingredient Amount (weight/100 ml milk) 

Protein (g) Whey protein isolate (BIPRO) a 4.0 

 Whey protein hydrolyzed (PEPTIGEN® IF-3090) b 5.0 

 Casein (Acid Casein LACTIC CASEIN720) c 4.0 

 Serine d 0.02875 

 Cystine d 0.3 

 Tryptophan d 0.027 

 Methionine d 0.0045 

Carbohydrate (g) Lactose e 1.89 

Minerals (mg) NaOH d 25 

 KOH e 150 

 GlyCaPO4 
d 800 

 MgCl2 6H2O d 190 

 CaCl2 2H2O d 170 

 CaCo3 
d 184 

 Ca-Citrate e 120 

 Na2HPO4 
d 80 

 KH2PO4 
d 8 

 FeSO4 
d 24 

 Citrate H2O e 0.5 

 ZnSO4 
e 6 

 CuSO4 
e 1.5 

 MnSO4 
e 0.25 

 NaF d 0.155 

 KI d 0.25 

 K2SO4 
e 163.5 

 Na2SiO3 9H2O d 5.075 

 Na2O4Se d 0.035 

 H8MoN2O4 4H2O e 0.0275 

 KCr(SO4)2 12H2O d 0.975 

 LiCl e 0.05 

 H3BO3 
d 0.285 

 NiCO3 
d 0.1125 

 NH4VO3 
e 0.0225 

Vitamins (mg) Vitamin mix f 400 

 Vitamin C e 200 

 Vitamin K3 d 1.9825 

 Vitamin A e  0.1284 

 Vitamin D d 23.46 

 Vitamin E d 0.0025 

Others (mg) Carnitine d 4 

 Picolinate d 2 

 Ethanolamine d 3.5 

 Taurine d 15 

 Tricholine citrate d 147 

Fat (g) (16.04 g)  

 MCT g 1.25 
 Palm oil h 7.75 
 Coconut oil e 2.5 
 Corn oil e none 
 Soybean oil e 2.75 
 Linseed oil e 0.75 
 ARASCO® i 0.5 
 DHASCO® I 0.5 
 Cholesterol e 0.04 
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Oil red-O staining, quantification of UCP1 staining 

TG content of cultured adipocytes were stained with oil red-O, as described before (26). 

UCP1 immunostained samples were photographed and optical density of the images were 

measured with digital image analysis. Original images are available upon request through 

Figshare. 

 

Transmission electron microscopy (TEM) 

Cells were fixed in paraformaldehyde/glutaraldehyde, and processed for TEM analysis as 

described before (27).  

 

Cell viability assay 

We used Presto Blue cell viability assay (Thermofisher, Waltham, MA) and Rotitest Vital 

(Carl Roth, Karlsruhe, Germany) cell viability assays, according to the manufacturers´ 

instructions. 

 

BeAT image analysis software is available under the following link 

https://drive.google.com/open?id=1HoQVYG4ofWmNmc9p9imKkUyEkWveQndd 

A tutorial is available in YouTube:  https://www.youtube.com/watch?v=Nbctef3Qrug  
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