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MafB is essential in macrophages for regulating Brown Adipose 
Tissue’s cold-induced Neuronal arborizations. 

 

Abstract  
 

Obesity becomes an epidemic disease in modern times. The population of the overweight 

raised up to 39 % as per the World Health Organization (WHO) 2016 report. Interestingly, the 

WHO data indicates the countries are having a higher prevalence of obesity mostly have a cold 

climatic environment. To solve the high prevalence of obesity in cold climatic regions, there is a 

need for more exploration cause behind and finding out new possible drug targets to burn extra 

calories consumed. 

Here in our current study, we have identified a new pathway that can be beneficial for our 

understanding of increasing thermogenic metabolism for a healthier life. In our current study, we 

have found Mafb in macrophages suppresses proinflammatory cytokine Il6 and could increase 

sympathetic neurons in Brown Adipose Tissue (BAT). We used macrophage-specific Mafb 

deficient mice, which show a deficiency in cold adaptation and thermogenic metabolism, with 

increased Il6 expression. The increased Il6 expression further suppresses an important 

neurotrophin hormone of BAT and end up with compromised neuronal plasticity upon cold 

induction, which finally reduces the BAT functions.  While, when we treated this mouse with IL6-

Receptor blocker, the mouse can restore his compromised ability for cold adaptation. 
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General Introduction 

1. Types of Adipose Tissues:  

 Adipose tissue, also called fat tissue, comprises a large chunk of average adult body 

composition, and the percentage of adipose tissue mass varies between age, gender, sex, and health 

conditions [1–3]. Adipose tissue was primarily thought to be an inert fat-storing connective tissue 

up to the mid of the 20th century[4]. Later understandings of Adipose tissues categorized it as an 

essential organ for survival and physiological functions in the body. Moreover, the Adipose tissues 

classified into as many subtypes over the period. The Adipose tissues are primarily categorized 

into Brown Adipose Tissue (BAT) and White Adipose Tissue (WAT), based on the fat content 

and morphology of both subtypes [5]. 

a) White Adipose Tissue: 

White Adipose Tissue (WAT) covers the majority of the adipose tissue mass, and it plays 

throughout the various compartments of the body. WAT contains up to 95% of fat content in 

unilocular lipid vacuoles, and the primary function of WAT is to store fat when it gets excess due 

to positive energy balance and release the stored fat while negative energy balance in the body[6]. 

The WAT is distinguished as visceral or subcutaneous. The visceral WAT is metabolically more 

active than the subcutaneous WAT, whereas there is a prevalence of higher fat accumulation in 

diseased conditions like insulin resistance or metabolic disbalance. The depots for both visceral 

and subcutaneous WAT might differ between mice and Humans. Likewise, in mouse, the biggest 

depot for visceral WAT is epididymal/gonadal WAT, while in Human gonadal WAT is not so 

abundant, instead, omental WAT is more profound. Similarly, for the subcutaneous WAT the more 
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profound depot is inguinal WAT, while in humans, the most abundant is abdominal and gluteal 

WAT[7].   

b) Brown Adipose Tissue: 

Brown Adipose Tissue (BAT) is less abundant and constitute a tiny fraction of mass in 

rodents about 2.5 % of their body weight, while in adult human it is a much smaller amount. 

However, the energy expenditure for thermogenesis by BAT while active state during cold 

exposure is significant in both rodents and humans. Moreover, BAT adipocytes are multilocular 

and store less fat with comparison to WAT, and the primary function of BAT is to do 

thermogenesis by uncoupled oxidative phosphorylation using a special protein “Ucp1” 

(Mitochondrial Uncoupling Protein 1) for sustaining cold environment [8,9]. The thermogenic 

program of BAT is triggered by a cold-sensation signal from the skin to hypothalamic preoptic 

area-specific neurons, which upon sensing cold exposure increase the sympathetic firing of 

catecholamine in BAT. BAT tissue expresses b3 receptors for catecholamine binding, which 

induces thermogenic signal cascade and induction of various thermogenic response elements in 

BAT, including Ucp1[10]. 

The BAT was a much-ignored topic of interest and was thought to be only crucial for 

hibernating animals until 1965s when the role of BAT was first indicated in human newborn 

infants for non-shivering thermogenesis [11]. Furthermore, the significance of BAT has gained its 

potentials as a possible target organ for curbing metabolic diseases in adult human in 2009, when 

many of the publication has demonstrated the importance of BAT in adult human health [12–14].  

 The primary location of BAT depot in rodents and human infants are interscapular, 

subscapular, axillary and cervical regions, among them interscapular BAT (iBAT) is a major depot 
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and most metabolically active for rodents as well as human infants, might not be an as active state 

in an adult human. In the adult human, major active-BAT depots reported are cervical, 

supraclavicular, and paravertebral depots [12,15,16]. 

c) Beige / Brite Adipose Tissue: 

Beige / Brite Adipose tissues (bgAT) are brown-like adipose tissue appeared within many 

of the WAT depots after cold exposed condition, especially in the subcutaneous depots of WAT 

with a much higher level of Ucp1 content as a comparison to typical WAT. The bgAT was reported 

in earlier studies as convertible WAT with brown like features. Conversely, in recent studies, the 

term bgAT has gained popularity because of the identification of distinguishable parameters to 

differentiate WAT and bgAT, with reports that adult humans might have bgAT instead of classical 

BAT [17–19]. However, some more recent advancement has indicated the presence of both 

classical BAT and bgAT in the adult human, while human infants have proper classical BAT in 

the interscapular region similar to small mammals [20,21]. 

2. Origin of Adipose tissues 

The current understanding of the origin of BAT, WAT, and bgWAT illustrates the distinct 

source of all the subtypes of Adipose tissues. BAT’s adipocytes originate from Myf5 (Myogenic 

factor 5) positive myogenic precursors, where the Prdm16 (PRD1-BF-1-RIZ1 homologous 

containing protein-16) expression shifts the myogenic precursor's differentiation towards brown 

adipocytes [22]. In contrast, the WAT and bgWAT are derived from Myf5 negative distinctive 

subpopulations of MSCs cells (Mesenchymal pluripotent stem cells), provided that Tmem26 high 

or Cd137 positive adipocytes can transdifferentiate into brown-like multilocular beige adipocytes 
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by cold induction, while Tmem26 low or Cd137 negative carries the unilocular WAT features 

[17,23]. 

3. Transcriptional regulation of Adipose tissues 

a) Pan-Adipocyte transcriptional regulation 

Pparg (Peroxisome proliferator-activated receptor-g) and C/Ebp’s (CCAAT/enhancer-

binding proteins) transcriptional regulators are critical for adipogenesis of all subtypes of adipose 

tissue despite their distinct physiological functions and origin. C/Ebpb and C/Ebpd isotypes of 

C/Ebp’s transcription factors are expressed during the early phase of adipogenesis and 

indispensable for adipocytes differentiation during adipogenesis. C/Ebpb and C/Ebpd expression 

initiate the expression of C/Ebpa and Pparg, which plays an essential role in maturation, functional 

maintenance, and survival of adipocytes. Interestingly, most of the adipogenesis genes have both 

the binding sites of C/Ebpa and Pparg, which suggests their closer association and importance in 

adipose regulation [24–28].  

Moreover, during preadipocyte commitment and early transcriptional cascade which 

induces the two key (C/Ebpa and Pparg) transcriptional regulator includes; Ap-1 (Activated 

protein -1) family members, Stat5 of Stat (Signal transducer and activators of transcription) family, 

Egr2/Krox20 (Early growth response protein2), GR (Glucocorticoid receptor), Ebf1 of Ebf (Early 

B-cell factors) family member, Klf4 and Klf5 of Klf (Kruppel-like factors) family member, and 

NfIA & NfIB of NfI (Nuclear factor I) [27,29].  

Consequently, after induction and commitment of preadipocytes, which induces C/Ebpa 

and Pparg expression and initiates several other transcriptional regulators, which further increases 
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the Pparg activity or independently play many important roles in the lipogenesis and adipogenesis 

transcriptional cascade or regulates metabolic maintenance factors during adipocytes maturation 

and functions. Likewise, Srebp-1 and Srebp-2 of Srebp/Adp family (Sterol regulatory element-

binding protein / Adipocyte determination and differentiation dependent factor 1) act to increase 

the adipogenic and lipogenic activity of Pparg by regulating transcription activity Fas (Fatty acid 

synthase) and Lpl (lipoprotein lipase) [30,31]. Similarly, Stat5 is expressed with C/Ebpa and 

Pparg, important for Gh (growth hormone) and cytokine sensing transcriptional activation of 

effector adipogenic genes. Knockout of Stat5 in adipocyte impair the adipose functional by 

decreasing the insulin sensitivity and lipolysis [32–34]. 

b) Brown, Beige specific transcriptional regulation 

The major transformation from typical adipose program towards brown/beige like is 

regulated by Prdm16, Egf2, Tgfb superfamily BMP7 (Bone morphogenetic protein 7), Pgc1a 

(Pparg transcriptional coactivator 1 a) and FoxC2 (Forkhead box C2), with cAMP-dependent Pka 

(Protein Kinase activity). Bmp7, FoxC2, and Egf2 expressed earlier in the preadipocyte state of 

BAT/bgAT, which further increase the Prdm16 expression [22,35–38]. Prdm16 is a major 

functional determinant of BAT by its multifunction role. Firstly, it functions as a coactivator of 

several brown-specific transcriptional activators, including Pgc1a, C/Ebpb , and Pparg by the 

complex formation and enrich the brown specific effector genes like Ucp1, dio2, Pgc1a, Cidea, 

and Elovl3 [39–41]. Secondly, it interacts with transcriptional corepressor Ehmt1 (Euchromatic 

histone-lysine N-methyltransferase) and silences the muscle-specific genes during brown-

adipogenesis of Myf5 Positive preadipocytes [42]. Moreover, it also suppresses the white-specific 
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effector genes by interacting with transcriptional corepressor CtBP1 (C-terminal binding protein-

1) [43]. 

 

4. Adipose Tissue Macrophages (ATM) regulation of adipose function 

a) Importance of ATM 

ATM has gained significant attention in the field of metabolism and adipose tissue 

functional & homeostasis regulation in the modern scenario. The role of ATM in metabolic 

disbalance and obesity was first reported in 2003, illustrating macrophages increases in adipose 

tissue during obesity up to 50% of adipose mass from 5% at the lean state and proinflammatory 

cytokines like Il-6, Tnfa & iNos induction during obesity is significantly contributed by ATM 

[44]. Since then, a plethora of studies have been published within this short timeframe identifying 

the various function of ATM; still, the enormous role and functionality of ATM in homeostasis & 

metabolic dysfunction are largely debatable with much more work need to be done. 

b) ATM role in the homeostasis of adipose tissue function 

ATM plays a crucial role in maintaining adipose tissue homeostasis by various means 

which includes clearance of dead adipocytes, modulate adipogenesis and lipogenesis balance, 

macrophages in BAT also perform unique roles in thermogenic adaptation and regulation, and 

macrophages provide a buffer for an excess of lipid during lipolysis and adipocyte death [45–47]. 

In detail, ATM digest and clear the apoptotic adipocytes for the efficient functioning of adipose 

tissue. However, adipocytes are way much bigger with comparison to macrophages; in that case, 

ATM has adopted exophagy mechanism to solve this issue by forming a crown-like structure 

(CLS). Where multiple macrophages encircle around the dead adipocytes to form CLS and digest 
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the dead adipocytes extracellularly to uptake all the content including lipid [48]. Recent studies 

indicated a population of macrophages attract adipose progenitor cells around the CLS by 

osteopontin signalling or induction activin A that facilitate the adipogenesis to maintain the 

turnover of adipocytes [49,50]. While the other studies indicated that the inflammatory 

macrophages inhibit adipogenesis in an in-vitro model, which means ATM controls the 

adipogenesis in either way [51]. Moreover, ATM also regulates lipogenesis by factors like AIM 

(Apoptosis Inhibitor of Macrophages), which can go inside the adipocyte and inhibit lipogenesis 

[47].  While lipolysis induced by starvation or increased metabolism triggers macrophages 

infiltration in the adipose tissue to uptake the excess of free fatty acids (FFA) [52]. Overall, with 

this recent advancement in field ATM study shows macrophages are the key regulator of adipose 

functions. 

c) ATM specialized role in cold-induced thermogenesis 

In addition to the core functionality of macrophages regulating metabolism, the recent 

developments include some specialized role of ATM facilitating BAT thermogenesis. Firstly, 

ATM guides tissue innervation of sympathetic neurons by macrophages PlexinA4  and 

sympathetic neuronal Sema6A interaction [53]. Secondly, the sympathetic nerve associated 

macrophages of BAT expresses Slc6A2 (Solute carrier family 6 members 2) to import 

norepinephrine and further metabolise the catecholamine by expressing MaoA ( Mono-amino 

oxidase enzyme A)[54].  

d) M1 and M2 paradigm of Macrophages and obesity 

M2 or alternatively activated macrophages expressing anti-inflammatory genes like Il-

10, Mrc2, Ym1, Mgl1/2 and can be distinguished using CD11b-positive, F4/80-Positive pan 

macrophage marker with CD206 or CD301 positive population. The M2 type macrophages are 
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predominately higher in a lean or healthy state both in mouse and human [45]. While during 

abnormal or obese conditions due to excess of lipid, adipocytes become enlarged and expand 

abnormally. However, the blood vessels do not increase synchronically, and this led to a decrease 

in oxygen and nutrient supplies to adipocytes. The adiponectin cytokine from adipocytes, which 

supports M2 like activation of macrophages, declines in this condition. The dying and stressed 

adipocytes in this situation promotes M1-like proinflammatory macrophages activation. M1 type 

macrophages can be distinguished using CD11C -positive, iNos Positive, or MhcII high population 

by cell cytometry concurrent with regular macrophage marker [45,55,56]. M1 type Macrophages 

express pro-inflammatory cytokines like Il6, Ilb, Mcp1, and others. Which further recruits more 

monocytes in the macrophages and with reduction of insulin sensitivity [46].  

e) Role of MafB in Macrophages. 

MafB, also called v-maf musculoaponeurotic fibrosarcoma oncogene homolog B, belongs 

to the maf oncogene family is a bZip transcription factor that can recognize MARE (Maf-

recognition element) sequence to bind in DNA at the promoter region of regulating genes [57]. 

MafB is expression is induced in the myeloid lineage of hematopoietic stem cells during 

differentiation from multipotent progenitors of macrophages [58]. Recent studies have shown that; 

MafB is essential for various functions of macrophages, including clearance of apoptotic cells by 

regulating C1q genes and induction of AIM protein expression increases atherosclerotic 

development [59,60]. Conversely in adipose tissue expression of AIM is beneficial and inhibits 

lipogenesis, and accordingly, the mice deficient in Mafb in macrophages develop obesity upon  

high-fat diet feeding [47,61]. 
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5. Overview and objective of the study 

Obesity becomes an epidemic disease in modern times. The population of the overweight 

raised up to 39 % as per the World Health Organization (WHO) 2016 report. Interestingly, the 

WHO data indicates the countries are having a higher prevalence of obesity mostly have a cold 

climatic environment. To solve the high prevalence of obesity in cold climatic regions, there is a 

need for more exploration cause behind and finding out new possible drug targets to burn extra 

calories consumed. 

BAT has gained the focus of studies during the last decade as this organ is highly 

metabolically active and burns a significantly high amount of calories to maintain the optimum 

body temperature in rodents [62]. Multiple reports have been published during the last decade 

identifying the distribution and presence of metabolically active brown adipose tissue in the adult 

human. Moreover, the reports indicate the presence of active BAT is highly correlated to BMI, 

age, and outdoor temperature [9,63]. Cold exposure activates the outflow of sympathetic outflow 

as well as neuronal arborization in the adipose tissue for maintaining active state [64]. BAT is 

highly innervated with sympathetic neurons which secretes catecholamine to upregulate the 

thermogenesis when exposed to cold. It has been reported earlier that reduced neuronal innervation 

in BAT can develop into an inactive state and contribute to obesity. The recent reports show 

innervation of neurons could be regulated by macrophages [53]. However, the role of the 

macrophage in the neuronal remodeling of BAT needs to be more investigated to unveil the depth 

of molecular mechanism behind. 

Here, we report MafB in macrophages is one of the regulators of cold-induced increased 

neuronal innervation in BAT. The macrophage-specific Mafb deficient mouse shows decrease 

thermogenesis and energy expenditure with reduced neuronal innervation in BAT. Our model 
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shows Mafb is induced after cold exposure and suppresses the pro-inflammatory cytokine Il6 

expression, and the Il6 might negatively regulate the cold-induced increased neuronal branching 

in BAT. We could able to rescue experiment using Il6r antibody in macrophage-specific Mafb 

deficient mice for cold-induced thermogenesis and energy expenditure.  
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Materials and Methods 

1. Animals 

The macrophage-specific Mafb deficient mice (MfMafb-/- ) used in this study were 

obtained by mating  Mafbf/f and LysmCre - Knocking to get Mafbf/f-LysmCre mice. The Mafbf/f and 

LysmCre - Knocking mice were already created in our laboratory and described in previous studies 

[61,65].  The Genotypes were detected by a PCR-based assay using the tail tissue DNA. The 

genotyping primer sequences used are Cre8: 5’-CCCAGAAATGCCAGATTACG-3’, NLSCre: 

5’-CCCAAGAAGAAGAGGGTGTCC-3’, LysM-forward 

5’CCATTATTTCACAGCAGCATTGC-3’, LysM-rev 5’-GCTGACTCCATAGTAGCCAG-3’. 

The wild type mice used in this study were purchased from SLC of C57BL/6J. All the mice were 

maintained under specific pathogen-free conditions in a laboratory animal resource center at the 

University of Tsukuba. All experiments were performed in compliance with relevant Japanese and 

institutional laws and guidelines and were approved by the University of Tsukuba animal ethics 

committee. 

2. Cold exposure experiments 

The protocol for the cold exposure experiments to the mice used in this study was pre-

approved by the University of Tsukuba animal ethics committee, and the mice were gradually 

shifted to 4°C by decreasing temperature. The acute cold exposure study for 4 hours  8°C was done 

after intermittent cold exposure on alternate days at 8°C for up to 8 hours on the day, and after 

habituation of the mice, mice were challenged for acute cold exposure. The 24-hour cold exposure 

experiments were done under slowly decreasing temperature up to 4°C over the period of 24-hour. 

The ten days continuous cold exposure experiments at 4°C were done after three days gradually 

decreasing temperature and set up to 4°C 
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3. The measurement of rectal temperature 

The rectal temperature of mice was measured by using a thermistor (SK-1260, skSATO). 

The probe was lubricated with mineral oil before inserting it into the rectum of the mice to a depth 

of 2 Cm. 

4. VO2 / VCO2 measurement. 

To measure the VO2 / VCO2, the mice ten days cold exposed were shifted to the Shoda-

Laboratory within the Laboratory of the Animal Centre, and the VO2 /VCO2 were measured under 

the cold condition and after the injection of the CL316,243 b3 agonist drug (abcam ab144605). So, 

we can record and compare the optimum BAT functioning between Mafbf/f and MfMafb-/- mice. 

5. RT-PCR (Real-Time – PCR). 

The interscapular BAT in mice was taken and put into the liquid nitrogen immediately and 

transferred to -80°C for storage. Before, the analysis of the sample was crushed using a mortar and 

pestle frizzed in liquid nitrogen. Total RNA was extracted using ISOGEN (Nippon Gene, Tokyo, 

Japan). cDNA was synthesized using the QuantiTect Reverse Transcription Kit (Qiagen). The 

mRNA level of Nephrin and Podocin was examined by RT-qPCR using the Thermal Cycler Dice 

Real-Time System (Takara Bio) with THUNDERBIRD SYBR qPCR Mix (TOYOBO). mRNA 

abundance was normalized to the mouse 36b4 mRNA level. Specific primer sequences are 36b4; 

forward, GAGACTGAGTACACCTTCCCAC, reverse ATGCAGATGGATCAGCCAGG as a 

housekeeping gene. The target genes include; Mafb; forward, TGAATTTGCTGGCACTGCTG, 

reverse AAGCACCATGCGGTTCATACA, Ucp1 forward  AGGGCCCCCTTCATGAGGTC, 

reverse  GTGAAGGTCAGAATGCAAGC, Arg1 forward TGGCTTGCGAGACGTAGAC, 

reverse GCTCAGGTGAATCGGCCTTTT, Ngf forward GAGACTCCACTCACCCCGTG, 

reverse TGCTCCGGTGAGTCCTGTTG, Leptin; forward GAGACCCCTGTGTCGGTTC, 
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reverse ATGAAGTCCAAGCCAGTGACC, Adbrb3; forward AACCAGAAGCCCTCAGCATC, 

reverse CTCCTTCCTGGCAGAACCTG, Pparg ; forward CCTTCTAACTCCTCATGGC, 

reverse CATTGTGAGACATCCCCACA, Prdm16; forward CAGCACGGTGAAGCCATTC, 

reverse GCGTGCATCCGCTTGTG, Cidea; forward ATCACAACTGGCCTGGTTACG, reverse 

TACTACCCGGTGTCCATTTCT, Vegfr2; forward CAGTGGGATGGTCCTTGCAT, reverse 

ACGGTGGTGTCTGTGTCATC, Pgc1a; forward CCTGCCATTGTTAAGACC, reverse 

TGCTGCTGTTCCTGTTTTC, Cox7a1; forward AGAAAACCGTGTGGCAGAGA, reverse 

CAGCGTCATGGTCAGTCTGT, Mac1; forward ATGGACGCTGATGGCAATACC, reverse 

TCCCCATTCACGTCTCCCA, F4/80; forward CCCAGCTTCTGCCACCTGCA, reverse 

GCAGCCATTCAAGACAAAGCC, Il1b; forward CAACCAACAAGTGATATTCTCCATG, 

reverse GATCCACACTCTCCAGCTGCA, Il6 forward CACAGAGGATACCACTCCCAACA, 

reverse TCCACGATTTCCCAGAGAACA.  

6. RNA-Sequencing. 

RNA sequencing samples were processed similarly as RT-PCR samples, after that, the 

sample was transferred to the RNA-Sequencing facility at Tsukuba University. The raw data were 

analyzed using EdgeR to determine differentially upregulated or downregulated genes p-value 

used were less than 0.05, and q value was less than 0.2. 

7. Gene ontology. 

To do the functional analysis of RNA-Sequencing differentially upregulated or 

downregulated genes. We used Enrichr online tools, which is a free open source tool for gene set 

analysis. Enrichr contains 180184 annotated gene sets from 102 gene set analyses, including 

WikiPathway, KEGG, GO Molecular Function, and Mouse gene atlas, which we used in our study 

[66,67]. 
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8.  Immunohistochemistry (IHC) 

Brown adipose tissue was fixed in 10% formalin neutral buffer (Mildform, Fujifilm) 

overnight at 4°C, and moved it into 100% methanol to dehydrate for 8-10 hours. Then the tissue 

was processed accordingly to already a well-established protocol for paraffin embedding. After 

embedding and making block tissue were sliced using microtome and 5mm thin section slides 

were made for the IHC analysis. The slides were kept under 37°C overnight for proper attachment 

of the tissue section.  

Afterward, the slides were deparaffinized on the day of IHC staining using xylene and 

ethanol. The antigen was retrieved using TE buffer ph 9.0 by autoclaving 2-10 min at 121°C. 

Antigen recovered tissue slides were blocked with secondary antibody host species 10% serum, 

including 1% BSA, 3% skim milk as a stabilizer and efficient blocking. 0.02% sodium azide was 

added as a preservative, and 0.1% Triton is used for enhancing the penetration of the antibody. 

The primary antibody incubation was usually 2-3 hours at room temperature or 4°C overnight, 

followed by washing and secondary antibody incubation at room temperature for one hour. After 

washing, the tissues were mounted with fluoromount media. Nuclear staining was achieved using 

Hoechst (2ug/ml, 1368-F, DBS) in mounting media (fluoromount). Following primary and 

secondary antibodies were used in our studies; anti-Ucp1 (ab19983 abcam), Anti-Tyrosine 

Hydroxylase (AB152, Millipore), Anti-Mac2 (Cl8942AP, cedarlane laboratories), Alexa flour 647 

Donkey anti-rat (abcam), Alexaflour 488 Donkey anti-rabbit (Invitrogen), Alexaflour 596 Donkey 

anti-rabbit (Invitrogen), Alexaflour 596 Chicken anti-rat (Invitrogen) and Alexaflour 488 Goat 

anti-rabbit (Invitrogen). All the images were taken using a Keyence BZ-X 810 fluorescence 

microscope and analyzed by BZ-X810 analyzer software for pixel and area counting of signals. 
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9. ELISA Il-6  

Cedarlane CL89136K-96 ELISA kit was to determine IL6 concentration. The tissue lysate 

of BAT was made in accordance with a study published identifying approached to assess the 

expression of cytokine [68]. The ELISA protocol for the assay was followed in accordance with 

the guideline of the kit supplier, except endogenous peroxidase blocking has been done after 

capturing the antigen and before applying the primary antibody. The standard and sample were 

treated in the same manner and after the finish of ELISA. The detection was made by a plate reader 

at 450nm wavelength. 

10. Device for the intracapsular temperature recording 

Mlx90614ESF medically calibrated sensors were programmed using Adfruit GitHub 

online libraries to read on the Aurdino device. Furthermore, a python program was written to 

handle multiple devices initiating and interpreting their data to save in an excel file. The sensor 

was attached to mouse skin using the 3d printer printed adapter using skin glue. The system was 

made as that mice could freely move in the as the sensor was attached with a freely rotating pulley 

circuit with an ultrathin wire. The intracapsular temperature was recorded with this self-made 

device for up to 4 hours.  

11. Hematoxylin and Eosin Staining 

Brown adipose tissue was fixed in 10% formalin neutral buffer (Mildform, Fujifilm) 

overnight at 4°C, and moved it into 100% methanol to dehydrate for 8-10 hours. Then the tissue 

was processed accordingly to already a well-established protocol for paraffin embedding. After 

embedding and making block tissue were sliced using microtome and 5mm thin section slides 

were made for the IHC analysis. The slides were kept under 37°C overnight for proper attachment 

of the tissue section. 
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Afterward, the sections were deparaffinized by dipping into Xylene 100% for five minutes 

with three changes. The sections were hydrated by dipping into 100% ethanol two minutes with 

two changes, 95% ethanol two minutes one change, 70% ethanol two minutes one change, distill 

water five minutes one change followed by Mayer’s Haematoxylin (131-09665, Wako) staining 

for 20 minutes. Ater the Haematoxylin staining, the section were washed in flowing tap water for 

one minute, followed by dipping into Differentiation solution (A3179, Sigma), stopped the 

differentiation solution by dipping 5 minutes into tap water, dipped for two minutes in Scott tap 

water (S5134, Sigma) and stopped the Scott’s tap water by dipping into tap water one minute. Next, 

the sections were dehydrated by dipping into 70% ethanol two minutes one change, 95% ethanol 

one minute one change. Finally, the sections were stained with Eosin (050-06041, Wako) for two 

minutes. The sections were washed in 95% ethanol one minute one change, 100% ethanol five 

minute two change, and then the sections were cleared by dipping into 100% Xylene for five 

minutes three changes and mounted using D.P.X. (317616, Sigma). All the images were taken 

using a Keyence BZ-X 810 fluorescence microscope and analyzed by BZ-X810 analyzer software 

for lipid droplet size estimation. 

12. Statistical Analysis 

All the quantified data are presented as the mean s.e.m. The data are from one 

representative experiment of at least two independent experiments. Probability values were 

calculated by student t-test and p-value less than 0.05 considered significant.  
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Results 

1. Mafb is increased in BAT after acute cold exposure to the mice 

As described earlier, macrophages regulate the various function of adipose tissue, including 

the clearance of dead adipocytes by efferocytosis, lipid buffering, insulin sensitivity, and more. 

The recent studies in BAT metabolism have indicated that macrophages can control the tissue 

innervation of the sympathetic neuron, and also, the sympathetic associated macrophages are 

essential for catecholamine metabolism. At the same time, MafB has multiple roles in macrophage 

for their differentiation and function, so we first checked the Mafb and Ucp1 expression in BAT 

of WT-mice of 4 hours acute cold exposure mice using RT-PCR. Interestingly, the results showed 

that the Mafb is significantly increased, followed by acute cold exposure with a concurrent increase 

in Ucp1 (Fig. 1A-B). However, cold exposure also recruits many macrophages in BAT during 

increased thermogenesis could also be the reason for Mafb increased expression in the BAT as the 

overall proportion of the macrophages is increased. To further analyze the probable role of MafB 

during thermogenesis, we obtained the macrophage-specific Mafb deficient mice (MfMafb-/-) by 

mating the Mafbf/f and LysmCre - Knocking mice. 

2. MfMafb-/- mice lack in thermogenic adaptability 

After obtaining the MfMafb-/- mice, we had planned to do the long cold challenge and short 

acute cold-challenge to investigate the ability and adaptability of the MfMafb-/- mice for cold-

induced thermogenesis. MfMafb-/- mice housed for ten days under cold (4ºC) have  increased their 

body weight during the cold exposure with a similar amount of food intake with comparison to the 

control mice (Fig. 2A-C). Moreover, we had checked these mice rectal temperature first, and the 

temperature was significantly downregulated by 0.5° C (Fig. 2D), which means the MfMafb-/- 
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mice deficient in cold-induced thermogenesis, and this deficiency could be the possible reason that 

MfMafb-/- mice have increased body weight even during cold acclimatization. We further 

confirmed the thermogenic deficiency of the MfMafb-/- mice by IR thermal camera imaging (Fig. 

2E). Moreover, we did a continuous recording of intracapsular region temperature or measured the 

rectal temperature hourly after acute cold challenge to the mice at 8ºC using a medically calibrated 

IR thermal sensor (Mlx90614ESF) or using a rectal probe (Fig. 2F-H), both results showed 

downregulation of the body temperature of the MfMafb-/- mice. Next, we approached to test 

MfMafb-/- mice BAT’s thermogenic activity by pharmacological activation of the BAT of the long 

cold-accustomized mice using b3 agonist drugs (Cl316,243) injection. We injected the b3 agonists 

drug 1mg/kg of mice body weight, and the mice were put on measurement for VO2 and VCO2 

under cold condition. The VO2 measurement results depicted significant reduced in thermogenic 

energy expenditure of the MfMafb-/- mice after b3 agonist drug injection under cold (Fig. 2I, J).  

3. MfMafb-/- mice BAT function is compromised. 

Our results have clearly shown the thermogenic deficiency of the MfMafb-/- mice under 

cold conditions. While the BAT is a major organ for producing heat for maintaining the body 

temperature,  we analyzed the iBAT of the MfMafb-/- mice on histological & functional parameters 

and compared them with the controlled. To asses the gross histology of iBAT of mice housed for 

ten days at 4ºC, we did HE staining of the iBAT and analyse the HE staining images for lipid 

droplet size, MfMafb-/- mice have significantly larger lipid droplet in their iBAT with comparison 

to the control mice (Fig 3A, 3C). This means that the  MfMafb-/- mice have accumulated higher 

fat than the control mice. The thermogenic functional analysis of BAT’s is done by IHC using 

anti-Ucp1 for protein content as well as RT-PCR for Ucp1 RNA expression (Fig. 3B, D, F). The 
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results clearly indicated reduced Ucp1 in iBAT of the MfMafb-/- mice, which could have reduced 

the thermogenic capability of  the  MfMafb-/- mice with the reduction of Mafb expression in iBAT 

(Fig 3E).   

Moreover, we further analyzed the iBAT of ten days cold exposed MfMafb-/- mice by RNA 

sequencing to find a mechanistic link for the downregulation of the thermogenic property of  BAT. 

The RNA sequencing data analysis by Enrichr online tools for Gene ontology molecular pathway 

2018 and Wikipathway 2016 showed that the downregulated genes were mostly related to the 

metabolic property of BAT and neuronal innervation (Fig. 3G-I). The other widely reported 

prominent marker of BAT is analysed by using RT-PCR and the result showed significant 

downregulation  Pparg, Cidea and Vefgr2, while Prdm16, Pgc1a and Cox7a1 is downregulated 

mildly (Fig. 3J). In conclusion of (Fig. 3A-J), BAT functions are compromised in the MfMafb-/- 

mice, which could be the reason for reduced thermogenesis of MfMafb-/- mice. 

4.  An abnormal population of macrophages increased in MfMafb-/- mice, expressing a 

high amount of proinflammatory cytokine Il-6. 

The next question was arose to find out the mechanism related to Mafb deficiency in 

macrophages and reduction of the BAT functionality & thermogenesis. To asses the macrophage 

role in iBAT, we first did the ICH of iBAT sample of the MfMafb-/- mice and the control mice 

both at room temperature and housed under cold exposure for ten days. The IHC analysis of iBAT 

samples indicated a tendency for an increase in the number of macrophages in MfMafb-/-.both in-

room temperature control and under cold exposure for ten days (Fig 4A, B). In addition, the RNA 

sequencing of ten days cold-housed mouse and Mouse_Gene Atlas ontology analysis of 

upregulated genes by Enrichr tool showed an increase in macrophages specific genes (Fig. 4G, H), 
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while the GO_Molecular function pathway analysis showed increased in oxidative stress like 

genes (Fig. 4I). Further RNA analysis using RT-PCR for macrophages and inflammatory markers 

show a higher tendency of increase in Mac1 expression (Fig 4C), which could be related to the 

number of macrophages increased, while the inflammatory markers increased slightly like Il1b and 

Leptin (Fig 4D). Interestingly, When we did short cold exposure and analyzed the inflammatory 

genes like Il6 RNA by RT-PCR as well as protein analysis by Elisa, it showed a significantly 

higher amount of  Il6 in 24 hour cold exposed MfMafb-/- mice’s iBAT (Fig 4E, F). This suggests 

Il6 upregulation during adaption for cold climate might be a critical aspect of the adaption process. 

5. MfMafb-/- mice could not induce Ngf expression after cold-induction and impaired for 

the cold-induced increase in neuronal density of BAT. 

After finding increased Il6 signaling in the early stages of cold-adaption in MfMafb-/- mice, 

we did the literature review about the implication of Il6, and in one in-vitro study, and found that 

the Il6 inhibit the Ngf expression in 3T3L1 adipocytes both in mouse and human [69]. While 

another study has reported Ngf in BAT after the short cold challenge is upregulated, while long 

term cold exposure of 5 days in mice led to again reduced back to the average expression level [1]. 

We had found the similar results for Il6, as we observed an upregulation in Il6 for 24 hour cold 

exposed MfMafb-/- mice (Fig. 4F), while a very slight difference in Il6 expression in ten days cold 

exposed MfMafb-/- mice (Fig. 4D). To analyze the hypothesis of Il6 and Ngf cross-regulation and 

change in neuronal plasticity of iBAT, firstly, we analyzed the neuronal density of iBAT using 

sympathetic neuron marker Tyrosine Hydroxylase (TH) of ten days cold exposed MfMafb-/- mice 

and found that the neuronal density is less abundant as a comparison to the control mice (Fig5A-

B). However, at room temperature condition difference of neuronal density in BAT was not 
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significant, and it has increased after cold exposure. Here we hypothesized that might be Ngf 

expression during the initial stage of adaptation of cold challenge increases the neuronal density 

and after habituation to the cold Ngf expression get normalized back to the previous level. So, we 

checked the Ngf expression by RT-PCR and IHC at room temperature control, after 24-hour cold 

exposure and ten-day cold exposure. The results showed a significant increase of Ngf expression 

after 24-hour cold both at RNA and protein level, however after 10 days cold challenge, the 

difference is non-significant (Fig 5C-E). More interestingly, it has also been reported in previous 

studies that Mafb has a binding site and negatively regulate Il6 in beta cells[70]. So in our 

hypothesis, if Mafb is induced in control mice after cold exposure, it suppresses Il6 and allows the 

Ngf expression.  

6. MfMafb-/- mice phenotype of compromised thermogenesis is rescued by IL6R antibody 

treatment. 

Finally, we decided to rescue the thermo-compromised phenotype of MfMafb-/- mice by 

neutralizing Il6 before cold exposure by blocking its receptor. We injected mouse IL6- receptor 

antibody as 2mg of the initial loading and 0.5 mg maintenance dose per week.  The IL6receptor 

blocked mice showed a positive sign of recovery by maintaining their body weight after cold 

exposed with similar food intake (Fig 6A-B). The rectal temperature monitoring also tends to be 

higher in the treated mice with comparison to the PBS control MfMafb-/- mice. CL316243, a b3 

agonist injection, and VO2 measurement of these mice showed that the treated mice thermogenesis 

is improved significantly (Fig 6D).  

AT last, we have summarized the story in a pictorial summary of MafB - Il6 – Ngf- 

Neuronal plasticity axis of BAT. 
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Discussion  
 

The neuronal plasticity of BAT might have been regulated by many factors with a 

positive and negative feedback mechanism and microenvironment of the BAT. Il6, as a 

proinflammatory cytokine induces chronic inflammation in the peripheral system and also might 

inhibit neuronal plasticity of BAT. While MafB and the regulator of MaB like Rxr and Rar have 

been implicated for positive energy balance and the studies published earlier indicate Retinoic acid 

could be one of the drug choices inducing vascularization and increasing beigeing of Pdfra adipose 

progenitor [71]. MafB also has been reporting for regulation AIM, which promotes lipolysis and 

can be beneficial for fighting obesity in another way. 

Moreover, MafB – Il6 axis could contribute to solving the precise mechanism of BAT 

neuronal plasticity. There have been many pathways proposed in the field; however, interlinking 

and clarity between all these pathways have to be established by continuous improvements in the 

area. Likewise, The macrophages Mecp2, PlnxA4 and neuronal Sem6a axis pathway regulate the 

neuronal innervation more on the developmental axis and not to the adaptational axis[53]. While 

the  Clstn3b and s100b axis actively promotes the adaptive plasticity required for BAT neurons 

and promotes an increase in neuronal density, and this pathway is unique for the BAT’s cold-

induced neuronal plasticity[71]. Furthermore, another molecule  Crtc3 acts for negative feedback 

mechanisms, similarly to Il6, and inhibits the Ngf neurotrophin of BAT, which promotes a 

neuronal increase in BAT [72].  Our current finding could bring better understandability for future 

implications of BAT neuronal axis plasticity. 

AT last, even though we could be able to rescue the thermogenic deficient phenotype of 

MfMafb-/- mice, we need to establish a direct link for Il6 suppression by Mafb upregulation during 
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cold exposure by doing promoter binding analysis of MafB to the Il6. Moreover, we need to 

identify the specific population of macrophages in BAT expressing Il6 for more clarity.  
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Figure legends 
 

Figure 1. Mafb is increased in BAT after acute cold exposure to the mice. 

Eight weeks old wild type mice accustomed to short acute exposure for one week, and on day eight, 

mice were exposed to 8°C for four hours, iBAT collected for RT-PCR and IHC. A, B) RTqPCR 

analysis for Mafb and Ucp1 of the BAT. C) IHC analysis using rat-anti-mouse Mac2 monoclonal 

antibody and detected by using Alexaflour-647. Mice (n=4), *P<0.05, **P<0.01, ***P<0.001.  

 

Figure 2. MfMafb-/- mice lack in thermogenic adaptability. 

Eight to ten weeks old littermate Mafbf/f and MfMafb-/- divided into groups for each set of 

experiments exposed to 10 days continuous cold at 4°C or acute cold exposure for up to four at 

8°C (n= 4 to 6 in each group). A) Bodyweight measurement of during cold exposure. B) Percentage 

of body weight change from day 1 to day 10 of cold exposure. C) Daily food consumption for ten 

days. D) Rectal temperature recording at day 10 of cold exposure. E) Thermal image using a 

thermal camera (Seek thermal Compact Pro). F) Acute cold exposure and measurement of hourly 

rectal temperature using the SK-1260sk SATO rectal temperature device. G) Continuous skin 

temperature recording using IR thermal sensor Mlx90614ESF-DCA-000-SP for the intracapsular 

region of the mice. H) Area under curve analysis for the continuous recorded intracapsular skin 

temperature of the mice. I) VO2 measurement of the ten days cold exposed mice under cold, after 

injecting b3 agonist drug CL316,243.J) Area under curve analysis for the selected area after the 

injection. *P<0.05, **P<0.01, ***P<0.001. 
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Figure 3. MfMafb-/- mice BAT function is compromised. 

Eight to ten weeks old littermate Mafbf/f and MfMafb-/- divided into groups for each set of 

experiments exposed to 10 days continuous cold at 4°C, at day ten mice are sacrificed, and iBAT 

is collected for either RT-PCR, Histology analysis, IHC analysis or RNA sequencing from a 

different set of experiments. A) Hematoxylin and Eosin staining of the iBAT. B) IHC analysis 

using monoclonal Rabbit-anti mouse Ucp1 antibody, Alexflour 596 Donkey Anti-Rabbit, is used 

for the detection of Ucp1. C) Quantification of lipid droplet size of the HE staining of panel A 

using BZX800 software of Keyence. D) Quantification of Ucp1 of the IHC shown in panel B. E, 

F) RT-PCR analysis using BAT collected after ten days cold exposed mice for Mafb and Ucp1 

expression. G) Ten days cold exposed mice iBAT processed for RNA sequencing (n=3) for each 

group, the result has been analysed using Edge-R, the heatmap shows 108 differentially 

downregulated genes (p<0.05, q<0.2). H, I) Functional analysis using the downregulated genes by 

the Encrichr online tools for Gene Ontology molecular function 2018 and Wikipathway 2016. J) 

BAT specific genes analysis by using RT-PCR of the iBAT sample. *P<0.05, **P<0.01, 

***P<0.001. 

 

 

 

 

Figure 4. An abnormal population of macrophages increased in MfMafb-/- mice, expressing a high 

amount of proinflammatory cytokine IL-6.  
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Eight to ten weeks old littermate Mafbf/f and MfMafb-/- divided into groups for each set of 

experiments exposed to 10 days continuous cold at 4°C or room temperature control. The iBAT 

samples have been collected for RT-PCR, ELISA, IHC and RNA sequencing analysis from a 

different set of experiments. A, B) IHC analysis of iBAT using anti-mouse Mac2 antibody with 

counterstaining with anti-Rat Alexaflour647 antibody of room temperature control mice and ten 

days cold exposed mice respectively. C) RT-PCR of iBAT of ten days cold exposed mice for 

macrophage markers Mac1 and F4/80, while Arg1 as M2 Macrophage marker. D, E) RT-PCR of 

BAT of ten days cold exposed or room temperature control mice for proinflammatory markers 

Il1b, Tgfb, Leptin and Il-6. F) Il-6 protein quantification of iBAT lysate of mice at room 

temperature control and the cold exposed using Mouse Il-6 Elisa Kit (Cedarlane, CL89136K-96). 

G) Ten days cold exposed mice iBAT processed for RNA sequencing (n=3) for each group, the 

result has been analysed using Edge-R, the heatmap shows 190 differentially upregulated genes 

(p<0.05, q<0.2). H, I) Functional analysis using the downregulated genes by the Encrichr online 

tools for Gene Ontology Mouse Gene Atlas and GO_Molecular Function. *P<0.05, **P<0.01, 

***P<0.001. 

 

 

 

 

 

Figure 5. MfMafb-/- mice could not induce Ngf expression after cold-induction and impaired for 

the cold-induced increase in neuronal density of BAT. 
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Eight to ten-week-old littermate Mafbf/f and MfMafb-/- mice either cold exposed at 4°C for ten 

days , the mice acclimatized for cold with gradual reduction of temperature up to 4°C for 24 hours, 

or the room temperature control has been analysed for their iBAT by RT-PCR and IHC. A) IHC 

of iBAT by using TH (Tyrosine Hydroxylase) a sympathetic neuronal marker antibody for ten 

days cold exposed mice. B) IHC of  TH stained iBAT slides has been analysed for neuronal density 

for both room temperature controls and as well as ten days cold exposed. C) IHC of iBAT using 

NGF antibody for mouse after 24 hours of cold exposure. D, E) RT-PCR of iBAT for room 

temperature control, 24 hours cold-acclimatized and ten days cold exposed mouse. 

 

 

 

Figure 6. MfMafb-/- mice phenotype of compromised thermogenesis is rescued by IL6R antibody 

treatment. 

Seven-week old MfMafb-/- mice divided into two groups IL6R antibody injection and PBS 

injection and induced for continuous ten days cold exposure at 4°C. A) Percentage of body weight 

change is measured from day 1 to day 10 for both groups. B) Average daily food consumption of 

both groups for ten days. C) Rectal temperature recording on day ten. D, E) Oxygen consumption 

analysis and area under curve analysis after CL316,243 injection (a b3 agonist drug injection).  
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Figure 2 (A-D)  
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Figure 2 (E-G) 
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Figure 2 (H-J) 
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Figure 3 (A-D) 
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Figure 3 (E-I) 
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Figure 3 (J) 
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Figure 4 (A-C) 
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Figure 4 (D-F) 
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Figure 4 (G-I) 
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Figure 5 (A-B) 
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Figure 5 (C-E) 

 

 

 

 

 

 



50 
 

 

Figure 6 (A-C) 
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Figure 6 (D) 
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Figure 7 (Summary) 
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