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ABSTRACT 

Brown adipose tissue (BAT) converts chemical energy into heat via the mitochondrial 

uncoupling protein 1 (UCP1).  

To explore novel molecules to recruit and activate UCP1 as a treatment to ameliorate obesity 

and diabetes, a Ucp1 reporter gene mouse model (C57BL/6NTac-Ucp1tm3588 (LUC-T2A-iRFP-T2A-

Ucp1) Arte) was generated, with simultaneous expression of firefly luciferase (LUC) and near-

infrared fluorescent protein (iRFP713) driven by the regulatory elements of the endogenous 

Ucp1 gene. The detailed characterization of the reporter mice in vivo and in vitro confirmed 

that both LUC activity and iRFP713 protein are reliable markers to reflect variations in 

endogenous Ucp1 gene expression in response to external physiological and pharmacological 

stimulation. After administration of D-Luciferin, LUC activity facilitated the identification of 

a previously unknown femoral BAT depot (fBAT) by in situ imaging. Moreover, the 

quantitative measurements of ex vivo bioluminescence revealed a higher browning propensity 

in peri-ovarian WAT than in epididymal WAT and revealed the potential Ucp1 expression in 

thymus, brain, epididymis and soleus muscle as well. Furthermore, by establishing the in vitro 

cell-based imaging system in primary brown and beige adipocytes, the pan-SIKs inhibitor 

HG-9-91-01 was identified as a positive modulator to promote Ucp1 expression. Lastly, LUC 

and iRFP713 signals were suitable to monitor Ucp1 expression in vivo.  

Phenotypic studies revealed that homozygous knock-in (KI) reporter mice exhibited an 

approximately 80% reduction in UCP1 protein expression, leading to an array of cellular and 

bioenergetic alterations. Therefore, the reporter mouse, in return, provides a new model to 

investigate the role of UCP1 in protection against cold and diet-induced obesity. Interestingly, 

decreased UCP1 protein content in the KI reporter mouse led to dramatic impairment in non-

shivering thermogenesis, making KI mice more cold sensitive. High-fat diet (HFD) feeding 

profoundly increased the UCP1 expression in iBAT of KI mice, but its abundance remained 

significantly low compared to wildtype (WT) mice. Based on the potential importance of diet-

induced thermogenesis, it was expected that WT mice could gain less body mass than KI mice. 

However, contrary to the expectation, there were no significant differences in body mass 

across the genotypes, when they were subjected to prolonged HFD feeding at room 

temperature or at thermoneutrality. Collectively, these data provide evidence that UCP1 does 

not play a role in protecting mice from diet-induced obesity, possibly due to the insufficient 

UCP1 activation.
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ZUSAMMENFASSUNG 

Braunes Fettgewebe (BAT) wandelt chemische Energie über das mitochondriale 

Entkopplungsprotein 1 (UCP1) in Wärme um. Die Wiederentdeckung von metabolisch 

aktiven BAT bei gesunden erwachsenen Menschen hat das Interesse an der Biologie des 

Braunen und Beigen Fettgewebes wiederbelebt.  

Um neue Moleküle zur Rekrutierung und Aktivierung von UCP1 zur Behandlung von 

Fettleibigkeit und Diabetes zu erforschen, wurde ein Ucp1-Reporter-Gen-Mausmodell 

(C57BL/6NTac-Ucp1 tm3588 (LUC-T2A-iRFP-T2A-Ucp1) Arte) mit gleichzeitiger Expression von Firefly-

Luciferase (LUC) und nahinfrarotem fluoreszierendem Protein (iRFP713) erzeugt, unter 

Kontrolle die den regulatorischen Elemente des endogenen Ucp1-Gens angetrieben wird. Die 

detaillierte Charakterisierung unserer Reportermäuse bestätigte, dass sowohl die LUC-

Aktivität, als auch das iRFP713-Protein zuverlässig sind um Variationen in der endogenen 

Ucp1-Genexpression zu reflektieren, die auf externe physiologische und pharmakologische 

Aktivierung Stimulation widerzuspiegeln. Nach der Verabreichung von D-Luciferin 

erleichterte die LUC-Aktivität die Identifizierung eines bisher unbekannten femoralen BAT 

(fBAT) durch in situ-Bildgebung. Darüber hinaus zeigten die quantitativen Messungen der ex 

vivo Biolumineszenz eine höhere Bräunungsneigung im periovarianischen WAT als im 

epididymalen WAT sowie die potenzielle Ucp1-Expression in Thymus, Gehirn, Nebenhoden 

und Soleusmuskel. Darüber hinaus konnte in vitro zellbasierten Abbildungssystem einen pan-

SIKs-Inhibitor HG-9-9-91-01 als positiver Modulator zur Förderung der Ucp1-Expression 

identifiziert werden. Zudem waren LUC- und iRFP713-Signale geeignet, die Ucp1-

Expression in vivo zu überwachen. Insbesondere der Nachweis von iRFP713 erfordert kein 

exogenes Substrat.  

Phänotypische Studien zeigten, dass homozygote Knock-in (KI) Reportermäuse eine etwa 

80%ige Reduktion der UCP1-Proteinexpression aufweisen, was zu einer Reihe von zellulären 

und bioenergetischen Veränderungen führte. Daher bietet die Reportermaus im Gegenzug ein 

neues Modell, um die Rolle von UCP1 beim Schutz vor Kälte und diätetischer FAdipositas zu 

untersuchen. Interessanterweise führte der verminderter UCP1-Proteingehalt in der KI 

Reportermaus zu einer Beeinträchtigung der nicht zitterfrei Thermogenese, was die 

Reportermäuse kälterempfindlicher macht. Die fettreiche Ernährung erhöhte die UCP1-

Expression in iBAT von KI-Mäusen erheblich, aber blieb auf proteinebene im Vergleich zu 

Wildtyp-(WT)-Mäusen signifikant niedrig. Basierend auf der physiologischen Bedeutung der 
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diätinduzierten Thermogenese wurde erwartet, dass WT-Mäuse weniger Körpermasse 

gewinnen könnten als KI-Mäuse. Entgegen der Erwartung gab es jedoch keine signifikanten 

Unterschiede in der Körpermasse zwischen den Genotypen, wenn sie einer längeren HFD-

Fütterung bei Raumtemperatur oder bei Thermoneutralität ausgesetzt waren. 

Zusammenfassend liefern diese Daten den Beweis, dass UCP1 keine Rolle beim Schutz von 

Mäusen vor ernährungsbedingter Adipositas spielt, möglicherweise aufgrund der 

unzureichenden UCP1-Aktivität. 
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1 INTRODUCTION 

1.1 Adipose tissue 

1.1.1 White, brown and beige adipose tissue in rodents 

Three types of adipose tissue exist in mammals, with different properties in morphological 

appearance, molecular architecture, and metabolic roles. White adipose tissue (WAT) is the 

most abundant fat and is mainly located in subcutaneous and visceral sites. White adipocytes 

are characterized by a single large lipid droplet (unilocular) and a periphery nucleus (Cinti 

2001). The primary purpose of WAT is to store excess energy as triglycerides during 

energetic surplus and to fuel other tissues and cells during energy deprivation (reviewed in 

Gesta et al. 2007). 

Brown adipose tissue (BAT) is distinctively different from WAT in many aspects (Cannon & 

Nedergaard 2004). Anatomically, brown fat depots in rodents mainly reside in anterior 

regions, including interscapular, subscapular, axillary and cervical pads, forming a 

subcutaneous “heating jacket” beneath the fur (Klingenspor et al. 2017). Among them, 

interscapular BAT (iBAT) is the most-studied depot for BAT function in rodents. Additional 

small brown fat depots such as mediastinal BAT and intraperitoneal BAT are found around 

the aorta within the thoracic cavity and around the kidneys, respectively (Cinti 2001; de Jong 

et al. 2015). However, the identification of novel brown adipose tissue in laboratory mice 

such as the supraclavicular BAT (scBAT) (Mo et al. 2017) and the brown-like fat depot 

underneath the skin of the ears (uBAT) (Mao et al. 2017) highlights the inadequate 

understanding about the anatomical distribution of brown and beige fat deposits. Functionally, 

BAT consumes large amounts of chemical energy and generates heat to maintain the core 

body temperature of newborns, small mammals and animals during arousal from hibernation 

or torpor (Cannon & Nedergaard 2004; Smith et al. 1963; Townsend & Tseng 2012). This 

BAT-based heat-producing process is referred to as non-shivering thermogenesis (NST), 

which is conferred by the action of mitochondrial uncoupling protein 1 (UCP1). UCP1 acts as 

a proton transporter and thereby collapses the proton motive force from ATP synthesis 

(Mitchell 1961; Klingenberg & Winkler 1985). Brown adipocytes possess numerous 

multinodular lipid droplets and large amount of mitochondria (Cinti 2001). Moreover, BAT 

has a dense vascularization for a sufficient supply of oxygen and energy-rich substrates and a 

rapid distribution of heat into the circulation (Klingenspor et al. 2017). Furthermore, dense 
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sympathetic neural outflow into BAT is the essential determinant for its adipocytes 

development and thermogenic activity (Bamshad et al. 1999; Bartness et al. 2010). 

Recently, another subtype of brown-like adipocytes are identified within white adipose and 

are often known as brite (brown in white), beige, recruitable or inducible adipocytes. The 

recruitment of these adipocytes is called “browning”, which occurs under cold exposure 

(Young et al. 1984; Cousin et al. 1992; Xue et al. 2007), β3-adrenergic stimulation (Cousin et 

al. 1992; Guerra et al. 1998; Himms-Hagen et al. 2000), peroxisome proliferator-activated 

receptor game (PPAR) ligands administration (Petrovic et al. 2010) or alternative activation 

of type 2 macrophage (M2) in WAT (Nguyen et al. 2011; Brestoff et al. 2014). Also, beige 

adipocytes naturally develop in mice during postnatal development (Xue et al. 2007; Lasar et 

al. 2013). Although substantial evidence indicate that beige adipocytes are different from 

classical brown adipocytes in their distinctive embryonic development origins and molecular 

biomarkers (Petrovic et al. 2010; Wu et al. 2012; Seale et al. 2008), these recruited beige 

adipocytes have a high propensity for UCP1 expression and thermogenic function (Wu et al. 

2012; Shabalina et al. 2013).  

 

1.1.2 Brown adipose tissue in humans  

Despite large numbers of studies proposed the essential role of BAT in energy homeostasis in 

rodents, its corresponding functionality in humans remains largely unclear. This is because 

BAT was once considered as a unique thermogenic organ only in small mammals and 

newborns over a long period, until the thermoactive brown fat depots have been identified in 

healthy adult humans by the means of 18F-fluorodeoxyglucose (18F-FDG) positron emission 

tomography and computed tomography (PET-CT) scans (Nedergaard et al. 2007; Cypess et al. 

2009; van Marken Lichtenbelt et al. 2009; Virtanen et al. 2009; Gerngroß et al. 2017). More 

exciting, tissue biopsy specimens confirmed that human brown adipose tissue depots have 

molecular and biochemical properties of classical rodents BAT in terms of UCP1 expression, 

rich vascularization and sympathetic innervation, suggesting that they could fulfill the 

functional roles of BAT as in small rodents (Zingaretti et al. 2009). Based on the glucose 

uptake rates during PET-CT scanning, it was initially estimated that fully activated of 

supraclavicular BAT (63 g) in one individual could consume an amount of energy equivalent 

to approximately 4.1 kg of adipose tissue per year(Virtanen et al. 2009). Recently, additional 

PET-CT scans revealed a total volume of about 300 mL BAT in humans, whose fully 
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activation could strikingly consume 18 kg fat in one year (Gerngroß et al. 2017). It is, 

therefore, tempting to speculate that human BAT are the hopeful therapeutic targets to combat 

obesity.  

Indeed, prolonged and repeated cold acclimation significantly increased human BAT activity, 

and decreased body fat mass (Lans et al. 2013). Likewise, an acute cold exposure was able to 

promote glucose disposal and energy expenditure, and to improve insulin sensitivity as well 

(Yoneshiro et al. 2013). A single dose of Mirabegron, a human-selective β3-adrenergic agonist 

approved to treat bladder problems, mimics the stimulatory effects of cold on BAT, increasing 

resting energy expenditure by 13%, but accompanied with the non-selective activation of 

other β-adrenergic receptors on other tissues (Cypess et al. 2015). Moreover, it has been 

known that cold-induced thermogenesis is mediated through the activation of the sympathetic 

nervous system, and is initiated by the stimulation of transient receptor potential (TRP) 

channels in the sensory neurons (Nakamura 2014). The stimulation of TRP channels by some 

dietary components (e.g. capsinoids) are effective for enhancement of human BAT activity, 

thereby boosting energy expenditure and reducing body fat (Yoneshiro et al. 2012; Saito & 

Yoneshiro 2013; Ohyama et al. 2016; Osuna-prieto et al. 2019). Taken together, these 

findings inspire the attempt to find more practical and applicable therapeutic avenues to 

prevent obesity via activation and recruitment of BAT thermogenesis.  

 

1.2 Thermogenic mechanisms 

In mammals, a constant core body temperature is maintained by a series of physiological and 

biochemical adaptations to efficiently modulate rates between heat loss and heat production. 

Given the thermoneutral zone is around 30°C for mice (Gordon 2012) and naked humans 

(Kingma 2012), a lower ambient temperature activates adaptive thermogenic processes like 

shivering and non-shivering thermogenesis (NST) to maintain normothermia. 

 

1.2.1 Muscle-mediated shivering thermogenesis 

Cold-stimulated involuntary muscle contraction represents shivering thermogenesis, which is 

universally important for both birds and mammals (Hohtola 2002; Haman & Blondin 2017). 

Despite of the pivotal role in heat production, there are several factors restricting the long-

term activation of shivering thermogenesis. Firstly, the corresponding efficiency from the 

chemical energy (ATP) to external output is inherently low: only about 20% of energy is 

converted (Jubrias et al. 2008). Secondly, the continuous muscle contraction might cause an 
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uncomfortable state for animals. Last but not least, several studies demonstrated that shivering 

reduced gradually and disappeared finally under chronic cold acclimation (Hart et al. 1956; 

van Marken Lichtenbelt et al. 2009; Lans et al. 2013). Therefore, other economical and 

effective adaptive thermogenesis must be developed in mammals to compensate for the heat 

loss during cold challenge. 

 

1.2.2 UCP1-mediated non-shivering thermogenesis 

In 1961, Peter Mitchell proposed an important chemiosmotic hypothesis to illustrate the 

relationships between respiration and ATP production (Mitchell 1961). In the respiratory 

chain, electrons (e-) are transferred from electron donors to electron acceptors (respiratory 

complexes) during a series of redox reactions (Fig. 1). This process couples with protons (H+) 

transfer from the mitochondrial matrix to the intermembrane space. As a result, an 

electrochemical proton gradient is sustained across the mitochondrial inner membrane by the 

electron transport chain. The energy stored in the proton motive force (Δp) further drives the 

production of ATP via mitochondrial ATP synthase (complex V), and the return of protons H+ 

into the matrix (Mitchell 1961). In brown and beige adipocytes, UCP1 is located in the 

mitochondrial inner membrane, which was initially named after its specific functions to 

transport protons back to the matrix, uncouple mitochondrial ATP synthesis from the 

respiratory chain and to release the energy stored in Δp as heat (Cannon et al. 1982; Nicholls 

& Locke 1984; Klingenspor et al. 2017).  

 
 

Figure 1: The mechanism of UCP1 mediated uncoupling respiration.  

In the respiratory chain, electrons (e-) are passed from electron donors to electron acceptors 

(respiratory complex I and V) during a series of redox reactions. This process couples with protons 

(H+) transfer from the mitochondrial matrix to the intermembrane space, which thus generates a proton 

gradient across the mitochondrial inner membrane. Proton motive force (Δp) is either chemically fixed 

in the form of ATP via ATP synthase (complex V) or dissipated as heat via UCP1. 

 

https://en.wikipedia.org/wiki/Electron_donor
https://en.wikipedia.org/wiki/Electron_acceptor
https://en.wikipedia.org/wiki/Redox
https://en.wikipedia.org/wiki/Proton
https://en.wikipedia.org/wiki/Electron_donor
https://en.wikipedia.org/wiki/Electron_acceptor
https://en.wikipedia.org/wiki/Redox
https://en.wikipedia.org/wiki/Proton
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BAT is heavily innervated by the sympathetic nervous system (SNS) (Bamshad et al. 1999; 

Lowell & Spiegelman 2000). In response to nutrient status and ambient temperature, the 

release of norepinephrine (NE) from SNS stimulates Gs-protein coupled adrenoceptor (AR) 

that triggers downstream signaling cascades. All three functional β-subtypes (β1-, β2- and β3-

AR) co-express in brown adipocytes (Susulic et al. 1995; Atgié et al. 1997), while BAT 

thermogenesis principally acts through the canonical β3-AR signaling pathway (Lafontan & 

Berlan 1993; Atgié et al. 1997).  

Upon activation, β3-AR signal activates adenylyl cyclase (AC), which catalyzes the cyclic 

adenosine monophosphate (cAMP) formation from ATP (Fig. 2). Sequentially, cAMP-

dependent activation of protein kinase A (PKA) complex phosphorylates the downstream 

lipid droplet-associated proteins, including the lipid droplet coating protein perilipin and the 

hormone-sensitive lipase (HSL) (Holm 2003). Additionally, adipose triglyceride lipase 

(ATGL) plays a role in triglyceride catabolism (Gaidhu et al. 2010; Ahmadian et al. 2011; Li 

et al. 2017). The resulting dissociation of the perilipin and the activation of ATGL and HSL 

on the lipid droplets triggers the lipid droplet lipolysis. The released free fatty acids (FA) from 

the triglycerides (TG) either act as allosteric activators of UCP1 or fuel the mitochondrial β-

oxidation for NST (Fedorenko et al. 2012). Furthermore, PKA also directly activates cAMP 

regulatory element binding protein (CREB), increasing adipogenesis (Reusch et al. 2000) and 

Ucp1 gene expression (Rim & Kozak 2002; Shore et al. 2010).  

 

Figure 2: Canonical β3-AR signaling pathways in brown adipocytes. 

Cold or diet induces norepinephrine (NE) release from sympathetic nervous system (SNS). NE binds and 

stimulates Gs-protein coupled β3-adrenoceptor (β3-AR) and triggers the downstream signaling cascade. Upon 

activation, β3-AR signal activates adenylyl cyclase (AC), which catalyzes cAMP formation from ATP. 

Sequentially, cAMP-dependent activation of PKA complex phosphorylates lipid droplet-associated proteins, 

including perilipin and hormone-sensitive lipase (HSL). Adipose triglyceride lipase (ATGL) also plays a role in 

lipolysis. Resulting dissociation of the perilipin from lipid droplets and the activation of ATGL and HSL on the 

lipid droplets trigger lipolysis. Released FA from the TG act as allosteric activators of UCP1 or fuel the 

mitochondrial β-oxidation. PKA phosphorylates cAMP regulatory element binding protein (CREB) to increase 

Ucp1 gene expression. 
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1.3 Physiological function of BAT 

1.3.1 Cold-induced thermogenesis  

BAT-based NST was initially identified in cold-acclimated rats (Smith et al. 1963) and 

hibernators (Smith & Hock 1963) but was underestimated for almost a decade (reviewed in 

Himms-Hagen 1984). Until 1978-1979, the elegant measurements of blood flow changes 

across tissues revealed the dominant contribution of BAT to heat-production following the 

treatments of NE (Foster & Frydman 1978) and cold-exposure (Foster & Frydman 1979). It 

has been estimated that BAT is adequate for 60% NST as an adaption to cold, which 

highlights the prominent significance of this thermogenic organ for cold-induced 

thermogenesis (Foster & Frydman 1979; Heldmaier & Buchberger 1985; Puchalski et al. 

1987). As expected, the transgenic Ucp1 knock-out mice (UCP1-KO) are highly sensitive to 

acute cold exposure at 4°C, which clearly demonstrate the essential role of BAT in 

thermoregulation (Enerback et al. 1997; Golozoubova et al. 2001; Liu et al. 2003; Ukropec et 

al. 2006; Meyer et al. 2010).  

 

1.3.2 Diet- and meal-induced thermogenesis 

It is generally accepted that BAT hold great promises to defend against obesity via the 

implement of diet induced-thermogenesis. This observation was initially described in 

overfeeding rats, whose metabolically active BAT contributed significantly to enhanced 

energy expenditure and thus limited the profound increases in body weight gain (Rothwell & 

Stock 1979). Consistently, several transgenic mice with defective brown fat were susceptible 

to gain more body weight at room temperature. For example, UCP1-DTA mice, which were 

generated by introduction of toxin under the control of Ucp1 promoter, developed obesity 

under a regular chow diet (Lowell et al. 1993). The β-less mice that lack all three subtypes of 

β-ARs gained more body weight than control mice under a chow diet, and became markedly 

obese when they were fed with a high-fat diet (HFD) (Bachman et al. 2002). In similar, the 

germline UCP1-KO mice developed a late-onset obesity consuming HFD (Kontani et al. 

2005). Despite of the strong correlations between BAT function and reduced body weight 

gain, conflicting results were demonstrated by others that UCP1-KO mice consuming a HFD 

were not prone but rather resistant to diet-induced obesity at room temperature (Enerback et al. 

1997). To explain the discrepancy, one study proposed that the importance of housing mice at 

thermoneutral condition (Feldmann et al. 2009). Since the UCP1-KO are sensitive to cold 

exposure, the normal laboratory housing environment at an ambient temperature of 23°C 
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represents a chronic mild cold acclimation to mice (Feldmann et al. 2009). In this scenario, 

alternative UCP1-independet thermogenic mechanisms are largely recruited in UCP1-KO 

mice. Therefore, to eliminate thermal stress, it is of importance to investigate BAT-mediated 

thermogenesis at thermoneutrality (Feldmann et al. 2009). Indeed, UCP1-KO mice only 

developed more diet-induced obesity than their WT controls at thermoneutral condition 

(Feldmann et al. 2009). However, again, their observations were not reproducible by the other 

studies, when the HFD feeding experiments were conducted at an ambient temperature of 

20°C or under a sub-thermoneutral conditions of 27-28°C (Liu et al. 2003; Anunciado-Koza et 

al. 2008). In conclusion, the paradoxical response of UCP1-KO to prolonged HFD feeding 

raises the crucial question whether UCP1 plays a role in the controlling of whole-body energy 

expenditure and body fat.  

In addition to diet-induced thermogenesis during the long-term overfeeding on palatable 

cafeteria-diets, a thermogenic effect was also seen after a single meal in both rodents and 

humans, which is normally known as the postprandial thermogenesis, meal-induced 

thermogenesis or meal-associated thermogenesis (Glick et al. 1981; Vosselman et al. 2013; 

Din et al. 2018; Li and Schnabl et al. 2018). It has been recently revealed that a single meal 

triggers the secretin release from gut to activate BAT thermogenesis, which consequentially 

promotes satiation (Li and Schnabl et al. 2018). The identification of the unknown BAT 

function in the regulation of satiation may provide novel treatment alternatives for obesity or 

diabetes. 

 

1.4 Molecular control of Ucp1 gene expression 

Given BAT’s metabolic benefits, it is highly important to identify potential factors or 

modulators that could active brown adipocyte differentiation and enhance Ucp1 expression. 

The β-ARs signaling cascades are the principal activator pathways for brown/beige fat 

thermogenesis and adipocyte development in response to various physiological or 

pharmacological inducements. Since UCP1 protein abundance is largely dependent on the 

levels of Ucp1 gene transcription, a detailed understanding of Ucp1 gene pre-transcriptional 

control is the crucial prerequisite for understanding the effects of various stimuli on BAT-

mediated thermogenesis. Previous studies have proposed two cis-regulatory DNA sequences 

in Ucp1 gene, including a proximal promoter region and a distal enhancer box. In rodents, the 

former region represents the basal Ucp1 gene promoter and contains biding sites for cAMP 

response element binding protein (CREB) and CCAAT/enhancer binding protein (C/EBP). 
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While the cis-regulatory elements are required for specific Ucp1 expression in brown fat cell 

and for stimulatory responsiveness to norepinephrine and cold exposure (Cassard-Doulcier et 

al. 1993; Cassard-Doulcier et al. 1998; Kozak et al. 1994). This complex enhancer region is 

composed of peroxisome proliferator-activated receptor (PPAR) response elements, retinoic 

acid (RA) response elements, cAMP response elements and elements responsiveness to 

thyroid hormone and estrogen-related receptor α (Rial et al. 1999; Rim & Kozak 2002). Their 

corresponding transcriptional regulators powerfully regulate Ucp1 gene expression and 

adipocytes adipogenensis. 

In vitro, activation of PPARg response element significantly increased Ucp1 expression in 

brown preadipocytes (Sears et al. 1996). In vivo, prolonged PPARg agonist administration 

substantially increased mitochondrial biogenesis, UCP1 expression and beige adipocytes 

recruitment in typical white adipose tissue (Koh et al. 2009; Petrovic et al. 2010). Afterwards, 

PPARg coactivator α (PGC-1α) is identified as a cold-induced PPARγ-binding partner in 

brown adipocytes (Puigserver et al. 1998). Loss of the PGC-1α in BAT significantly decreases 

Ucp1 abundance but without any changes in brown adipocytes differentiation, suggesting that 

PGC1 is essential for Ucp1 expression, but is dispensable for the determination of brown fat 

cells (Uldry et al. 2006; Kajimura & Saito 2014)  

The molecular basis for the specific development and identity of brown adipocytes remains 

unknown until the identification a 140 kDa PR (PRD1-BF1-RIZ1 homologous)-domain-

containing protein (PRDM16) (Seale et al. 2007). PRDM16 is preferentially expressed in 

brown adipocytes than the typical white adipocytes and PRDM16 functions directly through 

protein-protein interactions with PPARg, PGC1α and C/EBP-β (Seale et al. 2008; Kajimura et 

al. 2009). Interestingly, exogenous expression of PRMD16 in either white progenitors or 

myoblast results in robust brown-fat phenotypes, evidenced by increased expression of 

browning maker genes and enhanced uncoupling respiration (Seale et al. 2007; Seale et al. 

2008). Prdm16 powerfully regulates thermogenic programs of the subcutaneous WAT in vivo 

(Seale et al. 2011; Cohen et al. 2014). Furthermore, Prdm16 is sufficient to turn off the 

expression of key white-fat selective gene expression in BAT, maintaining brown adipocyte 

molecular and functional features (Harms et al. 2014).  

The vitamin-A derivative RA has also been identified as a strong trans-activator of Ucp1 gene 

expression and cell differentiation in brown adipocytes (Larose et al. 1996). Retinoid acid 

receptor (RAR) and retinoid-X receptor (RXR) are the major ligand-dependent transcriptional 
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factors that bind to elements in the Ucp1 enhancer in response to different isomers of RA 

(Alvarez et al. 2000; Teruel et al. 2003; Schlüter et al. 2002).  

 

1.5 Modalities to visualize thermogenic fat 

A series of general techniques have been developed to assess BAT and its thermogenic 

function, by testing the changes in BAT fat mass, lipid droplet content, thermogenic marker 

genes expression (mainly UCP1) and the core body temperature (Virtue & Vidal-Puig 2013). 

It would be compelling when interpreting these data in combination with the whole-organism 

metabolism.  

 

1.5.1 PET-CT scanning  

Until now, 18F-FDG PET-CT scanning is the major imaging approach for functional detection 

and characterization of BAT activity for humans and is widely used in model animals, 

although it has several limitations. Firstly, the radioactive traces used for imaging are 

problematic for human subjects, and the glucose derivatives might elevate blood sugar as well, 

particularly for diabetic patients. Secondly, radiological imaging only provides a snapshot of 

BAT prevalence based on substrate uptake and thereby might underestimate BAT 

thermogenesis. Lastly, the β3-adrenorecptor agonist (CL-316,243) induced 18F-FDG uptake 

into the BAT of UCP1-KO mice, implying the existence of UCP1-independent glucose 

metabolisms (Olsen et al. 2017). Additional PET-CT scans using 18F-fluoro-thia-

heptadecanoic acid (18FTHA) has also been used to study BAT thermogenesis in humans, 

which requires radioactivity as well (Din et al. 2016). Therefore, more reliable and safe 

imaging strategies are urgently needed. 

 

1.5.2 Emerging imaging technology 

It is widely known that BAT-based thermogenesis requires large amounts of nutrients and 

oxygen delivered by blood flow. Multiple imaging methodologies thus use the principle of 

blood flow or oxygen consumption as an analogue to BAT activity. For example, functional 

magnetic resonance imaging (MRI) has been developed to define BAT deposits and to track 

the changes in BAT sizes and chemical depositions in intact animals, whereas MRI has the 

inherently low resolution and could not distinct small deposits of brown fat from its 

surrounding white adipose tissue (Sbarbati et al. 1991; Zancanaro et al. 1994; Sbarbati et al. 

1997; Branca et al. 2014).  
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Recent studies have introduced contrast ultrasound (CU) (Baron et al. 2012) and high-

resolution laser-Doppler as novel noninvasive approaches to monitor and characterize the 

activation of BAT in rodents by measuring blood flow (Abreu-vieira et al. 2015). Near-

infrared (NIR) fluorescence imaging permits to measure blood flow to BAT in a noninvasive 

manner, but its non-specific and insensitive variable NIR signals were detected in lung, liver, 

and spleen (Nakayama et al. 2003). However, blood flow based technologies have been 

questioned recently as the adrenergic stimulation of blood flow was preserved in Ucp1-KO 

animals, indicating that BAT blood flow is not a convincing parameter for the estimation of 

BAT activation and heat generation in rodents (Abreu-Vieira et al. 2015). A straightforward 

measurement of BAT temperature using infrared imaging allows for the sensitive 

visualization of BAT activation, but provides only dorsal surface temperature changes without 

directly quantifying BAT-thermogenesis capacity (Crane et al. 2014). Very recently, a label-

free non-invasive imaging of BAT activation and the BAT metabolic activity was established 

based on hemoglobin signals (Reber and Willershäuser et al. 2018).  

Therefore, in the future it would be critical vital to combine different imaging and quantifying 

methods to determine BAT activity following various metabolic prompts.  

 

1.5.3 Reporter genes system  

To monitor endogenous Ucp1 expression, multiple reporter gene mouse models have been 

generated by using luciferase or fluorescent proteins (Galmozzi et al. 2014; Mao et al. 2017; 

Rosenwald et al. 2013). Firefly luciferase-based bioluminescent imaging is increasingly 

becoming widely utilized as an effective biomarker for optical imaging in terms of robust 

bioluminescence emission over a wide dynamic range of detection. For example, 

ThermoMouse (luciferase2-T2A-tdTomato) conveys a mutagenesis encoding luciferase, T2A 

peptides and tdTomato proteins driven by UCP1 promoter, was capable of monitoring 

changes in Ucp1 expression. However, the luciferase2-T2A-tdTomato cassette was randomly 

inserted into the Y chromosome, restricting the usage of the imaging in male mice only 

(Galmozzi et al. 2014). 

Additionally, green fluorescent protein (GFP) or GFP-like fluorescent proteins that are 

normally operated in the visible spectrum have been adapted for extensive biological 

applications and are invaluable transgenic tools for optical imaging (Richie et al. 2018). For 

example, ThermoMouse (tdTomato), UCP1-GFP and UCP1-CreER: ROSA-tdRFP mice were 

generated to transiently or permanently label Ucp1-positive adipocytes, respectively. 
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Moreover, another Ucp1-2A-GFP reporter mouse was constructed with a CRISPR-Cas9 

approach, in which GFP intensity serves as a surrogate of UCP1 protein expression in vitro 

(Qiu et al. 2018). However, all the fluorescent proteins utilized above have notable limitations 

due to restraints on light penetration through the surrounding biological tissue, and still 

requires sacrifice of the animal and tissue dissection. Therefore, none of the above reporters 

models generated so far is suitable for monitoring Ucp1 in vivo imaging. The application of 

the next-generation fluorescent protein like NIR can therefore be preferable reporters for in 

vivo and ex vivo optical imaging applications.  

 

1.6 Aims of the present work 

Obesity develops when energy intake constantly exceeds energy expenditure. This global 

pandemic disease is often associated with type 2, cardiovascular problems and many 

intercurrent diseases (Tseng et al. 2010). Current therapeutic strategies for obesity treatment 

are normally accomplished by decreasing energy uptake through bariatric surgery or 

administration of appetite suppressants. However, these procedures have many various side 

effects (Encinos et al. 2006). The rediscovery of active BAT in adult humans offers 

efficacious and safe possibilities to remedy obesity by promoting energy expenditure (Cypess 

& Kahn 2013). The subsequent testing and validation of novel agents that increase BAT 

activity necessitates accurate pre-clinical measurements in rodents regarding the Ucp1 

expression and the capacity for BAT-mediated NST. In this regard, a new reporter gene 

mouse model C57BL/6NTac-Ucp1tm3588 (LUC-T2A-iRFP-T2A-Ucp1) Arte was established.  

The first aim of this dissertation was to verify whether reporter genes coding for firefly 

luciferase (LUC) and near-infrared fluorescent protein (iRFP713) in the Ucp1-LUC-iRFP713 

reporter mice could fulfil the requirements to track the changes in endogenous Ucp1 

expression. Afterwards, the reporter mice were used to profile the putative presence of Ucp1-

expressing cells in adipose and non-adipose tissues. In addition, the primary brown and beige 

adipocytes isolated from reporter mice was utilized as the in vitro imaging system to search 

for new chemicals in the control of Ucp1 gene expression. 

To simultaneously express three separate proteins of LUC, iRFP713 and UCP1, Thosea 

asigna virus 2A (T2A) peptides were added to the N-terminus of LUC and iRFP713, 

respectively. The second aim of the study was to investigate whether the insertion of the 

reporter gene cassette affects endogenous Ucp1 gene expression or the BAT functionality. 

Molecular analysis revealed the drastically reduced UCP1 expression in interscapular BAT 
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(iBAT) and in inguinal WAT (iWAT). Therefore, this reporter mouse model was further used 

as a new model to test the role of UCP1 in cold induced thermogenesis and in the protection 

against diet-induced obesity. 



MATERIAL AND METHODS 

 
  

22 

2 MATERIAL AND METHODS 

2.1 Animal experiments 

2.1.1 Generation of reporter mouse model by Taconic Biosciences GmbH 

The Ucp1 reporter gene mouse model (C57BL/6NTac-Ucp1tm3588 (LUC-T2A-iRFP-T2A-Ucp1) Arte) was 

generated on a C57BL/6N background by Taconic Biosciences GmbH. The LUC-T2A-

iRFP713-T2A cassette contains a 2706 base pairs (bp) exogenous DNA encoding a firefly 

luciferase (LUC) and the near-infrared fluorescent protein 713 (iRFP713) and Thosea asigna 

virus 2A (TA2) peptides, which was inserted into the 5’-untranslated region (UTR) of the 

endogenous Ucp1 gene using homologous recombination (Fig. 3). The piRFP vector was 

kindly donated by Prof. Dr. Vladislav Verkhusha of Department of Anatomy & Structural 

Biology at Albert Einstein College of Medicine (USA) and the firefly luciferase vector was 

provided by Promega. The T2A sequence allows for the individual translation of multiple 

proteins during translation (Donnelly et al. 2001; Doronina et al. 2008; Kim et al. 2011). In 

addition, FRT-flanked puromycin resistance cassette is utilized to enable the embryonic stem 

cell selection.  

 

 

 

Figure 3: Schematic diagram of Ucp1-LUC-iRFP713 knock-in cassette in genome.  

The foreign DNA sequences expressing LUC, iRFP713 and T2A under the control of cis-regulatory elements of 

the Ucp1 gene, was inserted into the mouse genome by homozygous recombination. Specific forward and 

reverse primers were indicated with the black arrows (Figures modified from.Wang et al.2019). 

 

The genomic DNA (gDNA) comparison between WT and KI alleles is shown in Appendix 1. 

Matched littermates were obtained by mating heterozygous male (HET) with homozygous 

female (HET) reporter mice. All litters were weaned at 21 day after birth, and ear punches 

were collected and digested for genotyping. Primer pair for genotyping was offered by 

http://www.einstein.yu.edu/departments/anatomy-structural-biology/
http://www.einstein.yu.edu/departments/anatomy-structural-biology/
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Taconic Biosciences GmbH. Primers were produced by Eurofins Genomics 

(Ebersberg/Germany):  

             Forward AGACTTTCCCAAACAGCACG 

            Reverse    CTTTCATTGGCCAACCGAG 

 

The polymerase chain reaction (PCR) was conducted using the following program (Table 1). 

Table 1: PCR reaction program for genotyping 

Program Temp Time  

Initialization 95°C 5 sec  

Denaturation 95°C 30 sec 

35 cycles Annealing 60°C 30 sec 

Elongation 72°C 60 sec 

Final elongation 72°C 10 sec  

Cooling 4°C -  

 

2.1.2 Animals housing  

Unless otherwise stated, all experimental procedures were performed in specified-pathogen-

free (SPF) animal facility at the Kleintierforschungszentrum Weihenstephan, at room 

temperature of 23 ± 1°C, with 12h-light/12h-dark. Mice had the free access to water and a 

chow diet (SSniff Spezialdiäten GmbH, Germany), except when stated otherwise. All 

experiments and animal husbandry were conducted in accordance with German animal welfare 

law and were approved by the regional government of Upper Bavaria, Germany (approval 

number: ROB-55.2-2532.Vet_02-16-159). Body weight was determined using a precision 

balance. Non-invasive body composition (including absolute body fat mass and lean mass) 

was quantified by nuclear magnetic resonance spectrometer (NMR, Minispec, Bruker). The 

rectal body temperature was measured with a rectal probe (temperature measuring device 

ALMEMO, Ahlborn, Germany), and Vaseline was used as a lubricant. 

 

2.1.3 Visualization and quantification of luciferase activity in vivo and ex vivo  

IVIS® Lumina (Xenogen) instrument was utilized to image in vivo firefly luciferase 

bioluminescence. All mice were anesthetized (intraperitoneal injection, i.p.) by a mix of 

Medetomidinehydrochlorid (0.5 mg/kg, Dorbene vet, Zoetis), Midazolam (5 mg/kg, 

Dormicum, Roche) and Fentanyl (0.05 mg/kg, Fentadon, Albrecht). The fur of C57BL/6N 

mice quenched the bioluminescence, thus the fur above region of interest (ROI) was removed 
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with an electrical razor (Veet Sensitive Prescision) and a depilatory cream (Veet). To avoid 

the thermal stress during the above procedure, anesthetized mice were placed on an electric 

heating pad. After injection of firefly luciferase substrate, D-luciferin (150 mg/kg, i.p., 

VivoGlo™ Luciferin, Promega GmbH), firefly luciferase catalyzes a chemical reaction where 

D-luciferin is converted to oxyluciferin. During the process, the energy is released in the form 

of light. Based on this, mice were imaged every 2 min using the IVIS® Lumina Imaging 

System, the settings of 60 sec exposure, small binning, F/Stop of 1 open emission filter, and 

12.5 cm field of view. To quantify in vivo bioluminescence, light intensity from ROI was 

assessed with the imaging software Version 2.6 (Xenogen).  

For ex vivo bioluminescence imaging, another commercial membrane-permeable D-luciferin 

(PJK GmbH) was used. Freshly excised tissues were directly sprayed with the D-luciferin just 

prior to imaging under a charge-coupled-device (CCD) camera (Hamamatsu 1394 ORCA II-

ERG) with 60 sec exposure time.  

To quantify ex vivo bioluminescence in frozen tissues, another luciferase assay system (E4030 

Freezer Pack, Promega GmbH) was utilized, which contains 5 x lysis buffer and a D-luciferin 

as substrate. For every 100 mg tissue, 313 µl 1 x diluted lysis buffer was added and the 

mixture was immediately homogenized for 30 sec on ice, using a Miccra D-1 homogenizer 

(Miccra GmbH) (Manthorpe et al., 1993). Afterwards, the mixture was centrifuged with 

10,000 g at 5°C for 3 min using the Eppendorf 5417R refrigerated centrifuge. The resulting 

supernatant was collected afterwards. For quantification of luciferase activity, 96-well white-

bottom microplates (Greiner Bio-one) containing 10 µl sample supernatant were immediately 

placed into the microplate luminometer (Infinite M200 reader, Tecan). Inside the luminometer, 

50 µl D-luciferin solutions were automatically injected into each sample and shaken for 2 sec 

prior to measurements. Another 30 µl supernatant was used for quantification of protein 

concentration. Bioluminescent readout was normalized to the protein concentrations of each 

sample. 

 

2.1.4 Repeated CL316, 243 injection 

Mice were administrated (intraperitoneal injection, i.p.) with the β3-adrenergic receptor 

agonist CL316, 243 (Tocris Bioscience, 1.0 mg/kg) for 5 consecutive days at an age of 13 

weeks. While the control mice were injected with a vehicle of phosphate-buffered saline (i.p., 

0.9% NaCl, B. Braun Melsungen AG). After in vivo imaging, mice were killed to compare the 

ex vivo luciferase activity and the expression of Ucp1 on both RNA and protein levels. 
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2.1.5 Chronic cold acclimation 

By study design, male WT, HET and KI mice were born at room temperature (23 ± 1°C, RT). 

At an age of 10 weeks, animals were divided into two groups: one was continuously kept at 

RT, while the other was exposed to a weekly decreasing ambient temperature from 18°C, 

15°C, 10°C to 5°C, which was performed inside a controlled climate cabinet (HPP750life, 

Memmert  GmbH + Co. KG). Within the cabinet, animals were housed in groups of 2-3 

individuals in type II cages (370 cm2, Tecniplast GmbH) with free access to food and water.  

Body weight of the mice was determined weekly starting from an age of 4 weeks. Rectal body 

temperature and body composition were measured every two weeks starting from an age of 10 

to 14 weeks. After 7 days at 5°C, mice acclimated to 23°C or 5°C were assessed by measuring 

in vivo luciferase bioluminescence or iRFP713 fluorescence. Afterwards, mice were killed to 

compare the ex vivo luciferase activity and the expression of Ucp1 on both RNA and protein 

levels.  

 

2.1.6 Detection of iRFP713  

To detect the ex vivo iRFP713 fluorescence, tissues were dissected from 5-weeks old WT, 

HET and KI male mice and immediately scanned using an Odyssey infrared imager (LI-COR 

Biosciences GmbH) with a 700 nm excitation wavelength (Wang et al. 2018).  

For in vivo iRFP713 detection, male animals were kept either at room temperature or under 

prolonged cold acclimation (from 18°C, 15°C, 10°C to 5°C) as described above (section 

2.1.4). Three days before imaging, all mice received an alfalfa-free diet (Experimental diet 

2222, Provimi Kliba) to reduce the food auto-fluorescence. During the measurement day, WT, 

HET and KI mice kept at the same ambient temperature were anesthetized with 2-3% 

isofluran (Isothesia, Henry Schein Vet Pharma). The fur of the mice above the interscapular 

region was removed and all mice were placed on an electronic heating pad during imaging. A 

670 nm wavelength laser (300 mW, BWF1-670-300E, B&W Tek, Inc.) initiated the excitation 

of iRFP713, while a 740/40 nm filter (Chroma Technology) was used to detect the 

fluorescence emission in a iXon electron multiplying charge-coupled device (EMCCD, 

DV897DCS-BV, Andor Technology) (Wang et al. 2018).  

For cryoslicing, one WT and one KI mouse were immediately killed and frozen at -80°C after 

in vivo iRFP713 imaging. Then the mice were sectioned with a Leica CM 3500 cryostat 

(CM3500, Leica, Wetzlar, Germany) to a slice of 20 μm at -17°C. The cylindrical block was 
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imaged after every two slices, which yielded a 40 μm resolution at the sectioning axis (z-axis). 

The imaging system consisted of a highly sensitive fluorescence camera, mounted onto the 

cryostat (Sarantopoulos et al. 2011). Three reflectance images at 630/60 nm (red channel), 

535/38 nm (green channel) and 460/50 nm (blue channel) for color imaging and one 

fluorescence image at 730/50 nm, which is close to the maximum emission of the iRFP713 

(i.e. 713 nm), were acquired at each sectioning loop. A halogen light sthece (KL2500, Schott 

AG, Mainz, Germany) coupled to a fiber bundle projected the white-light required for the 

color imaging, while fluorescence was induced by a 670 nm continuous wave diode laser 

(BWF1-670-300E, Polytec, Waldbronn, Germany). The imaging system and acquisition 

protocol was fully automated. The custom software was implemented in LabView (National 

Instruments, Austin, USA) to analyze iRFP713 brightness (Symvoulidis et al. 2014).  

 

2.1.7 Indirect calorimetry, basal metabolic rate and NST capacity 

Indirect calorimetry was performed using the LabMaster (TSE Systems, Germany). During 

experiment, oxygen consumption (VO2, ml/h), carbon dioxide production (VCO2, ml/h) and 

respiratory exchange rate (RER, VCO2/VO2 ratio) of each cage were recorded. The resulting 

heat production (HP) was calculated according to the following metabolic equation 

(Heldmaier 1975): HP (mW) = (4.44 + 1.43 * RER) * VO2 (ml/h) 

To determine the basal metabolic rate (BMR), mice were single housed in metabolic cages 

(3L volume) with no access to water and food. During the measurement, metabolic cages 

were positioned inside a controlled climatic cabinet (TPK 600, Feutron, Germany), 

preconditioned to 30°C. Every cage was connected to a temperature sensor and was recorded 

in 4 min intervals over a period of 4 h. BMR was calculated from the lowest mean of three 

consecutive VO2 (ml/h). After BMR measurements, mice were briefly removed from the 

climate cabinet. Every single mouse was injected subcutaneously with 1 mg/kg 

norepinephrine (NE, Arterenol, Sanofi, Paris/France), and was placed back into the climate 

cabinet at an ambient temperature of 26°C. As above, changes of VO2 (ml/h), VCO2 (ml/h) 

and RER were continuously recorded in 2 min interval for 60-70 min. Non-shivering 

thermogenesis (NST) capacity was calculated from the differences between the BMR and the 

highest NE-induced heat production (NEmax) reached within 20-30 min post NE injection.  

To compare the maximal cold-induced heat production (HPmax) among genotypes, WT, HET 

and KI mice were measured in 4 min intervals with decreasing ambient temperature. On the 
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measurement day, the ambient temperature of each mouse was lowered stepwise from 30°C, 

25°C, 15°C, 10°C, 5°C, to 0°C, with each temperature maintained for 45-90 min until a stable 

reading could be observed. The whole measurement lasted up to 8 h, while no food or water 

was supplied. The resting metabolic rate (RMR) at each temperature was defined as the lowest 

O2 readings, while the maximal heat production (HPmax) was calculated from the highest MR 

observed in a non-exercising mouse.  

 

2.1.8 High-fat diet feeding experiment 

Animals were born and maintained at either room temperature (23°C) or at thermoneutrality 

(30°C), in a controlled climate cabinet (HPP749 and HPP750life, Memmert, Castrop-Rauxel, 

Germany).  

Male (8 weeks-old) and female (9 weeks-old) mice first received a semi-purified control diet 

(CD, ~12 kJ% fat, Sniff Spezialdiäten GmbH, Germany) for 4 weeks. Afterwards, half of the 

mice were fed a high-fat diet (HFD, ~48 kJ% fat, Sniff Spezialdiäten GmbH, Germany) ad 

libitum for a period of 8 weeks, while the other mice maintained on CD. The comparison of 

the diets is included in Appendix 2. Body weight was determined weekly. After the start of 

HFD feeding, fat mass and lean mass were determined by NMR (Minispec, Bruker) in a two-

week interval. The rectal body temperature was measured with a rectal probe (temperature 

measuring device ALMEMO, Ahlborn, Germany) and Vaseline was used as a lubricant.  

At the end of the experiment, two mice of the same genotype fed either a CD or HFD were 

imaged using IVIS® Lumina (Xenogen) as mentioned above (section 2.1.2). Afterwards, 

organs were removed for analysis of Ucp1 mRNA and UCP1 protein expression as well as ex 

vivo bioluminescence.  

 

2.2 Cell cultivation 

2.2.1 Primary cell culture  

For primary cell culture, stromal vascular fraction (SVF) cells were isolated from iBAT and 

iWAT of 5-6 weeks old male KI mice using 1mg/ml collagenase (Biochrom) for digestion. 

Preadipocytes was proliferate in standard culture medium with 20% fetal bovine serum (FBS, 

Sigma) (Table 2). 
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Table 2: Recipe for basal culture medium  

Culture medium Used for 50 ml 

DMEM high glucose (Sigma)                                                           40 ml 

FBS (Biochrom)                                                     10 ml 

Gentamycin (10mg/ml) (Biochrom)                    200 µl 

Penicillin/streptomycin (10 mg/ml) (Biochrom)                    200 µl 

Amphotericin B (Fungizone)  (Biochrom)                    100 µl 

 

Reaching 90% confluence, cell cultures were initially administrated with 2-days induction 

medium (Table 3) followed by 7-days differentiation medium (Table 4).  

 

Table 3: Recipe for induction medium 

Induction medium Used for 50 ml 

DMEM high glucose (Sigma)                                                           40 ml 

FBS (Biochrom)                                                     10 ml 

Gentamycin (10mg/ml) (Biochrom)                    200 µl 

Penicillin/streptomycin (10 mg/ml) (Biochrom)                    200 µl 

Insulin  (Sigma)                                                                                                                                                850 nM 

Triiodo-L-thyronine (T3, Sigma)                                                                                                                                                           1 nM 

3-isobutyl-1-methylxanthin (IBMX, Sigma)                                                                                                                                                500 µM 

Dexamethason (Sigma)                                                                                                                                                                                                                     1 µM 

Indometacin  (Sigma)                                                                                                                                                                                                                 125 µM 

 Rosiglitazone (Biomol)  1 µM 

 

Table 4: Differentiation medium recipe   

Differentiation medium Used for 50 ml 

DMEM High glucose     (Sigma)                                                           40 ml 

FBS (Biochrom)                                                     10 ml 

Gentamycin (10mg/ml) (Biochrom)                    200 µl 

Penicillin/streptomycin (10 mg/ml) (Biochrom)                    200 µl 

Insulin  (Sigma)                                                                                                                                                               850 nM 

T3 (Sigma)                                                                                                                                                1 nM 

 

2.2.2 Imaging and quantification of bioluminescence in living cells  

The modest cell permeability of D-luciferin allows for the imaging of luciferase activity in 

living cells. To do so, the fully differentiated adipocytes were directly treated with pre-

warmed  
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D-luciferin working solution (150 µg/ml) just prior to imaging bioluminescence using the 

IVIS® Lumina instrument (Xenogen). 

To quantify luciferase activity in vitro, Luciferase Assay System E4030 Kit (Promega GmbH) 

was used. Cells were washed gently with PBS for twice, and 1 x reporter lysis buffer (E4030 

Kit, Promega) was added onto cells, shake 20 min, at RT. Fifty µl D-luciferin solution and 10 

µl cell culture lysed sample were mixed in a tube for 6 sec, which were inserted into the 

Single Tube Luminometer (Titertek-Berthold GmbH). The relative bioluminescence unit 

(RLU) was normalized to the corresponding protein concentration of single samples.  

 

2.2.3 Establishment of immortalized brown fat cell line  

Although primary cell cultures supply controlled complement to animal experiment in vitro, 

primary preadipocytes retain low proliferative capacity over passaging. To circumvent this 

problem, immortalized brown fat cell line was established via retrovirus mediated Simian 

virus 40 large T antigen (SV40 LT) expression (Klein et al., 2002). The protocol for 

immortalization was describes as following. Firstly, 5 µg pBABE-puro SV40 LT plasmid 

DNA (donated from Professor C. Ronald Kahn) was transduced into Bos23 virus packing cell 

line through calcium-phosphate-precipitation method. After 48 h incubation, retrovirus-

containing medium was collected using a 0.45 µm filter. Meanwhile, cells of SVF were 

isolated from 5 weeks 129S6sv/evTac mice. At 70-80% confluence, preadipocytes was 

transfected with 1 ml virus mixture, including SV40LT retrovirus-containing medium (200 µl), 

fresh culture medium (800 µl), and polybrene (2 mg/ml, Sigma). At 90-100% confluence, 

preadipocytes were splitted into a 15cm plate (P1), and a culture medium containing 2 ug/ml 

puromycin (Sigma) were added to select the positively transfected cells.  

 

2.2.4 Cellular oxygen consumption rate 

Cellular respirometry was conducted by XF96 extracellular flux analyzer (Seahorse 

Bioscience). Initially, the oxygen consumption rate (OCR, pMol/min) of mature adipocytes 

was firstly recorded at the baseline. Sequentially, the following chemicals were injected: 

oligomycin (5 µM Biomol), isoproterenol (1 µM, Sigma), carbonyl cyanide-p-

trifluoromethox-yphenyl-hydrazon (FCCP, 1 µM, Sigma) and Antimycin A (5 µM, Sigma) 

into each well, according the protocol previously published (Li, et al., 2014). Oligomycin is 

an inhibitor for complex V in the respiration chain, inhibiting ATP-synthase and leaving basal 

leak respiration. Next, isoproterenol drives the Ucp1-mediated respiration via the canonical  
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β-adrenergic signaling pathway. Then, an unspecific uncoupling reagent, (FCCP), allows for 

maximal leak respiration. Lastly, Antimycin A allows to quantify the non-mitochondrial 

respiration by inhibition of complex III and I. The detailed Seahorse program is shown in 

Appendix 3. UCP1-dependent respiration was calculated by subtracting basal leak respiration 

from isoproterenol-induced leaking capacity.  

 

2.3 Molecular analyses 

2.3.1 RNA isolation and RT-qPCR 

Frozen tissues were homogenized for 20 sec in 500 µl TRIsure (Bioline) using MiccraD 

Homogenizer (Miccra GmbH). Homogenates were incubated at RT for 5 min, then 

centrifuged with 2500 g at 4°C for 5 min. After centrifugation, clear liquid products between 

pellets and fats were transferred into a new Eppendorf tube containing 100 µl chloroform 

(Carl Roth). The mixture was vigorously shaken for 15 sec, incubated at RT for 3 min, and 

centrifuged with 12.000 g at 4°C for 15 min. Afterwards, chloroform functions to separate the 

mixed solution into three immiscible layers: a green phenol-chloroform phase in the bottom, a 

white interphase, and a colorless watery phase on the top. Containing total RNA, the top 

liquids were transfer into a fresh Eppendorf tube and mixed with 500 µl 75% ethanol in edetic 

acid (EDTA) water. All mixed solution were transferred into column from the SV Total RNA 

Isolation kit (Promega GmbH), then centrifuged with 8000 g at RT for 15 sec and the flow 

was discarded. Next, the RNA washing and DNase digestion was processed according to the 

quick protocol of SV Total RNA Isolation kit (Promega). Total RNA was eluted into 30 µl 

DNase/RNase free-water. RNA concentration was quantified with Infinite M200 Microplate 

reader (Tecan). To synthesize cDNA, total RNA was reverse transcribed with SensiFast 

cDNA Synthesis Kit (Bioline) (Table 5), using the program in Table 6. 

 

Table 5: SensiFAST cDNA Synthesis systems                     

Solutions Used for 10 µl 

Total RNA 500 ng 

5x Buffer                                                    2 µl 

Reverse Transcriptase 0.5 µl 

DNase/RNase free-water  Up to 10 µl 
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Table 6: SensiFAST cDNA Synthesis program 

Program Temp Time 

Primer annealing 25°C 10 min 

Reverse transcription 42°C 15 min 

Inactivation 85°C 5 min 

Cooling 4°C - 

 

For real-time quantitative PCR (RT-qPCR), acquired cDNA products were diluted in a factor 

of 1:10. SensiMix SYBR® No-ROX Kit (Bioline) and specific RT-qPCR primers were 

utilized (Appendix 4). All reactions were performed in 384-well plates using LightCycler 480 

instrument II (Roche) according to the protocol and program in Table 7 and 8. 

 

Table 7: RT-qPCR reaction system compositions           

Solutions Used for 12.5 µl /well 

SensiMix SYBR® 6.25 µl 

primer forward (100 nM) 0.03125 µl 

primer reverese (100 nM) 0.03125 µl 

DNase/RNase free-water 5.19 µl 

cDNA 1µl (1:10 diluted) 

 

 

Table 8: RT-qPCR reaction program 

Program Temp Time  

Initialization 95°C 7 min  

Denaturation 97°C 10 sec 

     45 cycles Annealing 53°C 15 sec 

Elongation 72°C 20 sec 

Melting curve 60-95°C 31 sec  
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2.3.2 Droplet digital PCR (ddPCR) 

To determine the absolute transcripts from the WT allele and KI allele in heterozygous UCP1 

knock-in mice (Ucp1wt/ki (HET)), droplet digital PCR (ddPCR) was performed on cDNA of 

iBAT (1:60 dilution) of HET knock-in mice. The primer pairs amplifying Ucp1 exon1 in WT 

allele and LUC in KI allele were identical to those applied in RT-qPCR (Appedix 4). Allele-

specific probes labeled with carboxyfluorescein (FAX) and hexachloro-fluorescein (HEX) 

fluorescent dyes were designed as follows:  

FAM-WT allele probe: 5'-FAM-TGCCAGGCAAGCTGAAACTCC-Quencher-3';  

HEX-KI allele probe: 5'-HEX-CTCTCCAGCGGTTCCATCTTCCAG-Quencher-3'.  

Both hydrolyzed probes were synthesized by Eurofins genomics (Eurofins MWG Operon, 

Ebersberg/Germany) and were diluted with Eurofins aqueous probe buffer to a stock solution 

of 100 nM. To ensure the probe homogeneity, the above mixed solution was vigorously 

vortexed for 10 min. Then the mixtures of probes and primers were prepared according to the 

Bio Rad manufacturer’s instructions (BIO-Rad 2014) as shown in Table 9.  

 

Table 9: ddPCR maxiMIX for probe and prime 

MaxiMIX for FAM probe Used for 20 µl MaxiMIX for HEX probe Used for 20 µl 

Ucp1 exon1 Primer forward (100 nM) 3.6 µl LUC primer forward (100 nM) 3.6 µl 

Ucp1 exon1 primer reverse (100 nM) 3.6 µl LUC primer reverse (100 nM) 3.6 µl 

FAM probe (100 nM) 1.0 µl HEX probe (100 nM) 1.0 µl 

DNase/RNase free-water 11.8 µl DNase/RNase free-water 11.8 µl 

 

Next, ddPCR reaction system was arranged according to Table 10, 21 µl out of the reaction 

buffer and 70 µl ddPCR droplet generation oil (Bio-Rad) were separately loaded on the 

disposable DG8™ cartridges (Bio-Rad), which was inserted QX200™ droplet generator (Bio-

Rad) to generate 20000 nanoliter-sized droplets for each sample.  

 

Table 10: ddPCR reaction system 

Solutions Used for 23 µl 

2x ddPCR buffer 11.5 µl 

MaxiMIX for FAM probe 1.15 µl 

MaxiMIX for HEX probe 1.15 µl 

cDNA 2.0 µl 

DNase/RNase free-water 11.8 µl 
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Afterwards, 40 µl droplets were picked up and transferred into ddPCR 96-well plate (Bio-

Rad). The follow-up PCR reaction was performed in T100TM Thermal Cycler with the 

program in Table 11. 

 

Table 11: ddPCR reaction program 

Program Temp Time  

Initialization 95°C 10 min  

Denaturation 94°C 30 sec 
 

        40 cycles 
Annealing 60°C 60 sec 

Elongation 98°C 20 sec 

Cooling  12°C   

 

During PCR, the DNA polymerase extends the primer situated on the same strand as the 

probes until it reaches the probe position. The inherent exonuclease activity hydrolyzes the 

probe from 5’ to 3’, which releases the reporter dye into solution and thereby causes an 

increase in fluorescence. The fluorescence signal in single droplet was measured by QX 

Droplet Reader (Bio-Rad), which is proportional to the amount of target DNA. Finally, 

brightness of FAM and HEX fluorescence in each sample was analyzed with QuantaSoft 

analysis software (Bio-Rad). 

 

2.3.3 Protein isolation and Western blot 

Proteins from cells or isolated tissues were lysed with 1 x Radio Immunoprecipitation Assay 

(RIPA) buffer with 0.1% protease-inhibitor (Sigma) and 0.1% phosphatase-inhibitor (Sigma), 

at RT. For lysis of cultured adipocytes, 100 µl of RIPA was added to each well of 12-well cell 

culture plate and incubated for 15 min on ice. Afterwards, cells were scraped form plate and 

centrifuged with 14,000 g at 4°C for 10 min. The resulting clear supernatant was removed for 

use. The tissue samples was extracted with a ratio of 30 mg of tissue to 200 µl of RIPA buffer. 

A homogenization step on ice was required to lyze samples completely. Lysates were then 

centrifuged with 16,000 g at 4°C for 15 min. Likewise, aqueous supernatant (without the fat 

layer) was harvested for protein concentration quantification and for western blot. 

Protein concentrations were measured by BCA (bicinchoninic acid) protein Assay Reagent 

Kit (Thermo Scientific™ Pierce™). Protein samples were mixed with 2 x sample buffer (with 

5% 2-mercaptoethanol), boiled at 95°C for 5 min, and cooled down at room temperature 
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before loading onto the SDS-gel, which were casted according to the following SDS-gel 

recipes (Table 12). Meanwhile, 4 µl protein ladder marker (Thermo Fisher Scientific, 

Waltham MA/USA) followed was added onto the gel.  

 

Table 12: SDS- gel recipes for two mini-gel 

Solutions Separating gel (12.5%) Stacking gel (5%) 

Acrylamid 4.17 ml 0.8 ml 

Buffer  8 x Separating buffer, 1.25 ml 4 x Stacking buffer, 1.25 ml 

H2O 4.43 ml 2.86 ml 

SDS (10%) 100 µl 50 µl 

AMPS (10 mg/100 ul) 50 µl 30 µl 

TEMED 5 µl 10 µl 

 

Once the electrophoresis finished, the SDS-gels were cutted and placed in the blotting buffer 

immediately. Afterwards, blotting procedure was conducted with the sequential order: three 

layers of filter paper at bottom, Nitrocellularose (NC) membrane, SDS-gel and another three 

layers of filter paper on the very top. For a mini gel (48 cm2), the blotting was performed at 48 

mA for 1 h. After transfer, NC membrane was incubated in 3% bovine serum albumin (BSA, 

Carl Roth) blocking buffer for at least 1 h. All primary and secondary antibodies were diluted 

in tris-buffered saline (TBS) buffer. To detect the relative abundance of UCP1 and luciferase 

protein in the same sample, the primary antibodies for UCP1, luciferase and Actin 

(housekeeper) were incubated at 4°C overnight (Table 13). On the second morning, NC 

membrane was washed with 1 x tris-buffered saline containing 0.1% Tween20 (Carl Roth) for 

15 min.  

 

Table 13: Primary antibodies used for western blotting 

Primary antibody Dilution 

mouse anti-chicken actin antibody (EMD Millipore, MAB1501), monoclonal 1: 5000 

rabbit anti-human UCP1 peptide (Abcam, ab10983), polyclonal 1: 10000 

rabbit anti-LUC peptide (Abcam, EPR17790), monoclonal 1: 10000 

 

Then, the secondary antibodies including donkey-anti- mouse (1: 20000) and goat-anti-rabbit 

(1: 20000) were used for at least 1 h incubation. The signal detection was performed on 

Odyssey infrared imager (LI-COR Biosciences GmbH).  
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2.3.4 Hematoxylin and eosin staining 

For hematoxylin and eosin (H&E) staining, tissue samples were collected and were fixed in 

3.7% para-formaldehyde at RT for at least two days. Afterwards, tissues went thought the 

dehydration process overnight according to the protocol in the Appendix 5. In the next 

morning, specimens were embedded in paraffin and were hereafter sectioned using a 

microtome (Leica). The acquired sections were mounted on microscope slides (Carl Roth), 

dried at 37°C overnight. Afterwards, staining was automatically performed using a Leica 

multistainer (Leica) according to Appendix 5.  

 

2.4 Statistics 

All data graph were generated with Graphpad Prism 6 software (Graphpad Software Inc, 

USA). Data were expressed as mean ± SD. The statistical significance were analyzed by 

unpaired two-tailed t-tests and One-way ANOVA (Dunnet’s Test), or two-way ANOVA 

(Tukey’stest) as indicated in the figure legends. The data was considered as significance when 

p <0.05.
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3 RESULTS 

3.1 Verification of reporter genes in the Ucp1-LUC-iRFP713 reporter mice 

To detect the exogenous genes expression in mouse genome, ear punches from wildtype (WT), 

heterozygous (HET) and homozygous (KI) engineered mice were collected for genotyping. 

As expected, gDNA PCR amplified 330 base-pairs (bp) and 403 bp fragments from WT and 

KI allele, respectively (Fig. 4).  

 

 
 

Figure 4: The gDNA PCR yields specific products from WT and KI allele. M = molecular weight marker. 

(From Wang et al. 2019). 

 

3.1.1 Luciferase activity faithfully reflects Ucp1 expression upon stimulation 

3.1.1.1  Detection of firefly luciferase expression in Ucp1-LUC-iRFP713 reporter mice  

In KI mice, immunoblotting analysis revealed UCP1 protein expression is higher in 

interscapular BAT (iBAT), lower in inguinal WAT (iWAT), and was nearly undetectable in 

gonadal WAT (gWAT). Firefly luciferase (LUC) protein in KI mice was parallel to UCP1 

protein levels, displaying the tissue-specific expression pattern of UCP1 in individual fat 

depots (Fig. 5).  

Due to the lack of available primary antibody, the near infrared fluorescent protein (iRFP713) 

was not detectable by western blot. 

 

                                
 
Figure 5: Representative immunoblotting of LUC, UCP1 and Actin protein abundance in iBAT, iWAT 

and gWAT of homozygous KI mice. (Figures from.Wang et al.2019). 
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3.1.1.2  Visualization and quantification of luciferase activity ex vivo 

To assess the LUC activity in excised tissues, membrane-permeable D-luciferin was directly 

sprayed onto the freshly isolated iBAT, iWAT, gWAT, skeletal muscle and liver from all 

three genotypes. The iBAT and iWAT depots from KI and HET mice showed the strongest 

bioluminescence, while no signals were observed in livers (Fig. 6A). These results were 

further confirmed with ex vivo relative luminescence unit (RLU) quantification in tissue 

lysates, where the highest bioluminescent intensity was found in iBAT of KI and HET mice 

(Fig. 6B).  

 

 
 
Figure 6: Assessment of ex vivo luciferase activity from freshly isolated tissues.  

A. Membrane-permeable D-luciferin. Images were captured using a charge-coupled-device (CCD) camera with 

60s exposure time. B. Luciferase assay system was used to quantify relative light unit (RLU) in isolated tissues. 

Afterwards, RLU was normalized to protein concentrations (n=6). Error bars show mean ± SD, data were 

analyzed with Two-way-ANOVA, *** p < 0.001. (From Wang et al. 2019) 

 

3.1.1.3  Visualization and quantification of luciferase activity in vitro 

To determine whether firefly luciferase can be used to track the intracellular Ucp1 dynamics 

in in vitro settings, brown preadipocytes were isolated from iBAT of WT, HET and KI mice. 

After fully differentiation, D-luciferin (150 ug/ml) were directly added to the pre-warmed cell 

culture medium just prior to the CCD imaging, and the strong light intensity was selectively 

detected in living brown adipocytes of KI and HET genotypes, but not in WT cells (Fig.7).  

 

 
 

Figure 7: In vitro imaging of living brown adipocytes by CCD camera.  
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Next, the degradation rates of the LUC and UCP1 protein in brown adipocytes were 

determined by the administration of cycloheximide (25 mg/ml) to stop protein biosynthesis. 

Immunoblotting analysis showed the parallel decreases in UCP1 and LUC protein abundance 

in brown adipocytes (Fig. 8A). The calculated protein half-life revealed that UCP1 and LUC 

protein have the very similar half-lives of approximately10 h in brown adipocytes, which 

suggest that LUC protein works as a reliable surrogate for UCP1 protein abundance in cell 

cultures (Fig. 8B).  

 

 
 
Figure 8: Half-life of UCP1 and LUC in brown adipocytes.  

A. Protein abundance of UCP1, LUC and Actin in fully differentiated brown adipocytes isolated from KI mice. 

To measure the individual protein half-life, mature adipocytes were treated with 25 µg/ml cycloheximide for 4 h, 

8 h or 12 h. B. Quantitative analysis of the relative UCP1 and LUC protein abundance in A. (From Wang et al. 

2019) 

 

To determine whether in vitro luciferase activity could reflect changes in UCP1 expression, 

multiple Ucp1 transcriptional activators was employed in brown and brite adipocytes. Among 

them, Rosiglitazone (Rosi), a PPAR agonist, which is the most robust Ucp1 inducer, has been 

widely used in cell cultures and in mouse models to recruit Ucp1 expression. Additionally, 

Isoproterenol (Iso) and Retinoic acid (RA) also function to boost Ucp1 transcription as well, 

by activating the β-ARs signaling pathway or binding to the RA element in Ucp1 enhancer 

region.  

Compared to controls, chronic Rosi treatments powerfully drove the bioluminescence in a 

dose dependent manner, with the strongest induction by 1000 nM Rosi in brown and beige 

adipocytes (Fig. 9A). The acute administration with Iso or RA also strongly promoted 

bioluminescent signals, whose effects were quantitatively similar to 100 nM Rosi (Fig. 9A-B). 

Moreover, both LUC activity and LUC protein levels were in tight correlation with the UCP1 

protein abundance in brown adipocytes under the pharmacological stimuli (Fig. 9B) 
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Figure 9: LUC activity reliably reports UCP1 alterations upon stimulation in vitro. 

A. Representative in vitro bioluminescence imaging of brown and beige adipocytes under the chronic stimulation 

of increasing dosages of Rosi, and the acute treatments with Iso and RA (n=3). B. Assessment of the relative 

bioluminescence units and the corresponding UCP1 protein levels in brown adipocytes upon various activators 

(n=3). Error bars show mean ± SD, data were analyzed with One-way ANOVA, *p < 0.05, *** p < 0.001. (From 

Wang et al. 2019) 
 

3.1.1.4  Visualization and quantification of luciferase activity in vivo 

To detect the in vivo luciferase activity in mice, an in vivo imaging system (IVIS) was utilized. 

To obtain an optimal imaging time point for iBAT, it was necessary to determine the standard 

kinetics of luciferase activity above the region of interest (ROI). To do so, a pilot study with 

mice of all three genotypes was conducted after i.p. injection of D-Luciferin (150 mg/kg) and 

all images were captured in a 2-min interval. Following the D-luciferin injection, the light 

intensity emitted from KI and HET increased progressively from the dorsal view, reaching the 

plateau after approximately 20 min (Fig. 10A). Accordingly, all the sequential 

bioluminescence images were imaged at 20-30 min post D-luciferin addition in the following 

studies.  

The strongest bioluminescence was visualized in the ROI above iBAT of KI mice, followed 

by HET mice but not in WT mice (Fig. 10B). It is important to point out that luciferase 

catalyzed bioluminescence was also detectable from the lateral and ventral view in both HET 

and KI mice, the area corresponding to inguinal WAT (Fig. 10C), suggesting that the novel 

Ucp1-LUC-iRFP713 reporter mouse model is also capable of monitoring the browning state 

of subcutaneous WAT.  
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Figure 10: Visualization and quantification of bioluminescence in vivo.  

A. Kinetic curves for the luciferase activity above iBAT (n=3). Error bars show mean ± SD. B. Representative 

imaging of bioluminescence in anesthetized mice of three genotypes (n=6). C. Imaging of anesthetized animal 

from the lateral and ventral views (n=6). (From Wang et al. 2019) 

 

The selective β3-AR agonist (CL316,243) is widely used to active brown and beige fat, 

mimicking physiological stimulation of cold-induced NST (Strosberg & Pietri-Reuxel 1996; 

Collins et al. 1997). To assess whether in vivo bioluminescence imaging in the Ucp1-LUC-

iRFP713 reporter mice could report the adaptive variations in Ucp1 expression, reporter mice 

were exposed to a weekly decreasing ambient temperature from 23°C, 18°C, 15°C, 10°C to 

5°C or were repeatedly injected with CL316,243 for 5 consecutive days at room temperature 

(23°C), while the control mice were repeated injected with saline at room temperature.  

Firstly, homozygous KI mice were used for in vivo bioluminescence imaging. Compared to 

control mice, both CL316,243 and cold acclimation profoundly increased the bioluminescent 

intensity above the regions corresponding to iBAT and iWAT, with much more stronger 

effects in cold acclimated mice. However, the saturated bioluminescence signals were 

observed in KI mice, which interfered with the accurate quantification of bioluminescence 

(Fig.11A). To avoid of the saturated signals, HET mice were thus utilized for the in vivo 
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imaging under the same stimulation. Likewise, bioluminescence above the iBAT and iWAT 

region of HET mice were robustly enhanced by CL316,243 injection and chronic cold 

acclimation (Fig. 11B) 

 

 
 
Figure 11: In vivo imaging of reporter mice under various stimuli.  

A. Representative in vivo imaging of KI mice in response to repeated administration of CL316,243 or the 

prolonged cold acclimation from 18°C, 15°C, 10°C to 5°C, with the control mice received saline injection at 

room temperature. B. Representative in vivo imaging of HET mice under stimulation (n=3). (From Wang et al. 

2019)  

 

To quantify the in vivo bioluminescent intensity, images of HET mice were analyzed using 

IVIS imaging software Version 2.6. However, the random pigmentation above the ROI 

(mainly above iBAT) quenched the accurate quantification of bioluminescence (Fig. 12A). 

Even though, the acquired bioluminescent signals (Fig. 12B-C) were consistent with the 

changes in UCP1 protein levels in both iBAT and iWAT (Fig. 12D-E).  
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Figure 12: In vivo bioluminescent intensities are closely correlated with changes in UCP1 expression.  

A. Pigmentation randomly appears on the skin of HET reporter mice. Pigmentation was pointed by red arrows.  

B. Quantification of bioluminescence in areas referring to iBAT (n=3). Error bars show Mean ± SD, data were 

analyzed with One-way-ANOVA. C. Quantification of bioluminescence in areas referring to iWAT (n=3). Error 

bars show mean ± SD, data were analyzed with One-way-ANOVA, * p < 0.01, ** p < 0.05. D-E. 

Immunoblotting detection and analysis of relative UCP1 protein abundance in iBAT. (From Wang et al. 2019)  

 

It has been known that mice maintained at standard laboratory condition at an ambient 

temperature of 23°C (RT) are under a constant mild cold exposure, leading to profound 

activation of adaptive thermogenesis. While decreasing thermal stress by housing mice under 

thermoneutral conditions at 30°C significantly suppresses Ucp1 mRNA and protein levels in 

both brown fat and white fat depots (Feldmann et al. 2009; Cui et al. 2016). To study this 

temperature-dependent effect, KI mice were kept either at room temperature (RT) or at 

thermoneutrality (TN) for 8 consecutive weeks. Compared to mice kept at RT, in vivo 
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imaging revealed that the intensity of bioluminescence emitted from iBAT (dorsal view) or 

iWAT (lateral and ventral view) regions were dramatically decreased under thermoneutral 

condition, indicating the attenuated UCP1 expression at TN (Fig. 13A). Moreover, ex vivo 

measurements in tissue lysates of KI mice confirmed the significant decreases in 

bioluminescent signals under thermoneutrality (Fig. 13 B-C). 

 

 

 
 

 
Figure 13: Thermoneutral housing strongly decreases bioluminescence in KI mice.  
A. Representative in vivo bioluminescence imaging of KI mice kept at either RT or at TN conditions (n=6). B. 

Quantitative analysis of ex vivo bioluminescence in tissue lysates of KI mice kept at either RT or TN conditions 

(n=6). Error bars show mean ± SD, data were analyzed with Student’s unpaired two-tailed t test, * p < 0.01. 

 

In summary, these results powerfully demonstrate that firefly luciferase protein and its 

enzymatic activity can faithfully report Ucp1 expression in dissected tissues, isolated cell 

cultures and in anesthetized animals as well, which offers an easy-to-use qualitative and 

quantitative platform to monitor Ucp1 expression. 
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3.1.2 iRFP713 protein reliably reports Ucp1 expression upon stimulation 

Engineered iRFP713 has higher brightness, deeper tissue penetration, intracellular stability 

and lower cytotoxicity than conventional fluorescent proteins and requires no exogenous 

supply of the chromophore biliverdin, thereby making it feasible to extend the capabilities for 

imaging genetically-tagged tissues and mice (Filonov et al. 2011; Richie et al. 2018). Given 

that iRFP713 protein has an excitation and emission maxima at 673 nm and 702 nm, 

respectively, freshly dissected tissues of fat depots, skeletal muscle and livers were directly 

imaged using the 700 nm excitation channel of a Li-COR Odyssey near-infrared scanner, 

without any substrate.  

Although liver samples exhibited an unspecific signal due to the auto-florescence, the 

selective iRFP713 signals were only detected in excised brown and beige fat in transgenic 

mice (Fig. 14A). The ex vivo imaging revealed the specific expression of iRFP713 protein in 

brown and beige adipose tissue.  

To examine the iRFP713 in vivo, mice of the three genotypes were either maintained at room 

temperature (RT, 23°C) or at an ambient temperature stepwise decreased from 23°C to 5°C in 

4 weeks. Although the iRFP713 fluorescence was not detectable in mice maintained at RT, 

cold acclimation profoundly activated bright fluorescence in both HET and KI mice in an 

allele-dependent fashion (Fig. 14B). In particular, its most exciting feature is the ability to 

image Ucp1 expression without the supply of any exogenous substrate, enabling the non-

invasive in vivo imaging.  

 

 
 

Figure 14: Detection of iRFP713 fluorescence in tissues and in anesthetized mice.  

A. Representative imaging of isolated tissues from 5-weeks old male WT, HET and KI mice. B. In vivo imaging 

of iRFP713 in KI, HET and WT mice, which were kept at either RT or after chronic cold exposure. (Figures 

modified from Wang et al.2019). 
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To gain better insight into the fluorescence distribution and thereby the Ucp1 expression in an 

entire mouse, a cryo-imaging system was utilized. After in vivo imaging, two cold-exposed 

mice, one KI and one WT mice were sectioned with the cryostat and each slice was imaged 

with a highly sensitive fluorescence camera. Transverse slices revealed a striking brightness in 

an area corresponding to iBAT of KI mouse (Fig. 15A). Finally, all cry-slices were compiled 

based on the acquired iRFP713 signals in entire mouse for a three-dimensional (3D) 

reconstruction. Although unspecific fluorescence appeared in the digestive tracts of both 

transgenic and non-transgenic mice, specific signals representing iBAT and iWAT were only 

present in KI mouse, not WT mouse (Fig. 15B). 

 

 
Figure 15: Cryoslicing and imaging of Ucp1-LUC-iRFP713 reporter mice.  

A. Representative images of a transverse cryoslice of a KI mouse after cold exposure. During every cryoslice, 

iRFP713 fluorescence intensity was measured. As shown, robust signal was identified in areas representing 

iBAT, as pointed with a white arrow. B. Reconstructed 3D fluorescent images of a KI mouse based on the 

acquired iRFP713 signals during cryoslice. C. Reconstructed fluorescent 3D image of a WT mouse based on the 

acquired iRFP713 signals during cryoslicing. (Figures modified from Wang et al.2019). 

 

In summary, these data demonstrate the successful detection of iRFP713-labeld brown and 

beige adipose tissues in the Ucp1-LUC-iRFP713 reporter mice, suggesting that iRFP713 is a 

applicable marker gene for Ucp1 expression.   
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3.2 Versatile applications of the Ucp1-LUC-iRFP713 reporter mice  

The firefly luciferase activity in the Ucp1-LUC-iRFP713 reporter mice works as a simple, 

sensitive and reliable surrogate for Ucp1 expression. The qualitative and quantitative 

bioluminescence analysis can be used to profile broadly of Ucp1-positive tissues/cells and to 

search for new modulators targeting Ucp1 expression. 

3.2.1  Identification of a new brown adipose tissue in mice 

To determine the anatomical origins of the emitted bioluminescence, homozygous KI mice 

were dissected to expose tissues in situ. Of note, bright luciferase-catalyzed bioluminescence 

was visualized in multiple sites, which highlighted the iBAT in the dorsal region, cervical 

(cBAT) and axillary regions (aBAT) as well beige fat in iWAT from the ventral view (Fig. 

16).   

 

 
 

Figure 16: Detection of UCP1-expressing tissues in reporter mice  

KI mice were dissected after in vivo imaging. Black arrows point to the adipose depots representing the main 

sites of bioluminescence from dorsal and ventral view. (Figures modified from Wang et al.2019). 

 

Additionally, a bright bioluminescence site was identified in a small triangular reddish tissue 

embedded in the cleft of femoris muscle, adjunct to the apex of the iWAT (Fig. 17A-B). 

Immunoblotting analysis revealed that UCP1 protein in this tissue was expressed at the 

intermediate levels between iWAT and iBAT (Fig. 17C). Relative mRNA quantification 

showed that Adiponectin (AdipoQ), a gene highly specific to adipose tissue, was comparable 

across the three tissues, indicating that this tissue would be an adipose depot. Consistent with 

UCP1 protein levels, the expression of brown marker genes such as Ucp1, cell death-inducing 

DFFA-like effector A (Cidea), peroxisome proliferator-activated receptor gamma coactivator 

1 alpha (Pgc1a), PR domain zinc finger protein 16 (Prdm16), deiodinase-2 (Dio2) and 
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ELOVL fatty acid elongase 3 (Elovl3) were all intermediate to iWAT and iBAT (Fig. 17D). 

Histological analysis revealed the abundant fat accumulation in this depot, showing the 

similar morphological characteristics to both iBAT and iWAT (Fig. 17E). Taken together, 

these data shows the newly identified adipose tissue shares the typical molecular and 

morphological properties of both brown and beige fat. Thereby, it was named to be femoral 

brown adipose tissue (fBAT) here. 

 

 
 
Figure 17: A new Ucp1-poisitive adipose tissue was identified in the femoral cleft of KI mice.  

A. Post dosing of D-luciferin, KI mice were sacrificed. Robust signals were visualized in iWAT and fBAT 

(pointe with white arrows). B. Anatomical location of the fBAT in mouse in situ. C. Comparisons of fBAT 

UCP1 expression to that in iBAT and iWAT by western blotting. D. Relative genes expression in iBAT and 

iWAT and fBAT (n=6). Error bars show mean ± SD, data were analyzed with Two-way ANOVA, * p < 0.05, ** 

p < 0.001. E. Representative hematoxylin and eosin staining for iBAT, iWAT and newly identified fBAT. 
(Figures modified from Wang et al.2019). 
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3.2.2  Higher browning capacity in peri-ovarian WAT than in epidydimal WAT 

To evaluate the sex-associated differences in Ucp1 expression, adipose tissues of the 

anatomically analogous fat pads from male and female littermates were analyzed. Luciferase 

activity in iBAT, iWAT and muscle was equivalent between sexes, and UCP1 protein in 

iBAT was expressed in a similar level between two genders (Fig. 18A-B). However, 

significant sex-related differences were detected in peri-gonadal WAT, with higher signals in 

peri-ovarian (poWAT) WAT than in epididymal WAT (eWAT) (Fig. 18A). Moreover, the 

expression of browning marker genes such as Ucp1, Pgc1a, Cidea, solute carrier family 25A1 

(Slc25a1), cytochrome c oxidase subunit 7A1 (Cox7a1) and the gene coding for a brown-fat-

derived adipokine, neuroregulin 4 (Nrg4) was substantially higher in poWAT as well (Fig. 

18B). While the expression of fatty acid binding protein 4 (Fabp4), adiponectin (Adipoq), β3-

adrenoceptor (Adrb3), hormone-sensitive lipase (Hsl), estrogen-related receptor α (ERRα) 

and vascular endothelial growth factor (VEGF) was comparable between genders (Fig. 18C). 

The higher browning propensity was further confirmed by the abundant multilocular 

adipocytes in poWAT (Fig. 18D).  

 

 
 

Figure 18: Sex-specific differences in poWAT and eWAT.  

A. Ex vivo quantification of bioluminescence in iBAT, iWAT, gWAT and skeletal muscle from both male and 

female KI mice (n=6).Error bars show mean ± SD, data were analyzed with Two-way ANOVA, * p < 0.05, B. 

Immunoblotting of LUC, UCP1 and Actin protein levels in iBAT of male and female mice. C. Comparison of 

relative gene expression between poWAT and eWAT (n=6). Error bars show mean ± SD, data were analyzed 

with Two-way ANOVA, * p < 0.05, ** p < 0.001 *** p < 0.0001. C. Representative hematoxylin and eosin 

staining for eWAT and poWAT in KI mice. (Figures modified from Wang et al.2019). 
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3.2.3  Profiling of Ucp1 expression in multiple tissues by luciferase activity 

The newly identified of fBAT in the reporter mice indicates the limited understanding of 

brown/beige adipose tissues distribution in rodents. To systematically profile Ucp1 gene 

expression in rodents by sensitive luciferase activity. To do so, tissues and organs were 

collected from 5-weeks-old male and female mice. Collectively, bioluminescent signals were 

especially high in iBAT, aBAT, fBAT and cBAT, followed by iWAT, poWAT and eWAT. 

Of note, signals were also detected in thymus, brain, epididymis and soleus muscle. Whereas 

no detectable signal was found in gastrocnemius muscle, uterus, bladder, heart, stomach, 

small intestine or liver (Fig. 19). Since the firefly luciferase activity is selectively active in 

Ucp1-positive tissues, these results highly suggest the potential Ucp1 expression beyond the 

traditional brown and beige adipose tissues, which requires further investigation for their 

specific physiological roles.  
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Figure 19: Bioluminescence quantification in multiple tissues of KI mice.  

All samples were isolated from 5-weeks old male and female mice (n=3). (Figures modified from Wang et 

al.2019). 
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3.2.4  The application of cell-based imaging platform  

The significance of BAT in energy homeostasis inspires the search for new chemicals and 

molecules to recruit and activate Ucp1 expression. The firefly luciferase activity in the 

reporter acts as a bona fide surrogate for Ucp1 gene in cultured brown and beige adipocytes, 

which can be used as an effective cell-based platform to perform high-throughput screening of 

new drugs and molecules. 

Upon β3-AR stimulation, adenylate cyclase converts ATP into cAMP. The activated PKA by 

increased levels of cAMP sequentially phosphorylates cAMP response element-binding 

protein (CREB), which is generally considered as a primary regulator of adipogenesis and as a 

key factor in controlling Ucp1 gene expression (Reusch et al. 2000; Thonberg et al., 2002). 

Recently studies revealed that CREB actions on target genes expression requires the 

stimulation of its regulated transcription coactivators (CRTCs) (Katoh et al. 2006; Patel et al. 

2014). Meanwhile, its has  been described that salt inducible kinases (SIKs) exert inhibitory 

effects on cAMP signaling pathway, mostly by promoting phosphorylation CRTCs and 

stopping the CRTCs translocation into nucleus (Kim et al. 2015; Paulo et al. 2018).  

As a proof of concept, a pan SIKs inhibitor HG-9-91-01 was added on the primary 

preadipocytes that were isolated from brown and beige fat depots of KI mice. The increasing 

concentration of HG-9-91-01 enhanced the in vitro bioluminescence in both brown and beige 

adipocytes, in a dose-dependent manner (Fig 20A-D).  

In addition, to study whether the increased Ucp1 expression is thermogenic functional, 

cellular respirometry was performed in immortalized brown adipocyte cell lines (129S6 sv/ev 

Tac background) to quantify intracellular oxygen consumption rate (OCR) in real time. 

Interesting, brown adipocytes treated with 100 nM and 400 nM HG-9-91-01 exhibited 

significant higher OCR than control cells during the entire measurement, including the higher 

basal OCR, which suggests that HG-9-91-01 plays a role to increase mitochondrial biogenesis 

(Fig. 20E). Of note, after the administration of isoproterenol, there was a slight increase in 

OCR in control groups, while HG-9-91-01 treatments significantly promoted cellular OCR, in 

a dose-dependent manner (Fig. 20E-F). The UCP1-dependent respiration calculated form the 

isoproterenol-induced respiration and the basal proton leak suggests that HG-9-91-01 is a 

powerful stimulant for both Ucp1 gene expression and UCP1-mediated oxygen consumption 

(Fig. 20F). 
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Figure 20: Cell-based imaging platform facilitates identification of a new Ucp1 modulator.  

A. Representative in vitro bioluminescence imaging of cultured brown adipocytes treated with the increasing 

concentration of a pan SIKs inhibitor HG-9-91-01 treatment (n=3). B. Representative in vitro bioluminescence 

imaging of cultured beige adipocytes treated with the increasing concentration of a pan SIKs inhibitor HG-9-91-

01 treatment (n=3). C. In vitro bioluminescence quantification of cultured brown adipocytes treated with the 

increasing concentration of a pan SIKs inhibitor HG-9-91-01 treatment (n=3). Error bars show Mean ± SD, data 

were analyzed with One-way ANOVA, * p < 0.05, *** p < 0.0001. D. In vitro bioluminescence quantification of 

cultured beige adipocytes treated with the increasing concentration of a pan SIKs inhibitor HG-9-91-01 treatment 

(n=3). Error bars show mean ± SD, data were analyzed with One-way ANOVA, *** p < 0.0001. E-F. 

Measurements of cellular OCR in immortalized brown fat cells established from a 129S6 sv/ev Tac gene 

background mouse (N=3, n=32). Immortalized brown fat cells were treated with 100 nM or 400 nM HG-9-91-01. 

During the measurement, Oligomycin, isoproterenol, FCCP and Antimycin A were injected in sequence. 

Oligomaycin is an inhibitor of ATP synthase. Isoproterenol is a pan β-ARs agonist. FCCP induces the maximum 

respiratory capacity, while Antimycin A inhibits all cellular reparation. Basal respiration and proton leak were 

recorded before and after the Oligomycin injection. UCP1-dependent OCR was obtained by subtracting proton 

leak from isoproterenol-induced OCR. Error bars show mean ± SD, data were analyzed with One-way ANOVA, 

* p < 0.05. (Figures modified from Wang et al.2019). 
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3.3 Phenotypic characteristics of the Ucp1-LUC-iRFP713 reporter mice 

All mice derived from heterozygous mice breeding pairs were born at an expected Mendelian 

ratio of 0.79: 2.05: 1.0 (Ucp1wt/wt (WT): Ucp1wt/ki (HET): Ucp1ki/ki (KI)), indicating the stable 

genetic inheritance in their offspring. HET and KI mice were morphologically 

indistinguishable from WT controls. However, it is crucial to determine whether the 

expression of Ucp1 in the modified allele is affected by upstream proteins (LUC, iRFP713 

and T2A) and whether the modified allele functions like the WT allele. In this regard, mice of 

all there genotypes were further analyzed on molecular and whole-animal level. 

 

3.3.1 Diminished UCP1 protein abundance in brown and beige fat of KI mice 

3.3.1.1  Reduced UCP1 expression in iBAT of KI mice 

At an age of 5 weeks, a slightly lower body weight was observed in homozygous KI mice 

compared to WT littermates (Fig. 21A), although the individual fat explants analysis revealed 

a significantly oversized iBAT in KI mice (Fig. 21B-C). Whereas the iWAT of KI mice 

exhibited a tendency towards a decrease in size (Fig. 21D).   

 

 
 

Figure 21: The construction of the reporter gene cassette leads to BAT hypertrophy at an age of 5-6 weeks. 

A. Body mass of WT, HET and KI male mice at an age of 5 weeks (n=8-10). Error bars show mean ± SD, data 

were analyzed with One-way ANOVA. B. Gross morphology of interscapular BAT and inguinal WAT from KI, 

HET and WT mice at an age of 5 weeks. C-D. iBAT (C) and iWAT (D) tissue mass in WT, HET and KI male 

mice at an age of 5-6 weeks (n=8-10). Error bars show mean ± SD, data were analyzed with One-way ANOVA, 

** p < 0.01.  
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Moreover, theses phenotypic features persisted in reporter mice at an age of 16 weeks. KI 

mice maintained an enlarged iBAT depot, with mild reductions in body weight as well as in 

their iWAT mass (Fig. 22A-C). Taken together, these results suggest that the knock-in 

cassette integrated into mouse genome leads to a specific hypertrophy of iBAT but not iWAT. 

 

 
 
Figure 22: The body mass and tissue mass of mice at an age of 16 weeks. 

A. Body mass of WT, HET and KI male mice at an age of 16 weeks (n = 6-10). B. iBAT tissue mass of WT, 

HET and KI male mice at an age of 16 weeks (n = 6-10). C. iWAT tissue mass of WT, HET and KI male mice at 

an age of 16 weeks (n = 6-10). From A to C, error bars show mean ± SD, data were analyzed with One-way 

ANOVA, ** p < 0.01. 

 

To assess whether the morphological changes are originating from molecular dissimilarities, 

the relative gene expression in iBAT of the three genotypes was first quantified with real-time 

quantitative PCR (RT-qPCR).  

Several pairs of primers were designed for the selective detection of WT and KI alleles (Fig. 

23A). Compare to WT controls, the transcriptional levels of Ucp1 exon 5 were dramatically 

reduced in iBAT of KI mice (Fig. 23B). While the expression of other classical brown-maker 

genes such as Zic family member 1 (Zic1), Cidea, Cox7A1, Pgc1a and Prdm16 were 

unchanged across the three genotypes (Fig. 23B). Western blot revealed the drastically 

decreased UCP1 protein content in iBAT of KI mice relative to the higher UCP1 abundance 

in HET and WT counterparts (Fig. 23C).  

To evaluate the absolute transcripts from WT and KI allele, digital droplet PCR (ddPCR) was 

employed to quantify their variation copy numbers (VCN) from HET cDNA. FAM and HEX 

fluorescent probes were used to label WT and KI allele, respectively. During the measurement, 

every cDNA sample was partitioned into 20000 lipid droplets, whose fluorescence signals 

were afterwards counted in a droplet reader by passing them in a single stream through a 

fluorescence detector. Intriguingly, the dual-probe system revealed that among the 20000 lipid 

droplets of single cDNA sample from the iBAT of HET mice, approximately 9000 droplets 
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were FAM-WT positive, while only 2500 contained HEX-KI signals (Fig. 23D). The 

compiled analysis from six independent cDNA samples indicated that the absolute KI 

transcripts was only one tenth of the quantity from WT allele, indicting the impaired 

transcription in KI allele (Fig. 23E).  

 

 
 
Figure 23: The insertion of the reporter genes impairs Ucp1 expression in KI allele.  

A. Schematic representation of WT allele and KI allele as well as the designed primers for RT-qPCR and ddPCR. 

B. Relative mRNA levels of reporter genes and brown fat-enriched genes expressed in iBAT of WT, HET and 

KI mice at an age of 5-6 weeks (n = 6). Error bars show mean ± SD, data were analyzed with Two-way ANOVA, 

**** p < 0.0001. C. Representative immunoblotting analysis of UCP1, LUC and Actin in iBAT (30 µg protein) 

of all three genotypes at an age of 5-6 weeks. D. The ddPCR 2-dimensional (2-D) plotting of droplet populations 

by FAM labeled and HEX-labeled fluorescence amplitude. FAM-positive signal indicates WT transcripts; HEX-

positive represents KI transcripts. E. ddPCR quantification of absolute transcripts of WT and KI allele from the 

same heterozygous iBAT cDNA samples (n=6). Error bars show mean ± SD, data were analyzed with Student’s 

unpaired two-tailed t test, *** p < 0.001. 
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3.3.1.2  Reduced UCP1 expression in brown adipocytes of KI mice 

In an attempt to investigate whether the decreased UCP1 protein expression affects its 

metabolic functions in cultured brown adipocyte; stromal vascular fraction (SVF) progenitors 

were isolated from iBAT depots of three genotypes. Primary brown adipocytes  derived from 

iBAT of KI mice had the cell-autonomous ability to fully differentiate in vitro, but severe 

decreases in their Ucp1 mRNA (Fig. 24A) and protein levels (Fig. 24B) were noticed, 

accompanied with minor reductions in Cidea and Pgc1a mRNA expression (Fig. 24A). 

Consequently, UCP1-dependent oxygen consumption rate (OCR) induced by isoproterenol 

was dramatically reduced in cultured brown adipocytes of KI mice, indicating that cell-

autonomous impairment of UCP1-meaidted thermogenic capacity in KI brown adipocytes 

(Fig. 24C-D). Meanwhile, primary brown fat cells from HET mice showed similar capacity to 

WT adipocytes in terms of intracellular molecular and functional characteristics (Fig. 24A-D). 

 

 
 

Figure 24: Reduced UCP1 expression and UCP1-mediated respiration in brown adipocytes of KI mice.  

A. The mRNA expression of brown-maker genes in primary brown adipocytes of all three genotypes (n=3). 

Error bars show mean ± SD, data were analyzed with One-way ANOVA, * p < 0.05 B. Immunoblotting analysis 

of UCP1, LUC and Actin in primary brown adipocytes isolated from all three genotypes. C-D. Oxygen 

consumption rate (OCR) of primary brown adipocytes from WT, HET and KI mice (N=3, n=32). Error bars 

show mean ± SD, data were analyzed with Two-way ANOVA, * p < 0.05, ** p < 0.01.  
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3.3.1.3  Reduced UCP1 expression induces browning of subcutaneous WAT 

It has been suggested that iWAT is the subcutaneous fat depot with a high browning 

propensity, which promoted the investigation of the molecular and physiological alterations in 

iWAT of KI mice. Unlike the gene expression pattern in iBAT, the relative expression of exon 

5 in iWAT of KI mice was similar to that in HET and WT, while the expression of other 

browning-selective genes such as Cidea, Pgc1a, Prdm16 and Cox7a1 was highly expressed in 

iWAT of KI mice (Fig. 25A). Even though UCP1 protein in iBAT of KI mice was lower than  

HET and WT counterparts (Fig. 25B), hematoxylin and eosin (H&E) staining revealed a great 

number of small adipocytes recruited in iWAT of KI mice (Fig. 25C).  The combination of the 

molecular and histological evidence showed the browning effects in iWAT of KI mice. Based 

on the comparable levels of Ucp1 mRNA expressed in iWAT of all three genotypes, it seems 

that the KI reporter gene cassette caused impairment in protein translation (Fig. 25B), likely 

due to the Proline attachment to UCP1 during the post-transcriptional process.  

In summary, these results demonstrate the reduced UCP1 protein expression in the Ucp1-

LUC-iRFP713 reporter mice leads to the browning of iWAT. 

 

 
 
Figure 25: Reduced UCP1 protein in iBAT leads to remodeling of iWAT.  

A. Relative gene expression analysis in iWAT of WT, HET and KI mice at an age of 5-6 weeks (n=6). Error bars 

show mean ± SD, data were analyzed with Two-way ANOVA, ** p < 0.01, *** p < 0.001. B. Immunoblotting 

detection of UCP1, LUC and Actin protein in iWAT (30 µg protein) of all three genotypes at an age of 5-6 

weeks. C. Representative hematoxylin and eosin staining of iWAT from WT, HET and KI mice at an age of 5-6 

weeks.  
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3.3.2 Reduced BAT thermogenic capacity in KI mice 

3.3.2.1  The blunted NET capacity in KI mice 

The major function of BAT is UCP1-mediated non-shivering thermogenesis (NST). In mice, 

the norepinephrine (NE) stimulated NST quantitatively equals to BAT thermogenic capacity 

(Cannon & Nedergaard 2004). To gain better insight into the BAT thermogenesis in reporter 

mice, oxygen consumption of WT, HET and KI mice was recorded before and after 

administration of NE by using indirect calorimetry. Afterwards, oxygen consumption was 

converted to heat production (mW). 

The basal metabolic rate (BMR) was determined as the lowest mean of three consecutive heat 

production in mice that were kept at thermoneutrality for 4 h. The resulting BMR was 

comparable among the three genotypes in both sexes (Fig. 26A-B). Afterwards, NE-

stimulated heat production was measured at an ambient temperature of 26°C. In males, NE-

administration resulted a rapid rise of heat production in WT, HET and KI mice, peaking the 

maximal NE-stimulation (NEmax) after 20-30 min and following with the subsequent 

declines. However, the maximal capacity for heat production in KI mice was stimulated to a 

lesser extant than the WT and HET mice (Fig. 26A). In similar, robust elevations in heat 

production were observed in female WT mice, while female HET and KI mice exhibited 

blunted responsiveness to NE-stimulation, in an allele-dose dependent manner (Fig. 26B).  

Generally, the differences between BMR and NEmax was considered as NST capacity. When 

compared to WT mice of both sexes, the NST capacity was slightly reduced in HET mice but 

was severely impaired in KI mice (Fig. 26C). Meanwhile, body mass was measured before 

and after the NE administration on the same measuring day. Before NE-stimulation, there was 

no differences in body weight among WT, HET and KI mice within the same gender. In both 

male and female animals, NE-stimulation drove concurrent decreases in body mass of each 

genotype, leaving the body mass comparable across the there genotypes (Fig. 26D).  

Taken together, these results indicate that the impairment in UCP1 protein levels causes the 

diminished NST capacity in KI mice. 
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Figure 26: The impaired NST capacity in KI mice. 

A-B. Metabolic rates were measured in male and female mice that were kept at thermoneutrality for 4 h. After 

the determination of BMR, mice were injected with over-dosed NE (1 mg/kg), and NEmax was determined as 

the maximal heat production within 20-30 min following NE injection. Error bars show mean ± SD. C. 

Compilation of basal metabolic rate (BMR) and NST capacity in WT, HET and KI mice. Error bars show mean 

± SD, data were analyzed with Two-way ANOVA, ** p < 0.01, *** p < 0.001. D. Measurements of body mass 

before and after NE stimulation. Error bars show mean ± SD, data were analyzed with Two-way ANOVA.  

 

3.3.2.2  KI mice are more cold-sensitive than WT mice 

Next, to compare the thermogenic behavior across the three genotypes, the maximal capacity 

for heat production (HPmax) and the resting metabolic rate (RMR) were measured in a 

decreasing ambient temperature. During the measurement day, the ambient temperature was 

stepwise decreased from 30°C, 25°C, 15°C, 10°C, 5°C to 0°C, with each temperature 

maintained for 45-90 min until a stable reading could be observed.  

As the ambient temperature decreases, heat production was gradually but markedly increased 

in all three genotypes of both sexes. In males, HET mice produced similar heat production as 

WT controls throughout the stepwise cold-exposure settings. However, the KI mice generated 

remarkable lower heat than HET and WT mice at an ambient temperature of 5°C, and the 

difference became more pronounced when the ambient temperature gradually dropped to 0°C 
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(Fig. 27A and C). In females, HET mice failed to further increase heat production at 0°C. The 

female KI mice started to show impairment in heat production when the ambient temperature 

was 10°C, and they mice rapidly succumb to cold when the ambient temperature was lower to 

0°C (Fig. 27B and D). Additionally, there was no difference in body mass among WT, HET 

and KI mice of the same sex after cold challenge (Fig. 27E), KI had the significantly low body 

temperature than HET and KI mice (Fig. 27F). 
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Figure 27: Determination of the thermogenic capacity in mice at a decreasing ambient temperature. 

 A-B. During the measurement day, the ambient temperature of each mouse was lowered stepwise from 30°C, 

25°C, 15°C, 10°C, 5°C, to 0°C, with each temperature maintained for 45-90 min. A whole measurement lasted 

up to 8 h, while no food or water was supplied. Maximal resting metabolic rate (HPmax, mW) was defined as the 

highest metabolic rate observed in a non-exercising mouse. C-D. Analysis of the heat production in both male 

and female mice. Error bars show mean ± SD, data were analyzed with Two-way ANOVA. * p < 0.05, *** p < 

0.001. E. Measurements of body mass before and after cold exposure. Error bars show mean ± SD, data were 

analyzed with Two-way ANOVA. F. Measurement of rectal temperature before and after cold exposure. Error 

bars show mean ± SD, data were analyzed with Two-way ANOVA, *** p < 0.001. 
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Finally, the three major components of thermogenesis were compiled, including basal 

metabolic rate (BMR), NST capacity and maximal cold-induced heat production (HPmax). 

Male HET mice behaved like WT mice under both basal and stimulated conditions, while 

male KI mice exhibited strong reduction in NST capacity and HPmax. For the female animals, 

HET and KI mice showed lower NST and HPmax than the WT mice, with even less 

thermogenic capacity in KI genotype. Of note, the blunted NE-stimulated thermogenic 

capacity for NST capacity accounted for the reduced HPmax in transgenic mice and made the 

KI mice more sensitive to cold challenge (Fig. 28).  

 

 

 

Figure 28：Compilation of the three major components of thermogenesis 

The overall thermogenesis including basal metabolic rate (BMR), NST capacity and maximal cold-induced heat 

production (HPmax). Error bars show mean ± SD, data were analyzed with Two-way ANOVA, ** p < 0.01, *** 

p < 0.001. 

 

In conclusion, KI mice displayed a remarkable reduction in UCP1 protein expression due to 

the knock-in strategy. Consequentially, the reduced UCP1 expression in KI allele causes sever 

phenotypic consequences in thermogenic capacity in an allele-dosage dependent manner. 

These data strength the physiology significance of UCP1-mediated non-shivering 

thermogenesis in protecting of body temperature.  
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3.4 UCP1 does not protect mice from diet-induced obesity 

3.4.1 HFD induces UCP1 expression in a tissue-specific manner  

To investigate the effects of dietary fat on Ucp1 expression, WT, HET and KI mice of both 

sexes were subjected to a feeding experiment with either a low-fat control diet (CD, ~12 kJ% 

fat) or a high-fat diet (HFD, ~48 kJ% fat) ad libitum for 8 consecutive weeks. At the end of 

feeding, in vivo bioluminescence imaging was performed to reflect the changes in Ucp1 

expression between the two diets. To do so, two mice of the same genotype were 

simultaneously imaged using an in vivo imaging system (IVIS) after dosing of D-luciferin. 

Remarkably, HFD feeding profoundly increased the bioluminescent brightness in the ROI 

above iBAT of both male and female KI and HET reporter mice, when compared to the mice 

fed with a CD. However, the light intensity in the areas representing iWAT was drastically 

reduced in reporter mice on a HFD (Fig. 29A-B).  

 

 
 

Figure 29: Effects of HFD feeding on in vivo bioluminescence in reporter mice.  

A. KI, HET and KI male mice were fed with a CD or HFD for 8 weeks. After the feeding experiment, mice were 

imaged using an in vivo imaging instrument (n=6). B. KI, HET and KI female mice were fed with a CD or HFD 

for 8 weeks before in vivo imaging (n=6).  
 

After the in vivo imaging, fat pads of KI mice were excised for further analyses. In male mice, 

HFD feeding caused significant increases in tissue mass of iBAT (Fig. 30A), iWAT (Fig. 30B) 

and gWAT (Fig. 30C). Histological analysis revealed a corresponding rise in the adipocyte 
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size of adipose tissue depots (Fig. 30D). In female, the long-term HFD feeding also increased 

iBAT and iWAT tissue mass, but the differences were not significant between the two diets 

(Fig. 30A-B). Meanwhile, gWAT mass was substantially enhanced by HFD feeding, when 

compared to the mice on a CD (Fig. 30C). 
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Figure 30: Analysis of adipose tissue explants from KI mice.  

A. Tissue mass of iBAT in male and female KI mice upon the terminus point of 8 weeks CD or HFD feeding 

(n=6). B. Tissue mass of iWAT in male and female KI mice upon the terminus point of 8 weeks CD or HFD 

feeding (n=6). C. Tissue weights of gWAT in male and female KI mice upon the terminus point of 8 weeks CD 

or HFD feeding (n=6 ). From A to C, error bars show mean ± SD, data were analyzed with Two-way ANOVA, * 

p < 0.05, ** p < 0.01, *** p < 0.001. D. Representative hematoxylin and eosin staining of iBAT, iWAT and 

gWAT from KI mice fed with either CD or HFD. Scale bars indicates 50 µm 

 

To verify the in vivo bioluminescence imaging, adipose tissue depots isolated from KI mice 

were analyzed using ex vivo bioluminescence assay. In strong correlation with the in vivo data, 

the quantification of ex vivo relative luminescent unit (RLU), normalized by protein content 

revealed the higher bioluminescence in iBAT of KI mice feeding a HFD  but a drastically 

lower signals in iWAT of KI mice (Fig. 31A-C). Interestingly, the total bioluminescence 

amount calculated from an entire iBAT tissue depot was profoundly higher in mice fed with 

HFD, whereas HFD feeding dramatically declined the overall bioluminescence emitted from 

an iWAT depot (Fig. 31D-F).  
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Figure 31: Analyses of adipose tissue explants from KI mice.  

A-C. Ex vivo RLU normalized to protein content (n=6). D-F. The total RLU calculated from the entire tissue 

(n=6), From A to F, error bars show mean ± SD, data were analyzed with Two-way ANOVA, * p < 0.05, ** p < 

0.01, *** p < 0.001.  

 

Next, the relative genes expression under the two diet feeding were assessed by RT-qPCR. 

Compared to CD feeding, Ucp1 gene was largely detected in iBAT of KI mice on a HFD, but 

the other browning marker genes such as Cidea and Cox7al persisted unaltered (Fig. 32A). In 

contrast, the expression of all above thermogenic genes, including Ucp1, Cidea and Cox7al in 

iWAT, were dramatically downregulated by HFD feeding (Fig. 32B). In both iBAT and 

iWAT depots, HFD feeding resulted in similar effects on fatty acid metabolism. The 8-weeks 

HFD feeding attenuated fatty acid de novo lipogenesis by reducing the expression of its rate-

limiting enzyme expression of acetyl-CoA carboxylase (ACC) and fatty acid synthase (Fasn), 

but promoted triglyceride lipolysis by enhancing the expression of adipose triglyceride lipase 

(Atgl) and hormone-sensitive lipase (Hsl) (Fig.32A-B). It has been demonstrated previously 

that alternative activation of macrophage (M2), also known as an anti-inflammatory 

macrophage, plays an important role in regulating Ucp1 expression by secreting 

catecholamine in white adipose tissue depots in mice (Nguyen et al. 2011; Brestoff et al. 2016; 

Kumari et al. 2016). Thus, we measured the expression of CD310, a marker gene for M2 

polarization state, which was highly increased in iBAT but was decreased in iWAT by HFD 

feeding (Fig. 32A-B).  
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Moreover, immunoblotting analysis confirmed the enhanced UCP1 protein expression in 

iBAT of KI mice fed a HFD (Fig. 32C). Even though, the UCP1 expression in iBAT of KI 

mice remained substantially lower than HET and WT mice under HFD. In conclusion, these 

data demonstrate the profound effects of dietary fat on the induction of Ucp1 mRNA and 

UCP1 protein levels in classical brown fat but not in beige fat. 

 

 
 
Figure 32: Effects of HFD feeding on iBAT and iWAT of KI mice 
A. Relative gene expression analysis in iBAT of male KI mice fed with a CD or HFD (n=6). Error bars show 

mean ± SD, data were analyzed with One-way ANOVA, * p < 0.05. B. Relative gene expression analysis in 

iBAT of male KI mice fed with a CD or HFD (n=6). Error bars show mean ± SD, data were analyzed with One-

way ANOVA, * p < 0.05, *** p < 0.001. C. Western blotting of UCP1 protein in iBAT of KI mice fed with 

either a CD or HFD (n=6). D. Western blot detection of UCP1 protein expression in iBAT of KI, HET and WT 

mice after 8 weeks of HFD feeding at room temperature (n=3).  
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3.4.2 UCP1 does not protect mice from diet-induced obesity at room temperature 

Previous studies using genetic mouse models implied BAT plays a major physiological role in 

regulating body weight. However, UCP1-KO mice exhibited contradictory phenotypes in 

body mass accumulation, conditioned by various ambient temperature, age-related 

responsiveness and different genetic background (Lowell et al. 1993; Liu et al. 2003; Kontani 

et al. 2005; Feldmann et al. 2009). In the present study, the reduced UCP1 expression in KI 

mice, instead of the complete loss of BAT function in UCP1-KO mice, in return, provides an 

opportunity to explore whether BAT thermogenesis burns off excess calories in a state of 

positive energy balance to maintain energy homeostasis.  

In males, switching to HFD led to a rapid and progressive increase in body weight, while 

genotype-matched mice maintained on a control diet gained the body weight gradually and 

slightly (Fig. 33A). At the end of 8-weeks HFD feeding, body mass of male WT, HET and KI 

on a HFD was substantially higher than the same-genotype mice on a CD (Fig. 33B). 

Measurement of body composition revealed the massively accumulated fat mass (Fig. 33C) 

and slightly increased lean mass in male mice consuming the HFD (Fig. 33D). However, there 

were no differences in body weight and body composition across the three genotypes (Fig. 

33A-D).  

Additionally, a remarkable sex-related difference was observed that HFD feeding only 

induced minor enhancement in body mass and fat mass in WT and KI mice, with the 

exception that HET mice on a HFD accumulated significantly higher body weight than WT 

and KI mice (Fig. 33E-H). However, in females, there were no differences between WT and 

KI mice with each types of diet (Fig. 33E-H). These results indicate that UCP1 expression in 

WT mice dose not protect mice from diet-induced obesity at room temperature.  
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Figure 33: Effects of HFD feeding on body mass and body composition development at room temperature. 

A. Body mass development of male WT, HET and KI mice fed with 8 weeks CD or HFD (n=6). B. Body mass 

of male WT, HET and KI mice at the end of the feeding experiment. C. Fat mass increases in male WT, HET 

and KI mice fed with 8 weeks CD or HFD (n=6). D. Lean mass increases in male WT, HET and KI mice fed 

with 8 weeks CD or HFD (n=6). E. Body mass development of female WT, HET and KI mice fed with 8 weeks 

CD or HFD (n=6). F. Body mass of female WT, HET and KI mice at the end of the feeding experiment (n=6).  

G. Fat mass increases in WT, HET and KI mice fed with 8 weeks CD or HFD (n=6). H. Lean mass increases in 

female male WT, HET and KI mice fed with 8 weeks CD or HFD (n=6). From A to H, error bars show mean ± 

SD, data were analyzed with Two-way ANOVA, ** p < 0.01. 
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3.4.3 UCP1 dose not protect mice from diet-induced obesity at thermoneutrality 

To eliminate the thermal stress, HFD feeding experiment was conducted on mice that were 

born and maintained at thermoneutral condition (30°C). HFD feeding significantly increased 

light intensity above iBAT of reporter mice (dorsal view). Notably, iWAT bioluminescence 

was dramatically decreased by HFD, while the signals in aBAT and fBAT were profoundly 

increased (ventral view) (Fig. 34A-B). At thermoneutrality, UCP1 protein was hardly detected 

in iBAT of KI mice consuming a HFD, being the lowest among the three genotypes (Fig. 

34C). 

 

 

 

 

Figure 34: Effects of HFD feeding on mice kept at thermoneutrality.  

A-B. Representative in vivo and in situ bioluminescence imaging of male KI, HET and KI mice consuming either 

a CD or a HFD for 8 consecutive weeks at thermoneutrality (n=6). C. Western blot detection of UCP1 protein 

expression in iBAT of KI, HET and WT mice after 8 weeks of HFD feeding at thermoneutrality (n=3). 
 

Compared to mice fed with CD, HFD feeding under thermoneutrality increased the body mass, 

fat mass and lean mass of both male and female mice, with much profound effects in male 

mice (Fig. 35). However, no significant differences were detected across the three genotypes 
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under either CD or HFD feeding (Fig. 35). Collectively, these data suggest that UCP1 cannot 

protect mice from diet-induced obesity at either room temperature or at thermoneutrality. 

 

 

Figure 35: Effects of HFD feeding on body mass and body composition development at thermoneutrality. 

A. Body mass development of male WT, HET and KI mice fed with 8 weeks CD or HFD (n=6). B. Body mass 

of male WT, HET and KI mice at the end of the feeding experiment. C. Fat mass increases in male WT, HET 

and KI mice fed with 8 weeks CD or HFD (n=6). D. Lean mass increases in male WT, HET and KI mice fed 

with 8 weeks CD or HFD (n=6). E. Body mass development of female WT, HET and KI mice fed with 8 weeks 

CD or HFD (n=6). F. Body mass of female WT, HET and KI mice at the end of the feeding experiment (n=6).  

G. Fat mass increases in WT, HET and KI mice fed with 8 weeks CD or HFD (n=6). H. Lean mass increases in 

female male WT, HET and KI mice fed with 8 weeks CD or HFD (n=6). From A to H, error bars show mean ± 

SD, data were analyzed with Two-way ANOVA. 
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4 DISCUSSION 

In this dissertation, a novel Ucp1-LUC-iRFP713 reporter mouse model was generated in by 

Taconic Biosciences GmbH, via introducing a foreign DNA coding for firefly luciferase 

(LUC) and near infrared fluorescence protein (iRFP713) into the endogenous Ucp1 locus. As 

expected, both LUC activity and iRFP13 signals reliably report endogenous Ucp1 expression 

upon physiological and pharmacological activation. Further detailed phenotypic studies 

revealed that the reporter mice exhibit a drastic reduction in UCP1 expression, in an allele-

dose dependent manner. Therefore, the impairment of UCP1 function in the reporter mice 

provides a superior model to examine the role of UCP1 in protecting against diet-induced 

obesity. 

 

4.1 Strengths and limitations of the Ucp1-LUC-iRFP713 reporter mice 

4.1.1 Advantages of LUC as a reporter gene in the Ucp1-LUC-iRFP713 reporter mice 

Firefly luciferase catalyzed bioluminescence in the Ucp1-LUC-iRFP713 reporter mice works 

as an effective biomarker to monitor Ucp1 expression, which permits the qualitative and 

quantitative detection of Ucp1 gene expression ex vivo, in vitro and in vivo.  

Firstly, ex vivo imaging and quantification of mouse organs enables to investigate the global 

distribution of Ucp1 expression over a wide dynamic range of detection. Secondly, LUC 

protein in primary brown adipocyte of the KI mice has a comparable half-life as UCP1 protein 

(t1/2 =10 h). LUC protein and its activity were tightly correlated with UCP1 protein levels in 

brown and beige adipocytes upon various stimuli, suggesting that both LUC protein and LUC 

activity work as reliable surrogate maker for Ucp1 expression in vitro. Last but not the least, 

in vivo bioluminescence imaging is capable of monitoring of activation and recruitment of 

brown and beige adipocytes in living mice under relevant physiological conditions.  

Although multiple luciferase-based Ucp1 gene reporter mouse models have been previously 

described, the Ucp1-LUC-iRFP713 reporter mice in this present study have several 

advantages over the others (Galmozzi et al. 2014; Mao et al. 2017). In the Ucp1-LUC-

iRFP713 reporter mice, the transgene cassette was inserted into the endogenous Ucp1 locus. 

Thereby, the regulatory of both reporter genes are dependent on the transcriptional elements 

of the endogenous Ucp1 gene in situ. The ThermoMouse (MGI:5619504, Addgene 32904) 

was constructed with a 98 kb bacterial artificial chromosome (BAC) transgene, encoding 

luciferase2-T2A-tdTomato followed by a bovine growth hormone (bGH)-derived 

polyadenylation signal (polyA) in the first exon of Ucp1 (Galmozzi et al. 2014). However, the 
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98 kb BAC construction was randomly inserted into Y-chromosome, which excludes the 

ability to image female mice in vivo and thus prevents the identification of sex-associated 

differences (Galmozzi et al. 2014). It has been known that Ucp1 expression is tightly 

regulated by transcriptional cis-elements in its 5’-UTR region (Cannon & Nedergaard 2004), 

while the BAC recombineering strategy used for the ThermoMouse may hinder the detection 

of functional distant cis-elements. During the characterization of our reporter mouse, another 

knock-in Ucp1 reporter mouse model was established as Ucp1-2A-Luciferase mice, whose 

cDNA sequences coding for 2A peptides and luciferase were also introduced into the 

endogenous Ucp1 locus of 129 mice strain, by replacing the stop codon in Ucp1 exon 6 (Mao 

et al. 2016). Their Ucp1-2A-LUC mouse also acts as a bona fide reporter of endogenous Ucp1 

gene expression (Mao et al. 2017).  

 

4.1.2 Advantages of iRFP713 as a reporter gene in the Ucp1-LUC-iRFP713 mice 

The second reporter molecule iRFP713 is also ideally suitable to track endogenous Ucp1 

expression in ex vivo and in in vivo settings, owing to its effective brightness, high 

intracellular photostability, deep tissue emission penetrance, low background signals and no 

requirement of exogenous substrate (Filonov et al. 2011; Shcherbakova et al. 2014). Unlike 

the detection of previously developed infrared fluorescent proteins (e.g. IRF1.4), which 

requires frequent injection of the exogenous Biliverdin for in vivo imaging, the Biliverdin 

derived from the breakdown of hemoglobin in mammalian cells are adequate to mediate 

iRFP713 fluorescence (Filonov et al. 2011). As a result, the iRFP713 fluorescence was 

directly detected in freshly excised iBAT and iWAT of HET and KI reporter mice, without 

the supply of extraneous Biliverdin. An unspecific signal identified in liver samples of all the 

three genotypes is likely due to the auto-fluorescence of hepatic bilirubin-albumin complexes 

(Croce et al. 2013). Additionally, iRFP713 protein can be observed in brown fat of living 

HET and KI mice after 4 weeks of chronic cold acclimation, without any exogenous substrate.  

Previously, several transgenic mouse models employing traditional green and red fluorescent 

proteins (GFP and RFP) have been established to study the recruitment and activation of 

brown and beige fat in vivo. ThermoMouse expressing tdTomato (Galmozzi et al. 2014) as 

well as UCP1-GFP and UCP1-CreER:ROSA-tdRFP mice (Rosenwald et al. 2013) were 

constructed using BAC strategy for the transient or permanent genetic labeling of Ucp1-

positive adipocytes in vivo, but their corresponding fluorescence can only be detected in ex 

vivo tissues. Recently, a Ucp1-2A-GFP reporter mouse model was generated with a CRISPR-

https://en.wikipedia.org/wiki/Hemoglobin
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Cas9 approach, in which GFP intensity serves as a readout of the endogenous UCP1 protein 

expression in vitro, but the GFP signal was not sufficient enough for in vivo imaging (Qiu et 

al. 2018). Taken together, the application of iRFP713 in the Ucp1-LUC-iRFP713 reporter 

mouse model offers an opportunity to monitor Ucp1 expression in brown fat of living mice in 

a non-invasive manner. 

 

4.1.3 Technical challenges during imaging  

Although both reporter genes fulfill the requirement to monitor Ucp1 gene expression, there 

are some technical limitations in imaging Ucp1-LUC-iRFP713 reporter mice. Firstly, the 

random pigmentation in the reporter mice (C57Bl/6N background) quenched the accurate 

quantification of in vivo bioluminescence, varying in size and location (Fig. 12A). It has been 

described that depilation-induced pigmentation generally found in the skin of transgenic 

C57Bl/6 mice (Curtis et al. 2011), which makes the repeated measurements on the same mice 

impossible. Therefore, breeding the reporter mice into a nude mouse model is of the highest 

interesting to improve in vivo imaging. Secondly, it was technically challenging to detect 

iRFP713 in mice kept at RT or in brown adipocytes in vitro, mainly due to the limited 

sensitivity of available optical detection systems, thereby high-quality emission filters are 

required in future studies. 

 

4.2 LUC activity facilitates imaging and quantifying of Ucp1-expressing tissues 

4.2.1 A previously unknown fBAT in mice 

In rodents, the principal brown fat depots are located in discrete sites representing 

interscapular, subscapular, axillary and cervical BAT (Cinti 2001). Recent identification of 

new brown adipose depots underneath the ears (uBAT) by using a Ucp1-2A-Luciferase mouse 

model (Mao et al. 2017) and in the supraclavicular BAT (scBAT) (Mo et al. 2016) suggests 

that precise anatomical locations of brown and beige depots in mammals are not yet 

completely documented.  

Using in situ bioluminescent imaging, very strong signals were visualized in iBAT, aBAT, 

cBAT and iWAT depots of the Ucp1-LUC-iRFP713 reporter mice, indicating a higher Ucp1 

gene expression in these tissues. Notably, an unknown adipose tissue embedded in the cleft of 

femoris muscle emitted bright bioluminescence (Fig.17) (Wang et al. 2019). The molecular 

and histological analyses provided evidence that this depot shares prosperities of both brown 

and beige fat depots. This depot was therefore named as femoral brown adipose tissue (fBAT). 
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Given that the majority of BATs are scattered in the anterior part of the rodent body, it is 

therefore appealing to hypothesize that fBAT might serve as a site for heat generation to warm 

the surrounding areas. Due to its small tissue mass (10 mg) and its anatomical proximity to 

the apex of subcutaneous iWAT, fBAT was not detected in the recent study using PET-tracers 

to map an adipose tissue atlas in mice (Zhang et al. 2018). The recently described uBAT depot 

in Ucp1-2A-Luciferase reporter mice (129 background) (Mao et al. 2016) was neither 

confirmed in the Ucp1-LUC-iRFP713 reporter mice (C57BL/6N background) (Fig. 16), nor in 

the adipose tissue atlas study (C57BL/6 background) (Zhang et al. 2018). Probably, this 

discrepancy is due to the differences in genetic backgrounds of the mouse strains. 

 

4.2.2 Peri-ovarian WAT has higher browning capacity than epididymal WAT 

Previous studies proposed that female rats possess higher UCP1 protein content in BAT than 

males under standard housing conditions (Palou et al. 1998; Quevedo et al. 1998; Rodríguez 

et al. 2001) suggesting a potential sex-related differences between male and female animals. 

In this study, however, male and female KI mice showed a similar ex vivo bioluminescence in 

iBAT or iWAT, and a comparable UCP1 protein expression was found in iBAT between the 

two sexes, as the previously reported (Grefhorst et al. 2015; Kim et al. 2016). Unexpectedly, 

firefly luciferase activity, brown adipocytes marker genes expression, and the appearance of 

mutilocular fat cells were significant higher in female poWAT than male eWAT (Fig. 18). 

These data provide the straightforward evidence that poWAT has a higher browning capacity 

than eWAT without β3-AR stimulation. It is probable that the higher Ucp1 expression in 

poWAT plays a direct role in thermogenesis during reproduction. However, it is worthwhile 

to emphasize that the anatomical differences should be taken into consideration, since eWAT 

can only be found around the testis of male rodents, while poWAT only present in the sites 

around female ovaries.  

 

4.2.3 Ucp1 expression in non-adipose tissues 

Previous studies provide evidence that UCP1 is exclusively expressed in the inner 

mitochondrial membrane of brown and beige adipocytes. Considerable evidence have shown 

the presence of Ucp1 mRNA in liver (Shinohara et al. 1991), slow-twitch muscle fibers 

(Yoshida et al. 1998), and in mouse brain as well (Lengacher et al. 2004). UCP1 protein was 

also found in thymus (Carroll et al. 2004; Clarke et al. 2012), neurons of torpid squirrel brain 

(Laursen et al. 2015) and in longitudinal smooth muscle layer of ovary uterus, epididymis, 
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small intestine and stomach (Nibbelink et al. 2001). A follow-up study proposed that UCP1 

intestine smooth muscle exerts a role in smooth muscle relaxation instead of thermogenesis 

(Shabalina et al. 2002). However, contradictory results were described by others, where UCP1 

protein cannot be detected in the female uterus with specific antibodies (Rousset et al. 2003). 

Therefore, systematic profiling is required for better characterization of Ucp1’s distribution in 

mice. 

As mentioned earlier, firefly luciferase reporter in Ucp1-LUC-iRFP713 mice is a reliable 

readout of Ucp1 expression. Ex vivo LUC bioluminescent quantification uncovered 

unexpected signals in thymus, brain, epididymis and soleus muscle, but not in uterus, bladder, 

stomach, small intestine, liver or gastrocnemius muscle (Fig. 19). Previous studies identified 

UCP1 protein in thymus, but it still remains unclear if UCP1 is expressed specifically in 

thymocytes or that the UCP1 signal is due to brown adipocytes adjacent to the thymus (Clarke 

et al. 2012; Frontini et al. 2009). Hence, more specific immunochemistry with proper 

antibodies for UCP1 or LUC are required to confirm these discoveries in brain, epididmis and 

soleus muscle and more studies are required to elucidate the physiological roles of the atypical 

Ucp1 expression.  

 

4.2.4 Cell-based bioluminescence enables to identify a new Ucp1 modulator 

The firefly luciferase activity in the reporter cells act as a bona fide surrogate for Ucp1 gene in 

cultured brown and beige adipocytes, which can be used as an effective cell-based platform to 

perform high-throughput screening of new drugs and molecules. It has been known that salt 

inducible kinases (SIKs) play inhibitory roles on cAMP signaling pathway, mostly by 

promoting phosphorylation CRTCs and stopping the CRTCs translocation into nucleus (Kim 

et al. 2015; Paulo et al. 2018). In a proof-of-concept study, the pan-SIKs inhibitor HG-9-91-

01 was identified as a powerful stimulant that positively regulates Ucp1 gene expression and 

brown adipocyte thermogenic capacity (Fig. 20).  

 

4.3 A new model to study the role of UCP1 in cold-induced thermogenesis 

4.3.1 Insertion of the reporter gene cassette impairs endogenous UCP1 expression 

To simultaneously express three separate proteins of LUC, iRFP713 and UCP1, Thosea 

asigna virus 2A (T2A) peptides were added to the C-terminus of LUC and iRFP713, 

respectively. The T2A sequence, composed of 21 amino acids encoding a highly conserved 

consensus motif at its C-terminus (conserved motif: Asp-Val/Ile-Glu-X-Asn-Pro-Gly-Pro) 
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(Donnelly et al. 2001; Szymczak et al. 2004; Doronina et al. 2008) enables multiple 

independent genes to be transcribed as a single mRNA, yet translated as distinct proteins. 

During translation, ribosomes skip the formation of Gly-Pro peptide bond at the C-terminus of 

the T2A peptide, leading to the cleavage between a T2A peptide and the elongating peptide 

(Szymczak et al. 2004; Kim et al. 2011). Consequentially, the ribosome skip mechanism 

results in the attachment of 20 amino acids to the C-terminus of the upstream protein, and the 

addition of a single Proline to the N-terminus of the downstream protein. However, it remains 

largely unknown whether the attachments have any impact on targeted protein expression or 

function.  

Further phenotypic studies in the Ucp1-LUC-iRFP713 reporter mice revealed that Ucp1 

mRNA transcriptional levels were severely impaired in iBAT of KI allele (Fig. 24). Moreover, 

UCP1 protein abundance in both iBAT and iWAT of KI mice was severely reduced, which 

may ascribe to the attachment of the Proline on UCP1 protein, resulting from the T2A self-

cleavage. Although the basic mechanisms for the reduced transcription remain indefinable, it 

is possible that insertion of the reporter gene cassettes into the endogenous Ucp1 locus 

declines the mRNA stability, intracellular localization, or efficiency of protein translation of 

the KI allele.  

 

4.3.2 Reduced UCP1 expression in KI mice leads to cold intolerance 

As the hallmarker of BAT function, UCP1 protein is the key element for BAT mediated NST 

thermogenesis. In mice, NE-stimulated NST quantitatively represents the BAT thermogenic 

capacity (Cannon & Nedergaard 2004). In the present study, although WT, HET and KI mice 

have a comparable BMR at thermoneutral condition, reporter mice with decreased UCP1 

expression showed blunted responses to NE stimulation, in an allele-dosage dependent 

manner (Fig. 27).  

During the cold-tolerance test, the decreasing ambient temperature induced massive heat 

production in all three genotypes. However, when the ambient temperature was lower than 

5°C, KI mice generated less heat than WT controls, and this discrepancy was progressively 

larger when the ambient temperature falls to 0°C (Fig. 27). In this regard, the thermogenic 

behavior of the reporter mice resemble the UCP1-KO mice, which are sensitive to acute cold 

exposure (Enerback et al. 1997; Golozoubova et al. 2001; Meyer et al. 2010). These results 

demonstrates that the reduced UCP1 protein in HET and KI mice led to decreases in NST 
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capacity and HPmax, indicating that UCP1 protein plays a essential role in BAT-based 

thermogenesis. 

Furthermore, the decreased UCP1 protein levels in KI mice elicited profound induction of 

browning effects in iWAT, evidenced by the higher browning maker genes expression and 

larger amount of small adipocytes recruited in iWAT of KI mice. These findings are in great 

line with what has been observed in iWAT remodeling of UCP1-KO mice, suggesting the 

compensatory recruitment of UCP1-independent thermogenesis (Ukropec et al. 2006; Meyer 

et al. 2010; Granneman et al. 2003; Kazak et al. 2015; Ikeda et al. 2018). 

 

4.4 A new model to study the role of UCP1 in diet-induced obesity 

4.4.1 HFD regulates UCP1 expression in a tissue-specific manner  

Pertaining to diet-induced thermogenesis, whether and how dietary components influence 

Ucp1 expression has not been completely resolved. Previous studies aimed to address these 

questions, coming up with conflicting data (Ghorbani et al. 1997; Margareto et al. 2001; Rong 

et al. 2007; Kim & Park 2010).  

In the present study, high-fat diet (HFD) feeding at room temperature significantly enhanced 

the in vivo bioluminescence in iBAT of reporter mice when compared to control diet (CD). 

These results were further confirmed by increased Ucp1 mRNA and UCP1 protein levels in 

iBAT of KI mice that were fed a HFD (Fig. 32). In clear contrast, the bioluminescence and 

Ucp1 gene expression were reduced in iWAT of mice after HFD feeding.  

Similarly, stronger bioluminescent signals were also visualized in iBAT of the reporter mice 

fed a HFD at thermoneutrality, when compared to the control mice maintained on CD. 

However, under the thermoneutral housing condition, bioluminescence above iWAT of both 

KI and HET mice was barely detectable in both CD and HFD, with even lower signals in 

HFD groups. These observations are consistent with previous studies showing that HFD 

feeding upregulates Ucp1 expression in iBAT, but downregulates Ucp1 in iWAT (Fromme & 

Klingenspor 2011).  

Previous publications proposed that alternative activation of macrophage (M2), also known as 

an anti-inflammatory macrophage, plays an important role in regulating Ucp1 expression by 

secreting catecholamine in white adipose tissue depots in mice (Nguyen et al. 2011; Brestoff 

et al. 2016; Kumari et al. 2016). Consistently, the expression a marker gene for M2 

macrophage polarization state (CD301), was largely increased in iBAT and severely deceased 
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in iWAT by HFD feeding, a expressing patter in line with Ucp1 expression in both tissues 

upon HFD feeding. In conclusion, these data indicate the potential involvement of M2 

macrophage in regulation of UCP1 expression upon HFD feeding; thereby further studies are 

necessary to confirm a link between M2 macrophage and UCP1 regulation. 

 

4.4.2 UCP1 expression doe not protect mice from diet-induced obesity 

Apart from thermoregulation, BAT is highly associated with enhanced energy expenditure 

according to the implement of diet-induced thermogenesis. Similar to cold-induced 

thermogenesis, palatable cafeteria diet remarkably increased blood flow and sympathetic 

activity in BAT, strongly implying the involvement of BAT in diet-induced thermogenesis 

(Rothwell & Stock 1979; Rothwell & Stock 1980; Landsberg et al. 1984). Although the data 

in section 4.2.1 demonstrates that HFD significantly increased UCP1 protein levels in iBAT, 

its abundance in KI mice still remained lower relative to those in HET and WT mice after 

HFD feeding. Based on the physiological significance of diet-induced thermogenesis, the 

initial expectation was that the lower UCP1 expression in KI mice would lead to the highest 

body mass increases, due to the impairments in diet-induced thermogenesis.  

In males, HFD feeding elicited robust increases in body mass in each genotype at room 

temperature, but KI mice with the impaired BAT function did not gain more body mass than 

their HET and WT littermates (Fig. 33). The possible explanation are: 1) RT housing 

condition in fact represents a chronic mild cold exposure for mice, which results in profound 

alternative thermogenesis in KI mice (Feldmann et al. 2009), or 2) the lower UCP1 protein 

(20% of WT) suffices to exert diet-induced thermogenesis, and thereby protects mice from 

diet-induced obesity at similar levels to WT mice. To rule out thermal stress at RT, mice were 

born and kept at thermoneutrality. After 8 week HFD feeding, UCP1 protein in iBAT of KI 

mice was only weakly detectable at thermoneutrality, being only 1% of corresponding 

concentration in HET and KI mice. Furthermore, the extremely low UCP1 protein in KI at 

thermoneutrality limited the functional diet-induced thermogenesis. However, again, there 

were no significant differences in body mass, fat mass gain and lean mass gain among the 

three genotypes of the male mice consuming either a CD or a HFD (Fig. 35).  

Under HFD feeding, female mice also gained more weights than the mice on a CD. At room 

temperature, HET mice fed with HFD gained significantly more body mass and fat mass than 

WT and KI mice, whereas there were no difference between WT and KI mice at the same 
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housing condition. Furthermore, no significant differences were found across the three 

genotypes when they were fed with HFD at thermoneutrality. Therefore, it is impossible that 

the high body weight in HET mice maintained at room temperature are due to the higher 

individual variabilities in female animals. In addition, a profound sex-related phenotype was 

observed after the switch to a HFD (Fig. 33 and 35). Compare to the progressive increases in 

male body mass, female mice increased their body weight in a less degree, indicating the 

higher susceptibility of male mice to diet-induced obesity. This is quite interesting, because 

several studies have proposed that male have similar energy intake to female mice under 

prolonged HFD (Hwang et al. 2009; Choi et al. 2015). 

Taken together, contrary to the expectation, expression of UCP1 fails to protect mice from 

diet-induced obesity. Since UCP1 activity largely depends on the stimulation of β-ARs and 

the innervation of sympathetic nervous system (Bachman et al. 2002; Landsberg et al. 1984), 

it is highly likely that prolonged administration of rich nutrients might attenuate or impair β-

ARs signaling pathway or sympathetic innervation to brown adipose tissue. However, a 

growing body of evidence demonstrates that β3-adrenergic stimulation (CL316,243) 

potentially reverses the diet-induced obesity in rodents (Ghorbani & Himms-Hagen 1997; 

Guerra et al. 1998; Wang et al. 2016), indicting the intact and functional β3-AR signaling 

cascade in brown adipose tissue of obese animals. More importantly, recent studies conducted 

a chronic cafeteria diets on WT and UCP1-KO mice revealed similar increases in body mass 

of both mice, while the daily CL316,243 injection to the diet-induced obese mice results in 

remarkably reduced body mass in WT mice, but not in KO mice. These results highly 

suggested the indispensable role of UCP1 for anti-obesity effects of CL316,243 

administration (Inokuma et al. 2006; Olsen et al. 2016). Thereby, probably, UCP1 protein 

induced by HFD feeding is not sufficiently activated in mice. Finally, the hypothesis rises that 

KI mice which has the lowest UCP1 protein would have the less body mass decreases upon 

CL316,243 stimulation, while the HET and WT mice with enriched UCP1 protein could 

dramatically decrease their body mass in an UCP1 dose-dependent manner. To clarify this 

hypothesize, future studies are required to elucidate this issue. 
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4.5 Conclusions and outlooks 

In summary, in the present study, a new Ucp1-LUC-iRFP713 reporter mouse line was 

established, wherein both genes work as reliable surrogate to monitor Ucp1 expression ex vivo, 

in vitro and in vivo.  

1. The bioluminescent visualization and quantification in the reporter mice enables 

unprecedented access to systemically profile Ucp1-expressing cells in adipose and non-

adipose tissues and organs. First of all, the reporter gene strategy offers an opportunity to 

directly distinguish the Ucp1-postitive tissues from the Ucp1-negtive organs by in situ 

imaging, facilitating the identification of unknown Ucp1-expressing femoral brown adipose 

tissue in the reporter mice. The ex vivo bioluminescent quantification expands the knowledge 

on the overall Ucp1 distribution, manifested the detection of atypical Ucp1 expression in 

thymus, brain, epididymis and soleus muscle, and also disclosed a sex-associated divergence 

in browning propensity between male eWAT and female gWAT. Secondly, the in vitro 

luciferase imaging assay acts as an accurate and easy-to-use system to track Ucp1 expression 

in vitro, which is potentially suitable for high-throughput-screening of new drug molecules to 

promote Ucp1 expression in the future study. In a proof-of-concept study, the pan-SIKs 

inhibitor HG-9-91-01 was identified as a powerful Ucp1 activator, which positively regulates 

Ucp1 gene expression and brown adipocyte thermogenic functionality. Finally, LUC and 

iRFP713 signals suffice the in vivo imaging in the relevance context of physiological process, 

which would be highly beneficial in the efforts to identify and test the physiological and 

pharmacological modulators on Ucp1 expression in a more physiologically relevant manner. 

2. Interestingly, the phenotypic analysis of WT, HET and KI mice revealed the reduced UCP1 

protein expression in iBAT and iWAT of reporter mice, in an allele-dose dependent fashion. 

The reduced UCP1 expression can be put forward to investigate the physiological essence of 

UCP1 protein in BAT-mediated NST and in the protection of diet-induced obesity. 

Interestingly, the allele-dose dependent decrease in UCP1 protein expression resulted in the 

phenotypic consequences of reduced capacity for NST, making KI mice more cold sensitive. 

Although HFD feeding significantly increased UCP1 expression in iBAT, the UCP1 content 

remained lower in KI mice than HET and WT mice. Conversely, the different amounts of 

UCP1 protein among the three genotypes did not resulted in body mass differences, even 

though they were subjected to prolonged HFD feeding at either room temperature or 

thermoneutrality. Although these data show that UCP1 cannot protect mice from diet-induced 

obesity, it is highly likely that HFD-feeding induced UCP1 protein is not activated. To clarify 
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this hypothesis, CL316,243 injection is required to activate UCP1-mediated thermogenesis 

and the reduced effects on body mass.
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APPENDIX 

Appendix 1: The gDNA sequences alignment using CLUSTAL W (1.81) between Ucp1-

WT allele and Ucp1-KI allele 

Ucp1-WT-allele    catcaggcaacagtgccactgttgtcttcagggctgagtccttttgttcttgcactcacg               5700 

Ucp1-KI-allele      catcaggcaacagtgccactgttgtcttcagggctgagtccttttgttcttgcactcacg               5700 

                              ************************************************* 

Ucp1-WT-allele    cctctctgccctccaagc--------------------------------------------------------       5718 

Ucp1-KI-allele      cctctctgccctccaagccaggatggaagacgccaaaaacataaagaaaggcccggcgcc      5760 

                              ***************                                           

Ucp1-WT-allele    ----------------------------------------------------------------------------  

Ucp1-KI-allele      attctatccgctggaagatggaaccgctggagagcaactgcataaggctatgaagagata 5820 

                                                                                 

Ucp1-WT-allele    ------------------------------------------------------------------------- 

Ucp1-KI-allele      cgccctggttcctggaacaattgcttttacagatgcacatatcgaggtggacatcactta 5880 

                                                                                 

Ucp1-WT-allele    ---------------------------------------------------------------------------    

Ucp1-KI-allele      cgctgagtacttcgaaatgtccgttcggttggcagaagctatgaaacgatatgggctgaa 5940 

                                                                                 

Ucp1-WT-allele    -----------------------------------------------------------------------  

Ucp1-KI-allele      tacaaatcacagaatcgtcgtatgcagtgaaaactctcttcaattctttatgccggtgtt               6000 

                                                                              

Ucp1-WT-allele    --------------------------------------------------------------------------  

Ucp1-KI-allele      gggcgcgttatttatcggagttgcagttgcgcccgcgaacgacatttataatgaacgtga 6060 

                                                                                

Ucp1-WT-allele    -------------------------------------------------------------------------  

Ucp1-KI-allele      attgctcaacagtatgggcatttcgcagcctaccgtggtgttcgtttccaaaaaggggtt 6120 

                                                                                 

Ucp1-WT-allele    --------------------------------------------------------------------------  

Ucp1-KI-allele      gcaaaaaattttgaacgtgcaaaaaaagctcccaatcatccaaaaaattattatcatgga 6180 

                                                                                 

Ucp1-WT-allele    ------------------------------------------------------------------------ 

Ucp1-KI-allele      ttctaaaacggattaccagggatttcagtcgatgtacacgttcgtcacatctcatctacc               6240 

                                                                                 

Ucp1-WT-allele    ------------------------------------------------------------------------  

Ucp1-KI-allele      tcccggttttaatgaatacgattttgtgccagagtccttcgatagggacaagacaattgc 6300 

                                                                                 

Ucp1-WT-allele   ------------------------------------------------------------------------- 

Ucp1-KI-allele      actgatcatgaactcctctggatctactggtctgcctaaaggtgtcgctctgcctcatag 6360 

                                                                                 

Ucp1-WT-allele    ------------------------------------------------------------------------ 

Ucp1-KI-allele      aactgcctgcgtgagattctcgcatgccagagatcctatttttggcaatcaaatcattcc              6420 

                                                                                 

Ucp1-WT-allele     --------------------------------------------------------------------- 

Ucp1-KI-allele      ggatactgcgattttaagtgttgttccattccatcacggttttggaatgtttactacact              6480 

                                                                                 

Ucp1-WT-allele     ----------------------------------------------------------------------  

Ucp1-KI-allele      cggatatttgatatgtggatttcgagtcgtcttaatgtatagatttgaagaagagctgtt               6540 

                                                                                 

Ucp1-WT-allele    --------------------------------------------------------------------------   

Ucp1-KI-allele      tctgaggagccttcaggattacaagattcaaagtgcgctgctggtgccaaccctattctc 6600 

                                                                                 

Ucp1-WT-allele    ------------------------------------------------------------------------ 

Ucp1-KI-allele      cttcttcgccaaaagcactctgattgacaaatacgatttatctaatttacacgaaattgc               6660 
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Ucp1-WT-allele    --------------------------------------------------------------------------- 

Ucp1-KI-allele      ttctggtggcgctcccctctctaaggaagtcggggaagcggttgccaagaggttccatct 6720 

 

Ucp1-WT-allele    ---------------------------------------------------------------------------   

Ucp1-KI-allele      gccaggtatcaggcaaggatatgggctcactgagactacatcagctattctgattacacc 6780 

                                                                                 

Ucp1-WT-allele    ----------------------------------------------------------------------------    

Ucp1-KI-allele      cgagggggatgataaaccgggcgcggtcggtaaagttgttccattttttgaagcgaaggt 6840 

                                                                                 

Ucp1-WT-allele     ---------------------------------------------------------------------------  

Ucp1-KI-allele      tgtggatctggataccgggaaaacgctgggcgttaatcaaagaggcgaactgtgtgtgag 6900 

                                                                                

Ucp1-WT-allele    --------------------------------------------------------------------------  

Ucp1-KI-allele      aggtcctatgattatgtccggttatgtaaacaatccggaagcgaccaacgccttgattga 6960 

                                                                                 

Ucp1-WT-allele    ---------------------------------------------------------------------------  

Ucp1-KI-allele      caaggatggatggctacattctggagacatagcttactgggacgaagacgaacacttctt 7020 

                                                                                 

Ucp1-WT-allele    ---------------------------------------------------------------------------   

Ucp1-KI-allele      catcgttgaccgcctgaagtctctgattaagtacaaaggctatcaggtggctcccgctga 7080 

                                                                                 

Ucp1-WT-allele    --------------------------------------------------------------------------  

Ucp1-KI-allele      attggaatccatcttgctccaacaccccaacatcttcgacgcaggtgtcgcaggtcttcc 7140 

                                                                                 

Ucp1-WT-allele    -----------------------------------------------------------------------------   

Ucp1-KI-allele      cgacgatgacgccggtgaacttcccgccgccgttgttgttttggagcacggaaagacgat 7200 

                                                                                 

Ucp1-WT-allele      ------------------------------------------------------------------------------ 

Ucp1-KI-allele      gacggaaaaagagatcgtggattacgtcgccagtcaagtaacaaccgcgaaaaagttgcg 7260 

                                                                                 

Ucp1-WT-allele    ------------------------------------------------------------------------------ 

Ucp1-KI-allele      cggaggagttgtgtttgtggacgaagtaccgaaaggtcttaccggaaaactcgacgcaag 7320 

                                                                                 

Ucp1-WT-allele    ------------------------------------------------------------------------------   

Ucp1-KI-allele      aaaaatcagagagatcctcataaaggccaagaagggcggaaagatcgccgtggagggcag 7380 

                                                                                

Ucp1-WT-allele    ------------------------------------------------------------------------------ 

Ucp1-KI-allele      aggaagtcttctaacatgcggtgacgtggaggagaatcccggccctatggctgaaggatc 7440 

                                                                                 

Ucp1-WT-allele    ------------------------------------------------------------------------------  

Ucp1-KI-allele      cgtcgccaggcagcctgacctcttgacctgcgacgatgagccgatccatatccccggtgc 7500 

                                                                                 

Ucp1-WT-allele    -----------------------------------------------------------------------------  

Ucp1-KI-allele      catccaaccgcatggactgctgctcgccctcgccgccgacatgacgatcgttgccggcag 7560 

                                                                                 

Ucp1-WT-allele    ------------------------------------------------------------------------------   

Ucp1-KI-allele      cgacaaccttcccgaactcaccggactggcgatcggcgccctgatcggccgctctgcggc 7620 

                                                                                 

Ucp1-WT-allele    ------------------------------------------------------------------------------  

Ucp1-KI-allele      cgatgtcttcgactcggagacgcacaaccgtctgacgatcgccttggccgagcccggggc 7680                                                                             

 

Ucp1-WT-allele    ------------------------------------------------------------------------------  

Ucp1-KI-allele      ggccgtcggagcaccgatcactgtcggcttcacgatgcgaaaggacgcaggcttcatcgg 7740 

                                                                                

Ucp1-WT-allele    ----------------------------------------------------------------------------  

Ucp1-KI-allele      ctcctggcatcgccatgatcagctcatcttcctcgagctcgagcctccccagcgggacgt 7800 
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Ucp1-WT-allele    ------------------------------------------------------------------------------  

Ucp1-KI-allele      cgccgagccgcaggcgttcttccgccgcaccaacagcgccatccgccgcctgcaggccgc 7860 

                                                                                 

 

Ucp1-WT-allele    ------------------------------------------------------------------------------   

Ucp1-KI-allele      cgaaaccttggaaagcgcctgcgccgccgcggcgcaagaggtgcggaagattaccggctt 7920 

                                                                                 

Ucp1-WT-allele    ----------------------------------------------------------------------------  

Ucp1-KI-allele      cgatcgggtgatgatctatcgcttcgcctccgacttcagcggcgaagtgatcgcagagga 7980 

                                                                                 

Ucp1-WT-allele    ------------------------------------------------------------------------------  

Ucp1-KI-allele      tcggtgcgccgaggtcgagtcaaaactaggcctgcactatcctgcctcaaccgtgccggc 8040 

                                                                                 

Ucp1-WT-allele     ------------------------------------------------------------------------------  

Ucp1-KI-allele      gcaggcccgtcggctctataccatcaacccggtacggatcattcccgatatcaattatcg 8100 

                                                                                 

Ucp1-WT-allele    ------------------------------------------------------------------------------  

Ucp1-KI-allele      gccggtgccggtcaccccagacctcaatccggtcaccgggcggccgattgatcttagctt 8160 

                                                                                 

Ucp1-WT-allele    ------------------------------------------------------------------------------  

Ucp1-KI-allele      cgccatcctgcgcagcgtctcgcccgtccatctggaattcatgcgcaacataggcatgca 8220 

                                                                                 

 

Ucp1-WT-allele    ------------------------------------------------------------------------------  

Ucp1-KI-allele      cggcacgatgtcgatctcgattttgcgcggcgagcgactgtggggattgatcgtttgcca 8280 

                                                                                 

Ucp1-WT-allele    --------------------------------------------------------------------------------- 

Ucp1-KI-allele      tcaccgaacgccgtactacgtcgatctcgatggccgccaagcctgcgagctagtcgccca 8340 

                                                                                 

Ucp1-WT-allele    ----------------------------------------------------------------------------------   

Ucp1-KI-allele      ggttctggcctggcagatcggcgtgatggaagaggagggcagaggaagtcttctaacatg 8400 

                                                                                 

Ucp1-WT-allele    ------------------------------- caggatggtgaacccgacaacttccgaagtgcaacc 5754 

Ucp1-KI-allele      cggtgacgtggaggagaatcccggccctatggtgaacccgacaacttccgaagtgcaacc 8460 

                                                                         *     **************************** 

Ucp1-WT-allele    caccatgggggtcaagatcttctcagccggagtttcagcttgcctggcagatatcatcac 5814 

Ucp1-KI-allele      caccatgggggtcaagatcttctcagccggagtttcagcttgcctggcagatatcatcac 8520 

                              ************************************************** 

Ucp1-WT-allele    cttcccgctggacactgccaaagtccgccttcaggtagagttagtgacattgatgaggct 5874 

Ucp1-KI-allele      cttcccgctggacactgccaaagtccgccttcaggtagagttagtgacattgatgaggct 8580 

                              ************************************************** 

Ucp1-WT-allele    tctccaagcaggactgctgtgggcatccctgtgatgtgtgctacggtttaaccactcttc 5934 

Ucp1-KI-allele      tctccaagcaggactgctgtgggcatccctgtgatgtgtgctacggtttaaccactcttc 8640 

                              ************************************************* 

Ucp1-WT-allele    ctcagggtggctctgtcttgggaatgggtgctattaggaaggaaatggggcccttggatt 5994 

Ucp1-KI-allele      ctcagggtggctctgtcttgggaatgggtgctattaggaaggaaatggggcccttggatt 8700 

                              *************************************************** 

Ucp1-WT-allele    ggctgaagaaccgctgttgatgggttaaaaatggcctctgccaaatccttcataaggcaa 6054 

Ucp1-KI-allele      ggctgaagaaccgctgttgatgggttaaaaatggcctctgccaaatccttcataaggcaa 8760 

                              *************************************************** 

Ucp1-WT-allele    tggtgtcctgagcatgtggggtctaaataataataataattcaaatccctcagagtttac               6114 

Ucp1-KI-allele      tggtgtcctgagcatgtggggtctaaataataataataattcaaatccctcagagtttac         8820 

                              ************************************************* 

Ucp1-WT-allele    aggcctggcgcttttacctttctttgatttggggcacggggtggtgtactatcccatcct                6164 

Ucp1-KI-allele      aggcctggcgcttttacctttctttgatttggggcacggggtggtgtactatcccatcct                8880 

                              ************************************************ 
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Appendix 2: Crude nutrient composition of experimental diets. 

Nutrients Commpositions High fat diet Control diet 

Crude nutrients    

Protein Casein 24.0 24.0 

 

Carbohydrate 

Corn starch 27.8 47.8 

Maltodextrin 5.6 5.6 

Sucrose 5.0 5.0 

Fiber Cellulose 5.0 5.0 

 

Additives 

Vitamins 1.2 1.2 

Minerals 6.0 6.0 

L-Cystine 0.2 0.2 

Choline-Cl 0.2 0.2 

Fat Soybean oil 5 5 

Palm oil 20 - 

Metabolizable energy [MJ/kg] 19.7 15.5 

Protein (%) 18 23 

FAT (%) 48 12 

Carbohydrate (%) 34 65 

High-fat diet: Sniff article S5745-E712. Control diet: Sniff article S5745-E70
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Appendix 3: Flow chart to measure cellular UCP1 activity 

Protocol for UCP1 activity 

               1- Calibrate probes 

               2-Equilibrate 12 min* 

  3-Loop 3 times 

     4-(1-2-3) Mix 2min 

     5- Time Delay of 2 min 

                  6-(1-2-3) Measure 3 min 

                7-Loop end 

                8-Inject Oligomycin  

   9-Loop 3 times 

     10-(4-5-6) Mix 2min 

      11- Time Delay of 2 min 

                  12-(4-5-6) Measure 3 min 

               13-Loop end 

               14-Inject Isoproterenol 

  15-Loop 5 times 

      16-(7-8-9-10-11) Mix 2min 

      16- Time Delay of 2 min 

                   18-(7-8-9-10-11) Measure 3 min 

               19-Loop end 

               20-Inject FCCP 

              21-Loop 3 times 

     22-(12-13-14) Mix 2min 

     23- Time Delay of 2 min 

                         24-(12-13-14) Measure 3 min 

                     25-Loop end 

                     26-Inject Antimycin A 

   27-Loop 3 times 

     28-(15-16-16) Mix 2min 

     29- Time Delay of 2 min 

                        30-(15-16-16) Measure 3 min 

                     31-Loop end 

                     32-Program end 
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Appendix 4: Primers lists for gene expression in RT-qPCR and ddPCR        

Primers Forward  primer 5'-3' Reverse  primer 5'-3' 

AdipoQ GCACTGGCAAGTTCTACTGCAA GTAGGTGAAGAGAACGGCCTTGT 

Adrb3 TGAAGATCCAGCAAGGAAGC TTCTGGAGCGTTGGAGAGTT 

Acc TTTTCGATGTCCTCCCAAAC ACATTCTGTTTAGCGTGGGG 

Atgl GGAAATTGGGTGACCATCTG AAGGCCACATTGGTGCAG 

Cidea TGCTCTTCTGTA TCG CCC AGT  GCCGTGTTAAGGAATCTGCTG 

CD301 CTCTGGAGAGCACAGTGGAG ACTTCCGAGCCGTTGTTCT 

Cox7a1 CCGACAATGACCTCCCAGTA TGTTTGTCCAAGTCCTCCAA 

Dio2 TGTCTGGAACAGCTTCCTCC TGAACCAAAGTTGACCACCA 

Elovl3 TCC GCG TTC TCA TGT AGG TCT GGA CCT GAT GCA ACC CTA TGA 

ERRa GGAGGACGGCAGAAGTACAAA GCGACACCAGAGCGTTCAC 

Fabp4 GATGGTGACAAGCTGGTGGT TTTATTTAATCAACATAACCATATCCA 

Fasn GCATTCAGAATCGTGGCATA TTGCTGGCACTACAGAATGC 

Flirefly luciferase  GCATTCAGAATCGTGGCATA AGGAACCAGGGCGTATCTCT 

Hsl GCTTGGTTCAACTGGAGAGC GCCTAGTGCCTTCTGGTCTG 

human Vegf GAGATGAGCT TCCTACAGCAC TCACCGCCTCGGCTTGTCACAT 

iRFP713 CGAGTCAAAACTAGGCCTGC GGCGAAGCTAAGATCAATCG 

Nrg4 TGTGGACCATACGACGAGAG GTGCAAGGTCAACACAGGAA 

Pgc1a GGACGGAAGCAATTTTTCAA GAGTCTTGGGAAAGGACACG 

Prdm16 CAGCACGGTGAAGCCATTC GCGTGCATCCGCTTGTG 

Pparg TCAGCTCTGTGGACCTCTCC ACCCTTGCATCCTTCACAAG 

Slc25a1 GCTGTCAGGTTTGGGATGTT GGAGGAAGTCTGGTCATGGA 

TF2B housekeeper TGGAGATTTGTCCACCATGA GAATTGCCAAACTCATCAAAACT 

Ucp1 (bind to exon 1) TTTTGTTCTTGCACTCACGC CTGAAACTCCGGCTGAGAAG 

Ucp1 (bind to exon 5) GTACACCAAGGAAGGACCGA TTTATTCGTGGTCTCCCAGC 

Zic1 AACCTCAAGATCCACAAAAGGA CCTCGAACTCGCACTTGAA 
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Appendix 5: Process for sample dehydration and Hematoxylin & eosin staining 

 Dehydration Hematoxylin & eosin staining 

Steps Chemicals Incubation Chemicals Incubation 

1 Ethanol (70%) 60 min Xylol 3 min 

2 Ethanol (70%) 60 min Xylol 3 min 

3 Ethanol (80%) 60 min Ethanol (100%) 2 min 

4 Ethanol (96%) 60 min Ethanol (96%) 2 min 

5 Ethanol (96%) 60 min Ethanol (70%) 1 min 

6 Ethanol (100%) 60 min H2O 1 min 

7 Ethanol (100%) 60 min Hermalum 4 min 

8 Ethanol (100%) 60 min H2O 2 min 

9 Xylol 60 min Eosin 2 min 

10 Xylol 60 min Ethanol (70%) 1 min 

11 Paraplast 60 min Ethanol (96%) 1 min 

12 Paraplast 60 min Ethanol (100%) 1 min 

13   Ethanol (100%) 1.5 min 

14   Xyol and Ethanol (1:1) 1.5 min 

15   Xylol 2 min 

16   Xylol 2 min 
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