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Abstract. 

The treatment of obesity and diabetes remains a 

challenge and the biological mechanisms of these 

diseases are still not fully understood. Diabetes and 

obesity are associated with increased risk of the 

development of cardiovascular complications and there 

is an urgent need to find novel therapeutic approaches 

for treating obesity and diabetes. Currently there are 

several approaches to treat these diseases. Among them 

chemical uncouplers could be used as an effective 

treatment for obesity but the dangerous side effects of 

these compounds has limited their use in vivo. Here we 

propose a novel theoretical model based on the 

mechanism of action of chemical uncouplers: the 

thermogenin-like system (TLS). The TLS may be used in 

vivo to reproduce the mechanism of action of chemical 

uncouplers but without their dangerous side effects. 
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Introduction. 

The treatment of obesity remains a challenge and it is 

reported that increased brown fat activity could be an 

efficient way to treat obesity by inducing thermogenesis, 

enhancing metabolism through glucose uptake, oxygen 

consumption and decreasing adipose tissue triglyceride 

content through lipolysis. After the recent discovery of 

the presence of active brown fat in human adults, the 

study of brown fat has gained interest because its 

activation could increase weight loss. Additionally, there 

is growing evidence that white adipocytes can be 

converted into brown fat-like adipocytes[1], [2] in order 

to enhance thermogenesis and triglyceride utilization to 

further promote weight loss[3]. However, the 

mechanisms involved in this conversion remain unknown 

in part. For this reason, the amount of active brown fat is 

insufficient to induce an effective weight loss in human 

adults. An alternative approach is the use of chemical 

uncouplers in vivo such as FCCP. These compounds induce 

weight loss, thermogenesis, triglyceride utilization and 

glucose uptake in white adipocytes[4]. However, the use 

of chemical uncouplers in vivo is limited since these 

compounds have significant side effects like 

hyperthermia, tachycardia, diaphoresis, eventually 

leading to death[5]. Another study shows that certain 

chemical uncouplers have a dynamic range and can be 

safely used in vivo because they induce a limited 

uncoupling[6]. Nevertheless, these compounds may have 

limited effects on weight loss.  Here we describe a novel 

theoretical method to induce an autoregulated artificial 

uncoupling in vivo, potentially resulting in safe and 

effective thermogenesis, glucose uptake, lipolysis and 

subsequent weight loss: a thermogenin-like system (TLS). 

Because the TLS may induce thermogenesis, glucose 

uptake, oxygen consumption and triglyceride utilization 

from most adult tissues, it may be used as an interesting 

alternative treatment for obesity. Because glucose uptake 

reduces blood glucose levels, the TLS could decrease 

insulin production and subsequent lipogenesis, 

suggesting that the TLS could constitute an interesting 

approach to the treatment of obesity and diabetes. Thus, 

we propose the TLS as an alternative treatment for 

obesity in vivo. Indeed, the fact that the TLS requires ATP 

is remarkable, the system will stop if the level of ATP 

dramatically decreases, preventing both the uncoupling-

induced proton leak and the cell death or cell dysfunction 

in vivo. Moreover, the TLS is designed to function in a 

specific tissue and not at the whole-organism level in 

contrast to an intravenous injection of chemical 

uncouplers. For example, the TLS may be used in white 

adipocytes to induce thermogenesis from these cells. The 

system may also be used in endothelial cells because 

there are large numbers of endothelial cells in an adult 

organism and there is a large amount of oxygen in this 

tissue, allowing for efficient thermogenesis from these 

cells. We think that the TLS could be used in combination 



with approaches that increase brown fat activity to treat 

obesity but further studies are needed. 

Thermogenin. 

Another way to promote uncoupling in vivo is the 

thermogenin (also called UCP1) system. This protein is 

naturally present in the mitochondria of brown adipose 

tissue and it is used to produce heat by non-shivering 

thermogenesis. UCP1 is activated by fatty acids in the 

brown fat in mammals. Therefore, it is not possible to 

express UCP1 in other cells in order to induce an effective 

thermogenesis since most cells may not possess the 

machinery required for fatty acids uptake and the 

molecular mechanisms underlying fatty acids transport 

remain elusive in part. Furthermore, even if white 

adipocytes possess a large amount of fatty acids, this 

system would be ineffective because it is necessary to 

induce lipolysis to stimulate UCP1 and to promote 

uncoupling. Lipolysis is induced by a sympathetic 

stimulation in vivo in the brown fat and white adipocytes 

don’t possess an adequate sympathetic innervation in 

vivo to support an effective thermogenesis in vivo. 

Although an artificial injection of norepinephrine could be 

used to stimulate engineered white adipocytes in vivo 

(UCP1 and norepinephrine-lipolysis pathways double 

positives fat cells), it could induce major side effects like 

tachycardia and death. For these reasons it is possible to 

establish a theoretical experimental model based on the 

thermogenin system: the TLS (or UCP1-like system). 

The thermogenin-like system: TLS. 

The first step of this model is the in vivo transduction of 

adipose tissue with adeno-associated viral (AAV) vectors. 

The following transgenic DNA constructs are used in vivo: 

the light-driven inward H+ pump PoXeR targeted to the 

inner mitochondrial membrane, firefly luciferase, 

luciferin-regenerating enzyme (LRE), cysteine racemase 

and thioesterase. Now, we describe the function of each 

actor. PoXeR is a natural light-driven inward proton pump 

found in Parvularcula oceani, a deep-ocean marine 

bacterium. This pump controls the unusual directionality 

opposite to normal proton pumps and may lower the 

proton motive force when expressed in the inner 

mitochondrial membrane, producing heat similarly to 

thermogenin. A study shows that PoXeR can be expressed 

in mouse neural cells and it is functional in these cells[7]. 

Another study shows that it is possible to construct 

photoenergetic mitochondria in cultured mammalian 

cells expressing another light-driven proton pump 

derived from Haloterrigena turkmenica[8]. Taken 

together, these results suggest that PoXeR may be a good 

candidate for the TLS in vivo in mammals. Apart from 

PoXeR, another protein may be used for the TLS, this is 

the Anabaena sensory rhodopsin (ASR). This 

photochromic sensor exhibits an inward proton transport 

activity driven by absorption of a single photon when 

Asp217 is replaced by Glu (D217E)[9]. Similar to PoXeR, 

D217E ASR may be a good candidate for the TLS but in 

contrast to PoXeR, its functionality in mammalian cells 

remains unknown. Note that we use a pump because 

channelrhodopsins exhibit a strong light-dependent 

inactivation[10] and are not suitable for long-term 

induction of proton leak across the inner mitochondrial 

membrane. Because PoXeR is a light-driven inward 

proton pump, the light is required for its activation. Firefly 

luciferase is a light-emitting enzyme responsible for the 

bioluminescence of fireflies. It can be expressed in 

adipose tissue and more generally in cells since it is largely 

used as a reporter gene. Firefly luciferase catalyses the 

oxidation of firefly luciferin and requires oxygen and ATP. 

There is an overlap between the emission spectrum of 

firefly luciferase and the absorption spectrum of PoXeR or 

D217E ASR so that the light produced by firefly luciferase 

can activate PoXeR and induces the proton leak, 

generating heat. Because the proton leak decreases ATP 

production, cell death may rapidly occur. However, note 

that firefly luciferase requires ATP and it is interesting to 

note that the reaction will stop if the level of ATP 

dramatically decreases, thus preventing both the proton 

leak and the cell death. Therefore, the TLS may be used in 

normal cells to promote uncoupling-induced weight loss 

without significant adverse effects. It may be possible to 

express PoXeR (and other transgenes of the TLS) under 

the control of a weak promoter to reduce the 



functionality of the system and subsequent weight loss. It 

may be also possible to express PoXeR (and other 

transgenes) under the control of a strong promoter to 

enhance weight loss without significant side effects. In 

addition, it is interesting to obtain a spatial control of the 

system in order to restrict transgenes expression to the 

adipose tissue. For this reason, we propose to use the 

following transgenic DNA constructs in vivo[11]: 

        [Adiponectin promoter]-PoXeR targeted to the inner 

mitochondrial membrane  

        [Adiponectin promoter]-firefly luciferase 

        [Adiponectin promoter]-LRE 

        [Adiponectin promoter]-cysteine racemase 

        [Adiponectin promoter]-thioesterase 

Because the bioluminescence of firefly luciferase 

decreases over time, it is necessary either to continually 

bring the substrate (i.e firefly luciferin) by continuous 

infusion and/or to use a system that regenerates the 

firefly luciferin from oxyluciferin, the product of the 

reaction. A study shows that oxyluciferin is enzymatically 

regenerated into firefly luciferin by LRE in vitro[12]. This 

system can be improvable by using cysteine racemase and 

thioesterase[13]. Finally, it is possible to concentrate the 

substrate firefly luciferin in adipose tissue in vivo by using 

a suitable linker (firefly luciferin prodrug). Then, mice are 

injected with a firefly luciferin or a firefly luciferin prodrug 

so that the active firefly luciferin is mainly released in 

adipose tissue. 

Now, the TLS needs to be sensitized to the light. In fact, 

all trans retinal is required for light-induced PoXeR 

activation in vivo. All trans retinal may be not naturally 

present in adipose tissue, thus it is necessary to 

administer it by continuous infusion, it is not 

enzymatically regenerated in contrast to firefly luciferin. 

Because all trans retinal is hydrophobic it can be 

encapsulated in liposomes to reach the adipose tissue in 

vivo. Hydrophobic compounds have affinity to the 

phospholipid bilayer of liposomes. 

Finally, few hours after all trans retinal injection, mice are 

injected with a firefly luciferin or a firefly luciferin 

prodrug.  

Therefore, the TLS may be used for treating diabetes and 

obesity in vivo by inducing a spatially and temporally 

controlled thermogenesis, glucose uptake and lipolysis in 

vivo in the adipose tissue. Furthermore, it may be possible 

to induce a moderate or an elevated thermogenesis with 

this system if an adequate promoter is used. 

Now, we propose an experimental procedure in order to 

check the functionality of the TLS in vivo in mice. Firstly, 

use the previous transgenic DNA constructs for the in vivo 

transduction of adipose tissue with AAV vectors. In fact, a 

study indicates that AAV-mediated genetic engineering of 

white and brown adipose tissue is possible in adult 

mice[14]. Then, use a continuous infusion of all trans 

retinal in mice. Few hours after all trans retinal injection, 

use a continuous infusion of firefly luciferin or firefly 

luciferin prodrug. Finally, estimate the weight loss, blood 

glucose levels or measure body temperature of mice 

using infrared imaging. Indeed, a study shows that it is 

possible to measure brown adipose tissue thermogenesis 

using infrared imaging in mice[15]. Moreover, it may be 

possible to detect an increased temperature in vivo if the 

TLS is functional since a study shows that the elevated 

temperature originates from a collective effect[16]. A 

tissue such as the adipose tissue containing N cells of 

individual size L and individually delivering a heat power 

P has a size N1/3L and delivers a heat power PN. Thus, the 

increased temperature ΔT is defined as: 

∆𝑇 =  
𝑃

𝑘𝐿
𝑁

2

3     k is the thermal conductivity. 

For this reason, it is not possible to check the functionality 

of the TLS in vitro and/or in single living cells and we 

speculate that an effective thermogenesis-induced 

weight loss could be obtained in vivo because the size of 

the adipose tissue is large enough to promote a significant 

thermogenesis.  



Limitations of the TLS and conclusion. 

To conclude, the TLS remains a theoretical model that 

requires further studies. The proposed system may have 

several advantages: it may be used for treating obesity 

and diabetes in vivo by inducing a spatially and temporally 

controlled uncoupling-induced thermogenesis in vivo. 

The TLS may be used to promote an effective 

thermogenesis-induced weight loss in vivo without 

significant side effects compared to chemical uncouplers. 

In fact, the TLS requires ATP and the system will stop if the 

level of ATP dramatically decreases, preventing both the 

uncoupling-induced proton leak and the cell death or cell 

dysfunction in vivo. Thus, the TLS may dynamically adapt 

to the ATP level of adipocytes to prevent cell death in vivo, 

thermogenesis-related and ATP depletion-related side 

effects (1) and to promote uncoupling mainly when 

energy expenditure is necessary (i.e high ATP levels) (2). 

However, the TLS also suffers from various drawbacks. 

Firstly, considerable work is needed until gene therapy 

can be used for safe treatment of obesity and diabetes in 

humans. Furthermore, it is not clear whether all trans 

retinal has a significant toxicity when injected in vivo as 

previously described. It would be possible to use either a 

moderate dose of all trans retinal (but sufficient to allow 

for efficient thermogenesis in white adipocytes) or a high 

dose of all trans retinal targeted to the adipose tissue via 

all trans retinal prodrug. Then, the quantum efficiency of 

firefly luciferase is high so that 0.88 photon is emitted per 

consumed ATP molecule[17]. Considering that 109 

molecules of ATP are in solution in a cell at any 

instant[18], 880 000 000 photons can be emitted at any 

instant in a cell. The number of D217E ASR proteins in the 

inner mitochondrial membrane per cell is likely close to 

the number of adiponectin proteins per cell since these 

two proteins are controlled by the same promoter (the 

differences in the turnover rates are omitted). Thus, the 

number of D217E ASR proteins per cell is expected to be 

smaller than the number of photons emitted at any 

instant. In fact, a recent study estimates that a yeast cell 

contains about 4.2 x 107 proteins[19]. The number of 

proteins in an adipocyte is probably around this value. For 

this reason, a maximal uncoupling could occur at any 

instant in an adipocyte, even if ATP levels are dramatically 

decreased, resulting in cell death (because the number of 

ATP molecules and consequently the number of photons 

emitted is still greater than the number of D217E ASR 

proteins). It is important to remember that one photon is 

sufficient to activate D217E ASR. This issue can be 

encountered by using another luciferase with a quantum 

efficiency smaller than the quantum efficiency of firefly 

luciferase. For instance, the bacterial luciferase enzyme 

requires 60 ATP per photon emitted (490nm)[20]. 

However, this luciferase uses n-decanal as a substrate and 

it is toxic to cells. Thus, the TLS should be used with 

another luciferase with a very low quantum efficiency, 

with a substrate that is non-toxic to cells and with an 

overlap between the emission spectrum of this luciferase 

and the absorption spectrum of PoXeR or D217E ASR. 

Because the bioluminescence quantum yield can be 

enhanced[21], we hypothesize that a luciferase with a 

very low quantum efficiency could be designed and used 

as a tool for the TLS. 

 

 

 

 

 

 

 

 

 

 

 



Figure. The TLS (or UCP1-like sytem) in vivo.                                                                                        

A. Experimental procedure. The TLS may be used for treating obesity and diabetes in vivo by inducing an effective 

thermogenesis-induced weight loss or glucose uptake in vivo if the size of the target tissue is large enough to produce 

significant local heat in vivo. The local heat production can be measured by using infrared imaging for adipose tissue.                                                                                                                              

B. Detailed pathways involved in local heat production using the TLS. The cysteine racemase, not shown here, is used to 

produce D-cysteine from L-cysteine in vivo. 

 

 

 

 

 

 

 

 

 

 

 

 



References. 

[1] D. Langin, “Recruitment of brown fat 
and conversion of white into brown 
adipocytes: strategies to fight the 
metabolic complications of obesity?,” 
Biochim. Biophys. Acta, vol. 1801, no. 3, 
pp. 372–376, Mar. 2010. 

[2] T. Montanari, N. Pošćić, and M. Colitti, 
“Factors involved in white-to-brown 
adipose tissue conversion and in 
thermogenesis: a review,” Obes. Rev. 
Off. J. Int. Assoc. Study Obes., vol. 18, no. 
5, pp. 495–513, May 2017. 

[3] S. H. Kim and J. Plutzky, “Brown Fat and 
Browning for the Treatment of Obesity 
and Related Metabolic Disorders,” 
Diabetes Metab. J., vol. 40, no. 1, pp. 
12–21, Feb. 2016. 

[4] Y. Si, H. Shi, and K. Lee, “Metabolic flux 
analysis of mitochondrial uncoupling in 
3T3-L1 adipocytes,” PloS One, vol. 4, no. 
9, p. e7000, Sep. 2009. 

[5] J. Grundlingh, P. I. Dargan, M. El-Zanfaly, 
and D. M. Wood, “2,4-dinitrophenol 
(DNP): a weight loss agent with 
significant acute toxicity and risk of 
death,” J. Med. Toxicol. Off. J. Am. Coll. 
Med. Toxicol., vol. 7, no. 3, pp. 205–212, 
Sep. 2011. 

[6] P.-H. Lou, B. S. Hansen, P. H. Olsen, S. 
Tullin, M. P. Murphy, and M. D. Brand, 
“Mitochondrial uncouplers with an 
extraordinary dynamic range,” Biochem. 
J., vol. 407, no. Pt 1, pp. 129–140, Oct. 
2007. 

[7] K. Inoue et al., “A natural light-driven 
inward proton pump,” Nat. Commun., 
vol. 7, p. 13415, Nov. 2016. 

[8] K. Y. Hara, T. Wada, K. Kino, T. Asahi, and 
N. Sawamura, “Construction of 
photoenergetic mitochondria in cultured 
mammalian cells,” Sci. Rep., vol. 3, p. 
1635, 2013. 

[9] A. Kawanabe, Y. Furutani, K.-H. Jung, and 
H. Kandori, “Engineering an inward 
proton transport from a bacterial sensor 
rhodopsin,” J. Am. Chem. Soc., vol. 131, 
no. 45, pp. 16439–16444, Nov. 2009. 

[10] T. Tkatch et al., “Optogenetic control of 
mitochondrial metabolism and Ca(2+) 
signaling by mitochondria-targeted 

opsins,” Proc. Natl. Acad. Sci. U. S. A., 
vol. 114, no. 26, pp. E5167–E5176, Jun. 
2017. 

[11] P. Chakrabarti, “Promoting adipose 
specificity: the adiponectin promoter,” 
Endocrinology, vol. 151, no. 6, pp. 2408–
2410, Jun. 2010. 

[12] K. Gomi and N. Kajiyama, “Oxyluciferin, a 
luminescence product of firefly 
luciferase, is enzymatically regenerated 
into luciferin,” J. Biol. Chem., vol. 276, 
no. 39, pp. 36508–36513, Sep. 2001. 

[13] Y. Ohmiya, K. Niwa, H. Niwa, M. 
Nakamura, and M. Ryufuku, “System for 
biosynthesis of firefly luminescence 
substrate with natural l-cysteine or 
derivatives thereof and luminescence 
substrate solutions containing the 
system,” US20080003627 A1, 03-Jan-
2008. 

[14] V. Jimenez et al., “In vivo adeno-
associated viral vector-mediated genetic 
engineering of white and brown adipose 
tissue in adult mice,” Diabetes, vol. 62, 
no. 12, pp. 4012–4022, Dec. 2013. 

[15] J. D. Crane, E. P. Mottillo, T. H. 
Farncombe, K. M. Morrison, and G. R. 
Steinberg, “A standardized infrared 
imaging technique that specifically 
detects UCP1-mediated thermogenesis 
in vivo,” Mol. Metab., vol. 3, no. 4, pp. 
490–494, Jul. 2014. 

[16] G. Baffou, H. Rigneault, D. Marguet, and 
L. Jullien, “A critique of methods for 
temperature imaging in single cells,” 
Nat. Methods, vol. 11, no. 9, pp. 899–
901, Sep. 2014. 

[17] A. Hassibi, T. H. Lee, R. W. Davis, and N. 
Pourmand, “Bioluminescence 
Regenerative Cycle (BRC) System for 
Nucleic Acid Quantification Assays,” 
Biophys. Chem., vol. 116, no. 3, pp. 175–
185, Aug. 2005. 

[18] B. Alberts, A. Johnson, J. Lewis, M. Raff, 
K. Roberts, and P. Walter, “How Cells 
Obtain Energy from Food,” 2002. 

[19] B. Ho, A. Baryshnikova, and G. W. 
Brown, “Unification of Protein 
Abundance Datasets Yields a 
Quantitative Saccharomyces cerevisiae 
Proteome,” Cell Syst., vol. 6, no. 2, p. 
192–205.e3, Feb. 2018. 



[20] S. R. Mudge, W. R. Lewis-Henderson, 
and R. G. Birch, “Comparison of Vibrio 
and Firefly Luciferases as Reporter Gene 
Systems for Use in Bacteria and Plants,” 
Funct. Plant Biol., vol. 23, no. 1, pp. 75–
83, 1996. 

[21] B. R. Branchini, T. L. Southworth, D. M. 
Fontaine, A. L. Davis, C. E. Behney, and 
M. H. Murtiashaw, “A Photinus pyralis 
and Luciola italica chimeric firefly 
luciferase produces enhanced 
bioluminescence,” Biochemistry (Mosc.), 
vol. 53, no. 40, pp. 6287–6289, Oct. 
2014. 

 


