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学位論文の内容要旨

Systemic inhibition of Janus kinase induces browning of white 

adipose tissue and ameliorates obesity-related metabolic disorders 

Janusキナーゼ阻害は白色脂肪の褐色化を誘導し、肥満関連代

謝異常を軽減する
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The epidemic of obesity is increasing worldwide. Obesity often causes systemic metabolic 

disorders that accelerate atherosclerosis, and thus its deleterious effects on health have been a 

serious issue. An. imbalance between energy intake and expenditure could simply accounts for 

obesity; therefore, increasing energy expenditure is mostly effective to ameliorate obesity. Brown 

adipose tissue (BAT) is a thermogenic organ, and its high degree of specialization of lipolysis and 

fatty acid oxidation makes it a major contributor to the overall energy balance. BAT dissipates 

extra energy to generate heat through uncoupled respiration mediated by uncoupling protein 1 

(UC~l). Oxygen consumption in BAT is enormously high, hence its thennogenic activity can 

counteract the obese phenotype. Also, a metabolically active BAT has been identified in adult 

human, and its activity showed negative correlations with body mass index and fat depot Certain 

white adipose tissue (WAT) depots, called beige/brite adipocytes, are readily able to convert to a 

brown-like state upon prolonged cold exposure. This white-to-brown conversion is referred to as 

browning, and browning has been linked to obesity in mouse models. Browning of WAT is an 

attracting strategy to treat obesity by enhancing energy dissipation. Although several genetically 

modified mice showed metabolic alterations due to enhanced or reduced browning, little is known 

about chemical compounds that can induce browning in vivo. Recently, Janus kinase (JAK) 

inhibition has been revealed to induce browning in human adipocytes in vitro; however, effects of 

JAK inhibition on browning and metabolic homeostasis in vivo remained・ to be elucidated. A 

growing body of evidence suggests that the JAK/signal transducer and activator of transcription 

(STAT) signaling pathway is dysregulated in obesity and metabolic disorders. Furthermore, 

associations of genetic loci for JAK2 with obesity and metabolic syndrome have been reported 

Mouse studies targeting the JAK/ST AT signaling pathway showed various metabolic phenotypes 

depending on target genes and tissues/cells. Inhibition of this signaling in.immune cells appears to 

have beneficial effects on metabolism, while disruption of this pathway in adipose tissue, liver, 

muscle, and pancreas mostly showed deleterious effects on metabolic health 

We first examined whether treatment with JAK inhibitor (JAKi) could induce browning m 

mouse 3T3-Ll adipocytes by using two JAKi, tofacitinib (JAK3 inhibitor) and ruxolitinib (JAKl 

and JAK2 inhibitor). Treatment with both tofacitinib and ruxolitinib increased mRNA expressions 

ofUCPs, indicating that JAK signaling inhibition could induce browning in mouse adipocytes as 

well. Expression ofperoxisome proliferator-activated receptors (PPARs), which play crucial roles 

in lipid metabolism and adipocyte differentiation, showed a trend toward increase in adipocytes 



treated with JAKi. Interestingly, the increase in UCPs expression was temporally, and their 

expression levels reduced to those in vehicle-treated control cells in 2 days after termination of 

JAKi-treatment. These data indicate that browning mediated by JAKi is reversible, and thus 

continuous administration of JAKi is preferable to investigate an effect of JAKi on browning in 

VIVO 

We chose tofacitinib for further analysis because it has already been used in the clinical 

setting for the treatment ofrheumatoid arthritis. Mice were fed with high-fat diet for 4 weeks, and 

then tofacitinib was administered via osmotic pump for -10 weeks with continuous high-fat diet 

Body weight in tofacitinib-treated mice did not differ from that in vehicle-treated mice. Also, body 

fat ratio assessed by CT analysis was similar between the groups. However, food intake in 

tofacitinib-treated mice showed a modest but significant increase comparing to that in vehicle-

treated mice 

We then confirmed that tofacitinib-treatment sufficiently inhibited JAK/ST AT signalmg m 

both visceral and subcutaneous fat. Of note, expressions of UCPl and PR/SET domain 16 

(PRDM16), a transcriptional factor that regulates the thermogenic gene program in BAT, were 

increased in both visceral and subcutaneous fat of tofacitinib-treated mice compared with those in 

vehicle-treated mice. These data indicate that JAK inhibition could induce browning of WAT in 

vivo. On the other hand, UCP-1 and PPARs expression in BAT was not different between the 

groups, whereas expressions ofUCP-3 and fatty acid oxidation genes showed a tendency toward 

increase in BAT of tofacitinib-treated mice. These data suggest that JAK inhibition has minimal 

effects on BAT functions. Nevertheless, core temperature was higher in tofacitinib-treated mice 

compared with that in vehicle-treated mice both under ambient and acute cold exposure condition, 

suggesting an enhanced thermogenic capacity due to browning of WAT in tofacitinib-treated mice 

Increased UCP 1 in WAT due to browning induces uncoupling of oxidative phosphorylation from 

ATP production, releasing energy as heat. Therefore, enhanced browning is expected to reduce 

obesity. Administration of tofacitinib induced browning of WAT, while it did not reduce body 

weight and adiposity. However, food intake was increased in tofacitinib-treated mice. Because 

JAK/STAT signaling is involved in leptin-mediated appetite loss, the increased food intake in 

tofacitinib-treated mice may partially due to impaired leptin function. These data collectively 

suggest that tofacitinib-treatment might have enhanced energy expenditure due to browning of 

WAT, which results in preservation of body weight and adiposity despite increased food intake 

Consistently, thermogenesis was enhanced in mice treated with tofacitinib. These findings strongly 

suggest that brown-like adipocytes in WAT induced by tofacitinib are metabolically active 

Notably, insulin sensitivity was significantly improved in tofacitinib-treated mice 

c,ompared with that in vehicle-treated mice, despite similar body weight and adiposity between the 

groups. Somewhat unexpectedly, chronic inflammation in WAT was not ameliorated but rather 

deteriorated in visceral WAT by tofacitinib-treatment. JAK/STAT signaling is a vital pathway for 

inflammatory cytokines such as interleukins and interferons, and disruption of this pathway in 

immune cells reduced WAT inflammation. Therefore, we initially presumed that chronic 

inflammation in WAT might be ameliorated by tofacitinib-treatment. However, inflammatory 

gene expressions were not reduced, but rather showed an increase in visceral WAT of tofacitinib-

treated mice. These data suggest a minimal contribution of WAT to the improved metabolic health 

in tofacitinib-treated mice. 

Gluconeogenic genes expression in liver and glucose transporter genes expression m 

skeletal muscle was not different between tofacitinib-and vehicle-treated mice. On the other hand, 

serum levels of total-cholesterol, triglyceride, and free fatty acid were significantly reduced in 

tofacitinib-treated mice. Also, we found that hepatosteatosis was apparently ameliorated ・ in 

tofacitinib-treated mice compared with vehicle-treated mice, without changes in lipogenic genes 

expression in liver. It has been reported that BAT is a master regulator of triglyceride-rich 

lipoproteins clearance and blood lipid abundance. Activation of BAT by cold exposure accelerated 

plasma clearance of triglycerides and improved glucose tolerance in obese mice. Therefore, it is 

intriguing that browning of WAT also enhanced blood lipid clearance, leading to improved serum 

lipid profiles that were observed in tofacitinib-treated mice. Also, improved serum lipid profiles 

may have contributed to the ameliorated hepatosteatosis at least partially, while tofacitinib might 

have direct effects on the lipid accumulation in the liver. 

Together, our data revealed beneficial effects of JAK inhibition on metabolic health m 

association with the browning of WAT, improved serum lipid profiles, and ameliorated 

hepatosteatosis in diet-induced obese mice for the first time. Optimization for dose and duration 

oftofacitinib-administration as well as for compounds to inhibit JAK/STAT signaling may allow 

us to identify more beneficial effects of JAK inhibition on obesity and metabolic disorders 

Although further analysis is required to elucidate the underlying mechanism, JAK inhibition is an 

attracting therapeutic approach for the treatment of obesity and its related metabolic disorders 
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In this study, the candidate has investigated the effects of JAK inhibitors (JAK.i) on brow1~ng of 

adipocytes. The c皿didatehas shown that treatJ.nent with both tofacitinib皿druxolitinib increased mRNA 

expressions of UCPs, indicating that JAK sigi1aling i1山ibitioncould induce browning in mouse adipocytes. 

Then, mice were fed with high-fat diet for 4 weeks, and then tofacitinib was administered via osmotic pump 

for ~10 weeks with continuous high-fat diet. Body weight in tofacitinib-treated mice did not differ from that 

in vehicle-treated mice. However, food intake in tofacitinib-treated mice showed a modest but signific皿t

increase comparing to that in vehicle-treated mice. The candidate also showed that expressions of UCPl and 

PR/SET domain 16 (PRDM16) were increased in both visceral and subcutaneous fat of tofacitinib-treated 

mice compared with those in v~hicle-treated mice. Core temperature was higher in tofacitinib-treated mice 

compared with that in vehicle-treated mice both under ambient and acute cold exposure condition, 

suggesting an enhanced thermogenic capacity due to browning of WAT in tofacitinib-treated 1nice. 

Administration of tofacitinib induced browning of WAT, while it did not reduce body weight and adiposity. 

However, food intake was increased in tofacitinib-treated mice. These data collectively suggest that 

tofacitinib-treatment might have enhanced energy expenditure due to browning of WAT, which results in 

preservation of body weight and adiposity despite increased food intake. Consistently, thermogenesis was 

enhanced in 1nice treated with tofacitinib. These findings strongly suggest that brown-like adipocytes in WAT 

induced by tofacitinib are metabolically active. 

Notably, insulin sensitivity was significantly improved in tofacitinib-treated mice compared with that 

in vehicle-treated mice, despite similar body weight and adiposity between the groups. Somewhat 

unexpectedly, chronic inflammation in WAT was not aineliorated but rather deteriorated in visceral WAT by 

tofacitinib-treatment. JAK/STAT signaling is a vital pathway for inflainmatmy cytokines such as interleukins 

and interferons, and disruption of this pathway in immune cells reduced WAT mfla1mnation. Therefore, the 

candidate i11itially presumed that clironic inflaimnation in WAT might be ameliorated ・ by 

tofacitinib-treatment. However, inflammatory gene expressions were not reduced, but rather showed an 

increase in visceral WAT of tofacitinib-treated mice. These data suggest a minimal contribution of WAT to 

the improved metabolic health in tofacitinib-treated mice. Gluconeogenic genes expression in liver and 

glucose transporter genes expression in skeletal muscle was not different between tofacitinib-and 

vehicle-treated mice. On the other h皿 d,serum levels of total-cholesterol, triglyceride, and仕eefatty acid 

were significantly reduced in tofacitinib-treated mice. The candidate also found that hepatosteatosis was 

apparently ameliorated in tofaciti11ib-treated mice compared witl1 vehicle-treated mice, without changes i.J.1 

lipogenic genes expression in liver. It has been reported that BAT is a master regulator of triglyceride-rich 

lipoproteins clearance ai1d blood lipid abundai1ce. Activation of BAT by cold exposure accelerated plasma 

clearance of triglycerides ai1d improved glucose tolerai1ce in obese mice. 

The candidate, having completed studies on the role of JAK in browning of adipocytes and having 

advanced the field of knowledge in the area of the molecular mechanism of browning of adipocytes, is 

hereby recognized as having qualified for the degree of Ph.D.(Medici.J.1e) 


