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Abstract

Thermogenesis is an important contributor to whole body energy expenditure and metabolic 

homeostasis. Although circulating factors that promote energy expenditure are known, endocrine 

molecules that suppress energy expenditure have remained largely elusive. Here we show that 

Tsukushi (TSK) is a liver-enriched secreted factor that is highly inducible in response to increased 

energy expenditure. Hepatic Tsk expression and plasma TSK levels are elevated in obesity. TSK 

deficiency increases sympathetic innervation and norepinephrine release in adipose tissue, leading 

to enhanced adrenergic signaling and thermogenesis, attenuation of brown fat whitening and 

protection from diet-induced obesity in mice. Our work reveals TSK as part of a negative feedback 

mechanism that gates thermogenic energy expenditure and highlights TSK as a potential target for 

therapeutic intervention in metabolic disease.

Endocrine hormones released by peripheral tissues, such as adipose tissue, skeletal muscle 

and the liver, play an important role in metabolic crosstalk and homeostasis 1-4. The adipose 

tissue hormone leptin acts on the central nervous system to suppress food intake and 

promote energy expenditure 5,6. Defects in the neuroendocrine circuitry that mediates leptin 

action have been linked to obesity and metabolic disorders. Fibroblast Growth Factor 21 

(FGF21) is a hepatokine that exerts pleiotropic metabolic effects, including the stimulation 
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of brown and beige fat thermogenesis 2,7,8. These observations underscore the importance of 

hormonal signals that promote energy expenditure in the maintenance of systemic energy 

and nutrient balance. In contrast, whether there exist endocrine factors that serve as a 

negative feedback signal to restrict energy expenditure in the hypermetabolic states remains 

essentially unknown. While Ghrelin is known to act as a hunger hormone that stimulates 

appetite and feeding and represses energy expenditure, inactivation of Ghrelin and its 

receptor produced modest effects on whole body energy balance 9. We postulated that other 

hormonal signals likely constitute a critical feedback regulatory arm of energy homeostasis 

that puts a brake on energy expenditure to maintain systemic energy balance.

Adipose tissue is central for nutrient and energy homeostasis. White adipose tissue (WAT) 

stores energy, releases endocrine factors, and undergoes drastic structural and functional 

remodeling in obesity 10-13. Brown adipose tissue (BAT) contains abundant mitochondria 

and generates heat via uncoupled respiration mediated by uncoupling protein 1 (UCP1) 
14-17. Recent studies have implicated UCP1-independent mechanisms in driving 

thermogenesis in beige fat 18-20. Beyond thermogenesis, brown and beige fat releases 

endocrine factors such as Neuregulin 4 (Nrg4) to regulate hepatic lipid metabolism and 

preserve hepatocyte health under metabolic stress conditions 21-23. Genetic ablation of 

brown fat renders mice cold-sensitive and exacerbates diet-induced weight gain 24, whereas 

activation of BAT thermogenesis has been linked to increased energy expenditure, reduced 

adiposity, and lower plasma lipid levels 25-27. Brown fat thermogenesis is stimulated in 

response to cold exposure through increased adrenergic signaling to the depot and local 

bioactive thyroid hormone production, leading to activation of the thermogenic gene 

program and fuel oxidation 15.

In this study, we performed liver secretome analysis and identified Tsukushi (TSK) as an 

inducible hepatokine that responds to increased energy expenditure. TSK acts as a hormonal 

checkpoint that suppresses adipose tissue sympathetic innervation, adrenergic action and 

thermogenesis. Our work illustrates the existence of powerful endocrine hormones that 

dampen energy expenditure and reveals an intriguing opportunity for targeting TSK to 

restore energy balance and improve metabolic parameters in obesity.

Results

TSK is a hepatokine inducible in response to energy expenditure

We postulated that the liver provides a source of putative regulators of energy balance for 

several reasons. The liver itself is highly responsive to nutritional, hormonal and neural cues 

by integrating a wide array of nutrient and energy sensing pathways. Hepatocytes undergo 

drastic reprogramming of the release of secreted factors, such as FGF21, under different 

physiological and stress conditions 2. We took an unbiased bioinformatic approach to first 

identify secreted factors that exhibit enriched or restricted expression in the liver. We 

examined mRNA expression profile of approximately 1,384 genes annotated to encode 

secreted proteins in a panel of 12 mouse tissues, including different brain regions and 

peripheral tissues (GSE54650). Clustering analysis revealed a highly restricted pattern of 

tissue distribution for this secretome gene set, illustrating the remarkable specificity and 

diversity of protein secretion by different tissues (Fig. 1a and Supplementary Table 1). As 
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expected, leptin and Nrg4 were among the top secreted factor hits in WAT and BAT, 

respectively. We identified a cluster of 129 genes exhibiting over 5-fold enriched expression 

in mouse liver compared to the averaged expression values from other tissues (red box, Fig. 

1a and Supplementary Table 2). As expected, many of these liver-enriched secreted factors 

have known biological functions in lipoprotein metabolism, blood clotting, complement 

activation and endocrine signaling. The latter included Lipocalin 13 and Fetuin B, two liver-

derived endocrine factors implicated in the regulation of glucose and lipid metabolism 28,29. 

As the tissue panel was obtained from healthy mice, it is possible that our analysis may not 

include secretome genes specifically induced under pathological conditions.

We hypothesized that the putative inhibitory regulators of energy expenditure may be 

induced in hypermetabolic states to restore energy balance by serving as a feedback signal. 

As such, we next examined regulation of the liver secretome genes in hypermetabolic mice 

induced by chronic triiodothyronine (T3) treatments (GSE68867) 30. This analysis identified 

a total of four genes exhibiting increased expression in T3-treated mouse livers, including 

the small leucine-rich repeat-containing protein Tsk, Fibronectin 1 (Fn1), Apolipoprotein M 

(Apom) and Secreted phosphoprotein 2 (Spp2). Fn1 and Spp2 are extracellular matrix 

proteins, whereas Apom is a component of plasma lipoproteins. Tsk is a highly conserved 

secreted protein that exhibits the highest mRNA expression in mouse liver compared to other 

tissues (Fig. 1b and Supplementary Fig. 1). We confirmed this expression profile by 

performing LacZ staining on tissues from mice harboring a Tsk gene trap allele and 

observed strong β-galactosidase activity in the liver, but not other tissues (Fig. 1c). 

Importantly, Tsk mRNA was detected primarily in hepatocytes, but not in non-parenchymal 

cells (NPC), suggesting that Tsk encodes a bona fide hepatokine (Fig. 1b). To determine 

whether mature TSK is released into circulation, we generated highly specific rabbit 

polyclonal antibodies against a C-terminal peptide of TSK. As shown in Fig. 1d, TSK 

protein was readily detectable in mouse plasma; the specific band was completely absent in 

plasma samples from Tsk knockout (KO) mice. We observed robust secretion of endogenous 

TSK protein by cultured primary hepatocytes isolated from wild type (WT), but not Tsk null 

mice (Fig. 1e).

TSK was previously described as a regulator of commissure formation though its expression 

in the brain was relatively low compared to the liver 31-33. Its role in metabolic signaling and 

energy balance remained unknown. To determine whether hepatic Tsk expression and 

plasma TSK levels are responsive to increased energy expenditure, we examined these 

parameters in mice treated with T3 or CL 316,243, a β3-selective adrenergic agonist, or 

subjected to cold exposure for 4 hrs. Similar to chronic treatments, a single dose of T3 

injection resulted in robust induction of Tsk mRNA expression and elevated TSK levels in 

circulation (Fig. 1f). Remarkably, a single dose of CL 316,243 treatment and acute cold 

exposure also stimulated hepatic Tsk mRNA expression, resulting in higher plasma TSK 

levels. These results strongly suggest that TSK is a hepatokine that is tightly linked to the 

activation of thermogenesis and energy expenditure. We next examined whether increased 

circulating TSK may provide a negative feedback signal to restrict energy expenditure in 

mice. In support of this, we observed that chow-fed Tsk null mice exhibited significantly 

higher core body temperature than WT littermates under ad lib condition (Fig. 1g). This 

elevation of body temperature in KO mice persisted following overnight starvation. More 
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importantly, fasting-induced weight loss was higher by approximately 36% in mice lacking 

TSK than control (Fig. 1h), indicating that Tsk null mice are hypermetabolic and fail to 

suppress energy expenditure in response to food deprivation.

TSK deficiency protects mice from HFD-induced obesity and metabolic disorders

To determine whether TSK dysregulation may facilitate positive energy balance in obesity, 

we next examined hepatic Tsk expression in diet-induced and genetic obesity in mice. 

Compared to lean control, Tsk mRNA expression was significantly elevated in high-fat diet 

(HFD)-fed and leptin receptor deficient (db/db) obese mouse livers (Fig. 2a and 

Supplementary Fig. 2). Hepatic Tsk mRNA levels positively correlated with weight gain in a 

cohort of wild type C57BL/6 mice following eight weeks of HFD feeding (Supplementary 

Fig. 2). Accordingly, plasma TSK levels were markedly elevated in HFD-fed and db/db mice 

(Fig. 2a), indicating that obesity is associated with aberrantly high TSK levels in circulation.

TSK deficient mice appeared normal by gross examination, weighed slightly less than 

littermate control, and did not exhibit significant changes in their metabolic parameters 

when fed standard rodent chow (Supplementary Fig. 3). Upon high-fat feeding, KO mice 

exhibited remarkable resistance to HFD-induced weight gain (Fig. 2b). WT mice gained an 

average of 66.3% body weight over a period of 14 weeks of high-fat feeding, whereas KO 

mice gained approximately 30.7%. Blood glucose levels were significantly lower in KO 

mice (Fig. 2c), whereas plasma total cholesterol and triglyceride (TAG) levels remained 

similar between two groups. Measurements of key circulating hormones indicated that, 

compared to control, plasma levels of insulin and leptin, but not FGF21, were markedly 

lower in Tsk null mice (Fig. 2d). Glucose tolerance test (GTT) and insulin tolerance test 

(ITT) indicated that Tsk null mice exhibited significantly improved insulin sensitivity and 

glucose tolerance (Fig. 2e).

Tsk null mice exhibited smaller eWAT, BAT and liver mass than control following HFD 

feeding (Fig. 2f and Supplementary Fig. 4a). As expected, brown fat from HFD-fed WT 

mice appeared pale in color as a result of whitening of brown adipocytes. In striking 

contrast, brown fat from Tsk null mice remained dark red and appeared similar to brown fat 

obtained from cold-exposed mice (Fig. 2g). Histological analysis revealed that brown 

adipocytes in interscapular BAT from HFD-fed KO mice had reduced fat content and 

contained smaller lipid droplets (Fig. 2h). Epididymal WAT (eWAT) from Tsk KO mice 

contained smaller adipocytes and fewer crown-like structures, suggesting that obesity-

associated adipose tissue inflammation is attenuated by TSK deficiency. In support of this, 

mRNA expression of genes associated with macrophage and adipose inflammation was 

significantly lower in eWAT from Tsk KO mice (Supplementary Fig. 4b). Tsk null mice had 

improved hepatic steatosis as shown histologically and by the measurements of liver TAG 

content (Fig. 2h-i). To establish how TSK deficiency influences energy balance, we 

performed metabolic cage studies in WT and KO mice fed HFD for two weeks to minimize 

confounding factors of prolonged HFD feeding. Compared to control, Tsk null mice 

exhibited significantly elevated VO2 and energy expenditure rate (EE) (Fig. 3a and 

Supplementary Fig. 5). In contrast, food intake and total locomotor activity appeared 

comparable in two groups. These results strongly suggest that TSK deficiency may abrogate 
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a negative feedback brake on whole body energy expenditure, resulting in resistance to diet-

induced obesity.

TSK deficiency promotes adipose thermogenesis and energy expenditure

Brown fat thermogenesis is an important component of energy expenditure that contributes 

to defense against cold and obesity. We next examined whether Tsk inactivation results in 

stimulation of brown fat thermogenesis. Microarray analysis of brown fat gene expression 

identified a cluster of 202 genes that exhibited over 1.4-fold increase in Tsk KO mice (Fig. 

3b). Gene ontology analysis indicated that this cluster was highly enriched for pathways 

involved in mitochondrion, lipid metabolism, nucleotide-binding and oxidoreductase. qPCR 

analysis confirmed that mRNA expression of key thermogenic markers, including 

Deiodinase 2 (Dio2) and Ucp1, was significantly higher in BAT from chow-fed Tsk null 

mice (Fig. 3c). UCP1 protein levels were also higher as a result of TSK deficiency (Fig. 3d). 

Remarkably, phosphorylation of hormone-sensitive lipase (HSL) and Protein Kinase A 

(PKA) substrates was markedly enhanced in brown fat obtained from Tsk KO mice. These 

results demonstrate that TSK deficiency augments adrenergic action and thermogenic 

stimulation in brown fat. Measurement of norepinephrine (NE) concentrations revealed that 

BAT, but not eWAT, exhibited significantly elevated NE levels as a result of TSK deficiency 

(Fig. 3e). In contrast, plasma NE levels were comparable between two groups, suggesting 

that TSK deficiency may enhance sympathetic outflow to brown fat to promote 

thermogenesis. Consistently, brown fat from HFD-fed Tsk null exhibited increased PKA 

substrate phosphorylation and UCP1 protein expression, characteristics of enhanced 

adrenergic activation (Fig. 3f). PKA substrate phosphorylation was also enhanced in 

inguinal WAT (iWAT) from HFD-fed Tsk null mice compared to control. DIO2 is 

responsible for the local activation of thyroid hormone, which acts in concert with 

adrenergic signaling to stimulate thermogenesis 34. We found that BAT from Tsk KO mice 

had slightly but significantly increased T3 levels (Fig. 3g).

The studies above illustrated that TSK serves an important role in energy balance and 

metabolic physiology. However, whole body TSK deficiency may elicit unforeseen effects 

on developmental programs. In addition, it remains unknown whether the liver provides a 

major source of plasma TSK in metabolic regulation. To address these, we employed a 

recently developed CRISPR/Cas9 method to knock out Tsk in the liver in adult mice 35. We 

generated a recombinant adenovirus-associated virus (AAV) expressing a pair of guide 

RNAs targeting the coding region of Tsk (gTsk). Tail vein injection of AAV-gTsk in Cas9 

transgenic mice resulted in efficient deletion of Tsk in the liver and marked reduction of 

TSK in circulation (Fig. 4a-b), illustrating the hepatic origin of circulating TSK. We 

subjected mice transduced with AAV-GFP and AAV-gTsk to HFD feeding and analyzed 

their metabolic parameters. Compared to control, AAV-gTsk group tended to gain less body 

weight and had lower blood glucose, yet the data did not reach statistical significance (Fig. 

4c). In contrast, AAV-gTsk mice had significantly lower plasma insulin concentrations, 

improved insulin sensitivity (Fig. 4d), and reduced lipid content in brown adipocytes (Fig. 

4e). Immunoblotting analysis indicated that hepatic Tsk inactivation resulted in increased 

TH and UCP1 levels and enhanced adrenergic signaling (Fig. 4f), reminiscent of the 
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observations in whole body Tsk deficiency. These results support the notion that TSK of 

hepatic origin regulates adipose and systemic metabolism in adult mice.

TSK is a negative regulator of sympathetic innervation in brown fat

Adipose tissue is densely innervated by sympathetic nerve fibers that control adipocyte 

lipolysis and thermogenesis 36-38. Adrenergic stimulation as a result of sympathetic outflow 

provides a major catabolic signal for adipose tissue that balances fat storage and utilization 
12. Low sympathetic activities and defective adrenergic signaling have been linked to 

reduced adipose tissue thermogenesis and brown fat whitening, leading to obesity and 

metabolic disorders 39,40. The striking activation of adrenergic signaling in Tsk null adipose 

tissue raised the possibility that TSK may regulate sympathetic innervation of adipose tissue. 

In support of this, we observed elevated tyrosine hydroxylase (TH) protein levels in brown 

fat from Tsk KO mice (Fig. 3d). TH is a rate-limiting enzyme in catecholamine biosynthesis 

and serves as a marker for sympathetic nerve fibers. Notably, TH protein levels were 

markedly higher in Tsk KO BAT and iWAT than littermate control following HFD feeding 

(Fig. 3f). To directly visualize the effects of TSK deficiency on sympathetic innervation, we 

performed TH immunofluorescence staining on brown fat sections. Confocal microscopy 

revealed that the abundance of TH-positive punctae, which correspond to sympathetic fibers 

in cross section, was markedly increased in brown fat from Tsk KO mice (Fig. 5a-b). These 

results suggest that TSK may serve as a checkpoint for sympathetic innervation of adipose 

tissue.

We next performed denervation studies to further dissect the significance of sympathetic 

innervation in mediating the effects of TSK on brown fat thermogenesis. We transected the 

nerve that targets brown fat on one side and performed sham operation on the other side as 

control in the same animal. Similar to the above results, TH levels and PKA substrate 

phosphorylation were strongly elevated in Tsk KO brown fat on the sham-operated side (Fig. 

5c). In contrast, sympathetic denervation completely abolished TH immunoreactivity and 

attenuated the increase of PKA substrate phosphorylation observed in KO brown fat. 

Histological analysis revealed that brown fat from Tsk null mice exhibited significant 

whitening following denervation (Fig. 5d). Further, the induction of Ucp1 and Dio2 by TSK 

deficiency was also reversed by denervation of brown fat (Fig. 5e).

We took an alternative approach to suppress sympathetic activity by thermoneutral housing. 

While Tsk KO mice were protected from HFD-induced brown fat whitening when housed at 

ambient room temperature, this protective effect was largely abolished when mice were 

housed at thermoneutral temperature (Fig. 5f). Accordingly, protection from diet-induced 

obesity in Tsk KO mice was also partially lost when HFD feeding was performed at 

thermoneutral temperature (Fig. 5g). These results suggest that enhanced sympathetic 

innervation likely serves as a critical mediator of the stimulatory effects of TSK deficiency 

on brown fat thermogenesis and energy expenditure. In support of this, recombinant TSK 

failed to exert significant effects on brown adipocyte differentiation and thermogenic 

activation (Supplementary Fig. 6). The expression of several neurotrophic factors, including 

Neuregulins and Nerve growth factor (NGF), was largely unaltered by TSK deficiency 

(Supplementary Fig. 7). In addition, recombinant TSK did not appear to affect NGF-induced 
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differentiation and neurite outgrowth in PC-12 cells, a commonly used cell culture model for 

sympathetic neurons. To search for cellular targets of TSK action, we generated a fusion 

protein between TSK and secreted alkaline phosphatase (SEAP) and performed hormone 

binding assay on frozen tissue sections. Both SEAP and TSK-SEAP exhibited similar 

background binding to heart, lung and the liver (Fig. 5h). In contrast, strong binding of TSK-

SEAP, but not SEAP, was observed on brown fat sections. Our results support a model where 

TSK acts on one or more unique cellular targets in brown fat to modulate sympathetic 

innervation.

Discussion

In this study, we identified TSK as a liver-derived endocrine hormone that gates energy 

expenditure by acting as a checkpoint for adipose sympathetic innervation and adrenergic 

signaling (Fig. 6). Several lines of evidence support the notion that TSK serves as a feedback 

hormonal signal that attenuates energy expenditure. Hepatic Tsk expression and its plasma 

levels were strongly induced by stimuli that increase thermogenesis and energy expenditure, 

such as T3, adrenergic agonist and cold exposure. Mice lacking TSK exhibited elevated core 

body temperature and were unable to adequately suppress energy expenditure during 

starvation, leading to greater body weight loss. Tsk null mice were strongly resistant to diet-

induced obesity, insulin resistance and hepatic steatosis as a result of enhanced sympathetic 

activation and brown fat thermogenesis. In fact, TSK deficiency increased sympathetic 

innervation and nearly completely blocked HFD-induced whitening of brown fat. Together, 

these results support a critical role of TSK as a hepatokine in the regulation of adipose and 

systemic energy metabolism.

The metabolic effects of TSK inactivation are in striking contrast to leptin deficiency; the 

latter results in diminished sympathetic tone, thermogenesis and severe obesity in mice and 

humans. As leptin serves as a fat-derived hormone that senses nutrient storage and excess, 

TSK appears to be highly responsive to thermogenesis and energy expenditure. We propose 

that a distributed endocrine signaling network involving multiple peripheral tissues and cell 

types acts together to ensure whole body energy and nutrient homeostasis. The remarkable 

dichotomy of leptin and TSK action on energy balance raises the possibility that these two 

feedback pathways may converge at certain yet-to-be-defined biochemical and cellular 

targets in the body to drive the downstream metabolic effects. Whether TSK deficiency 

and/or polymorphisms in humans confer protection against weight gain and metabolic 

disorders remains an intriguing possibility for future exploration.

The sympathetic nervous system provides a powerful neural signal that controls adipose 

tissue fuel mobilization and thermogenesis. Recent studies using three-dimensional imaging 

techniques revealed highly organized patterns and plasticity of sympathetic innervation in 

adipose tissue 41-43. TSK deficiency greatly increased TH-positive fiber density in brown fat, 

suggesting that TSK signaling may serve an inhibitory role in adipose sympathetic 

innervation during development and postnatal growth. Recent work identified a unique 

population of adipose macrophage responsible for uptake and catabolism of catecholamines 
44,45. However, mRNA expression of Monoamine oxidase A, an enzyme responsible for 

catecholamine catabolism, appeared largely unaltered in TSK deficient BAT (data not 
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shown). These observations suggest that TSK modulates adipose tissue adrenergic signaling 

and thermogenesis primarily through its effects on sympathetic innervation. We observed 

TSK binding in brown fat; however, the identity of cellular target for TSK and its receptor 

remain currently unknown. Previous studies have demonstrated that TSK suppresses neurite 

outgrowth in cultured neurons 31. It is possible that local enrichment of TSK via binding to 

brown fat tissue may attenuate sympathetic nerve fiber outgrowth and/or branching. 

Alternatively, retrograde TSK signaling in postganglionic sympathetic neurons may suppress 

TH expression and catecholamine synthesis. Our current study cannot rule out the possibility 

that TSK may act on the central nervous system to regulate sympathetic innervation and 

outflow. Nonetheless, our work delineates a negative feedback arm of energy expenditure 

that may serve as a target for therapeutic intervention of metabolic disease.

Methods

Mice.

All animal studies were performed following procedures approved by the Institutional 

Animal Care and Use Committee at the University of Michigan. Unless otherwise stated, 

mice used in this study were male C57BL/6 mice maintained under 12/12 h light/dark cycles 

with free access to food and water. To induce obesity, mice were fed standard chow (Teklad 

5001) or a high-fat diet containing 60% of calories from fat (D12492, Research Diets) 

starting at 10-12 weeks of age. Tsk null mice were generated and maintained in C57BL/6 

background as previously described 32. The Cas9 transgenic mice were purchased from 

Jackson Laboratory (JAX #024858). Tsk inactivation in adult mice was performed using a 

CRISPR/Cas9 method previously described 35. Briefly, 3-month-old Cas9 mice were 

injected with recombinant adenovirus-associated virus (AAV) expressing two sgRNAs 

(sgRNA1: GGTTAAGAGTGTTCCAGGAG and sgRNA2: GAGATCCAGGCCAGCCAG-
TG) targeting Tsk (http://crispr.mit.edu/)46. For AAV transduction, we injected 

approximately 1×1011 genome copies of AAV vectors per mouse via tail vain.

Metabolic cage measurements were performed in littermate control and Tsk null male mice 

at the University of Michigan Animal Phenotyping Core, as previously described 23,35. 

Energy expenditure, O2 consumption, total locomotor activity and food intake were 

measured using the Comprehensive Lab Animal Monitoring System (CLAMS, Columbus 

Instruments). Fat and lean mass was measured using an NMR-based analyzer (Minispec 

IF90II, Bruker Optics). For cold experiment, 3-month-old mice were individually housed in 

pre-chilled cages at 4℃ with free access to food and water for 4 hrs. For thermoneutral 

housing experiments, mice were maintained at a temperature-controlled chamber at 30℃.

BAT denervation.

BAT denervation surgery was performed on WT and Tsk KO mice at 3 months of age. Mice 

were anesthetized with isoflurane and shaved of hair on nape regions. A lateral incision was 

made below shoulder blades, and intrascapular fat pads were retracted cranially over the 

head to expose five branches of intercostal sympathetic nerves subserving the left- and right-

side BAT fat pad. For unilateral denervation, the left branch was severed between the root 

and the BAT, while the right branch was left intact. The intrascapular fat pad was then 
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returned to its original position and secured in place to the surrounding thoracic tissue and 

muscle with absorbable 6.0 VICRIL suture. Tissues were harvested and analyzed 14 days 

following denervation.

Cell culture.

Primary brown adipocytes were immortalized and differentiated in culture as previously 

described 47. Briefly, confluent cells were incubated with induction medium (DMEM 

containing 10% FBS, 0.5 μΜ isobutylmethylxanthine (IBMX), 125 μΜ indomethacin, 1 μΜ 
dexamethasone, 1 nM triiodothyronine (T3), and 20 nM insulin). After 48 h, the medium 

was replaced with maintenance medium (DMEM supplemented with 10% FBS, 1 nM T3, 

and 20 nM insulin). For TSK treatments, recombinant human TSK protein (3940-TS; R&D 

Systems) was added to the induction medium at different concentrations. PC-12 cells were 

cultured in RPMI 1630 medium containing 10% horse serum and 5% FBS. For PC-12 cell 

differentiation, 40%-60% confluent cultures were exposed to RPMI 1640 containing 2% 

horse serum, 1% FBS and 100 ng/ml NGF (B5025, envigo). Fresh differentiation medium 

was added every two days until day 6.

Gene expression and immunoblotting analyses.

Total adipose tissue RNA was extracted using a commercial kit (12183025, Invitrogen). 

Total RNA from other tissues was extracted using TRIzol (Invitrogen). Gene expression was 

analyzed by qPCR using the primers shown in the Supplementary Table 3. For microarray 

study of brown fat gene expression, total brown fat RNA from chow-fed WT and Tsk KO 

mice was analyzed using Affymetrix Mouse Gene ST 2.1 array strips. Sample processing 

and data analyses were performed according to the manufacturer’s instructions.

For immunoblotting, total lysates were prepared in a lysis buffer containing 50 mM Tris 

(pH=7.5), 150 mM NaCl, 5 mM NaF, 25 mM β-glycerol phosphate, 1 mM dithiothreitol 

(DTT), and freshly added protease inhibitors. Protein lysates were separated by SDS-PAGE 

gels, transferred to polyvinylidene difluoride membrane, and immunoblotting with the 

following primary antibody. Rabbit polyclonal antibody to TSK was generated with mouse 

Tsk peptide (CRRLVREGAYHRQPGSSPK, Tsk amino acids 317-335) followed by affinity 

purification. Antibody against phospho-PKA substrate (catalog 9624), phospho-HSL 

(Ser660) (catalog 4126), and HSL (catalog 4107) were purchased from Cell Signaling 

Technology. Antibody against phospho-Perilipin (Ser497) (catalog 4855) and Perilipin 

(catalog 4854) were purchased from Vala Sciences. Antibody against UCP1 (UCP11-A) was 

purchased from Alpha Diagnosis. Antibody against Tubulin (T6199) was purchased from 

Sigma-Aldrich. Antibody against HSP90 (sc-7947) was purchased from Santa Cruz. 

Antibody against tyrosine hydroxylase (ab112) was purchased from Abcam.

β-gal staining.

To determine Tsk mRNA expression profile in mice, β-gal staining was performed on tissues 

from WT and Tsk heterozygous mice. Briefly, tissues were dissected, cut into small pieces 

and fixed with cold formalin for 30 min. The tissues were washed three times with PBS and 

subsequently incubated with 1 mg/ml X-gal for 30 min.

Wang et al. Page 9

Nat Metab. Author manuscript; available in PMC 2019 September 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Plasma and liver triglyceride measurements.

Plasma concentrations of total cholesterol were measured using kits from Stanbio 

Laboratory (1010-430). Plasma concentrations of triglyceride were measured using kit from 

Sigma (Tr0100). Plasma concentrations of insulin and leptin were measured using 

commercial ELISA kits from Crystal Chem (90080 and 90030, respectively). Plasma FGF21 

level was measured using mFGF21 ELISA kit (MF2100, R&D Systems). Liver lipids were 

extracted and measured as previously described 48. Briefly, 100-150 mg liver tissue was 

homogenized in 2 ml lysis buffer containing 50 mM Tris (pH=7.5), 5 mM EDTA, 300 mM 

Mannitol and 1 mM PMSF. Homogenates (200 μl) were mixed with 5 μl KOH (10 M) and 

extracted with 800 μl chloroform/Methanol (2:1). The organic phase was mixed with equal 

volumes of Chloroform/Methanol/H2O (3:48:47) followed by rigorous vortex and 

centrifuged at 10,000g for 10 min. The bottom layer was transferred to a new tube and dried 

in fume hood overnight. The resulting lipids were resuspended with 50 μl triglyceride 

resuspension buffer (Butanol/[Triton-X114/Methanol (2:1)](3:2)). Triglyceride content was 

measured using kit from Sigma (337-B) and normalized to the liver weight.

GTT and ITT.

Glucose and insulin tolerance test (GTT and ITT) were performed as previously described 
23. For GTT, mice were fasted for overnight (16h), and injected intraperitoneally with a 

glucose solution at 1.0 g per kg body weight. Blood glucose concentrations were measured 

before and 20, 45, 90 and 120 min after glucose injection. For ITT, mice were fasted for 4 

hrs and then injected intraperitoneally with insulin at 0.7 U per kg body weight. Blood 

glucose concentrations were measured before and 20, 45, 90 and 120 min after insulin 

injection.

Histology.

Liver and WAT sections were embedded in paraffin and then stained with H&E. For 

immunofluorescence, Brown fat tissues were fixed in 4% paraformaldehyde for overnight at 

4℃ and then incubated with 30% sucrose for 48 h before embedding in the OCT compound. 

Samples were blocked with 20% normal horse serum and incubated with the antibody 

against mouse tyrosine hydroxylase for overnight at 4℃, followed by incubation with a 

fluorophore-conjugated secondary antibody (Thermo Fisher Scientific) for 1 hr. The sections 

were mounted with DAPI-containing mounting medium (VECTASHIELD) for fluorescent 

microscopy.

Catecholamine measurements.

Plasma and tissue norepinephrine levels were measured using reverse-phase UltiMate 3000 

HPLC system with electrochemical detection (Thermo Fisher). Briefly, individual BAT and 

eWAT samples were homogenized using perchloric acid (0.2 M) supplemented with ascorbic 

acid (1 mg/ml) and dihydroxybenzylamide (DHBA) as an internal standard. Active alumina 

was used to extract catecholamines from the homogenates followed by elution with 200 μl of 

perchloric acid with ascorbic acid.
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TSK binding assay.

Hormone binding assay was performed as previously described 49,50. Hepa-1 cells were 

transduced with retrovirus expressing SEAP or TSK-SEAP. Conditioned media from Hepa-1 

cells were harvested and used in binding assay. Briefly, frozen tissue sections were 

incubated with SEAP or TSK-SEAP CM for 45 min at room temperature. Slides were 

washed with PBS containing 0.1% Tween-20 and fixed in a solution containing 20 mM 

HEPES (PH 7.4), 60% acetone and 3% formaldehyde. After inactivating endogenous 

alkaline phosphatase at 65℃ for 30 min, the enzymatic activity derived from the fusion 

protein was detected using NBT/BCIP substrate.

Statistics and reproducibility.

Two-tailed Student’s t test was used to analyze the differences between two groups. Two-

way ANOVA with multiple comparisons was used for statistical analysis of GTT, ITT and 

body weight studies. A P value of less than 0.05 was considered statistically significant. 

Statistical methods and corresponding P values for data in each panel were shown in the 

figure legends. All mouse experiments were independently replicated for at least twice. The 

cell culture experiments were performed in triplicates and repeated at least three times. We 

did not exclude any data points or mice unless a technical issue or human error occurs.

Reporting summary.

Further information on research design is available in the Nature Research Reporting 

Summary.

Data availability.

The microarray dataset described in the paper has been deposited into Gene Expression 

Omnibus database (https://www.ncbi.nlm.nih.gov/geo/) with accession number GSE114361. 

All other data are available from the corresponding author on reasonable request.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. TSK is a hepatokine responsive to increased energy expenditure.
(a) Heat map representation of secretome gene expression in chow-fed mouse tissues (left). 

The red box indicates a cluster of genes encoding liver-enriched secreted factors, four of 

which are induced by T3 treatment (right). (b) qPCR analysis of Tsk expression in mouse 

tissues (n=4) and in fractionated hepatocytes (Hep) and non-parenchymal cells (NPC) (n=3). 

(c) LacZ staining of tissues from mice containing a Tsk gene trap allele. Note the presence 

of strong β-galactosidase activity in the liver (blue asterisk). (d) Immunoblots of total 

plasma proteins from WT and Tsk KO mice. Ponceau S staining is shown as loading control. 

(e) TSK immunoblot of conditioned media collected from cultured WT and KO hepatocytes 

at indicated time points. (f) qPCR analysis of hepatic Tsk expression (left) and immunoblots 

of plasma (right) from mice treated with T3 (500 μg/kg) (Saline, n=4; T3, n=4), CL 316,243 

(1 mg/kg) (Saline, n=4; CL, n=4), or cold exposure for 4 hrs(RT, n=5; Cold, n=6). (g) Rectal 

body temperature in WT (n=7) and Tsk KO (n=6) mice under ad lib condition and following 

24 hrs of fasting. (h) Body weight loss in WT (n=7) and Tsk KO (n=6) mice following 24 

Wang et al. Page 15

Nat Metab. Author manuscript; available in PMC 2019 September 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



hrs of food deprivation. Two-tailed unpaired Student’s t test (b, f, h); two-way ANOVA (g); 

Data are mean ± SEM of biologically independent samples.
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Fig. 2. TSK facilitates diet-induced obesity and brown fat whitening.
(a) Immunoblots of plasma from lean and obese mice. (b) Body weight of male WT (n=9) 

and Tsk KO (n=12) mice during HFD feeding. (c) Plasma glucose and lipid concentrations 

(WT, n=8; KO, n=10, except KO plasma TAG, n=9). (d) Plasma insulin (WT, n=8; KO, 

n=10), FGF21 and leptin (WT, n=6; KO, n=7) levels. (e) GTT and ITT in HFD-fed WT 

(n=9) and Tsk KO (n=12) mice. (f) Tissue weight of HFD-fed mice (WT, n=7; KO, n=11). 

(g) Morphology of brown fat from HFD-fed mice. (h) H&E staining of tissue sections 

(bar=100μm). (i) Liver TAG content (WT, n=7; KO, n=11). Two-tailed unpaired Student’s t 

test (c, d, f, i); two-way ANOVA (b); Data are mean ± SEM of biologically independent 

samples.
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Fig. 3. TSK ablation relieves a brake on sympathetic action in adipose tissue.
(a) Oxygen consumption rate (top) and food intake (bottom) in male WT (n=8) and Tsk KO 

(n=8) mice following two weeks of high-fat feeding. Averaged oxygen consumption rate and 

food intake in dark and light phases are indicated on the right. (b) Heat map of a cluster of 

genes induced by >1.4-fold in brown fat from Tsk KO mice. Enriched pathways in this 

cluster are indicated. (c) qPCR analysis of Dio2 and Ucp1 mRNA expression in BAT (n=7). 

(d) Immunoblots of total brown fat lysates from chow-fed mice. Relative TH band intensity 

was quantified using Image J (right) (n=7). (e) Plasma and adipose tissue NE concentrations 

from WT (n=8) and Tsk KO (n=8) mice. (f) Immunoblots of total brown fat lysates from 

HFD-fed mice (WT, n=6; KO, n=7). (g) Brown fat T3 content from WT (n=6) and Tsk KO 

(n=7) mice. Two-tailed unpaired Student’s t test (a, c-g); Data are mean ± SEM of 

biologically independent samples.
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Fig. 4. Hepatic Tsk inactivation ameliorates HFD-induced insulin resistance.
(a) CRISPR/Cas9-mediated inactivation of Tsk in adult mice. Guide RNAs targeting Tsk are 

indicated. (b) Immunoblot of total plasma proteins from transduced mice. (c) Blood glucose 

and plasma insulin concentrations in mice transduced with AAV-GFP (n=8) or AAV-gTsk 

(n=9) after 16 weeks of HFD feeding. (d) Insulin tolerance test (n=9). (e) H&E staining of 

BAT sections. (f) Immunoblots of total brown fat lysates (n=7). Two-tailed unpaired 

Student’s t test (c, f); two-way ANOVA (d); Data are mean ± SEM of biologically 

independent samples.
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Fig. 5. TSK regulates brown fat thermogenesis through sympathetic innervation.
(a) TH immunofluorescence staining on frozen BAT sections from chow-fed mice (bar=50 

μm). (b) Quantitation of TH-positive area on WT and KO mouse BAT sections (n=5). (c) 

Immunoblots of total lysates from sham or denervated (Den) brown fat from WT and Tsk 

KO mice. (d) H&E staining of sham and denervated brown fat (bar=100μm). (e) qPCR 

analysis of Dio2 and Ucp1 mRNA expression in sham and denervated brown fat from WT 

(n=7) and Tsk KO (n=8) mice, WT sham vs. KO sham (*); KO sham vs. KO den (#). (f) 
H&E staining of brown fat from mice housed at 22°C and 30°C (bar=100μm). (g) HFD-

induced weight gain in WT and Tsk KO mice housed at 22°C (WT, n=6; KO, n=4) and 30°C 

(WT, n=7; KO, n=5). (h) Hormone binding assay. Two-tailed unpaired Student’s t test (b, e, 
g); Data are mean ± SEM of biologically independent samples.
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Fig. 6. Role of TSK as a hepatokine checkpoint for thermogenesis and energy balance.
TSK is induced in response to increased energy expenditure, providing a negative feedback 

mechanism to suppress sympathetic activation of thermogenesis. Excess TSK in obesity 

promotes brown fat whitening, HFD-induced weight gain and metabolic disorders.
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