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Abstract

Adipocytes increase energy expenditure in response to prolonged sympathetic activation via 

persistent expression of uncoupling protein 1 (UCP1)1,2. Here we report that the regulation of 

glycogen metabolism by catecholamines is critical for UCP1 expression. Chronic β-adrenergic 

activation leads to increased glycogen accumulation in adipocytes expressing UCP1. Adipocyte-

specific deletion of a scaffolding protein, protein targeting to glycogen (PTG), reduces glycogen 

levels in beige adipocytes, attenuating UCP1 expression and responsiveness to cold or β-

adrenergic receptor-stimulated weight loss in obese mice. Unexpectedly, we observed that 

glycogen synthesis and degradation are increased in response to catecholamines, and that glycogen 

turnover is required to produce reactive oxygen species leading to the activation of p38 MAPK, 

which drives UCP1 expression. Thus, glycogen has a key regulatory role in adipocytes, linking 

glucose metabolism to thermogenesis.

Adipocyte thermogenesis3 has been suggested as a therapeutic approach to increase energy 

expenditure and reduce weight and insulin resistance4. While brown adipose tissue5 (BAT) is 

involved6, many studies have implicated browning or beiging of white adipose tissue (WAT) 

in improved metabolic homeostasis7. Browning of WAT is characterized by the appearance 

of ‘beige’ adipocytes with enrichment of mitochondria, multilocular lipid droplets and 

expression of uncoupling protein 1 (UCP1), which uncouples the proton gradient from ATP 

production, leading to the dissipation of heat.

While recent studies have demonstrated the existence of UCP1-independent thermogenic 

pathways8,9, uncoupling of ATP synthesis in mitochondria remains a major mechanism 

of thermogenesis in brown and beige adipocytes1. Ucp1 transcription is controlled by 

numerous factors including sympathetic activation via β-adrenergic receptors. Extended cold 

exposure or repeated injection of β-adrenergic agonists upregulates Ucp1 mRNA and protein 

expression and browning of subcutaneous WAT2.

Glycogen is a major mechanism of energy storage and utilization10. Glycogen synthase 

(GS), the rate-limiting enzyme in glycogen synthesis, is phosphorylated and inactivated by 

protein kinases, and subsequently activated by dephosphorylation via protein phosphatase 

110 (PP1). Glycogen breakdown is catalysed by glycogen phosphorylase (GP), which 

is activated by phosphorylation11. To ensure the specificity of these phosphorylation/

dephosphorylation events, both GS and GP are bound to targeting subunits that enable 

recognition by phosphatases and kinases10,12. These glycogen-targeting subunits have 

different tissue distributions and affinities for GP, GS and PP113. The ubiquitously expressed 

PTG—which is encoded by the Ppp1R3c gene—is highly enriched in adipocytes14. Whereas 

adipocytes maintain low levels of glycogen compared with liver or muscle, glycogen 

levels change substantially in these cells during fasting and refeeding, suggesting acute 

regulation15.

In this Article, we report the surprising discovery that glycogen has a crucial role in the 

regulation of browning of inguinal WAT (iWAT). Stimulation of adipocyte thermogenesis 

by sympathetic activation is accompanied by the coordinated upregulation of a cassette of 

glycogen-metabolizing genes, leading to dynamic glycogen accumulation and turnover in 
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these cells. Expression of these genes in adipose tissue is also inversely correlated with 

obesity in two separate large cohorts of people with obesity. Moreover, glycogen synthesis 

and degradation are both required for adipocyte browning in response to β3-adrenergic 

agonist injection or prolonged cold exposure in vivo, and for the beneficial metabolic effects 

of catecholamines in obesity. Glycogen synthesis and turnover are required for the activation 

of p38, owing to the glycogen-dependent generation of reactive oxygen species (ROS). 

Together, these data reveal a role for glycogen metabolism as an intermediate in regulating 

thermogenic gene expression in beige adipocytes.

Glycogen is induced in beige adipocytes

Adipose tissue glycogen levels change during fasting, feeding and the diurnal cycle16, 

suggesting they may be regulated by β-adrenergic signals. We examined expression of 

glycogen metabolism genes in iWAT of mice treated with the β3-selective adrenergic agonist 

CL-316,243. Treatment with CL-316,243 for seven days resulted in a significant increase 

in the expression of Ucp1 and Dio2 (Extended Data Fig. 1a), indicating accumulation 

of beige adipocytes, as well as elevated expression of Gys1 and Ppp1r3c, which encode 

muscle glycogen synthase (mGS) and PTG, respectively. Unexpectedly, the expression of 

Gys2 and Pygl, which encode the liver glycogen synthase (hGS) and phosphorylase, were 

also significantly increased (Extended Data Fig. 1b). Moreover, analysis of a previously 

published dataset17 showed that the expression levels of GYS1, PYGL and PPP1R3C were 

upregulated by forskolin in human-derived adipocytes (Extended Data Fig. 2a). Compared 

with WAT, BAT showed higher basal expression of Ucp1, Dio2 and genes promoting 

glycogen metabolism, with only modest effects of CL-316,243 treatment (Extended Data 

Fig. 2b).

The CL-316243-dependent increase in mRNA levels of glycogen metabolism genes in 

WAT was accompanied by increased protein levels of mGS and hGS, as well as liver GP 

(hGP) (Extended Data Figs. 1c, 2c). Whereas no differences in protein expression were 

detected in BAT, hGS showed higher basal expression, suggesting a thermogenic function 

(Extended Data Fig. 2d). Mice treated with CL-316243 exhibited an approximately threefold 

increase in glycogen levels in adipocytes (Extended Data Fig. 1d). UCP1 expression was 

mainly detected in multilocular adipocytes (Extended Data Fig. 1e), where glycogen levels 

were highest. Electron microscopy analysis showed more glycogen granules juxtaposed to 

mitochondria in adipocytes from mice treated with CL-316243 (Extended Data Fig. 1f). 

Analysis of isolated mature adipocytes from iWAT confirmed that the gene expression 

changes highlighted above were adipocyte-specific (Extended Data Fig. 1g).

Glycogen affects UCP1 expression

The increased gene expression and accumulation of glycogen in beige adipocytes suggested 

a thermogenic role. PTG-knockout (KO) mice with a targeted deletion of Ppp1r3c showed 

less glycogen accumulation after CL-316243 treatment (Fig. 1a) and subsequently reduced 

expression of Ucp1 and Dio2 (Fig. 1c). RNA-sequencing analysis (RNA-seq) of isolated 

adipocytes from iWAT of mice revealed that 1,208 genes upregulated by CL-316,243 

in wild-type adipocytes. Of those genes, expression levels of 617 were also changed in 
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adipocytes from PTG-KO mice, leaving 169 uniquely upregulated in knockouts and 591 

unique to wild-type mice. CL-316,243 treatment resulted in downregulation of 814 genes in 

isolated adipocytes from wild-type mice, of which 335 were also downregulated in PTG-KO 

mice. Knockout of PTG alone led to the upregulation of 178 genes and downregulation 

of 301 genes (Extended Data Fig. 3a, b). The increased expression of Ucp1 and Dio2 
following CL-316,243 treatment was attenuated in PTG-KO mice (Extended Data Fig. 3c). 

The expression of glycogen-metabolizing genes was not different between genotypes, with 

the exception of the gene encoding glycogen debranching enzyme, Agl (Extended Data Fig. 

3c).

Gene set enrichment analysis (GSEA) revealed increased expression of genes in the 

peroxisome proliferator activated receptor (PPAR) signalling and mitochondrial biogenesis 

pathway after CL-316,243 treatment in isolated adipocytes from both wild-type and PTG-

KO mice (Extended Data Fig. 3d, e), suggesting that these pathways are not influenced by 

glycogen levels. By contrast, the gene ontology term ‘positive regulation of cold induced 

thermogenesis’ was enriched in adipocytes from wild-type but not from PTG-KO mice 

after CL-316,243 treatment, suggesting glycogen as a key regulator of thermogenic gene 

expression (Fig. 1d). Furthermore, enrichment of genes in the glycogen metabolism pathway 

was observed in both wild-type and PTG-KO adipocytes after CL-316,243 treatment (Fig. 

1e).

UCP1 protein expression was reduced in PTG-KO iWAT (Fig. 1f, Extended Data Fig. 

2f). Furthermore, histology of iWAT from PTG-KO mice revealed a marked reduction in 

CL-316,243-induced glycogen levels and UCP1 expression (Fig. 1g). The defect in UCP1 

expression was not due to reduced sensitivity to CL-316,243, as hormone-stimulated and 

basal lipolysis were similar between the genotypes (Extended Data Fig. 3g).

To exclude possible systemic metabolic changes produced by whole body knockout, we 

generated Adipoq-cre-driven adipocyte-specific PTG-KO mice (PTG-AKO). CL-316,243-

induced UCP1 expression was markedly reduced in PTG-AKO iWAT, confirming that 

adipocyte glycogen metabolism directly affects UCP1 expression (Fig. 2a, Extended Data 

Fig. 3a). Oxygen consumption was similar between genotypes during the first three days 

of CL-316,243 administration (Fig. 2b). On subsequent days CL-316,243 increased O2 

consumption in wild-type but not in PTG-AKO mice (Fig. 2c). A similar trend was observed 

in carbon dioxide production (Extended Data Fig. 4b, c). PTG-AKO mice exhibited no 

difference in diet-induced obesity compared with wild-type mice (Fig. 2d). Repeated 

treatment of obese PTG-AKO mice with CL-316,243 led to decreased UCP1 induction 

compared with controls (Fig. 2e, Extended Data Fig. 3d, e). Moreover, weight loss in 

response to CL-316,243 was significantly less in PTG-AKO mice (Fig. 2f, Extended Data 

Fig. 3f, g), probably owing to less energy expenditure.

Collectively, these data suggest that glycogen metabolism is required for adaptive 

thermogenesis in normal and obese mice. To determine the relevance to humans, we 

performed linear regression analyses on microarray data from subcutaneous adipose biopsies 

of non-obese (n = 26) and obese (n = 30) women18. The expression levels of GYS2, PYGM 
and AGL were negatively correlated with body mass index (BMI) (R2 = 0.244, 0.359 
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and 0.128, respectively), whereas GYS2, PYGM and PPP1RD were negatively correlated 

to log10 HOMA-IR (homeostatic model assessment for insulin resistance) (R2 = 0.162, 

0.256 and 0.1118, respectively) (Fig. 2h). We validated these results in a second cohort 

of 770 men19. Specifically, GYS2 and PYGM were negatively correlated to BMI (R2 = 

0.02564 and 0.1243, respectively), HOMA-IR (R2 = 0.04755 and 0.1421, respectively) and 

waist/hip ratio (R2 = 0.03780 and 0.1305, respectively) (Extended Data Fig. 4h). Together, 

higher expression of glycogen metabolism genes in adipose tissue is associated with lower 

body weight and higher insulin sensitivity in two independent cohorts of human subjects, 

including both sexes.

Glycogen affects p38 MAPK activation

We used iWAT-derived primary preadipocytes that were differentiated in vitro to examine 

the mechanisms responsible for glycogen dynamics in response to β3-adrenergic activation. 

CL-316,243 stimulation led to a substantial accumulation of glycogen in cells from wild-

type but not PTG-KO mice (Fig. 3a). Furthermore, the levels of glucose-1-phosphate 

(G1P), the end product of glycogen breakdown, were also substantially reduced in PTG-

KO adipocytes (Fig. 3b), and treatment of primary hepatocytes with glucagon decreased 

glycogen levels (Extended Data Fig. 5a), suggesting different responses between these two 

cell types. PTG-KO differentiated adipocytes showed reduced expression of Ucp1 and Dio2 
in response to CL-316243 (Fig. 3c). Moreover, expression of GFP under the control of 

the Ucp1 promoter was significantly increased in cells co-expressing PTG (Extended Data 

Fig. 5b, c), suggesting that catecholamines increase both the synthesis and the turnover of 

glycogen in adipocytes to modulate thermogenesis.

Inhibition of either PKA or p38 blunted CL-316,243-induced Ucp1 expression in 

differentiated adipocytes20 (Fig. 3d) and PTG-KO adipocytes. Notably, CL-316,243-

dependent activation of p38 was reduced in PTG-KO adipocytes, whereas PKA-dependent 

phosphorylation of hormone sensitive lipase (HSL) was unaffected (Fig. 3e, Extended 

Data Fig. 5f). Similar to PTG-KO adipocytes, PP1 inhibition with tautomycin reduced the 

phosphorylation of p38 in response to catecholamine stimulation (Extended Data Fig. 5d, 

e), collectively suggesting that glycogen dynamics regulate p38 activation and subsequently 

UCP1 induction.

Because the expression of both GS and GP is induced upon CL-316,243 treatment, 

we suspected that glycogen turnover regulates UCP1 expression. We therefore blocked 

glycogenolysis with a GP inhibitor (GPI), which potentiated the accumulation of glycogen 

following β3-adrenergic activation (Fig. 3f) but reduced activation of p38 (Fig. 3g, Extended 

Data Fig. 5g) and subsequently Ucp1 and Dio2 expression (Fig. 3h). This indicates that 

glycogen turnover is required for the activation of p38 in adipocytes.

Glycogen regulates ROS-dependent p38 activation

ROS production is required for the activation of p3821,22. Stimulation of differentiated 

adipocytes with CL-316,243 produced a 4.5-fold increase in ROS levels (Fig. 4a), 

with increased expression of ROS-detoxification genes, which was abrogated by the 
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ROS scavenger N-acetyl-L cysteine (Fig. 4b). CL-316,243-induced activation of p38 and 

expression of Ucp1 and Dio2 were significantly attenuated in the presence of N-acetyl-L 

cysteine (Fig. 4c, d, Extended Data Fig. 6a), suggesting that the activation of p38 and 

subsequent increase in UCP1 expression depends on ROS production.

GSEA of our RNA-seq data showed that the ‘detoxification and reactive oxygen species’ 

pathway was highly enriched in isolated adipocytes from wild-type mice treated with 

CL-316,243, but completely absent in PTG-KO adipocytes (Fig. 4e). Knockout of PTG 

significantly reduced ROS production in response to CL-316,243 (Fig. 4f), as did inhibition 

of GP, indicating that glycogen turnover is required for the generation of ROS. A global 

analysis of cysteine oxidation in adipocytes treated with vehicle, Cl-316,243 or Cl-316,243 

plus GPI revealed that the cysteine oxidation state changed in a unique subpopulation of 

proteins after β-adrenergic stimulation with or without GPI (Extended Data Fig. 6b, c). 

Using specific probes, we determined that mitochondrial ROS increased after CL-316,243 

treatment of adipocytes, but was independent of GP (Fig. 4g). Thus, glycogen synthesis 

and breakdown leading to ROS production and activation of p38 is likely to occur in the 

cytoplasm.

Glycogen is required for cold adaptation

Wild-type and PTG-KO mice both maintain core body temperature upon acute cold 

exposure (Extended Data Fig. 7a). However, returning wild-type but not PTG-KO mice 

to room temperature markedly increased BAT glycogen levels (Extended Data Fig. 7b). 

Wild-type mice subsequently challenged with a second cold exposure maintained their core 

body temperature, whereas PTG-KO mice did not (Extended Data Fig.7c),suggesting that 

glycogen metabolism is required for long-term cold adaptation. We generated Ucp1-cre 
dependent brown and beige adipocyte PTG-knockout mice (PTG-BKO). Long-term cold 

exposure induced the expression of genes involved in glycogen metabolism in both wild-

type and PTG-BKO mice (Extended Data Fig. 7d, e); however, the induction of Ucp1 
mRNA expression in iWAT was attenuated in PTG-BKO mice (Extended Data Fig. 7f). 

UCP1 protein levels in iWAT from cold-exposed PTG-KO mice were also lower relative to 

controls (Extended Data Figs. 7g, 8a).

PTG knockout did not affect UCP1 expression in BAT (Extended Data Fig. 8b). There 

was no difference in oxygen consumption during the initial cold (18 °C) adaptation 

between genotypes. However, PTG-KO mice exhibited reduced oxygen consumption and 

CO2 production after three days of cold exposure (4 °C), with a further reduction after 

4 additional days at 4 °C (Extended Data Figs. 7h, 8c). We propose a model whereby 

adipocyte glycogen synthesis and turnover generate ROS to activate p38 and subsequently 

induce Ucp1 and other thermogenic genes to regulate energy expenditure (Extended Data 

Fig. 7i).

Discussion

Adaptive thermogenesis in brown and beige adipocytes may hold the key to understanding 

the regulation of energy homeostasis. Persistent exposure to cold or repeated injection of a 
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β-adrenergic agonist increase UCP1 expression in subcutaneous white adipocytes, leading to 

the appearance of beige adipocytes promoting energy expenditure and weight loss, as well as 

other beneficial metabolic effects23.

Glycogen is generally considered the first option in cells for energy storage and utilization. 

The regulation of glycogen synthesis and degradation by insulin and adrenaline are well 

studied in muscle and liver10, but less so in adipocytes. Although glycogen levels in 

adipocytes are low, they express GS, GP and targeting proteins that are exquisitely 

sensitive to hormones and required for glycogen cycling24. Our finding that beige and 

brown adipocytes contain considerably higher levels of glycogen than white adipocytes and 

accumulate glycogen in response to a catabolic signal appears counterintuitive; however, 

refeeding-induced glycogen accumulation in brown adipocytes depends on catecholamine 

signalling16, suggesting a complex interplay between anabolic and catabolic signals in 

regulating adipocyte glycogen levels25.

We identified a cassette of glycogen metabolism genes that is markedly upregulated in beige 

adipocytes in response to β-adrenergic stimulation. While muscle isoforms of GS and GP 

are expressed normally, the major increase occurred in the liver isoforms of these genes. 

The muscle, but not the liver GP isoform is allosterically activated by AMP, whereas only 

the liver isoform is inhibited by glucose26. Thus, expression of the liver isoform may be 

restricted to beige and brown adipocytes to permit inhibition of glycogenolysis by glucose, 

since beige and brown adipocytes have enhanced glucose uptake27. While the expression 

of both GS isoforms is upregulated in beige adipocytes, the increase in the liver isoform is 

significantly higher. Moreover, basal levels of hGS are high in brown adipocytes, suggesting 

that this isoform facilitates thermogenesis.

Assessment of mice with whole-body, adipocyte-specific and brown and beige adipocyte-

specific knockout of PTG, the key glycogen-targeting protein, revealed that glycogen 

metabolism is required for the induction of UCP1 by adrenergic activation both in vivo 

and in vitro in a cell-autonomous manner. Glycogen accumulation and turnover were also 

required for long-term cold adaptation in these models. Both synthetic and degrading 

enzymes are coordinately increased by β-adrenergic activation and are high in brown 

adipocytes, suggesting that this isoform facilitates adrenergic activation of thermogenesis 

in adipocytes, leading us to speculate that both glycogen turnover and synthesis are crucial. 

Supporting this hypothesis, pre-treatment with a GPI blocked β-adrenergic agonist-induced 

UCP1 expression. Of note, activation of p38 MAPK phosphorylation by β-adrenergic 

activation also required glycogen synthesis and turnover, which we traced to the generation 

of ROS, which is required for p38 activation. Substantial evidence supports the role of 

ROS in activating the p38 MAPK pathway28,29; sestrin 2 affects the expression of UCP1 

by modulating ROS-dependent activation of p38 in brown adipocytes30. PKA is required 

for p38 activation in response to β3-adrenergic agonists31, as is the p38 kinase ASK1. 

However, whether p38 is directly activated by ROS remains unknown32. It is also possible 

that PKA-dependent activation of p38 requires direct as well as indirect pathways. Although 

it remains unclear how glycogen turnover contributes to ROS production, glucose oxidation 

is a major source of cellular ROS33. We speculate that glycogen-derived G1P provides a 

substrate for glycolysis, and glycolytic activity leads to ROS production.
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UCP1 activation decreases ROS levels in brown adipocytes34. Mitochondrial ROS 

production induces sulfenylation of UCP1 to promote its activity35, functionally linking 

the two to keep ROS levels low. However, under circumstances of sustained elevated 

ROS levels, acute activation of UCP1 may not be sufficient to maintain homeostasis, and 

thus ROS production may also promote Ucp1 expression to reduce ROS levels in beige 

adipocytes.

The identification of a specific requirement for glycogen synthesis and turnover in the 

browning of WAT signifies a novel aspect of the regulation of energy expenditure. 

We speculate that this pathway ensures the beiging only of white adipocytes with 

sufficient energy to fuel thermogenesis, thus preventing the potentially toxic effects of 

ATP uncoupling produced by UCP1 expression. However, we also note that glycogen 

synthesis and turnover may have additional nongenomic effects on beige adipocytes that 

increase the flux of substrates contributing to increased energy expenditure. Nevertheless, 

the regulation of glycogen metabolism and the effect of glycogen metabolism on expression 

of thermogenic genes indicates previously unrecognized regulatory functions in adipocytes, 

suggesting that modulation of glycogen metabolism might have therapeutic benefits.

Methods

Animals

Whole-body PTG knockout was previously described36. Adiponectin and Ucp-cre-driven 

PTG-KO were generated in house. In brief, PTG floxed cells were purchased from 

EUCOMM (https://www.mousephenotype.org/about-impc/about-ikmc/eucomm/). These 

cells were expanded and validated at the UCSD transgenic core. Validated clones were 

injected into the blastocoel cavity of 3.5-day post-coitum blastocyst stage C57Bl6C57Bl6 

albino embryos. Injected blastocysts were implanted into pseudo-pregnant recipient females, 

and chimeric pups were born. Floxed mice were generated by breeding positive mice to 

B6.Cg- (ACTFlpE) 9205Dym/J ( Jackson Laboratory, stock no. 005703). Adipose-specific 

and BAT-specific knockout mice were generated by crossing homozygous floxed mice 

to adiponectin-driven cre ( Jackson Laboratory, stock no. 028020) or Ucp1-cre ( Jackson 

Laboratory, stock no. 024670), respectively.

All experiments were done using wild-type (WT) and KO littermates. Mice were fed a 

standard normal chow (7912, Teklad) or fed for 3 months with a high-fat diet with 45% 

of the calories derived from fat (mice were put on a high-fat diet at 8–10 weeks of age). 

Cl-316,243 (C5976, Sigma-Aldrich) injections were performed on 8- to 11-week-old mice. 

Before CL-316,243 treatment, mice were conditioned for intraperitoneal injections for one 

week. CL-316,243 was injected intraperitoneally at 1 mg kg−1 (body weight). Mice were 

housed in a specific-pathogen-free (SPF) facility with 12 h:12 h light:dark cycles and given 

free access to food and water. All animal use was approved by the Institutional Animal Care 

and Use Committee (IACUC) at the University of California, San Diego.
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Metabolic cage studies

Mice were maintained in Promethium system metabolic cages in a temperature-controlled 

cabinet. The presented values are normalized to body weight. For long-term cold adaptation, 

mice were housed in the metabolic cages for 3 days at 22 °C. Temperature was then reduced 

to 18 °C for 7 days and then switched to 4 °C for the rest of the experiment. Control mice 

were kept at 22 °C.

Gene expression data in clinical cohorts

Gene microarray data from 26 non-obese and 30 obese women were generated as described 

before18 and accessible through the Gene Expression Omnibus (http://ncbi.nim.nih.gov/geo) 

under the accession number GSE25402.

Free fatty acids measurement

Free fatty acids (FFA) were measured using the NEFA kit (WAKO) according to the 

manufacturer’s instructions. In brief, 75 μl of reagent A was mixed with 150 μl reagent 

B per sample and combined with 2 μl of serum. FFA standards were used to generate a 

standard curve. Absorbance was measured at 550 nm (reference 660 nm) using a Tecan 

microplate reader.

Preadipocytes and mature adipocyte isolation

Preadipocytes and mature adipocytes were isolated from iWAT of 4- to 8-week-old male 

mice as previously described37. In brief, following dissection, the fat tissue was finely 

minced and then resuspend in 10 ml of serum free DMEM supplemented with 1 mg ml−1 

collagenase (C6885, Sigma). Digestion was done for 20–45 min at 37 °C with gentle 

agitation. FBS was added to a final concentration of 10% and the digested tissue was filtered 

through a 100-μm filter and then centrifuged at 1,500 rpm for 5 min at room temperature. 

For mature adipocyte isolation, the fat cake was collected and moved to a new tube, fresh 

medium was added and the cells were spun again at 1,500 rpm for 5 min, this wash step 

was repeated once more and then the fat cake was snap frozen till further processing. For 

preadipocytes isolation, the supernatant was discarded and the pellet was resuspended in 

DMEM containing 10% FBS, and the centrifugation and pellet wash were repeated twice 

more. Cells were plated in 10-cm tissue culture plates in DMEM medium containing 15% 

FBS. Cells were passaged one time and then allowed to grow to full confluence and induced 

to differentiate by adding 500 μM 3-isobutyl-1-methylxanthine, 250 nM dexamethasone, 1 

μg ml−1 insulin and 1 μM troglitazone for 4 days. The medium was then changed to 1 μg 

ml−1 insulin for 3 days. Cells were used for experiments at 8 or 9 days after the initiation of 

differentiation.

Mouse primary hepatocyte isolation

Mouse primary hepatocytes were isolated from male mice at six weeks of age as previously 

described38. In brief, mice were anaesthetized and perfused with 25 ml calcium-free 

HEPES–phosphate buffer (pH 7.4) at a rate of 2.5 ml min−1. Mice where then perfused with 

25 ml HEPES–phosphate buffer (pH 7.4) containing 40 μg ml−1 Liberase TM (5401127001, 

Roche). The last perfusion was done with 25 ml calcium-free HEPES– phosphate buffer 
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(pH 7.4). Liver was taken out and hepatocytes were mechanically dissociated in HEPES–

phosphate buffer (pH 7.4), passed through a 100-μm mesh nylon filter (Scientifics). 

Hepatocytes were spun down at 50g for 10 min. Supernatant was discarded, and the pellet 

resuspended in 50 ml HEPES–phosphate buffer (pH 7.4) containing 36 % percoll and spun 

at 100g for 10 min. The pellet was resuspended in William’s E medium (12551–032, Life 

Technologies) supplemented with 10 % FBS, GlutaMax (35050–061, Life Technologies) 

and 1 % penicillin/streptomycin and plated in collagen-coated plates. Four hours after 

plating, cells were washed with PBS and treated with 10 nM glucagon for the indicated 

times.

RNA extraction, RT–PCR and rtPCR

For RNA isolations from in vivo experiments, following dissection, tissues were 

immediately snap frozen in liquid nitrogen and stored at −80 °C until processing. Tissues 

were directly homogenized in TRIzol (15596018, Life Technologies) according to the 

manufacturer’s instructions. One-to-two micrograms of RNA were used for cDNA synthesis 

using the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, 4374967). 

Quantitative PCR was performed in triplicates using the Power SYBR Green PCR Master 

Mix (Applied Biosystems). The Applied Biosystems QS5 real-time PCR (rtPCR) System 

was used with the standard curve settings. Sequences of primers used are listed in 

Supplementary Table 1.

RNA sequencing

WT and PTG-KO mice were treated with either CL 316,243 (1 mg kg−1) or vehicle for 

7 days. Following dissection, mature adipocytes were isolated and RNA was extracted. 

The TruSeq RNA Sample Preparation Kit v2 (Illumina) was used for library preparation 

from ~300 ng RNA. A 2100 BioAnalyzer (Agilent) preformed library validation followed 

by sequencing on an Illumina HiSeq 2000 using barcoded multiplexing at a 100-bp read 

length. The 100-bp paired-end reads were sequenced to a depth of 2 to 6 × 106 reads and 

CASAVA 1.8.2 was used to generate Fastq files. Fastq files were aligned using TopHat2 

v2.0.4 and differential gene expression assessed using Cuffdiff v.2.0.2. Data are expressed as 

fragments per kilobase of exon per million fragments mapped (FPKM). Pathway analysis of 

RNA-seq results was performed with GSEA (GSEA v.4.0.3). Pathways were retrieved from 

ftp.broadinstitute.org://pub/gsea/gene_sets/c2.cp.v7.2.symbols.gmt and mouse ENSEMBL 

Gene ID MSigDB.v7.0.chip were used as the chip platform. Basic and advanced fields were 

left at default settings for all analyses.

Histology

Tissues were collected and fixed in 10 % formalin for 48 h and then washed and stored 

in 70% ethanol until processing. All the following steps such as paraffin embedding, 

sectioning, haematoxylin and eosin staining and immunohistochemistry were done at the 

UCSD Tissue Technology Core.
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Immunoblotting

Lysates from tissues or cells were generated by extraction in 50 mM Tris (pH 7.5), 150 mM 

NaCl, 10% glycerol and 1% NP-40. Protein quantification was done using the DC protein 

assay (5000114, Bio-Rad). Samples were were resolved by SDS–PAGE and transferred to 

0.4 μM nitrocellulose membranes (Bio-Rad).

Antibodies

Phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204) (9101), p44/42 MAPK (Erk1/2) (137F5) 

(4695), pS563 HSL (4139), HSL (4107), pT108/pY182 p38 (9211), p38 (9212), HSP90 

(4874s) mGS (3886s) and pGS (3891s) antibodies were obtained from Cell Signaling. Other 

antibodies used were Turbo-GFP (PA5–22688, Thermofisher), hGP (TA350315, AMSBIO), 

mGP (19716–1-AP, PROTEINTECH), UCP1 (ab10983, Abcam) and DIO2 (ab135711, 

Abcam).

Glycogen extraction

Glycogen extraction was done as previously described39 with slight modifications. WAT 

samples were defatted by incubation in 1 ml of methanol:choloroform solution (1:2 ratio) 

for 30 min at room temperature. Samples were centrifuged at 6,000g for 5 min, solution 

was aspirated and the process was repeated once more. Following the second centrifugation, 

samples were allowed to dry completely before proceeding to the next step. Cells, liver 

or BAT tissues did not go through this step. Samples were boiled for 30 min in 500 μl 

of 30% KOH solution. Samples were allowed to cool and 100 μl of 1 M NaSO4 were 

added followed by the addition of 1.2 ml pure ethanol. Samples were boiled for 5 min 

and centrifuged for 5 min at 16,000g. Pellets were washed twice by resuspending the 

pellet in 500 μl of double-distilled water, 1 ml pure ethanol was added and the samples 

were boiled again. Following the last wash, pellets were allowed to completely air dry 

and then resuspended in 150 μl of 50 mM sodium acetate pH 4.8 containing 0.3 mg ml−1 

amyloglucosidase and incubated at 37 °C overnight. Fujifilm Autokit glucose assay (997–

03001) was used to determine the amount of glycogen by comparing to a glycogen standard 

curve.

ROS measurements

ROS levels were analysed using the CM-H2DCFDA reagent from Thermo-fisher (C6827). 

In brief, fully differentiated adipocytes were treated with PBS or Cl-316,243 for 10 min 

and then CM-H2DCFDA was added at a final concentration of 5 μM for 30 min at 37 

°C. Cells were then washed with fresh growth media twice and fluorescence was measured 

immediately.

Analysis of cysteine redox modifications

Differentiated adipocytes were treated with either vehicle, Cl-316,243 or Cl-316,243 

in combination with GPI. Cells were collected and lysed rapidly on ice in 20% ice-

cold trichloroacetic acid (TCA). The resulting lysate from each biological replicate was 

split into two identical half-samples each containing approximately 200 μg of protein, 

then washed with 20% TCA, 10% TCA and 5% TCA twice. One half-sample was 
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resuspended in blocking buffer (100 mM HEPES pH 8.5, 2% SDS, 1 mM EDTA, 1 mM 

diethylenetriaminepentaacetic acid (DTPA), 10 μM neocuproine and 35 mM iodoacetamide) 

for 2 h at 37 °C in the dark on a shaking incubator (1,200 rpm) to block all unmodified 

cysteine residues, while the other half sample was treated with labelling buffer (100 

mM HEPES, 2% SDS, 1 mM EDTA, 1 mM DTPA, 10 μM neocuproine and 35 mM 

cysteine-phosphate tags (CPT)) to label all unmodified cysteine residues with CPTs40. After 

labelling, proteins in both half-samples were precipitated by methanol and chloroform and 

resuspended in labelling buffer plus 5 mM tris(2-carboxyethyl)phosphine to label reversibly 

modified cysteines. Proteins were precipitated again and digested with LysC and trypsin in 

200 mM EPPS buffer pH 8.0 at a 100:1 substrate-to-enzyme ratio overnight at 37 °C. After 

digestion, a microBCA assay (Thermo) was performed to determine the amount of peptides 

in each tube. One hundred micrograms of peptides from each half-sample was labelled by 

a channel of TMT 16-plex reagent following the SL-TMT protocol41, and a total of 16 

half-samples from 8 biological samples were labelled by each TMT set. Two microliters 

of peptides from each channel were then mixed, desalted using a stage tip, and analysed 

with liquid chromatography and mass spectrometry (LC–MS) as a ‘ratio check’ to calibrate 

peptide loading. The remainder of samples were mixed according to the total peptide 

loading ratios obtained from the ratio-check, and a second ratio-check was performed to 

calibrate pipetting errors computationally for data analysis. CPT-labelled cysteine peptides 

were not included in the ratio-check analysis. The mixed samples were desalted using a 

Sep-Pak cartridge (Waters), treated with Lambda phosphatase (Santa Cruz Biotechnology) 

following the manufacturer’s protocol to remove endogenous phosphorylated peptides. The 

resulting mixture was desalted again, and CPT-labelled cysteine peptides were enriched 

using the High-Select Fe-NTA Phospho-peptide Enrichment Kit (Thermo) following the 

manufacturer’s instructions. Samples were then desalted again and fractionated with an 

Agilent 1100 quaternary pump with a degasser and a photodiode array using a 57 min linear 

gradient from 3% to 32% acetonitrile in10 mM ammonium bicarbonate pH = 8.0, at a flow 

rate of 0.25 ml min−1. Peptides were separated into a total of 96 wells and consolidated 

into 12 fractions. After overnight lyophilization, these 12 fractions were stage-tipped and 

reconstituted in a solution containing 5% formic acid and 5% acetonitrile, and analysed by 

LC–MS.

Samples were measured on an Orbitrap Eclipse instrument coupled with an Easy-nLC 1200 

(Thermo) using a 180-min gradient consisting of 2%–23% acetonitrile, 0.125% formic acid 

at 500 nl min−1 flow rate. A FAIMSPro (Thermo) device was used for field-asymmetric ion 

mobility spectrometry (FAIMS) separation of precursors42. The FAIMS device was operated 

with default settings and multiple compensation voltages (−35 V, −45 V, −55 V), which 

is optimized for analysis of CPT-labelled peptides. Under each FAIMS voltage, peptide 

ions were collected in data-dependent mode using a m/z range of 400–1,600 using 2-s 

cycles. Resolution for MS1 was set at 120,000, with standard automatic gain control target. 

Multiply charged ions were selected and subjected to fragmentation at 35% normalized 

collisional energy for MS2 with a dynamic exclusion of 120 s. Quantification was performed 

using multinotch SPS-MS3 as described previously43.

The Comet algorithm44 was used to search all MS/MS spectra against a database containing 

sequences of mouse (Mus musculus) proteins downloaded from UniProt in 2020 (http://
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www.uniprot.org). Reversed sequences were appended as decoys for false discovery rate 

(FDR) filtering, and common contaminant proteins (for example, human keratins and 

trypsin) were included. Peptides were searched using following parameters: 25 ppm 

precursor mass tolerance; 1.0 Da product ion mass tolerance; fully tryptic digestion; 

up to two missed cleavages and three modifications; variable modification: oxidation of 

methionine (+15.9949); CPT (+221.08169) on cysteines; and static modifications: TMT 16-

plex (+304.2071) on lysine and peptide N-terminus. The target-decoy method was employed 

to control the FDR45–47. To distinguish correct and incorrect peptide identifications, linear 

discriminant analysis was used to control peptide-level FDR to less than 1%. Peptides 

shorter than 7 amino acids were discarded. Protein-level FDR was also controlled to 1% 

and as a result the number of peptide reverse hits were further decreased. Peptides were 

matched to the least number of proteins. TMT reporter ion signal-to-noise ratios were 

used to calculate the per cent oxidation of each cysteine site. Student’s t-test was used to 

determine statistical significance between samples. Cysteine-site stoichiometry changes of at 

least 5% between sample groups and P < 0.05 were designated as significant.

Extended Data

Extended Data Fig. 1 |. Glycogen metabolism is enhanced in beige adipocytes.
a, b, Gene expression in iWAT from mice treated with either vehicle or CL-316,243 for. 7 

days. n = 5 mice (vehicle) and 6 mice (CL-316,243). c, Protein expression in mice treated 

as in a, n = 5 mice (vehicle) and 6 mice (CL-316,243). d, Glycogen levels in iWAT of 

vehicle or CL-316,243 treated mice, n = 4 mice (vehicle) and 5 mice (CL-316,243). e, 
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Electron micrographs of iWAT from vehicle or CL-316,243 treated mice. Arrows point to 

glycogen granules. Scale bar, Left two images − 1 μm, right two images – 260 nm. Shown 

are representative images of tissues from 6 different mice (3 vehicle and 3 Cl-316,243). 

f, Periodic acid-Schiff (PAS) staining for glycogen and UCP1 immunostaining in iWAT 

of vehicle or CL-316,243 treated miceUcp1. Right panels show a higher magnification of 

areas marked by a square. Scale bars, 4 left images – 2 mm, high magnification images – 

100μm. Shown are representative images of tissues from 6 different mice (3 vehicle and 

3 Cl-316,243). g, Gene expression in iWAT-derived stromal-vascular fraction and primary 

mature adipocytes from vehicle or CL-316,243 treated mice n = 4 biological replicates per 

treatment. Data are presented as mean ± s.e.m. *P < 0.05, **P < 0.01, ***P < 0.001. #P 
< 0.05, ##P < 0.01. *Significance between vehicle and CL-316,243 treatment. #Significance 

between SVF and vehicle treated mature adipocytes. Statistical significance for a, b and 

d was determined by two-sided t-test, two-way ANOVA with adjustments for multiple 

comparisons was used for g.

Extended Data Fig. 2 |. CL-316,243 treatment does not affect the expression of glycogen 
metabolizing genes in BAT.
a, gene expression in human preadipocytes, differentiated adipocytes or differentiated 

adipocytes treated with forskolin for 3 days. n = 52 biological replicates per treatment. 

Statistical significance was determined using two-way ANOVA with adjustments for 

multiple comparisons, ***-p < 0.001. b, Mice were treated with either vehicle or 

CL-316,243 for 7 days. Gene expression in BAT was determined using qPCR, n = 5 
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mice per treatment. c, Quantification of protein expression data shown in Extended Data 

Fig. 1C (main text), expression was normalized to HSP90. n = 5 mice ( Vehicle), n = 6 

mice (CL-316,243). Statistical significance was determined using two-sided t-test. d, Protein 

expression in BAT from mice treated as in b was determined by SDS-PAGE, n = 5 mice 

(vehicle), n = 6 mice (CL-316,243). No statistical significance detected. Data in a–c are 

presented as mean ± s.e.m.

Extended Data Fig. 3 |. PTG-KO does not affect the response to CL-316,243.
a-e, RNAseq data from iWAT-derived mature adipocytes of WT and PTG-KO mice treated 

with either vehicle or CL-316,243, n =3. a, Differential gene expression analyses of RNAseq 

data. b, Log2 of fold change of gene expression of CL-316,243 treated WT mice versus 

vehicle-treated WT mice. Statistical significance was determined using two-sided t-test. c, 

Log2 of fold change of gene expression of CL-316,243 treated PTG-KO mice versus vehicle 
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treated PTG-KO mice. Statistical significance was determined using two-sided t-test. d, 

e, Pathway analyses of RNAseq were conducted using Gene Set Enrichment Analysis. f, 
Quantification of UCP1 protein expression data shown in Fig. 1f (main text), expression was 

normalized to RalA. n = 4 mice per treatment. Statistical significance was determined using 

two-sided t-test. g, Serum FFA levels in WT and PTG-KO mice treated with either vehicle 

or CL-316,243 for 20 min, n = 5 mice per genotype per treatment. Statistical significance 

was determined using two-way ANOVA with adjustments for multiple comparisons. Data 

are presented as mean ± s.e.m. *-p < 0.05. ***-p < 0.001. Accession number to cite these 

SRA data: PRJNA752350.

Extended Data Fig. 4 |. Adipose specific PTG-KO reduces energy expenditure.
a, Quantification of protein expression data shown in Fig. 2a (main text), expression 

was normalized to HSP90. n = 5 mice per treatment per genotype. b, c, Carbon dioxide 

production (VCO2) in WT and PTG-AKO mice treated with CL-316,243. n = 4 mice per 

treatment per genotype. b, Average VCO2 over the first three days of CL-316,243 treatment. 

c, Average VCO2 during days 4–7 of CL-316,243 treatment. d, Quantification of UCP1 

protein expression data shown in Fig. 2e (main text), expression was normalized to HSP90. 

Keinan et al. Page 16

Nature. Author manuscript; available in PMC 2022 June 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



n = 4 mice per treatment per genotype. e, Gene expression in iWAT of WT and PTG-AKO 

mice fed HFD for three months and then treated with either vehicle or CL-316,243 for 7 

days. n = 6 mice per treatment per genotype. f, Body weight of WT and PTG-AKO mice fed 

HFD for three months before (day 0) and after 7 days (day 6) daily injections of Cl-316,243. 

n = 7 mice (WT), n = 6 mice (PTG-AKO). g, Weight of the inguinal white adipose tissue 

of WT and PTG-AKO mice fed HFD for three months and then treated for 7 days with 

either vehicle or Cl-316,243. n = 7 mice (WT), n = 6 mice (PTG-AKO). h, Linear regression 

analysis on anthropometric measurements in relation to gene expression from adipose tissue 

of 770 men. Data are presented as mean ± s.e.m. Statistical significance determined by 

two-way ANOVA with adjustments for multiple comparisons. *P < 0.05, **P < 0.01, ***P < 

0.001. #P < 0.05. * - significance between vehicle and Cl-316–243 treatment within the same 

genotype. #- significance between WT and PTG-AKO mice treated with CL-316,243.

Extended Data Fig. 5 |. Overexpression of PTG increases UCP1 expression in vitro.
a, Glycogen levels in mouse primary hepatocytes treated with either vehicle or glucagon 

(10nM). n = 2 biological replicates per treatment. b, c, HEK-293t cells transfected with 

a Ucp1-promoter-driven turbo-GFP (Ucp1-GFP) alone or with FLAG tagged PTG (PTG-

FLAG). b, Images of transfected cells were acquired using the Nikon eclipse Ts2R 
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microscope. Shown are representative images from 3 independent experiments. Scale bar 

− 1μm. c, GFP expression levels were determined by western blot. d, Preadipocytes were 

treated with either Cl-316,243 alone or in combination with Tautomycin. Protein expression 

was determined by western blot. n = 3 biological replicates per treatment. e, Quantification 

of protein expression data shown in D. n = 3 biological replicates per treatment. f, 
Quantification of protein expression data shown in Fig. 3e (main text). n = 2 biological 

replicates per treatment per genotype. g, Quantification of protein expression data shown in 

Fig. 3g (main text). n =3 biological replicates per treatment. Data are presented as mean ± 

s.e.m. Statistical significance was determined using two-way ANOVA with adjustments for 

multiple comparisons. *P < 0.05, **P < 0.01. #P < 0.05. * - Significance between the zero 

time point and Glucagon/Cl-316,243 treatment within the same genotype. # - Significance 

between genotypes within the same time point.
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Extended Data Fig. 6 |. Glycogen metabolism affects ROS production in response to Cl-316,243.
a, Quantification of protein expression data shown in Fig. 4c (main text). n = 2 biological 

replicates per treatment. Data are presented as mean ± s.e.m. Statistical significance was 

determined using two-way ANOVA with adjustments for multiple comparisons. *P < 0.05, 

**P < 0.01, ***P < 0.001. #P < 0.05. * - Significance between the zero time point and the 

assigned time point within the same treatment. # - Significance between different vehicle 

and NAC treatments within the same time point. b and c, Global cysteine oxidation in 

preadipocytes treated with either vehicle or Cl-316,243 (b) or Cl-316,243 alone or in 

combination with GPI (c), was determined as described in the methods section. b, Blue dots 

represent proteins with higher cysteine oxidation in vehicle-treated cells, red dots represent 

proteins with higher cysteine oxidation in Cl-316,243 treated cells. c, Blue dots represent 

proteins with higher cysteine oxidation in Cl-316,243 treated cells, red dots represent 

proteins with higher cysteine oxidation in cells treated with Cl-316,243 in combination 

with GPI. Statistical significance was determined using two-sided t test, cysteine sites shown 

had at least 5% change between treatments with a p < 0.05.
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Extended Data Fig. 7 |. PTG-KO reduces energy expenditure during long term cold adaptation.
a, Core body temperature of WT and PTG-KO mice measured every 90 min during an 

acute cold exposure (4 °C), n = 8 mice per genotype. b, Brown adipose tissue glycogen 

levels in WT and PTG-KO mice at room temperature (RT) or cold exposed for 6 h and 

allowed to recover for 4 h at RT (4 °C-RT), n = 3 mice per genotype per condition. c, 

Core body temperature during a second cold exposure in WT and PTG-KO mice that were 

first cold exposed for 6 h and allowed to recover at room temperature for 4 h, n = 8 mice 

per genotype. d, e and f, gene expression in iWAT of WT and PTG-BKO mice housed 

either at room temperature or subjected to prolonged cold adaptation (7 days at 18 °C 

followed by 14 days at 4 °C), n = 8 mice per genotype. g, Protein expression in iWAT of 

the mice described in d, n = 5 mice per genotype. h, Oxygen consumption (VO2) in WT 

and PTG-BKO mice before and during prolonged cold adaptation n = 8 mice per genotype. 

i, Working model. Acute activation of the β3-adrenergic receptor in white adipocytes results 
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in lipolysis and glycogenolysis through the activation of PKA and subsequent activation of 

HSL and GP respectively. Prolonged β3-adrenergic receptor activation results in enhanced 

glycogen accumulation turnover which is required for ROS-dependent p38 activation and the 

subsequent expression of Ucp1. Data are presented as mean ± s.e.m. Statistical significance 

was determined two-way ANOVA with adjustments for multiple comparisons. *P < 0.05, 

**P < 0.01. #P < 0.05. * - significance between room temperature and cold exposure within 

the same genotype. #- significance between WT and PTG-KO/PTG-BKO with the same 

treatment.

Extended Data Fig. 8 |. Increased expression of BAT-Ucp1 following long-term cold exposure 
does not require PTG.
a, Quantification of protein expression data shown in Extended Data Fig. 7 (main text). n 
= 5 mice per genotype. b, Protein expression levels in BAT of WT and PTG-BKO mice 

housed either at room temperature or subjected to prolonged cold adaptation was determined 

by SDS-PAGE, n (22 °C) = 4, n (4 °C) = 5. c carbon dioxide production (VCO2) in WT 

and PTG-BKO mice before and during prolonged cold adaptation. n = 8 mice per genotype. 

Data are presented as mean ± s.e.m. Statistical significance was determined using two-sided 

t test (A) or two way ANOVA with adjustments for multiple comparisons (C). *P < 0.05. #P 
< 0.05. * - Significance between 4 °C and 22 °C within the same genotype. # - Significance 

between different genotypes within the same time point.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1 |. PTG-KO reduces the expression of UCP1 in beige adipocytes.
a, Glycogen levels in iWAT from wild-type (WT) and PTG-KO mice treated with either 

vehicle or CL-316,243 for 7 days. n = 5 mice per treatment per genotype. b, c, Gene 

expression in iWAT of mice treated as in a. n = 6 mice per treatment per genotype. d, 

e, GSEA on RNA-seq data from mature adipocytes isolated from PTG-KO and WT mice 

with or without CL-316,243 treatment for 7 days. n = 3 mice per genotype per condition. 

NES, normalized enrichment score. f, Expression of the specified proteins in iWAT of 

wild-type and PTG-KO mice treated as in a. n = 4 mice per treatment per genotype. g, 

Glycogen accumulation and UCP1 expression analysed by periodic acid-Schiff (PAS) and 

immunohistochemistry, respectively. Scale bars, 2 mm. Shown are representative images of 

tissues from 8 different mice, 2 per genotype per treatment. Data are mean ± s.e.m. Two-way 

analysis of variance (ANOVA) with adjustments for multiple comparisons (a–c). *P < 0.05, 

**P < 0.01, ***P < 0.001, ##P < 0.01, ###P < 0.001. *P value for difference between vehicle 
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and CL-316,243 treatment within the same genotype; #P value for difference between 

wild-type and PTG-KO mice treated with CL-316,243.
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Fig. 2 |. Adipose-specific PTG knockout reduces UCP1 expression and energy expenditure.
a, Protein expression in iWAT of wild-type and PTG-AKO mice treated with either vehicle 

or CL-316,243. n = 5 mice per genotype per treatment. b, c, Oxygen consumption (VO2) in 

wild-type and PTG-AKO mice. n = 4 mice per genotype per treatment. b, Average VO2 over 

the first three days of CL-316,243 treatment. c, VO2 on days 4–7 of CL-316,243 treatment. 

d, Body weight of obese (3-month high-fat-diet-fed) wild-type and PTG-AKO mice. n = 

14 (wild type), n = 12 (PTG-AKO). e, Protein expression in iWAT of obese wild-type and 

PTG-AKO mice treated with vehicle or CL-316,243 for 7 days; DE, dark exposure; LE, light 

exposure. n = 4. f, Body weight loss in wild-type and PTG-AKO mice treated as described 

in e. n = 7 mice per genotype per treatment. g, Blood glucose levels in obese wild-type 

and PTG-AKO mice treated with either vehicle or CL-316,243 for 7 days. n = 7 mice per 

genotype per treatment. h, Linear regression of microarray data from subcutaneous adipose 

biopsies of lean (n = 26) and obese (n = 30) women. Data are mean ± s.e.m. Two-way 

ANOVA with adjustments for multiple comparisons (b–d, f, g). *P < 0.05, **P < 0.01. 
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#P < 0.05. *P value for difference between vehicle and CL-316,243 treatment within the 

same genotype; #P value for difference between wild-type and PTG-AKO mice treated with 

CL-316,243.
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Fig. 3 |. Attenuation of glycogen metabolism reduces the activation of p38.
a, Glycogen levels in CL-316,243-treated wild-type and PTG-KO preadipocytes. n = 3 

biological replicates per genotype per treatment. b, G1P levels in wild-type and PTG-KO 

preadipocytes. n = 3 biological replicates per genotype per treatment. c, Gene expression 

in wild-type and PTG-KO preadipocytes treated as in a. n = 3 biological replicates per 

genotype per treatment. d, Ucp1 expression in response to CL-243,316 after pre-treatment 

with either p38 inhibitor (10 μM SB203580), PKA inhibitor (10 μM H89) or vehicle in 

wild-type preadipocytes. n = 3 biological replicates per treatment. e, Activation of p38 

and HSL phosphorylation by CL-316,243 in wild-type and PTG-KO preadipocytes. n = 2 

biological replicates per genotype per treatment. f–h, Wild-type preadipocytes treated with 

either CL-316,243 alone or in combination with 10 μM GPI. n = 3 biological replicates per 

treatment. f, Glycogen levels. g, Activation of p38. h, Thermogenic gene expression. Data 

are mean ± s.e.m. Two-way ANOVA with adjustments for multiple comparisons. *P < 0.05, 

**P < 0.01, ***P < 0.001, #P < 0.05, ##P < 0.01, ###P < 0.001, †††P < 0.001. In a–c: *P 
value for difference between vehicle and CL-316,243 treatment within the same genotype; 
#P value for difference between wild-type and PTG-KO mice treated with CL-316,243 at 

the same time point. In d, f, h: *P value for difference between vehicle and CL-316,243 

treatment; #P value for difference between CL-316,243 treatment and CL-316,243 treatment 

in combination with H89 or SB203580 (daggers) at the same time point.
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Fig. 4 |. Glycogen metabolism contributes to ROS production in adipocytes.
a, ROS production in response to CL-243,316 in wild-type preadipocytes. n = 5 biological 

replicates per treatment. b, Induction of ROS-detoxification genes by CL-316,243 in wild-

type preadipocytes. n = 3 biological replicates per treatment. c, ROS-dependent activation of 

p38 in wild-type preadipocytes treated with CL-316,243 (CL) alone or in combination with 

the ROS scavenger N-acetyl-L cysteine (NAC). n = 2 biological replicates per treatment. d, 

Thermogenic gene expression in preadipocytes treated as in c. n = 3 biological replicates 

per treatment. e, ROS-related pathway analysis using GSEA on RNA-seq data from mature 

adipocytes isolated from iWAT of PTG-KO and wild-type mice treated with vehicle or 

CL-316,243 for 7 days. n = 3 biological replicates per genotype per treatment. f, ROS 

production in wild-type preadipocytes, wild-type preadipocytes treated with GPI, and PTG-

KO preadipocytes. n = 3 biological replicates per genotype per treatment. g, Mitochondrial 

ROS production in preadipocytes treated with vehicle or Cl-316,243 with and without GPI 

treatment. n = 12 biological replicates per treatment. Data are mean ± s.e.m. Two-sided t-test 

and two-way ANOVA (a). *P < 0.05, **P < 0.01, ***P < 0.001, #P < 0.05, ###P < 0.001. 

In a, b, d, g: *P value for difference between vehicle and CL-316,243 treatment; #P value 

for difference between CL-316,243 treatment and CL-316,243 treatment in combination 

with the specified inhibitor at the same time point. In f, h: *P value for difference between 

vehicle and CL-316,243 treatment; #P value for difference between CL-316,243 treatment of 

wild-type preadipocytes and CL-316,243 treatment of PTG-KO preadipocytes.
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