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Supplementary Figure 1. Bioinformatics analyses of genes enriched in BAT and increased by cold 

stimulation. A: Differentially expressed genes identified with FC ≥ 1.4 and FDR < 0.05 cut-off. B: 

Identification of 77 candidate genes which are commonly upregulated upon cold stimulation in BAT 

using two microarray data set. Candidate genes were screened using FC value and FDR at the thresholds 

(FC ≥ 1.4 and FDR < 0.05). C: PPI subnetwork containing genes in the top 5% of the NP score. Red 

dots and grey dots indicate candidate genes and genes affected by candidate genes, respectively. Node 

size represents NP score.  

 

 

 

 



 

Supplementary Figure 2. The mRNA levels of G6pd, inflammation- and oxidation-related genes 

in eWAT and BAT from obese mice. A: The mRNA levels of G6pd, pro-inflammatory genes and pro-

oxidative genes in eWAT and BAT from 8w HFD-fed mice compared with NCD-fed mice. B: The 

mRNA levels of G6pd, pro-inflammatory genes and pro-oxidative genes in eWAT and BAT from db/db 

mice compared to db/+ mice. All data represent the mean ± SEM. All qRT-PCR data were normalized 

to the mRNA level of Ppia. *p < 0.05, **p < 0.01 vs. each control group by Student’s t-test. The cycle 

threshold value for each control group is indicated. 

 

 

 

 

 



 

Supplementary Figure 3. The mRNA levels of inflammatory and oxidative genes in white and 

brown adipocytes upon G6PD overexpression. A and B: The mRNA levels of pro-inflammatory 

genes and NADPH oxidase subunits in 3T3-L1 adipocytes (A) or immortalized mouse brown 

adipocytes (BAC) (B) with G6PD overexpression using adenovirus. C and D: Cellular ROS level in 

3T3-L1 adipocytes (C) or BAC (D) with G6PD overexpression. All data represent the mean ± SEM. 

All qRT-PCR data were normalized to the mRNA level of Ppia. *p < 0.05, **p < 0.01, ***p < 0.001 vs. 

Ad-Mock group by Student’s t-test. The cycle threshold value for each control group is indicated. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Supplementary Figure 4. The phenotypes of WT and G6PDmut mice upon cold exposure and -

adrenergic stimulation. A and B: Body weight (A) and adipose tissue weights (B) from WT and 

G6PDmut mice exposed to RT or 6 h cold condition. C: Serum lipid profile of WT and G6PDmut mice 

upon 6 h cold exposure. **p < 0.01, ***p < 0.001 vs. WT, RT group by two-way ANOVA followed by 

Tukey’s post-hoc test. D: The mRNA levels of thermogenic marker genes in iWAT of WT and G6PDmut 

mice during 6 h cold exposure. qRT-PCR data were normalized to the mRNA level of 36b4. ***p < 0.001 

vs. WT, RT group. E–G: Respiratory exchange ratio (RER) (E), physical activity (F), and food intake 

(G) of WT and G6PDmut mice before and after CL (1 mg/kg body weight) injection were determined. *p 

< 0.05, ***p < 0.001 vs. WT, PBS group. All data represent the mean ± SEM. The cycle threshold value 

for each control group is indicated. n.s., not significant.  

 

 

 

 



 

Supplementary Figure 5. The phenotypes of BAT-specific G6PD-suppresed mice after cold 

exposure. A: Tissue distribution of G6pd mRNA expression in BAT-specific siRNA-treated WT mice 

exposed to 6 h cold condition. B: Adipocyte morphology of BAT as assessed by H&E staining. Scale 

bars, 200 m. qRT-PCR data were normalized to the mRNA level of 36b4. *p < 0.05 vs. siNC group by 

Student’s t-test. All data represent the mean ± SEM. The cycle threshold value for each control group 

is indicated.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Supplementary Figure 6. In brown adipocytes, thermogenic gene expression and mitochondrial 

oxygen consumption rates upon G6PD suppression. A: Differentiated BAC was pretreated with 

G6PD inhibitor, 100 M 6-AN for 2 h. Relative mRNA levels of thermogenic genes in BAC without or 

with 1 M ISO treatment for 3 h as measured by qRT-PCR. ***P < 0.001 vs. DMSO, CTL group; ##P < 

0.01, ###P < 0.001 vs. DMSO, ISO group by two-way ANOVA followed by Tukey’s post-hoc test. B 

and C: Thermogenic gene expressions (B) and UCP1 protein levels (C) in brown adipocytes transfected 

with siNC or siG6pd. ***p < 0.001 vs. siNC, CTL group; ##p < 0.01, ###p < 0.001 vs. siNC, ISO group by 

two-way ANOVA followed by Tukey’s post-hoc test. qRT-PCR data were normalized to the mRNA 

level of Ppia. The cycle threshold value for each control group is indicated. D and E: Mitochondrial 

DNA (mtDNA) contents (mtDNA/nuclear DNA ratio) upon ISO treatment (D) and OCRs in the absence 

of ISO (E) in brown adipocytes upon G6PD inhibition. All data represent the mean ± SEM.  

 

 

 



 

Supplementary Figure 7. In SVC-derived brown adipocytes, expression levels of adipogenic and 

thermogenic genes upon G6PD deficiency. A–C: Adipogenic gene expression levels (A), adipocyte 

morphology (×200 magnification) (B), and mRNA levels of thermogenic genes (C) in BSAD. ***p < 

0.001 vs. WT, CTL group; ##p < 0.01 vs. WT, ISO group by two-way ANOVA followed by Tukey’s 

post-hoc test. qRT-PCR data were normalized to the mRNA level of Ppia. The cycle threshold value for 

each control group is indicated. All data represent the mean ± SEM.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Supplementary Figure 8. Cellular ROS level in eWAT from G6PDmut mice. Cellular ROS level in 

eWAT from WT and G6PDmut mice upon cold exposure as measured DCF-DA staining. Scale bars, 75 

m.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Supplementary Figure 9. The effects of mitochondrial ROS scavenger on G6PD-deficient brown 

adipocytes. A and B: The levels of mitochondrial superoxide (A) and thermogenic gene expression (B) 

in G6PD-inhibited brown adipocytes upon 100 nM MitoQ treatment in the presence of ISO. BAC were 

pretreated with 100 M DHEA and 100 nM MitoQ for 2 h, followed by 1 M ISO treatment for 3 h. *p 

< 0.05, **p < 0.01, ***p < 0.001 vs. DMSO, ISO, EtOH group; ##p < 0.01 vs. DHEA, ISO, EtOH group 

by two-way ANOVA followed by Tukey’s post-hoc test. C: Rectal temperature of WT and G6PDmut 

mice upon MitoQ injection (5 mg/kg body weight) followed by cold exposure. MitoQ was i.p. injected 

into WT or G6PDmt mice. After 10 min, mice were exposed to cold condition for 4 h. *p < 0.05, **p < 

0.01 vs. WT, EtOH group; ###p < 0.001 vs. G6PDmut, EtOH group; $$p < 0.01 vs. WT, MitoQ group by 

RM-ANOVA followed by Tukey’s post-hoc test. D and E: The levels of mitochondrial ROS (D) and 

thermogenic gene expressions (E) in BAT of G6PDmut mice upon MitoQ injection. Scale bars, 25 m. 
**p < 0.01, ***p < 0.001 vs. WT, cold, EtOH group by two-way ANOVA followed by Tukey’s post-hoc 

test. All data represent the mean ± SEM. qRT-PCR data were normalized to the mRNA level of Ppia. 

The cycle threshold value for each control group is indicated. 

 

 

 

 

 



 

Supplementary Figure 10. ROS-induced ERK activation in brown adipocytes upon G6PD defect. 

A: MAPK activation in BAT from WT and G6PDmut mice after 4 h CL (1 mg/kg body weight) injection. 

B and C: The level of ERK phosphorylation in DHEA-treated brown adipocytes (B) or BAT of G6PDmut 

mice (C) upon PD treatment.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Supplementary Figure 11. Cellular ROS and mitochondrial ROS level upon -adrenergic 

stimulation. Cellular ROS and mitochondrial superoxide level in BAC upon CL (2.5 M) and ISO (5 

M) treatment as measured DCF-DA and mitoSOX staining. All data represent the mean ± SEM. **p < 

0.01, ***p < 0.001 vs. 0 h group; #p < 0.05, ##p < 0.01 vs. each stimuli, 10 min group by one-way ANOVA 

followed by Tukey’s post-hoc test. n.s., not significant; AA, antimycin A. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Supplementary Figure 12. Proposed model. In G6PD-deficient brown adipocytes, cytosolic ROS 

accumulation provokes ERK activation under cold or -adrenergic stimulation, contributing to 

impairment of thermogenic program. 

 

 

 

 

 

 

 

 

 

 

 

 



 

Supplementary Table 1. Oligo sequences for siRNA 

 

 

 

Supplementary Table 2. Primers used for qRT-PCR and mtDNA/genomic DNA ratio 

 

 

 

 

 

 



 

Supplementary Table 3. NP score and degree centrality transition of candidate genes in BAT upon 

cold exposure 

 

* Among candidate genes, 16 genes did not exceed the threshold (800 combined scores). 

 

 



 

Supplementary Video 1. Body temperature of WT and G6PDmut mice after cold exposure. Thermal 

infrared imaging of live mice after 4 h cold exposure, related to Fig. 3B.  

  

Supplementary Video 2. Body temperature of mice with BAT-specific G6PD downregulation. BAT 

from WT were injected with siNC or siG6pd (20 g/mouse), followed by cold exposure. After 4 h, body 

temperature of live mice were analyzed by thermal infrared camera, related to Fig. 3J.  

 

Supplementary Video 3. Body temperature of WT and G6PDmut mice injected with PBS or NAC. WT 

and G6PDmut mice were i.p. injected with PBS or NAC (100 mg/kg body weight), followed by CL (0.5 

mg/kg body weight) administration. After 20 min, surface body temperatures of live mice were analyzed 

by thermal infrared camera, related to Fig. 6H.  

 

Supplementary Video 4. Body temperature of WT and G6PDmut mice injected with vehicle or PD. WT 

and G6PDmut mice were i.p. injected with vehicle or PD (10 mg/kg body weight), followed by cold 

exposure. After 4 h, body temperature of live mice were analyzed by thermal infrared camera, related 

to Fig. 7D.  

 

 

 

 

 


