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Supplementary Figure 1 In vitro activity of OPC-163493 related to mUncoupling and a 

mitochondrial swelling assay using FCCP. (a) Assay of TCA cycle activation by OPC-

163493 in NaCT stably expressed CHO (NaCT-CHO) cells. Data represent mean ± SE (n = 

4). EC50 = 0.871 (95% CI: 0.667–1.138) μM, estimated by Logit regression analysis 

(compound concentrations were subjected to logarithmic transformation). The activity 

disappeared on addition of 0.1 μM antimycin A. (b) Mitochondrial swelling assay of isolated 

mitochondria from the liver of a male SD rat. The indicated concentration of FCCP was 

added to isolated mitochondrial solution in isotonic acetate buffer with or without 

valinomycin (Val) at 0 sec and absorbance of the solution was measured at 600 nm. Dark 

blue line; 1.6 M without Val, pink line; DMSO control, yellow line; 0.1 μM with Val, blue 

line; 0.2 μM with Val, purple line; 0.4 μM with Val, brown line; 0.8 μM with Val, green line; 

1.6 μM with Val. (c) OCR measurement in rat primary hepatocytes. Data represent mean ± 

SE (n = 5). **: p<0.01, OPC vs DMSO control using a two-tailed Williams’ test. (d) Effect of 

OPC-163493 on OCR and ECAR in HepG2 cells with glucose-depleted medium. Data 

represent mean ± SE (n = 3). Eto: etomoxir.  
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Supplementary Figure 2 PK and QWBA studies. (a) OPC-163493 plasma concentrations 

following single oral administration (1 mg kg-1) to fasted male SD rats, with PK parameters. 

Data represent mean ± SD (n = 4). (b) Relative radioactivity in tissues 2 h after single oral 

administration of [14C]-OPC-163493 suspension at 1 mg kg-1 to rats using the QWBA 

method. Relative ratios are shown using blood radioactivity as a reference value of 1.0. (c) 

Plasma and liver concentration of radioactivity following single oral administration of 1 mg 

kg-1 [14C]-OPC-163493 in fasted male rats. Data represent mean ± SD (n = 3). 
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Supplementary Figure 3 Effects of OPC-163493 in multiple animal models. (a) Effect of 

OPC-163493 on fasting blood glucose levels in ZDF rats. Data represent mean ± SE (n = 

16). Significant efficacy was found in the 4 and 10 mg kg-1 day-1 OPC-163493-treated 

groups (*P < 0.05, OPC vs Vehicle group by Williams’ test with two-way ANOVA). (b) Effect 

of OPC-163493 on fasting insulin level in ZDF rats. Data represent mean ± SE (n = 16). No 

significant difference was found using Williams’ test with two-way ANOVA. (c) Effect of 

OPC-163493 on body weight change in ZDF rats. Data represent mean ± SE (n = 16). No 

significant differences were found using the MMRM method followed by Dunnett’s test. 

Fasting was performed between Days 42 and 43. (d) Effect of OPC-163493 on the change 

in food intake of ZDF rats. Data represent mean ± SE (n = 8). Food intake data are 

presented as the average values per animal per day. Two animals were accommodated in 

each cage. No significant differences were found using the MMRM method followed by 

Dunnett’s test. (e) Effect of OPC-163493 on body weight change in Akita mice. Data 

represent mean ± SE (n = 12). No significant differences were found using the MMRM 

method. (f) Effect of OPC-163493 on food intake change in Akita mice. Data represent 

mean ± SE (n = 6). Two mice were accommodated in each cage. No significant differences 

were found using the MMRM method. (g) Insulin sensitivity of ZDF rats at the age of 21 and 

25 weeks. Insulin tolerance tests were performed using old ZDF rats. One unit kg-1 insulin 

or saline were injected intraperitoneally at 0 min. Insulin marginally decreased the blood 

glucose of 21-week-old ZDF rats (not significant); the response finally disappeared in the 

rats at 25 weeks. Data represent mean ± SE (n = 6). No significant differences were found 
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in the time-dependent changes in blood glucose levels between saline and insulin-treated 

groups using the MMRM method. (h) Effect of OPC-163493 on fasting insulin level on Day 

43 in old ZDF rats. Data represent mean ± SE (n = 6). No significant difference was found 

using a two-tailed Williams’ test. (i) Effect of OPC-163493 on body weight change in old 

ZDF rats. Data represent mean ± SE (n = 6). No significant differences were found using 

the MMRM method. Fasting was performed between Days 42 and 43. (j) Effect of OPC-

163493 on food intake change in old ZDF rats. Data represent mean ± SE (n = 3). Two rats 

were accommodated in each cage. No significant differences were found using the MMRM 

method. (k) Effect of OPC-163493 on body weight change in OLETF rats. Data represent 

mean ± SE (n = 14). No significant differences were found using the MMRM method. (l) 

Effect of OPC-163493 on food intake change in OLETF rats. Data represent mean ± SE (n 

= 14). No significant differences were found using the MMRM method. (m) Effect of OPC-

163493 on body weight change in ZDF(M) rats. Data represent mean ± SE (n = 8). No 

significant differences were found using the MMRM method. (n) Effect of OPC-163493 on 

food intake change in ZDF(M) rats. Data represent mean ± SE (n = 8). No significant 

differences were found using the MMRM method. (o) Effect of OPC-163493 on oxygen 

consumption in ZDF(M) rats after four weeks of treatment. Data represent mean (n = 8). (p) 

Effect of OPC-163493 on carbon dioxide production in ZDF(M) rats after four weeks of 

treatment. Data represent mean (n = 8). (q) Effect of OPC-163493 on body weight change 

in ob/ob mice. Data represent mean ± SE (control group: n = 7, other groups: n = 8). No 

significant difference was found using the MMRM method. Fasting was enforced between 

Days 69 and 70. (r) Effect of OPC-163493 on food intake change in ob/ob mice. Data 

represent mean ± SE (n = 4). Two mice were accommodated in each cage. A significant 

difference was found between the control and 0.02% OPC-treatment groups using the 

MMRM method followed by Dunnett’s test (P < 0.01). (s) Effect of OPC-163493 on HbA1c 

changes from baseline in ob/ob mice. Data represent mean ± SE (control group: n = 7, 

other groups: n = 8). No significant differences were found using Dunnett’s test. (t) Effect of 

OPC-163493 on body weight change in HFD SD rats. Data represent mean ± SE (n = 18). 

No significant difference was found using the MMRM method followed by Dunnett’s test. 

Fasting was performed between Day 15 and Day 16. (u) Effect of OPC-163493 on food 

intake change in HFD SD rats. Data represent mean ± SE (n = 9). No significant 

differences were found using the MMRM method followed by Dunnett’s test. (v) Effect of 

OPC-163493 on plasma lipids in HFD SD rats. Data represent mean ± SE (n = 18). No 

significant differences were found by Dunnett’s test. (w) Effect of OPC-163493 on plasma 

adipokines in HFD SD rats. Data represent mean ± SE (n = 18). No significant differences 

were found by Dunnett’s test.  
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Supplementary Figure 4 Blood glucose levels during hyperinsulinemic-euglycemic clamp 

test. Data represent mean ± SE (n = 12). A significant difference was found at -60 min (* P 

< 0.05 by unpaired t-test). 
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Supplementary Figure 5 Metabolomic analysis of in vivo effects of OPC-163493 in ZDF 

rats. (a) Effect of OPC-163493 on HbA1c value in ZDF rats. Significant efficacy was found 

in the OPC-163493-treated group (**P < 0.01, OPC vs Vehicle group by unpaired t-test). (b) 

Effect of OPC-163493 on fasting blood glucose level in ZDF rats. Significant efficacy was 

found in the OPC-163493-treated group (*P < 0.05, OPC vs Vehicle group by unpaired t-

test). (c) Effects on adenylate pool. (d) Effects on guanylate pool and Acetyl CoA. (e) 

Effects on NAD(P)H redox. (f) Effects on glutathione redox. (g) Effects of BCAA 

metabolism. *P < 0.05, **P < 0.01, Vehicle group vs OPC-treatment group by unpaired t-

test; #P < 0.05, ##P < 0.01, Baseline control group vs Vehicle group by unpaired t-test. All 

units of vertical lines in metabolite graphs are nmol g-1 of tissue (except ratios of 

substrates). Abbreviations and meanings of metabolic parameters are as in Supplementary 

Table 20. 
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Supplementary Figure 6 Beneficial effects of OPC-163493 in salt-loaded SHRSPs. (a) 

Blood pressure-lowering effect. Systolic blood pressures (SBPs) are shown. Data represent 

mean ± SE (n = 10). As significant decreases were found in the overall treatment 

differences in SBP by the MMRM method (0.06% OPC vs Control chow group, P < 0.01), 

treatment-by-time interaction was then estimated by contrast-averaging the corresponding 
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treatment differences at each time point using the MMRM method (**P < 0.01). Since 

animal deaths were already seen in the control group and 0.02% mixed chow group by Day 

41 (Supplementary Table 22), data on Day 41 were not included in the statistical analysis. 

(b) food intake, water drinking, urinary volume obtained from metabolic cages, (c) urinary 

albumin, (d) plasma creatinine (Cr) and Cr clearance (Ccr) (e) blood urea nitrogen (BUN) 

Data represent mean ± SE (Control: n = 7, 0.02% OPC: n = 8, 0.06% OPC: n = 10, * P < 

0.05,  ** P < 0.01 by Dunnett’s test). 
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Supplementary Figure 7 Isometric tension recordings obtained from rat thoracic aortas. 

(a) Responses of intact and endothelium-rubbed aortas to PE (1 M) and Ach (10 M). The 

tension values were recorded at 1-sec intervals, and every 10 sec the average was 

calculated for graph-plotting. Representative graph is shown. (b) CCCP-induced relaxation 
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of rat aortas constricted by PE. Because the response gradually continued for a substantial 

duration, measurement was stopped at 10 min after CCCP addition. Representative graph 

is shown. (c) Effect of OPC-163493 on rat aortas constricted by PE. Representative graph 

is shown. (d) Sensitization of OPC-163493 to NP-induced relaxation of rat aortas. 

Representative graph is shown.  
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Supplementary Figure 8 Efficacy and toxicity of OPC-163493 in rats. Minimum effective 

dose was demonstrated in the efficacy study in ZDF rats (Fig. 2a and Supplementary Table 

5). 
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Supplementary Figure 9 Schemes of compound injections and OCR, CDER and ECAR 

measuring points. (a) Quantification of mUncoupling activity. (b) Measurements of cellular 

fluxes. 
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Supplementary Tables 

 

 

BLQ: Below lower limit of quantification (20 ng eq g-1). NC: not evaluated because of the low radioactivity 

in the case of radioactivity concentration and not calculated in the case of tissue/blood ratio. A linear 

calibration curve was obtained in the range of 20−20,000 ng eq mL-1. 
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BLQ: Below lower limit of quantification (20 ng eq g-1). NC: not evaluated because of the low radioactivity 

in the case of radioactivity concentration and not calculated in the case of tissue/blood ratio. A linear 

calibration curve was obtained in the range of 20−20,000 ng eq mL-1. 
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Data represent mean ± SE (n = 16). 

 

 

Data represent mean ± SE (n = 3). OPC-163493 suspensions were administered twice at 0 h (9AM) and 8 

h (5PM). 
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Data represent mean ± SE (n = 12). 

 

 

Mean and SE in each group at each time point are represented in the table (µg mL-1, n=3). 

 

 

Data represent mean ± SE (n = 6). 
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Data represent mean ± SE. OPC-163493 suspensions were administered twice at 0 h (9AM) and 8 h 

(5PM). 

 

 

Mean and SE at 6AM are represented in the table (µg mL-1, n=3). 

 

 

Mean and SE at each time point are represented in the table (µg mL-1, n=3). 
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Data represent mean ± SE. 

 

 

Mean and SE at 6AM are represented in the table (µg mL-1, n=3). 

 

 

Supplementary Table 14: Please see Source Data file worksheet “sTable 14”. 

 

 

 

Data represent mean ± SE. OPC-163493 suspensions were administered twice at 0 h (9 AM) and 8 h (5 

PM). 
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Supplementary Table 16 Long-term effect of OPC-163493 dosing with mixed chow on HbA1c values 

in male OLETF rats 

 

Data represent mean (n = 14) except for LETO (n = 6). Significant efficacy was found in the 0.02% and 

0.06% OPC-mixed chow-treated groups using a mixed model for repeated measures (MMRM) method 

followed by Dunnett’s test (OPC vs Control chow group, P < 0.01). Treatment-by-time interaction was then 

estimated by contrast-averaging the corresponding treatment differences at each time point using the 

MMRM method (*P < 0.05, **P < 0.01). A significant difference was also observed between the LETO rat 

group and the OLETF rat (control chow) group using an unpaired t-test (##P < 0.01). 
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Supplementary Table 18: Please see Source data file worksheet “sTable 18”. 

 

 

 

Data represent mean ± SE (n = 3). OPC-163493 suspensions were administered twice at 0 h (9 AM) and 8 

h (5 PM). Reasonable PK parameters were obtained once more and should be compared with the 

previous study (Supplementary Table 5). 

 

 

Supplementary Table 20: Please see Source Data file worksheet “sTable 20”. 

 

 

 

SBP: systolic blood pressure. A significant decrease was found in the overall treatment differences in SBP 

using the MMRM method (OPC vs Control chow group, P < 0.01); treatment-by-time interaction was then 

estimated by contrast averaging the corresponding treatment differences at each time point using the 

MMRM method ($$ P < 0.01). ## p<0.01, OPC vs Control group (Log-Rank test). ** p<0.01, OPC vs Control 

group (unpaired t-test).  
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# p<0.05, ## p<0.01, OPC vs Control group (using the MMRM method followed by Dunnett’s test). 

$$ p<0.01, OPC vs Control group (comparison of treatment-by-time interaction at each time point using the 

post-hoc test of the MMRM method). * p<0.05, ** p<0.01, OPC vs Control group (Dunnett’s test). 

 

 

Supplementary Table 23   Sensitization of OPC-163493 to NP-induced relaxation of rat aortas 

 

EC50 values were estimated by regression analysis (NP concentrations were subjected to Log 

transformation). 
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No toxicological change was observed. 
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Supplementary Table 26 Toxic changes observed with a four-week, repeated oral 

dosing toxicity study in rats. 
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Supplementary Table 27 Inhibitory effect of OPC-163493 on radioligand binding to various receptors, 

ion channels and transporters 

 

Assay name 
Inhibition (%) 

OPC-163493 Positive substance 

α1A-Adrenergic 0.00 100.00 (Prazosin) 

α1B-Adrenergic 3.63 100.00 (Prazosin) 

α2A-Adrenergic (Human) 0.00 100.00 (Rauwolscine) 

α2B-Adrenergic (Human) 0.00 100.00 (Rauwolscine) 

α2C-Adrenergic (Human) 0.00 100.00 (Rauwolscine) 

β1-Adrenergic (Human) 8.84 99.70 ((±)-Propranolol) 

β2-Adrenergic (Human) 0.00 99.58 ((±)-Propranolol) 

Bradykinin B1 (Human) 22.68 100.00 
(Lys-(des-Arg9, Leu8)- 

Bradykinin) 

Bradykinin B2 (Human) 3.90 99.28 (HOE140) 

Ca Channel (Type L, Benzothiazepine) 0.00 94.41 ((+)-cis-Diltiazem) 

Ca Channel (Type L, Dihydropyridine) 4.23 98.75 (Nitrendipine) 

Ca Channel (Type L, Phenylalkylamine) 0.00 95.22 ((±)-Methoxyverapamil) 

Ca Channel (Type N) 24.23 100.00 (ω-Conotoxin GVIA) 

Cannabinoid CB1 (Human) 1.33 94.58 ((R)-(+)-WIN55212-2) 

Cannabinoid CB2 (Human) 14.15 100.00 ((R)-(+)-WIN55212-2) 

CRF1 (Human) 0.00 99.95 (Urocortin human) 

Dopamine D1 (Human) 0.00 100.00 (R(+)-SCH-23390) 

Dopamine D2 short (Human) 0.00 100.00 ((+)-Butaclamol) 

Dopamine D3 (Human) 27.27 100.00 ((±)-7-OH-DPAT) 

Dopamine D4.2 (Human) 0.00 94.38 (Haloperidol) 

Dopamine D5 (Human) 35.04 100.00 (R(+)-SCH-23390) 

Dopamine transporter (Human) 1.32 100.00 (GBR12909) 

Endothelin ETA (Human) 46.60 98.77 (Endothelin-1) 

Endothelin ETB (Human) 1.84 100.00 (Endothelin-1) 

GABA A (Agonist site) 0.00 94.65 (Muscimol) 

GABA A (BZ central) 2.33 100.00 (Diazepam) 

GABA A (Chloride channel) 6.20 100.00 (Picrotoxin) 

GABA B 4.36 99.63 (GABA) 

GABA transporter 7.24 100.00 (GABA) 

Glucocorticoid (Human) 2.20 100.00 (Dexamethasone) 
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Supplementary Table 27 Continued 

Assay name 
Inhibition (%) 

OPC-163493 Positive substance 

Glutamate (AMPA) 0.00 99.97 ((S)-AMPA) 

Glutamate (Kainate) 9.51 95.91 (Kainic acid) 

Glutamate (NMDA agonist site) 4.93 98.95 (L-Glutamic acid) 

Glutamate (NMDA glycine site) 22.46 95.18 (MDL105,519) 

Histamine H1 (Human) 0.00 99.82 (Pyrilamine) 

Histamine H2 (Human) 0.00 98.99 (Cimetidine) 

Histamine H3 (Human) 0.00 98.95 ((R)(−)-α-Methylhistamine) 

K Channel KATP 3.56 100.00 (Glibenclamide) 

K Channel SkCa 14.73 100.00 (Apamin) 

Leukotriene B4 6.22 96.38 (Leukotriene B4) 

Leukotriene D4 14.68 99.24 (Leukotriene D4) 

Melatonin MT1 (Human) 5.36 100.00 (Melatonin) 

Muscarinic M1 (Human) 12.96 100.00 (Atropine) 

Muscarinic M2 (Human) 16.10 100.00 (Atropine) 

Muscarinic M3 (Human) 2.92 100.00 (Atropine) 

Muscarinic M4 (Human) 4.36 100.00 (Atropine) 

Muscarinic M5 (Human) 1.86 99.75 (Atropine) 

Neurokinin NK1 (Human) 17.28 98.61 (L-703,606) 

Neurokinin NK2 (Human) 8.32 100.00 (Neurokinin A) 

Nicotinic (Human) 17.42 100.00 ((±)-Epibatidine) 

Opiate δ (Human) 11.55 99.84 (Naltriben) 

Opiate κ (Human) 9.14 100.00 (U-69593) 

Opiate μ (Human) 15.33 100.00 (DAMGO) 

Opiate ORL1 (Human) 10.49 98.21 (Nociceptin human) 

Prostanoid EP2 (Human) 0.00 100.00 (Prostaglandin E2) 

Serotonin 5HT1A (Human) 11.79 97.95 (Serotonin) 

Serotonin 5HT2A (Human) 0.00 99.23 (Ketanserin) 

Serotonin 5HT3 (Human) 0.00 100.00 (Tropisetron) 

Serotonin transporter (Human) 0.00 99.43 (Imipramine) 

Test substance concentration: 1 × 10-5 M, Positive substance concentration: 1 × 10-6 or 1 × 10-5 M. Data are expressed 

as the mean values of duplicate samples. The inhibition ratio was calculated from “100–binding ratio,” binding ratio: [ (B 

– N) / (B0 – N) ] × 100 (%), B: Bound radioactivity in the presence of test substance (individual value), B0: Total bound 

radioactivity in the absence of test substance (mean value), N: Non-specific bound radioactivity (mean value). 
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Supplementary Discussions 

Supplementary Discussion 1: Speculating further, SDH might be partly reversed in the 

direction of reducing fumarate to succinate, because it consequently provides oxidized 

Coenzyme Q to Complex I and promotes the circulation of the quinone pool1. As an 

anaplerotic response to the TCA cycle alteration, aspartate utilization for replenishment was 

in particular markedly activated. As a similar response, it was reported that aspartate 

utilization is essential for survival and growth of cancer cells when the TCA cycle was 

disrupted by the inhibition of 2-OG dehydrogenase 2. 

 

Supplementary Discussion 2: Superoxide reacts with NO to form peroxynitrite (ONOO-), 

which reduces NO bioavailability. ONOO- itself also oxidizes tetrahydrobiopterin (BH4), an 

essential cofactor of endothelial NO synthase (eNOS). This oxidization causes 

dysregulation of eNOS, known as eNOS uncoupling (different from mUncoupling). This in 

turn results in impaired NO release and leads to further superoxide production, setting up a 

vicious cycle and subsequent endothelial dysfunction3. 
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