Supplementary information


Fig. S1 OPA1 deficiency repressed oxidative glucose metabolism affiliated to Figure 1.
Mass isotopologue analysis of metabolites including pyruvate (A) and lactate (B) as well as the relative abundances of glycolytic intermediates (C; pyruvate, lactate, and alanine) in OPA1-WT and OPA1-KO MEF cells cultured with [U-13C]glucose and unlabeled glutamine for 4 hours. The data were analyzed by multiple t-test and the significant level was set as *p < 0.05 (OPA1-KO vs. OPA1-WT). The experiments were repeated at least three times and n=3 cultures from a representative experiment.

Fig. S2 OPA1 deficiency repressed oxidative glucose metabolism but induced glutamine-dependent reductive carboxylation affiliated to Figure 2 and Figure 3.
Mass isotopologue analysis of metabolites including citrate, fumarate, malate, aspartate, α-KG, glutamate, glutamine, and pyruvate in OPA1-WT and OPA1-KO MEF cells cultured with [U-13C]glucose and unlabeled glutamine (A) or cultured with [U-13C]glutamine and unlabeled glucose (B) for 20 hours. The data were analyzed by multiple t-test and the significant level was set as *p < 0.05 (OPA1-KO vs. OPA1-WT). The experiments were repeated at least three times and n=3 cultures from a representative experiment.

Fig. S3 The comparative modeling of metabolic fluxes in OPA1-KO MEFs treated with DMSO and IDH1 inhibitor.
The color scale reflects the ratio of each flux in OPA1-KO cells treated with IDH1 inhibitor relative to OPA1-KO MEFs treated with DMSO. See Table S3 for definitions of quantitative flux values. The color scale reflects the ratio of each flux in OPA1-KO cells treated with IDH1i compared to DMSO treatment.

Table S1 The measured metabolic fluxes in OPA1-WT and OPA1-KO MEFs.
Table S2 Simulated metabolic fluxes in OPA1-WT and OPA1-KO MEFs.
Table S3 Simulated metabolic fluxes in OPA1-KO MEFs treated with IDH1 inhibitor compared to those treated with DMSO.
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Table S1 The measured metabolic fluxes in OPA1-WT and OPA1-KO MEFs
	
	OPA1-WT (mmoL/g/h)
	
	OPA1-KO (mmoL/g/h)

	Reactions
	Average
	SD
	
	Average
	SD

	Glucose uptake
	1.1198
	0.0607
	
	2.2610
	0.1480

	Lactate secretion
	1.0570
	0.0290
	
	3.2258
	0.0482

	Alanine secretion
	0.0482
	0.0023
	
	0.0865
	0.0025

	Pyruvate secretion
	0.3296
	0.0204
	
	0.0864
	0.0280

	Glutamine uptake
	1.2050
	0.1304
	
	0.9976
	0.0424

	Glutamate secretion
	0.0079
	0.0035
	
	0.1378
	0.0139





Table S2 Simulated metabolic fluxes in OPA1-WT and OPA1-KO MEFs
	
	
	
	OPA1-WT
	
	OPA1-KO
	KO/WT

	
	ID
	Equation
	Value
	95% C.I.
	
	Value
	95% C.I.
	Ratio

	v1
	Glc Uptake
	Glc.x -> Glc.c
	1.5218
	[1.4265,1.6334]
	
	1.7197
	[1.5850,1.8567]
	1.1300

	v2
	Glycolysis
	Glc.c -> Pyr.c + Pyr.c
	1.5218
	[1.4265,1.6334]
	
	1.7197
	[1.5850,1.8567]
	1.1300

	v3
	Pyr Dil
	Pyr.d -> Pyr.c
	0.2548
	[0.1626,0.3495]
	
	0.3857
	[0.2668,0.5066]
	1.5137

	v4
	Pyr Sec
	Pyr.c -> Pyr.x
	0.3283
	[0.2989,0.3576]
	
	0.0866
	[0.0787,0.0944]
	0.2638

	v5
	LDH
	Pyr.c -> Lac
	1.0421
	[0.9451,1.1390]
	
	3.5102
	[3.2277,3.7928]
	3.3684

	v6
	Lac Sec
	Lac -> Lac.x
	1.0421
	[0.9451,1.1390]
	
	3.5102
	[3.2277,3.7928]
	3.3684

	v7
	ALT
	Pyr.c -> Ala
	0.0482
	[0.0443,0.0521]
	
	0.0867
	[0.0788,0.0945]
	1.7988

	v8
	Ala Sec
	Ala -> Ala.x
	0.0482
	[0.0443,0.0521]
	
	0.0867
	[0.0788,0.0945]
	1.7988

	v9
	MPC
	Pyr.c -> Pyr.m
	1.8799
	[1.6929,2.1140]
	
	0.1417
	[0.1188,0.1675]
	0.0754

	v10
	PDH
	Pyr.m -> AcCoA.m + CO2.out
	1.8973
	[1.6870,2.1703]
	
	0.1551
	[0.1288,0.1888]
	0.0817

	v11
	PC
	Pyr.m + CO2.x -> OAA.m
	0.2076
	[0.1718,0.2452]
	
	0.0544
	[0.0306,0.0795]
	0.2620

	v12
	FAO
	AcCoA.d -> AcCoA.m
	0.0486
	[0.0000,0.1262]
	
	0.0454
	[0.0342,0.0581]
	0.9342

	v13
	CS
	AcCoA.m + OAA.m -> Cit.m
	1.9459
	[1.7306,2.2285]
	
	0.2005
	[0.1711,0.2382]
	0.1030

	v14
	IDH3
	Cit.m -> aKG.m + CO2.out
	1.1169
	[1.1169,1.1169]
	
	0.1962
	[0.1962,0.1962]
	0.1757

	v15
	IDH2
	aKG.m + CO2.x -> Cit.m
	0.0985
	[0.0443,0.1511]
	
	0.0975
	[0.0810,0.1163]
	0.9898

	v16
	OGDH
	aKG.m -> Suc.m + CO2.out
	2.3895
	[2.3051,2.4772]
	
	0.7106
	[0.6545,0.7696]
	0.2974

	v17
	SDH.m net
	Suc.m <-> Fum.m
	2.3895
	[2.3051,2.4772]
	
	0.7106
	[0.6545,0.7696]
	0.2974

	v18
	FH.m net
	Fum.m <-> Mal.m
	2.3895
	[2.3051,2.4772]
	
	0.7106
	[0.6545,0.7696]
	0.2974

	v19
	MDH.m net
	Mal.m <-> OAA.m
	1.7382
	[1.5285,2.0135]
	
	0.1461
	[0.1099,0.1884]
	0.0841

	v20
	ME.m
	Mal.m -> Pyr.m + CO2.out
	0.225
	[0.1488,0.3113]
	
	0.0678
	[0.0468,0.0923]
	0.3013

	v21
	Gln Uptake
	Gln.x -> Gln
	1.5599
	[1.5013,1.6206]
	
	1.0867
	[1.0069,1.1695]
	0.6966

	v22
	GLS
	Gln -> Glu
	1.5599
	[1.5013,1.6206]
	
	1.0867
	[1.0069,1.1695]
	0.6966

	v23
	Glu Dilution
	Glu.d -> Glu
	0.0452
	[0.0107,0.0795]
	
	0.0714
	[0.0538,0.0896]
	1.5796

	v24
	Glu Sec
	Glu -> Glu.x
	0.0079
	[0.0075,0.0083]
	
	0.1373
	[0.1255,0.1490]
	17.3797

	v25
	GDH net
	Glu <-> aKG.m
	1.5973
	[1.5267,1.6708]
	
	1.0208
	[0.9339,1.1113]
	0.6391

	v26
	aKG trans
	aKG.m -> aKG.c
	0.2262
	[0.1807,0.2732]
	
	0.4089
	[0.3713,0.4485]
	1.8077

	v27
	IDH1
	aKG.c + CO2.x -> Cit.c
	0.2262
	[0.1807,0.2732]
	
	0.4089
	[0.3713,0.4485]
	1.8077

	v28
	CTP
	Cit.m -> Cit.c
	0.9275
	[0.7182,1.2028]
	
	0.1018
	[0.0612,0.1539]
	0.1098

	v29
	ACLY
	Cit.c -> AcCoA.c + OAA.c
	1.1537
	[0.9219,1.4409]
	
	0.5107
	[0.4570,0.5709]
	0.4427

	v30
	FASN
	8*AcCoA.c -> Pal
	0.1442
	[0.1152,0.1801]
	
	0.0638
	[0.0571,0.0714]
	0.4424

	v31
	Pal Dilution
	Pal.d -> Pal
	0.2375
	[0.1873,0.2998]
	
	0.1734
	[0.1449,0.2099]
	0.7301

	v32
	AST.c net
	OAA.c <-> Asp
	1.5799
	[1.4645,1.6956]
	
	1.0074
	[0.9160,1.1027]
	0.6376

	v33
	Asp Dilution
	Asp.d -> Asp
	0.0334
	[0.0000,0.0806]
	
	0.1089
	[0.0810,0.1385]
	3.2605

	v34
	ASN net
	Asp <-> Asn
	1.6134
	[1.5085,1.7174]
	
	1.1163
	[1.0177,1.2189]
	0.6919

	v35
	ASN Sec
	Asn -> Asn.x
	1.6134
	[1.5085,1.7174]
	
	1.1163
	[1.0177,1.2189]
	0.6919

	v36
	MDH.c net
	Mal.c <-> OAA.c
	0.4263
	[0.0899,0.6935]
	
	0.4968
	[0.4256,0.5676]
	1.1654

	v37
	Mal trans net
	Mal.m <-> Mal.c
	0.4263
	[0.0899,0.6935]
	
	0.4968
	[0.4256,0.5676]
	1.1654

	
	Exchange reactions
	
	
	
	
	
	

	v17e
	SDH.m exch
	Suc.m <-> Fum.m
	9911500
	[7.9616,Inf]
	
	9999700
	[19.7290,Inf]
	1.0089

	v18e
	FH.m exch
	Fum.m <-> Mal.m
	1627800
	[7.9812,3477400]
	
	410810
	[19.6775,3608600]
	0.2524

	v19e
	MDH.m exch
	Mal.m <-> OAA.m
	17.5253
	[4.7666,Inf]
	
	0.7537
	[0.2269,4.1017]
	0.0430

	v25e
	GDH exch
	Glu <-> aKG.m
	13.1178
	[9.5206,19.9521]
	
	1.5325
	[0.7632,3.4508]
	0.1168

	v32e
	AST.c exch
	OAA.c <-> Asp
	12.4374
	[0,Inf]
	
	0.9995
	[0.3024,2.6151]
	0.0804

	v34e
	ASN exch
	Asp <-> Asn
	0.0000
	[0,Inf]
	
	0.0000
	[0,Inf]
	1.0001

	v36e
	MDH.c exch
	Mal.c <-> OAA.c
	27.9666
	[6.3443,Inf]
	
	35.9589
	[9.5808,Inf]
	1.2858

	v37e
	Mal trans exch
	Mal.m <-> Mal.c
	44248
	[5.8789,Inf]
	
	25774
	[9.4541,Inf]
	0.5825

	
	Mixing reactions
	
	
	
	
	
	

	v38
	Cit.m
	0*Cit.m -> Cit.mix
	1.0000
	[0.9439,1.0000]
	
	1.0000
	[0.9395,1.0000]
	1.0000

	v39
	Cit.c
	0*Cit.c -> Cit.mix
	0.0000
	[0.0000,0.0561]
	
	0.0000
	[0.0000,0.0605]
	1.0000

	v40
	Cit
	Cit.mix -> sink
	1.0000
	[1.0000,1.0000]
	
	1.0000
	[1.0000,1.0000]
	1.0000

	v41
	aKG.m
	0*aKG.m -> aKG.mix
	0.5671
	[0.0000,0.5889]
	
	0.6835
	[0.0000,NaN]
	1.2053

	v42
	aKG.c
	0*aKG.c -> aKG.mix
	0.4064
	[0.0000,0.4282]
	
	0.2991
	[0.0000,NaN]
	0.7360

	v43
	aKG.d
	0*aKG.d -> aKG.mix
	0.0264
	[0.0047,0.0477]
	
	0.0175
	[0.0000,0.0395]
	0.6629

	v44
	aKG
	aKG.mix -> sink
	1.0000
	[1.0000,1.0000]
	
	1.0000
	[1.0000,1.0000]
	1.0000

	v45
	Fum.m
	0*Fum.m -> Fum.mix
	1.0000
	[1.0000,1.0000]
	
	1.0000
	[1.0000,1.0000]
	1.0000

	v46
	Fum
	Fum.mix -> sink
	1.0000
	[1.0000,1.0000]
	
	1.0000
	[1.0000,1.0000]
	1.0000

	v47
	Mal.m
	0*Mal.m -> Mal.mix
	1.0000
	[0.0000,1.0000]
	
	1.0000
	[0.0000,1.0000]
	1.0000

	v48
	Mal.c
	0*Mal.c -> Mal.mix
	0.0000
	[0.0000,1.0000]
	
	0.0000
	[0.0000,1.0000]
	1.0000

	v49
	Mal
	Mal.mix -> sink
	1.0000
	[1.0000,1.0000]
	
	1.0000
	[1.0000,1.0000]
	1.0000

	v50
	Pyr.c
	0*Pyr.c -> Pyr.mix
	0.6537
	[0.3069,0.9548]
	
	0.8971
	[0.8085,0.9842]
	1.3723

	v51
	Pyr.m
	0*Pyr.m -> Pyr.mix
	0.3463
	[0.0452,0.6931]
	
	0.1029
	[0.0158,0.1915]
	0.2971

	v52
	Pyr
	Pyr.mix -> sink
	1.0000
	[1.0000,1.0000]
	
	1.0000
	[1.0000,1.0000]
	1.0000



Notes: Negative flux values indicate that the net direction is reverse to the indicated direction. The sum of squared residuals was 105.6 for OPA1-WT and 93.6 for OPA1-KO, both within the acceptable range [63.9, 115.8]. Degrees of freedom = 88. Units for all fluxes are mmoL/g protein/h. Here we assumed that IDH1i reduces the rate of the IDH1-mediated reaction (aKG.c + CO2.x -> Cit.c) to 0.0011 in OPA1-WT_IDH1i and OPA1-KO_IDH1i groups. In order to get the fit models of OPA1-WT and OPA1-KO, we assumed their rates of IDH3-mediated reaction (Cit.m -> aKG.m + CO2.out) as their upper bound values 1.1169 and 0.1962, respectively. As the limitations of GC-MS that makes the enrichment of some metabolites lower than 0, m+1 enrichment of citrate and m+5 enrichment of glutamate in both groups were changed to smaller negative values during the INCA model adjustment.
Metabolites: AcCoA, acetyl-CoA; aKG, α-ketoglutarate; Asp, aspartate; Asn, Asparagine; Cit, citrate; Fum, fumarate; Glc, glucose; Gln, glutamine; Glu, glutamate; Lac, lactate; Mal, malate; OAA, oxaloacetate; Pal, palmitate; Pyr, pyruvate; Suc, succinate. c, cytosolic; m, mitochondrial; d, dilution; x, secretion; C.I., Confidence Interval.
Enzymes and transporters: LDH, lactate dehydrogenase; ALT, alanine aminotransferase; MPC, mitochondrial pyruvate carrier; PDH, pyruvate dehydrogenase; PC, pyruvate carboxylase; FAO, fatty acid oxidation; CS, citrate synthase; CTP, citrate transport protein;  IDH, isocitrate dehydrogenase; OGDH, a-ketoglutarate dehydrogenase; SDH, succinate dehydrogenase; FH, fumarate hydratase; MDH, malate dehydrogenase; ME, malic enzyme; GLS, glutaminase; GDH, glutamate dehydrogenase; ACLY, ATP citrate lyase; FASN, fatty acid synthetase; MDH, malate dehydrogenase; AST, aspartate aminotransferase; ASN, asparagine synthetase.


Table S3 Simulated metabolic fluxes in OPA1-KO MEFs treated with IDH1 inhibitor compared to those treated with DMSO
	
	
	
	OPA1-KO_DMSO
	
	OPA1-KO_IDH1i
	IDH1i/DMSO

	
	ID
	Equation
	Value
	95% C.I.
	
	Value
	95% C.I.
	Ratio

	v1
	Glc Uptake
	Glc.x -> Glc.c
	1.9221
	[1.8141,2.0610]
	
	1.2688
	[1.1344,1.4020]
	0.6601

	v2
	Glycolysis
	Glc.c -> Pyr.c + Pyr.c
	1.9221
	[1.8141,2.0610]
	
	1.2688
	[1.1344,1.4020]
	0.6601

	v3
	Pyr Dil
	Pyr.d -> Pyr.c
	0.0000
	[0.0000,0.2206]
	
	0.0000
	[0.0000,0.2527]
	1.0000

	v4
	Pyr Sec
	Pyr.c -> Pyr.x
	0.0865
	[0.0787,0.0944]
	
	0.0631
	[0.0601,0.0661]
	0.7295

	v5
	LDH
	Pyr.c -> Lac
	3.4239
	[3.1478,3.6003]
	
	2.2800
	[2.0175,2.5427]
	0.6659

	v6
	Lac Sec
	Lac -> Lac.x
	3.4239
	[3.1478,3.6003]
	
	2.2800
	[2.0175,2.5427]
	0.6659

	v7
	ALT
	Pyr.c -> Ala
	0.0866
	[0.0788,0.0943]
	
	0.1121
	[0.1092,0.1150]
	1.2945

	v8
	Ala Sec
	Ala -> Ala.x
	0.0866
	[0.0788,0.0943]
	
	0.1121
	[0.1092,0.1150]
	1.2945

	v9
	MPC
	Pyr.c -> Pyr.m
	0.2471
	[0.1112,0.2911]
	
	0.0824
	[0.0378,0.5421]
	0.3335

	v10
	PDH
	Pyr.m -> AcCoA.m + CO2.out
	0.2203
	[0.1421,0.2634]
	
	0.0743
	[0.0355,0.5766]
	0.3373

	v11
	PC
	Pyr.m + CO2.x -> OAA.m
	0.1068
	[0.0162,0.1459]
	
	0.1899
	[0.0876,0.3049]
	1.7781

	v12
	FAO
	AcCoA.d -> AcCoA.m
	0.0000
	[0.0000,0.0731]
	
	0.2273
	[0.1396,0.3681]
	2273045

	v13
	CS
	AcCoA.m + OAA.m -> Cit.m
	0.2203
	[0.1860,0.2634]
	
	0.3015
	[0.1795,0.5766]
	1.3686

	v14
	IDH3
	Cit.m -> aKG.m + CO2.out
	0.1962
	[0.1962,0.1962]
	
	0.1479
	[0.1015,0.1962]
	0.7538

	v15
	IDH2
	aKG.m + CO2.x -> Cit.m
	0.1042
	[0.0828,0.1246]
	
	0.1563
	[0.0922,0.2950]
	1.5000

	v16
	OGDH
	aKG.m -> Suc.m + CO2.out
	0.6952
	[0.6287,0.7560]
	
	0.9288
	[0.7488,1.0499]
	1.3360

	v17
	SDH.m net
	Suc.m <-> Fum.m
	0.6952
	[0.6287,0.7560]
	
	0.9288
	[0.7488,1.0499]
	1.3360

	v18
	FH.m net
	Fum.m <-> Mal.m
	0.6952
	[0.6287,0.7560]
	
	0.9288
	[0.7488,1.0499]
	1.3360

	v19
	MDH.m net
	Mal.m <-> OAA.m
	0.1135
	[0.0700,0.2305]
	
	0.1116
	[-0.1089,0.5496]
	0.9833

	v20
	ME.m
	Mal.m -> Pyr.m + CO2.out
	0.0799
	[0.0431,0.1114]
	
	0.1818
	[0.1124,0.2669]
	2.2753

	v21
	Gln Uptake
	Gln.x -> Gln
	1.0648
	[0.9793,1.1513]
	
	1.0920
	[0.9940,1.1900]
	1.0255

	v22
	GLS
	Gln -> Glu
	1.0648
	[0.9793,1.1513]
	
	1.0920
	[0.9940,1.1900]
	1.0255

	v23
	Glu Dilution
	Glu.d -> Glu
	0.0613
	[0.0434,0.0797]
	
	0.0629
	[0.0447,0.0820]
	1.0261

	v24
	Glu Sec
	Glu -> Glu.x
	0.1374
	[0.1256,0.1492]
	
	0.2165
	[0.1871,0.2459]
	1.5757

	v25
	GDH net
	Glu <-> aKG.m
	0.9887
	[0.8964,1.0824]
	
	0.9384
	[0.8294,1.0478]
	0.9491

	v26
	aKG trans
	aKG.m -> aKG.c
	0.3856
	[0.3470,0.4292]
	
	0.0011
	[0.0011,0.0011]
	0.0029

	v27
	IDH1
	aKG.c + CO2.x -> Cit.c
	0.3856
	[0.3470,0.4292]
	
	0.0011
	[0.0011,0.0011]
	0.0029

	v28
	CTP
	Cit.m -> Cit.c
	0.1282
	[0.0810,0.1870]
	
	0.3099
	[0.1574,0.6979]
	2.4173

	v29
	ACLY
	Cit.c -> AcCoA.c + OAA.c
	0.5138
	[0.4553,0.5837]
	
	0.3111
	[0.1586,0.6990]
	0.6055

	v30
	FASN
	8*AcCoA.c -> Pal
	0.0642
	[0.0569,0.0730]
	
	0.0389
	[0.0198,0.0874]
	0.6059

	v31
	Pal Dilution
	Pal.d -> Pal
	0.1481
	[0.1237,0.1801]
	
	0.5799
	[0.2273,3.4071]
	3.9156

	v32
	AST.c net
	OAA.c <-> Asp
	1.0156
	[0.8620,1.1163]
	
	0.9464
	[0.8157,1.0721]
	0.9319

	v33
	Asp Dilution
	Asp.d -> Asp
	0.0691
	[0.0435,0.1530]
	
	0.0595
	[0.0313,0.0979]
	0.8611

	v34
	ASN net
	Asp <-> Asn
	1.0847
	[0.9792,1.1909]
	
	1.0059
	[0.8804,1.1305]
	0.9274

	v35
	ASN Sec
	Asn -> Asn.x
	1.0847
	[0.9792,1.1909]
	
	1.0059
	[0.8804,1.1305]
	0.9274

	v36
	MDH.c net
	Mal.c <-> OAA.c
	0.5018
	[0.3616,0.5767]
	
	0.6354
	[0.1795,0.8473]
	1.2662

	v37
	Mal trans net
	Mal.m <-> Mal.c
	0.5018
	[0.3616,0.5767]
	
	0.6354
	[0.1795,0.8473]
	1.2662

	
	Exchange reactions
	
	
	
	
	
	

	v17e
	SDH.m exch
	Suc.m <-> Fum.m
	110860
	[17.7695,Inf]
	
	2841.9
	[0.0000,Inf]
	0.0256

	v18e
	FH.m exch
	Fum.m <-> Mal.m
	79921
	[17.8243,2637800]
	
	3.3049
	[0.0000,Inf]
	0.0000

	v19e
	MDH.m exch
	Mal.m <-> OAA.m
	0.6696
	[0.0000,1.4902]
	
	0.9736
	[0.0000,9.1717]
	1.4540

	v25e
	GDH exch
	Glu <-> aKG.m
	1.5887
	[0.6626,4.7493]
	
	4.2508
	[1.1098,Inf]
	2.6756

	v32e
	AST.c exch
	OAA.c <-> Asp
	0.0000
	[0.0000,2.1043]
	
	0.2169
	[0.0000,4.598]
	2169174

	v34e
	ASN exch
	Asp <-> Asn
	0.0000
	[0.0000,Inf]
	
	0.0378
	[0.0000,Inf]
	378034

	v36e
	MDH.c exch
	Mal.c <-> OAA.c
	5162.8
	[8.6921,Inf]
	
	2.3567
	[0.3472,Inf]
	0.0005

	v37e
	Mal trans exch
	Mal.m <-> Mal.c
	29.6863
	[8.1210,Inf]
	
	0.0000
	[0.0000,Inf]
	0.0000

	
	Mixing reactions
	
	
	
	
	
	

	v38
	Cit.m
	0*Cit.m -> Cit.mix
	1.0000
	[0.9142,1.0000]
	
	1.0000
	[0.0000,1.0000]
	1.0000

	v39
	Cit.c
	0*Cit.c -> Cit.mix
	0.0000
	[0.0000,0.0858]
	
	0.0000
	[0.0000,1.0000]
	1.0000

	v40
	Cit
	Cit.mix -> sink
	1.0000
	[1.0000,1.0000]
	
	1.0000
	[1.0000,1.0000]
	1.0000

	v41
	aKG.m
	0*aKG.m -> aKG.mix
	0.4042
	[0.0000,NaN]
	
	0.2124
	[0.0000,0.2357]
	0.5255

	v42
	aKG.c
	0*aKG.c -> aKG.mix
	0.5757
	[0.0000,0.5958]
	
	0.6941
	[0.0000,0.7174]
	1.2057

	v43
	aKG.d
	0*aKG.d -> aKG.mix
	0.0200
	[0.0000,0.0424]
	
	0.0935
	[0.0702,0.1163]
	4.6750

	v44
	aKG
	aKG.mix -> sink
	1.0000
	[1.0000,1.0000]
	
	1.0000
	[1.0000,1.0000]
	1.0000

	v45
	Fum.m
	0*Fum.m -> Fum.mix
	1.0000
	[1.0000,1.0000]
	
	1.0000
	[1.0000,1.0000]
	1.0000

	v46
	Fum.d
	Fum.mix -> sink
	1.0000
	[1.0000,1.0000]
	
	1.0000
	[1.0000,1.0000]
	1.0000

	v47
	Fum
	0*Mal.m -> Mal.mix
	1.0000
	[0.0000,1.0000]
	
	0.0840
	[2.2204E-16,1]
	0.0840

	v48
	Mal.m
	0*Mal.c -> Mal.mix
	0.0000
	[0.0000,1.0000]
	
	0.9160
	[0.0000,1.0000]
	9160000

	v49
	Mal.c
	Mal.mix -> sink
	1.0000
	[1.0000,1.0000]
	
	1.0000
	[1.0000,1.0000]
	1.0000

	v50
	Mal
	0*Pyr.c -> Pyr.mix
	0.8916
	[0.7667,1.0000]
	
	0.8772
	[0.2579,0.9158]
	0.9838

	v51
	Pyr.c
	0*Pyr.m -> Pyr.mix
	0.1084
	[0.0000,0.2333]
	
	0.1228
	[0.0842,0.7421]
	1.1328

	v52
	Pyr.m
	Pyr.mix -> sink
	1.0000
	[1.0000,1.0000]
	
	1.0000
	[1.0000,1.0000]
	1.0000


Notes: Negative flux values indicate that the net direction is reverse to the indicated direction. The sum of squared residuals was 42.2 for OPA1-KO_DMSO and 33.7 for OPA1-KO_IDH1i, both within the acceptable range [19.0, 50.7]. Degrees of freedom = 33. Units for all fluxes are mmol/g protein/h. Here we assumed that IDH1i reduces the rate of the IDH1-mediated reaction (aKG.c + CO2.x -> Cit.c) to 0.0011 in OPA1-KO_IDH1i group, then the rate of IDH3-mediated reaction (Cit.m -> aKG.m + CO2.out) ranges from 0.1015 to 0.1962. For OPA1-KO_DMSO group, we assumed the rate of IDH3-mediated reaction (Cit.m -> aKG.m + CO2.out) as the upper bound value 0.1962 to get its fit model. As the limitations of GC-MS that makes the enrichment of some metabolites lower than 0, m+1 enrichment of citrate and m+5 enrichment of glutamate in both groups were changed to smaller negative values during the INCA model adjustment. The details about the abbrevations of enzymes/transporters and metabolites are the same as Table S2. If the value of reaction in OPA1-KO treated with IDH1i is equal to zero, the color of ratios will be shown as very light blue. 
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