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Supplementary Table S1. Feed formulation and the nutrient composition of diets

	Diet component(g/kg)
	Control
	Mildronate
	Mildronate

+

L-carnitine
	Mildronate

+

DL-carnitine
	Mildronate

+

D-carnitine

	Casein
	320
	320
	320
	320
	320

	Gelatin
	80
	80
	80
	80
	80

	Soybean oil
	70
	70
	70
	70
	70

	Corn starch
	364.75
	364.75
	364.75
	364.75
	364.75

	Vitamin premix1
	15
	15
	15
	15
	15

	Mineral premix2
	45
	45
	45
	45
	45

	CMC 
	30
	30
	30
	30
	30

	Cellulose 
	103.75
	78.75
	78.35
	78.26
	78.35

	Choline chloride
	1.25
	1.25
	1.25
	1.25
	1.25

	BHT
	0.25
	0.25
	0.25
	0.25
	0.25

	Mildronate
	
	25
	25
	25
	25

	L-carnitine
	
	
	0.4
	
	

	D-carnitine
	
	
	
	
	0.4

	Total protein
	400
	400
	400
	400
	400

	Total lipid
	70
	70
	70
	70
	70

	Total carbohydrate
	364.75
	364.75
	364.75
	364.75
	364.75

	Proximate analysis ( g/kg)

	Dry matter
	922.2
	918.9
	923.1
	922.7
	922.5

	Crude protein
	382.2
	379.3
	381
	382.1
	379.6

	Crude lipid
	65.9
	64.9
	65.2
	64.8
	65.1


1 Vitamin premix, (mg or IU/kg): 500,000 I.U. (international units) Vitamin A, 50,000 I.U. Vitamin D3, 2500 mg Vitamin E, 1000 mg Vitamin K3, 5000 mg Vitamin B1, 5000 mg Vitamin B2, 5000 mg Vitamin B6, 5000 μg Vitamin B12, 25,000 mg Inositol, 10,000 mg Pantothenic acid, 100,000 mg Cholin, 25,000 mg Niacin, 1000 mg Folic acid, 250 mg Biotin, 10,000 mg Vitamin C.

2 Mineral premix, (g/kg): 314.0 g CaCO3; 469.3 KH2PO4; 147.4 g MgSO4·7H2O; 49.8 g NaCl; 10.9 g Fe(II) gluconate; 3.12 g MnSO4·H2O; 4.67 g ZnSO4·7H2O; 0.62 g CuSO4·5H2O; 0.16 g KJ; 0.08 g CoCl2·6H2O; 0.06 g NH4 molybdate; 0.02 g NaSeO3.

 Supplementary Table S2. The primers used in the experiment
	Gene name
	Primers (5’-3’)
	GenBank NO.

	ef1α
	F: ATCAAGAAGATCGGCTACAACCCT
	KJ123689.1

	
	R: ATCCCTTGAACCAGCTCATCTTGT
	

	β-actin
	F: AGCCTTCCTTCCTTGGTATGGAAT
	KJ126772.1

	
	R: TGTTGGCGTACAGGTCCTTACG
	

	cpt1a 
	F: TTTCCAGGCCTCCTTACCCA
	XM_003440552.4

	
	R: TTGTACTGCTCATTGTCCAGCAGA
	

	cpt1b 
	F: AAGGGACGTTACTTCAAGGTG
	GQ395696.1

	
	R: TCCGACTTGTCTGCCAAGAT
	

	aco
	F: AGTCCCACTGTGAGCTCCATCAA
	NM_001290199.1

	
	R: CAGACCATGGCAGTTTCCAAGA
	

	pparα
	F: CTGATAAAGCTTCGGGCTTCCA
	KF871430.1

	
	R: CGCTCACACTTATCATACTCCAGCT
	

	pparβ
	F: CAGGAGAACAGTGACAACAAGCA
	KF751705.1

	
	R: CCAAACGCAGCTGTTCTGAGA
	

	pparγ
	F: TGGACTACACAAACATGCACAGC
	KF918712.1

	
	R: CACGGGACTATCTGAGTACTGTGGA
	

	fasn
	F: TCATCCAGCAGTTCACTGGCATT
	GU433188.2

	
	R: TGATTAGGTCCACGGCCACA
	

	dgat2
	F: GCTTGAATTCTGTCACCCTGAAGA
	XM_003458972.4

	
	R: ACCTGCTTGTAGGCGTCGTTCT
	

	srebp1
	F: TGCAGCAGAGAGACTGTATCCGA
	XM_005457771.3

	
	R: ACTGCCCTGAATGTGTTCAGACA
	

	atgl
	F: AAAACGTCCTGGTGACCCAGT
	XM_003440346.4

	
	R: TAGGAGGAATGATGCCACAGTACA
	

	hsl
	F: AACCTGGATGTCCATTTCTGGAAG
	FJ601660.1

	
	R: TCGGTTTACCTTGACTTGAGTGGA
	

	pfk 
	F: AACCTGTGTGTGATTGGAGGTGAT
	XM_003441476.4

	
	R: CGTGATCTTACCGGCTTTAACAAG
	

	pk 
	F: CAGCATAATCTGCACCATCGGT
	XM_005472621.3

	
	R: ATGAGAGAAGTTAAGACGGGCGA
	

	fbp1
	F: ACCGGACAATAGCGGAAAATACA
	XM_003449650.4

	
	R: TGGCGAATATTGTTCCTATGGAGA
	

	g6pα
	F: AGACCTTATTGGTGGGTTCACGA
	XM_003448671.4

	
	R: CTGAAGGACTTCCTGGTCCAGTTT
	

	gcn2
	F:TCGAGTGGTCCACCTCCATTGA
	XM_013272914.2

	
	R:TCGTCATCATCGTCGTCGTCAT
	

	atf4
	F:TCACTTTGTGGTGGTGCTCTCC
	XM_005464867.3

	
	R:TCACTGTCGCATTCGCTTGGT
	

	glud1
	F:GGTTCCAGGACAAGACCTTCGT
	XM_003457465.3

	
	R:TCTCCGACTCCGACGCACTT
	

	mtor
	F: GGCACTCAACAAGAAGGCTATTCA
	XM_005454119.3

	
	R: ATCCAGCGTCTCATCATGAGAGAA
	

	cyp1a
	F: CGTCGTCGTCTCTGTTGCC
	NM_001279489.1

	
	R: CATCGTCGTGGTGGTCATAGC
	

	hsp70
	F: TGCCTTTGTCCAGACCGTAG
	FJ207463.1

	
	R: GTGTCCAACGCTGTCATCAC
	

	il1b
	F: GAGCACAGAATTCCAGGATGAAAG
	XM_019365841.1

	
	R: GAGCACAGAATTCCAGGATGAAAG
	

	tgfb1
	F: AAGAGGAGGAGGAATACTTTGCCA
	NM_001311325.1

	
	R: GAAGCTCATTGAGATGACTTTGGG
	

	tnfa
	F: CAGAAGCACTAAAGGCGAAGAACA
	NM_001279533.1

	
	R: TTCTAGATGGATGGCTGCCTTG
	

	il10
	F: CAGCAGCAGGAGCATCAGCATT
	KP645180.1

	
	R: CACAGGAGGACGGTCTGAGAAGT
	

	mif
	F: AGCAGAAGCAGGAAGGCGAAGA
	XM_003444573.3

	
	R: CGGTACATCACCTCTGGCAACATT
	

	gst
	F: TAATGGGAGAGGGAAGATGG
	NM_001279635.1

	
	R: CTCTGCGATGTAATTCAGG
	

	sod
	F: GCCCACACTTCAATCCCTACAA
	XM_003446807.4

	
	R: GGCTCTCTTCATTTCCTCCTTT
	

	casp3


	F: GGAGTGGACGATACAGACGCAAA
	NM_001282894.1

	
	R: TGAAGCTGTGTGACTGGGGCTT
	

	casp8
	F: AACTGGAATCTTCTGAGGTGGCA
	XM_005475926.3

	
	R: TTGAGAAGAGATCTTTGGCCTGC
	

	casp9
	F: ATACTTGAGGAAAACGCTGCCACT
	XM_003455320.4

	
	R: GAACCAGGCATTTGTTTGTAGAGC
	

	bax
	F: GGAGGAGGCGATCAAGGGAAT
	XM_019357746.1

	
	R: TTTTTGCCTCTGAACTCGCTCA
	

	bcl2
	F: ATCGCAGACTGGATGACGGAGTAT
	XM_003437902.4

	
	R: TCTGTCTGTCGTACAGCTCCACAA
	


Supplementary Experimental procedures - Metabolomics assay of liver samples

Preparation of liver sample for metabolomics 
The accurately weighed liver samples (20 mg/sample) from D- or L-carnitine-treated fish were transferred individually into 1.5 mL Eppendorf tubes. Then 20 μL internal standard (L-2-chlorophenylalanine, 0.3 mg/mL stock in 50% methanol) and 300 μL of 80% methanol were added into the tubes, subsequently the tubes were placed at -80 °C for 2 min. Afterwards two steel beads were added into each tube and the tubes were homogenized at 60 HZ for 2 min. The samples were ultrasonicated at ambient temperature for 30 min after vortexed, and later placed at -20 °C for 20 min. The above samples were centrifuged at 4 °C, 14000 rpm for 10 min. Two hundred microliter of the supernatants from each tube was collected using crystal syringes, filtered through 0.22 μm microfilters and transferred to LC vials. 

LC-MS analysis
The metabolic profiling in both ESI positive and ESI negative ion modes were analyzed by using ACQUITY UHPLC system Ultimate 3000 (Thermo Fisher Scientific, MA, USA) coupled with LTQ Orbitrap MS (Thermo Fisher Scientific, MA, USA). In the positive ion mode, the separation of metabolites was conducted on a 2.1 × 100 mm ACQUITYTM 1.7 μm BEH C8 column. The mobile phase contained water with 0.1% formic acid (A) and acetonitrile (B). The linear elution gradient program was used as follows: 5% B kept 1.0 min, then linearly increased to 100% B at 24 min, and held for 4 min, 100–5% from 28 to 28.1 min, and held at 5% from 28.1 to 30 min. Each run time was 30 min. In negative ion mode, the metabolite separation was performed on 2.1 ×100 mm ACQUITYTM 1.8 μm HSS T3 column. The mobile phase contained 6.5 mM ammonium bicarbonate water solution (C) and 6.5 mM ammonium bicarbonate in 95% methanol and water (D). The linear elution gradient program was 5% D kept 1.0 min, then linearly increased to 100% D at 18 min, and held for 4 min, 100–5% from 22 to 22.1 min, and held at 5% from 22.1 to 25 min. Each run time was 25 min. The flow rate was 0.35 mL/min and column temperature was 40 ℃. The injection volume was 5 μL. Mass spectrometry detections were set as the following: capillary temperature 350 ℃ and 360 ℃, spray voltage 3.5 kV and 3.0 kV for positive ion mode and negative ion mode, respectively. The mass scan range was m/z 50 to 1,000. The resolution of the MS was set to 30,000.

Data preprocessing and statistical analysis 
The acquired MS data from UHPLC-LTQ Orbitrap were analyzed by the XCMS software (TSRI, USA). The variables presented in at least 80% of either group were extracted. The variables with < 30% relative standard deviation (RSD) in quality control (QC) samples were then retained for further multivariate data analysis. The resulting data were normalized to the total peak area of each sample in Excel 2007 (Microsoft, USA). The data were imported into SIMCA software(version 14.0, Umetrics, Umeå, Sweden), where principal component analysis (PCA), partial least-squares discriminant analysis (PLS-DA), and orthogonal partial least-squares discriminant analysis (OPLS-DA) were performed. The Hotelling’s T2 region, shown as an ellipse in score plots of the models, defines the 95% confidence interval of the modeled variation. A default seven-round cross-validation in the SIMCA was performed throughout to determine the optimal number of principal components and to avoid model overfitting. The OPLS-DA models were also validated by a permutation analysis (200 times).

Identification of differential metabolites

The differential metabolites between the D-carnitine and L-carnitine groups were selected on the basis of the combination of a statistically significant threshold of variable influence on projection (VIP) values obtained from the OPLS- DA model and P values from a two-tailed Student’s t-test on the normalized peak areas, where metabolites with VIP values were larger than 1, P values were less than 0.05, respectively. The fold change (FC) (D-carnitine/L-carnitine group) > 1 was set as up-regulated, < 1 was down-regulated.
The differential metabolites were identifies by using the One-step Solution for Identification of Small Molecules in Metabolomics Studies software, co-developed by Dalian Institute of Chemical Physics, Chinese Academy of Sciences and Dalian ChemData Solution Information Technology Co., Ltd. Reference material databases, including HMDB (http://www.hmdb.ca/) and METLIN (https://metlin.scripps.edu/), were used too. Kyoto Encyclopedia of Genes and Genomes (KEGG) (http://www.genome.jp/kegg/) was also used for biological role explanation and pathway construction.
Supplementary Table S3. Metabolomics of D-carnitine/L-carnitine
	NO.
	Metabolites
	Biological role
	FC
	m/z
	r.t (min)
	VIP
	P value

	1
	Cervonyl carnitine
	acyl-carnitine
	0.55
	494.32
	15.23
	2.065
	0.031

	2
	3-Dehydroxycarnitine
	
	0.73
	184.07
	20.90
	1.077
	0.013

	3
	Glycerophosphoric acid (GPA)
	Precursor of DG
	1.82
	171.01
	0.59
	1.678
	0.036

	4
	PA(16:0/18:2(9Z,12Z))
	Phospholipid
(PL)
	1.95
	671.46
	22.84
	1.429
	0.038

	5
	PC(18:3(9Z,12Z,15Z)/
16:1(9Z))
	
	1.30
	754.54
	23.68
	3.215
	0.033

	6
	PC(18:3(6Z,9Z,12Z)/
18:2(9Z,12Z))
	
	1.34
	780.55
	24.06
	5.314
	0.003

	7
	PC(20:2(11Z,14Z)/18:4(6Z,9Z,12Z,15Z))
	
	1.19
	806.57
	24.39
	5.781
	0.003

	8
	PC(20:3(8Z,11Z,14Z)/
16:1(9Z))
	
	1.24
	782.57
	24.62
	6.484
	0.015

	9
	PC(20:3(8Z,11Z,14Z)/
18:0)
	
	1.34
	812.61
	25.13
	1.527
	0.042

	10
	PC(20:1(11Z)/18:3(6Z,9Z,
12Z))
	
	1.39
	810.60
	25.18
	6.991
	0.001

	11
	PC(20:5(5Z,8Z,11Z,
14Z,17Z)/18:0)
	
	1.18
	808.58
	24.96
	6.014
	0.001

	12
	PC(20:4(8Z,11Z,14Z,
17Z)/20:0)
	
	1.59
	838.62
	25.92
	3.070
	0.002

	13
	PC(18:0/20:3(5Z,8Z,
11Z))
	
	1.39
	812.61
	25.71
	3.534
	0.012

	14
	PC(20:5(5Z,8Z,11Z,
14Z,17Z)/20:0)
	
	1.32
	836.61
	25.78
	4.217
	0.004

	15
	PC(16:0/20:1(11Z))
	
	1.55
	788.62
	26.18
	3.434
	0.021

	16
	PE(20:3(8Z,11Z,14Z)/
20:4(8Z,11Z,14Z,17Z))
	
	1.64
	790.55
	24.67
	1.434
	0.022

	17
	PE(20:5(5Z,8Z,11Z,14Z,
17Z)/18:0)
	
	1.53
	766.54
	25.02
	1.907
	0.006

	18
	PE(P-18:1(9Z)/18:3(9Z,
12Z,15Z))
	
	2.22
	724.52
	25.06
	1.038
	0.004

	19
	PE(22:6(4Z,7Z,10Z,
13Z,16Z,19Z)/18:0)
	
	1.59
	792.55
	25.27
	1.461
	0.003

	20
	PE(20:4(8Z,11Z,14Z,
17Z)/18:0)
	
	1.84
	768.55
	25.54
	1.874
	0.001

	21
	PG(O-20:0/20:5(5Z,8Z,11Z,14Z,17Z))
	
	1.41
	811.60
	25.20
	4.866
	0.001

	22
	PS(P-18:0/20:5(5Z,8Z,11Z,14Z,17Z))
	
	1.73
	794.55
	25.85
	1.255
	0.001

	23
	SM(d18:0/16:1(9Z))
	
	1.19
	703.57
	23.31
	3.312
	0.012

	24
	SM(d18:1/23:0)
	
	1.65
	839.63
	26.00
	1.887
	0.002

	25
	SM(d18:1/22:0)
	
	1.83
	787.66
	26.46
	1.685
	0.025

	26
	SM(d18:1/24:1(15Z))
	
	1.66
	813.68
	26.50
	1.663
	0.032

	27
	PC(16:0/3:1(2E))
	
	0.45
	572.35
	16.91
	2.583
	0.034

	28
	SM(d18:1/12:0)
	
	0.79
	647.51
	20.91
	3.744
	0.027

	29
	LPA(0:0/18:2(9Z,12Z))
	Lyso-

phospholipid
(LysoPL)
	0.71
	433.24
	18.68
	1.365
	0.027

	30
	LysoPC(22:5(7Z,10Z,13Z,
16Z,19Z))
	
	0.56
	570.35
	16.58
	3.939
	0.032

	31
	LysoPC(18:1(9Z))
	
	0.52
	522.35
	16.72
	5.579
	0.001

	32
	LysoPC(18:3(9Z,12Z,15Z))
	
	0.54
	518.32
	15.00
	1.749
	0.002

	33
	LysoPC(20:3(5Z,8Z,11Z))
	
	0.60
	546.35
	16.34
	2.298
	0.006

	34
	LysoPC(20:5(5Z,8Z,11Z,
14Z,17Z))
	
	0.53
	542.32
	15.66
	1.209
	0.000

	35
	LysoPC(20:1(11Z))
	
	0.46
	550.39
	18.12
	1.071
	0.013

	36
	LysoPC(20:2(11Z,14Z))
	
	0.36
	548.37
	17.01
	2.004
	0.006

	37
	1-Linoleoylglycerophosphocholine
	
	0.50
	520.34
	15.70
	5.154
	0.000

	38
	1-(8Z,11Z,14Z-eicosatrienoyl)-sn-glycero-3-
phosphocholine
	
	0.56
	568.34
	15.80
	3.449
	0.039

	39
	1-Stearoyl-Sn-Glycerol-3-
Phosphocholine
	
	0.73
	524.37
	17.72
	2.855
	0.037

	40
	beta-hydroarchaetidylethanolamine (β-hAE)
	other intermediate metabolite of PL
	1.52
	814.65
	26.36
	1.618
	0.012

	41
	2-Aminoethylarsonate (2-AE)
	
	1.33
	169.98
	29.85
	1.067
	0.001

	42
	2-Arachidonylglycerol (2-AG)
	
	1.32
	757.56
	24.07
	4.222
	0.047

	43
	Neurine
	
	0.59
	86.10
	1.22
	2.323
	0.024

	44
	Glutaric acid
	promote the fatty acid β-oxidation
	1.95
	131.04
	0.73
	2.470
	0.023

	45
	(Z)-9-Heptadecenoic acid
	uncommon

fatty acid
	0.69
	267.23
	17.98
	1.901
	0.041

	46
	Heptadecanoic acid
	
	0.75
	269.25
	18.50
	1.906
	0.041

	47
	Paullinic acid
	
	0.80
	309.28
	19.13
	3.950
	0.033

	48
	Nonadeca-10(Z)-enoic acid
	
	0.69
	295.26
	18.80
	1.136
	0.014

	49
	14,17-epoxy-15,16-dimethyldocosa-14,16-
dienoic acid
	
	0.51
	387.29
	16.48
	1.240
	0.022

	50
	Lactose
	glucose metabolism
	0.81
	365.10
	0.72
	1.074
	0.044

	51
	3,6-Anhydroglucose
	
	1.86
	161.05
	0.73
	4.931
	0.044

	52
	L-Arabinose
	
	2.11
	149.05
	0.74
	1.429
	0.017

	53
	Dl-Lactic acid
	
	1.95
	89.02
	0.70
	3.719
	0.017

	54
	L-Histidine
	amino acid metabolism
	1.64
	154.06
	0.74
	1.087
	0.032

	55
	Dl-Valine
	
	0.65
	118.09
	0.79
	2.955
	0.045

	56
	D-Methionine
	
	0.49
	150.06
	0.99
	1.888
	0.023

	57
	L-Tyrosine
	
	0.64
	182.08
	1.02
	1.329
	0.030

	58
	DL-Leucine
	
	0.63
	132.10
	1.23
	5.055
	0.022

	59
	L-Tryptophan
	
	0.63
	205.10
	2.77
	1.334
	0.046

	60
	L-Phenylalanine
	
	0.50
	166.09
	1.65
	3.878
	0.040

	61
	(+)-threo-2-Amino-3,4-
dihydroxybutanoic acid
	
	2.73
	134.05
	7.40
	1.176
	0.009

	62
	Fumaric acid (Fumarate)
	TCA circle
	1.80
	96.99
	0.64
	3.769
	0.039

	63
	2,3-Methylenesuccinic acid
	
	1.93
	141.02
	0.75
	1.009
	0.042

	64
	Carbonic acid
	
	1.95
	60.99
	0.70
	3.319
	0.044

	65
	Adenosine 5'-monophosphate
	oxidative phosphorylation
	4.03
	346.05
	0.71
	1.756
	0.000

	66
	Phosphoric acid
	
	1.85
	78.96
	0.60
	4.236
	0.039

	67
	Phosphoric acid
	
	1.23
	98.98
	0.82
	1.635
	0.012

	68
	Niacinamide
	
	1.95
	121.04
	2.55
	1.918
	0.017

	69
	3-Methylbenzaldehyde
	
	0.49
	103.05
	1.65
	1.676
	0.035

	70
	D-Citramalic acid
	involved in the pyruvate pathway
	1.94
	147.03
	0.60
	3.427
	0.031

	71
	Adenine
	DNA synthesis
	2.83
	134.05
	4.39
	1.641
	0.020

	72
	FAPy-adenine
	oxidized DNA base
	1.57
	131.09
	14.89
	2.546
	0.044

	73
	3-Hydroxytetradecanedioic acid
	organic acid
	0.36
	549.37
	16.99
	1.079
	0.007

	74
	D-2-Hydroxypentanedioic acid
	
	1.87
	129.02
	0.60
	3.005
	0.046

	75
	3'-Aenylic acid
	
	1.97
	348.07
	0.80
	1.675
	0.008

	76
	S-(2-carboxypropyl)-
Cysteamine
	HIBYL-CoA hydrolase deficiency
	1.96
	198.03
	5.41
	3.066
	0.037

	77
	dolichyl D-xylosyl phosphates
	a product of glycol-

syltransferases
	0.55
	573.36
	16.91
	1.124
	0.033

	78
	Farnesoic acid 
	hormone biosynthesis
	5.56
	235.17
	17.42
	1.884
	0.019

	79
	4-Amino-2-hydroxylamino-6-nitrotoluene
	uncommon material
	1.15
	184.07
	24.69
	1.648
	0.033

	80
	tiropramide
	
	0.61
	468.32
	14.66
	1.962
	0.029

	81
	Indoline
	
	0.53
	120.08
	1.64
	4.062
	0.034

	82
	6-Chloro-N-(1-methylethyl)-1,3,5-triazine-
2,4-diamine
	
	0.62
	188.07
	2.77
	1.726
	0.044

	83
	L-Oxalylalbizziine
	
	1.97
	200.03
	5.41
	1.754
	0.038

	84
	15-HETE-DA
	
	0.59
	478.29
	15.73
	1.141
	0.003
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