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Supplementary Methods 

Plasma and liver metabolomics  

Plasma from D28 (obtained at the time of tissue collection, n=9-13) and livers (n=10-12) 

were processed for metabolite analysis by liquid chromatography-tandem mass 

spectrometry. To validate B vitamin and choline levels in the experimental diets, 6-12 

individual pellets from a single batch of each diet were also analysed (ESM Table 1). Diet 

samples were processed in an identical fashion to liver tissue, which is detailed below.  

Sample preparation 

Quantification of TCA cycle metabolites were achieved in their benzyloxy-amide derivative 

form along with 13C-glucose and 2-ethyl butyric acid (2EtBA) as internal standards. Sample 

derivatization was achieved with the use of O-benzylhydroxylamine (O-BHA) and N-(3-

dimethylaminopropyl)-N-ethylcarbodiimide (EDC) (Zeng and Cao, 2018, Tan et al., 2014, 

McDonald et al., 2021), with few modifications. For samples, 50µl of plasma or 50µl of tissue 

homogenates in milliQ water was vortexed with 10µl of 1µg/ml of 13C-glucose and 10µg/ml 

of 2EtBA in milliQ water followed by deproteinisation by 200µl of ice-cold methanol solution. 

The resulting solution was vortexed and centrifuged at 14,000 rpm for 10 min at 4°C. 

Supernatant was incubated with 30µl of 0.1M O-BHA in methanol and 30µl of 0.25M of EDC 

in methanol at 25°C for 1 hour. After the incubation, samples were diluted with 200µl of 

milliQ water and extracted with 600µl of dichloromethane through 10 min vigorous shaking 

followed by centrifugation 14,000 rpm for 5 min at 4°C. Tubes were tilted at approx. 45 

degree angle and upper aqueous layer was discarded along with any residual material. 

Organic DCM layer was evaporated to dryness using nitrogen dryer set up at 40°C. The 

residual was reconstituted in 100µl of 50% methanol, centrifuged at 14,000 rpm for 10 min at 

20°C and upper clear 50µl of supernatant was transfer in to HPLC vial containing inserts for 

LC-MS/MS analysis.  



Quantification of amino acids was implemented in to their benzoylchloride derivative form 

along with D9-Choline as internal standard. Sample derivatization was achieved with the use 

of benzoyl chloride in alkaline buffer (Song et al., 2012) with modification. In present 

experiments, ammonium carbonate was substituted with sodium carbonate due to its volatile 

nature and mass spec compatibility. Briefly, samples were vortexed with 10µl of 1µg/ml of 

D9-Choline in 50% acetonitrile water followed by deproteinisation by 200µl of ice-cold 

acetonitrile solution with 2% formic acid and kept at 25°C for 15 min. The resulting solution 

was vortexed and centrifuged at 14,000 rpm for 10 min at 4°C. Supernatant was transferred 

to fresh tubes and dried using freeze dryer. The residual was mixed with 25µl of 500mM 

ammonium carbonate solution and 25µl of 2% bezoylchloride solution in acetonitrile. 

Samples were briefly vortexed for 10 min at 25°C, centrifuged 14,000 rpm for 10 min at 25°C 

and upper clear 40µl of supernatant was transfer in to HPLC vial containing inserts for LC-

MS/MS analysis. 

For B vitamins, choline and other additional metabolites, quantification was implemented in 

their natural form along with D9-Choline as internal standard as described earlier (Denny et 

al., 2016) with few modifications. Briefly, samples were vortexed with 10µl of 1µg/ml of D9-

Choline in 50% acetonitrile water followed by deproteinisation by 200µl of ice-cold 

acetonitrile solution with 2% formic acid and kept at 25°C for 15 min. The resulting solution 

was vortexed and centrifuged at 14,000 rpm for 10 min at 4°C. Supernatant was transferred 

to fresh tubes and dried using freeze dryer.  The residual was mixed with 50µl of 1% 

acetonitrile vortexed for 10 min at 25°C, centrifuged 14,000 rpm for 10 min at 25°C and 

upper clear 40µl of supernatant was transfer in to HPLC vial containing inserts for LC-

MS/MS analysis under HILIC mode. 

Instrumentation and LC-MS/MS conditions 

The LC-MS/MS system consisted of an API 3200 (AB SCIEX) triple quadrupole LC-MS/MS 

mass spectrometer containing Turbo V electrospray ionization (ESI) source system united 

with Genius AB-3G nitrogen gas generator (Peak Scientific). The mass spectrometer was 



operated in multiple reaction monitoring (MRM) scan mode for identification of fragments in 

positive ionization mode at unit resolution. Compound-dependent and source-dependent 

mass spectrometer conditions were optimized using automatic optimization by infusion 

method for all analytes. For quantitative purposes, one mass/charge (m/z) transition per 

analyte was monitored. Additional transitions were monitored for qualification purposes.  For 

all analytes, the ion spray voltage and source temperature/auxiliary gas temperature were 

set at 5000 V and 550°C respectively. Nebulizer gas (ion source gas 1, GS1) and auxiliary 

gas (ion source gas 2, GS2) were set at 30 psi. The curtain and collision-activated 

dissociation gases were set at 35 and 7 on an arbitrary scale. The mass spectrometer was 

coupled with Agilent 1200 series HPLC system (Agilent Technologies) equipped with a 

degasser, a column oven, a binary pump and temperature controlled auto sampler. The auto 

sampler was set at 4°C and column oven temperature was maintained in the range of 45 ± 

1°C for TCA cycle metabolite panel and 30 ± 1°C for amino acid panel and additional 

metabolites. The system control and data acquisition were executed by Analyst software (AB 

SCIEX, Applied Biosystems Inc., USA, version 1.5.1). For TCA cycle metabolites, 

chromatographic separation was implemented by Kinetex EVO C18 analytical column (100 x 

2.1 mm, 100 Å, 5µm, Phenomenex Inc., CA, USA) under binary gradient conditions using 

mobile phase A (0.1% formic acid in LC grade milliQ water with 10mM ammonium formate; 

pH 3) and mobile phase B (0.1% formic acid in 9:1 of methanol: isopropanol solution) with 

400 µl/min flow rate. Analytes were eluted using the binary gradient i.e. 2% mobile phase B 

from 0-0.5 min with linear increase to 85% from 0.5 to 4 min followed by linear increase to 

99% till 8 min, hold at 99% up till 13 min. Column washing and equilibration was achieved by 

linear decrease to 1% from 13.5 to 17 min, followed by 2% of mobile phase B for last 2 

minutes. The injection volume of 5 µl was set for method development and sample analysis. 

Relative levels of derivatized analytes were measured against known concentration of 

internal standard and peak area ratio of analyte to internal standard.  



For amino acids, chromatographic separation was implemented by Luna Omega Polar C18 

analytical column (100 x 2.1 mm, 100 Å, 3µm, Phenomenex Inc., CA, USA) under binary 

gradient conditions using mobile phase A (0.1% formic acid in LC grade milliQ water with 

10mM ammonium formate; pH 3) and mobile phase B (0.1% formic acid in acetonitrile) with 

300 µl/min flow rate. Analytes were eluted using the binary gradient i.e. 1% mobile phase B 

from 0-1 min with linear increase to 20% from 1 to 2 min, 40% from 2 to 3 min followed by 

linear increase to 99% till 4 min, hold at 99% up till 14 min. Column washing and 

equilibration was achieved by linear decrease to 1% from 14 to 14.5 min, followed by 1% of 

mobile phase B till 20 minutes. The injection volume of 10µl was set for method 

development and sample analysis. The concentrations of derivatized analytes was 

measured against known concentration of internal standard and peak area ratio of analyte to 

internal standard. 

For B vitamins, choline and all other metabolites, chromatographic separation was 

implemented by Ascentis Express HILIC column (150 x 2.1 mm, 100 Å, 2.7µm, Supelco) 

under binary gradient conditions using mobile phase A (0.1% formic acid in LC grade milliQ 

water with 10mM ammonium formate; pH 3) and mobile phase B (0.1% formic acid in 

acetonitrile) with 400 µl/min flow rate. Analytes were eluted using the binary gradient i.e. 

99% mobile phase B from 0-1 min with linear decrease to 1% from 1 to 6 min, hold at 1% up 

till 12 min. Column washing and equilibration was achieved by linear increase to 99% from 

12 to 12.5 min, followed by 99% of mobile phase B till 15 minutes. The injection volume of 

10µl was set for method development and sample analysis. Relative analyte levels were 

measured against known concentration of internal standard and peak area ratio of analyte to 

internal standard. For B vitamins and choline, concentrations were interpolated from 

standard curves constructed from standards prepared in matrix-free milliQ H2O. Vitamin B12 

was measured in the form of cyanocobalamin.  

calculated from standard curves  



All experimental data processing and analysis was performed by Multiquant software (AB 

SCIEX, USA, version 2.0), Microsoft Excel (Microsoft Inc., USA version 2013) and GraphPad 

Prism (LaJolla, CA, software version 6.0). 



Supplementary data 

ESM Table 1: B vitamin and choline concentrations in the control and low B12 diets 

Nutrient 
Recommended 
concentration

a
  

Control diet Low B12 diet 

Concentration 
% of 

recommended 
Concentration 

% of 
recommended 

Cobalamin (B12) (µg/kg) 50 95.16 (13.52) 192 4.69 (0.97) 10 

Thiamine (B1) (mg/kg) 4 6.32 (0.88) 158 6.79 (0.69) 170 

Riboflavin (B2) (mg/kg) 3 6.26 (1.76) 209 6.59 (1.67) 220 

Nicotinamide (B3) (mg/kg) 15 32.20 (7.77) 215 28.50 (5.02) 190 

Pantothenic acid (B5) (mg/kg) 10 13.40 (1.52) 134 13.49 (3.44) 135 

Pyridoxine (B6) (mg/kg) 6 5.88 (1.15) 98 6.64 (1.69) 111 

Biotin (B7) (µg/kg) 200 279.3 (89.0) 140 284.3 (112.2) 142 

Folic acid (B9) (mg/kg) 1 2.35 (0.45) 235 1.90 (0.51) 190 

Choline (mg/kg) 750 1625 (89) 217 1758 (125) 234 

 
In the control diet, B12 concentrations were around double the recommended. In the low B12 diet, B12 

concentrations were around 10-fold lower than recommended. For all other nutrients, concentrations 

were similar between each diet and were around or greater than the concentrations recommend. B 

Vitamin and choline concentrations were measured using LC-MS/MS. 6-12 individual pellets from a 

single batch were analysed per diet. Concentrations are shown as mean (SD). 

a
Concentrations taken from (National Research Council Subcommittee on Laboratory Animal, 1995) 

and are the recommend amounts needed to support growth in the rat. 

 

 

 

 

 

 

 

 

 

 

 

 



ESM Table 2: Primer sequences used for gene expression analysis by qPCR 

Role of gene  Gene name Gene symbol Primer sequence (5’-3’) 

Housekeepers 

Ribosomal protein L19 Rpl19 
F’ CTTAGGCTACAGAAGAGGC 

R’ ATCTGTTGACGAGAGTTGG 

Ribosomal protein P1 Rplp1 
F’ ACATGGCTTCTGTCTCTG 

R’ TTGATCTTATCCTCCGTGAC 

Glucose transport and 

insulin signalling 

Solute carrier family 2 member 

(glucose transporter 2) 
Slc2a2 (Glut2) 

F’ GTGTTGCTGGATAAGTTCAC 

R’ CTCAAAGAAACTGACGAAGAG 

Insulin receptor Insr 
F’ ATTATTGTCTCAAAGGGCTG 

R’ GATTGTGCTTTTGAGAATCG 

Insulin receptor substrate 1 Irs1 
F’ GAGGATTTAAGCACCTATGC 

R’ GGTACCCATGAGTTAAAAAGG 

Protein kinase B 1 Akt1 
F’ GGGGAATATATTAAAACCTGGC 

R’ GTCTTCATCAGCTGACATTG 

Forkhead box protein O1 Foxo1 
F’ CGGAGATACCTTGGATTTTAAC 

R’ TTTAAATGTTGCCTGCTCAC 

Inflammation 

Interleukin 1 beta Il1b 
F’ TAAGCCAACAAGTGGTATTC 

R’ AGGTATAGATTCTTCCCCTTG 

Transforming growth factor beta 1 Tgfb1 
F’ GGAAATCAATGGGATCAGTC 

R’ CTGAAGCAGTAGTTGGTATC 

Nuclear factor kappa B subunit 1 Nfkb1 
F’ AAAATATTCACCTGCACGC 

R’ GTGAAGTATTCCCAGGTTTG 

Methionine cycle  

Methionine synthase Mtr 
F’ AGGTCTTCCCAATACCTTTG 

R’ CTTCAAAAACACTATCAGGGG 

Methionine synthase reductase Mtrr 
F’ ATTGGTTGCTCCATTTCTTC 

R’ GATAAGTATCTCAGGAGCCAG 

Folate cycle  

Methylenetetrahydrofolate reductase Mthfr 
F’ AAAAAGCTACATCTACCGC 

R’ AAGACCTCAAAGACACTCTC 

Methylenetetrahydrofolate 

Dehydrogenase, cyclohydrolase and 

formyltetrahydrofolate synthetase 1 

Mthfd1 
F’ CTGGACAAGGAGGTAAATAAAG 

R’ CACAACTTTCCTTCCATTTG 

DNA methylation  

DNA methyltransferase 1 Dnmt1 
F’ AGAGACCAGGATAAGAAACG 

R’ TTACTCGTTCAGGTTTCTCC 

DNA methyltransferase 3a Dnmt3a 
F’ AATAGCCAAGTTCAGCAAAG 

R’ AAACACCCTTTCCATTTCAG 

DNA methyltransferase 3b Dnmt3b 
F’ GATGACAAGGAGTTTGGAATAG 

R’ CAGCGATCTCAGAAAACTTG 

Serine and glycine 

metabolism 

Cystathionine beta-synthase Cbs 
F’ CCAATTCTCACATTCTGGAC 

R’ ACCGATGATTTTACAACCTG 

Serine hydroxymethyltransferase 1 Shmt1 
F’ ATTAAAAAGGAGAGCAACCGR’ 

AACTCAGTCCCACCATAATAC 

Neutral amino acid 

transporters 

Solute carrier family 7 member 5 

(large neutral amino acid transporter 

small subunit 1) 

Slc7a5 (Lat1) 
F’ CTGTGGATTTTGGGAACTAC’ 

R’ GATCATGGAGAGGATGGAAG 

Solute carrier family 7 member 8 

(large neutral amino acid transporter 

small subunit 2) 

Slc7a8 (Lat2) 
F’ CTTTGCTAATATCGCCTATGTC 

R’ CTTCTCTCCAAAAGTCACAG 

Mitochondrial 

energetics 
Methylmalonyl-CoA mutase  Mut 

F’ AAGCTAATGATCGTATGGTG 

R’ CATTTTTGCCACAAGAAGAC 



Ketogenesis 

Acetyl-CoA acetyltransferase Acat1 
F’ CAGTGAAAGGTAAACCAGAC 

R’ TTTCTTTCTGGAACACTGTC 

3-hydroxy-3-methylglutaryl-CoA 

synthase 2 
Hmgcs2 

F’ AGAGAGAGCAATTTTACCAC 

R’ TGTATGGATTGGTCTCCTTAG 

3-hydroxymethyl-3-methylglutaryl-

CoA lyase 
Hmgcl 

F’ AATGAAAAGAGTATCGTGCC 

R’ CTTTCATGTTTGGTGTCAGG 

3-hydroxybutyrate dehydrogenase 1 Bdh1 
F’ CTGGATTTGGGTTCTCTTTG 

R’ TTGTCCTTCAACAAACATCC 

Fatty acid oxidation 

Acetyl-CoA carboxylase alpha Acaca 
F’ AGCAGTATTTGAACACATGG 

R’ CAGTTCCAAGAAGTAGAAGC 

Carnitine palmitoyltransferase I Cpt1a 
F’ CACTGATGAAGGAAGAAGAC 

R’ CCAGTCACTCACGTAATTTG 

Acyl-CoA dehydrogenase long chain Acadl 
F’ CTTCCATGGCGAAATATTGG 

R’ GCTCTTTCATGATTTCGTTG 

Acyl-CoA dehydrogenase medium 

chain 
Acadm 

F’ GAGTGCCTAAGGAAAATGTG 

R’ AGAAATGAAACTCCTTGGTG 

Pyruvate dehydrogenase kinase 4 Pdk4 
F’ CTATTCAAGAATGCCATGAGG 

R’ GTATGTGTAACTAAAGAGGCG 

Regulation of 

ketogenesis and fatty 

acid oxidation 

Peroxisome proliferator-activated 

receptor gamma coactivator 1-alpha 
Ppargc1a 

F’ AGGTATGACAGCTATGAAGC 

R’ GTGTCACGTCTGATTTTACC 

Peroxisome proliferator-activated 

receptor alpha 
Ppara 

F’ CTGCTATAATTTGCTGTGGAG 

R’ GAGTTTTGGGAAGAGAAAGG 

Fibroblast growth factor 21 Fgf21 
F’ CAAATCCTGGGTGTCAAAG 

R’ AAAGTGAGGCGATCCATAG 

 

All primers are predesigned KiCqStart SYBR Green primers purchased from Sigma-Aldrich (MO, 

USA). 



ESM Table 3: Primer sequences used for mitochondrial copy number analysis by qPCR 

Marker location  Marker name Marker acronym Primer sequence (5’-3’) 

Mitochondrial  

Mitochondrial displacement loop Mt-Dloop 
F’ GGTTCTTACTTCAGGGCCATCA 

R’ GATTAGACCCGTTACCATCGAGAT 

Mitochondrially encoded 

NADH:ubiquinone 

oxidoreductase core subunit 4 

Mt-Nd4 
F’ ATAATTATAACTAGCTCAATCTGC 

R’ TCGTAGTTGGTGTTTGCTAG 

Mitochondrial DNA 1 Mt-DNA1 
F’ TTGATCAACGGACCAAGTTAC 

R’ CTGGATTGCTCCGGTCTGA 

Nuclear  

Beta actin Actb 
F’ GGGATGTTTGCTCCAACCAA 

R’ GCGCTTTTGACTCAAGGATTTAA 

Tet methylcytosine dioxygenase 

3 
Tet3 

F’ AAAATGAGAAATGTTGGTGC 

R’ AAGACATCTGAGAACAAACC 

 



ESM Table 4: 4 weeks of B12 deficiency did not alter body, liver or pancreas weights or food 

and water intake  

 Control Low B12 P 

Morphometry 

n 13 14 - 

BW at D0 (g) 249.1 (4.1) 249.7 (4.0) 0.9122 

BW at D28 (g) 277.3 (5.3) 285.1 (6.6) 0.3736 

BW gain (D28-D0) (g) 28.54 (2.50) 35.36 (5.20) 0.2517
†
 

Liver weight (mg) 8,825 (323) 8,729 (401) 0.8542 

Liver weight / BW (mg/g)  31.91 (1.25) 30.34 (0.92) 0.3169 

Pancreas weight (mg)
a
 1024 (59) 1099 (59) 0.3786 

Pancreas weight / BW (mg/g)
a
 3.71 (0.21)

 
3.87 (0.21) 0.5840 

Food and water intake  

Food intake (g/24h/g BW) 0.0618 (0.001)
 

0.0620 (0.001) 0.8930 

Water intake (ml/24h/g BW) 0.1131 (0.014)
 

0.1150 (0.017) 0.7557 

 

Data are mean (SEM). All data were normally distributed and thus analysed by unpaired t-test (Welch correction 

applied if required, denoted by 
†
). P<0.05 is significant. D28, day 28. BW, body weight. 

a 
Pancreases from 1 control and 1 low B12 rat were not weighed, leaving n=12 control and n=13 low B12,  

  



 

ESM Figure 1. Plasma amino acid levels in rats fed a control or low B12 diet for 4 weeks.  

Extended data related to Figure 5F and 5G. Data are mean ± SEM. All data were analysed by unpaired t-test (Welch’s correction applied if required, denoted by 
†
), or if non-

normally distributed, by Mann-Whitney U test (denoted by 
‡
). P<0.05 is significant. *P<0.05, **P<0.01, ***P<0.001,  ****P<0.0001.  
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