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SUPPLEMENTARY METHODS  

Multi-Scale Model of Hepatic Monosaccharide Metabolism Reconstruction and QSSPN 
Simulation 

The multi-scale model of the regulation of sugar uptake and its effect on global hepatocyte 

metabolism is composed of a fully parameterised ordinary differential equation (ODE) model 

of insulin signalling1 and a hepatic genome scale metabolic network (GSMN)2 constrained by 

consumption and release flux bounds derived from a metabolomics in vitro study.3 

 A Petri net formalism was used to represent the signalling network composed of 

monosaccharide transport and insulin signalling (Fig. S2). Reconstruction was performed with 

the Petri net editor software Snoopy 2 and run on Mac OS X; v1.13, build Apr 1, 2014.4 Utilising 

the extended Petri net class, compounds were represented by places (circles), while 

transitions (squares) represented interactions in the model. Quasi steady-state Petri nets 

(QSSPN)5 were used to connect molecular interactions that occur over different time scales. 

Fast metabolic interconversions represented as quasi steady-state fluxes (QSSF; 

HepatoNet1, Fig. S2A); and slower gene and signalling regulatory networks represented as 

dynamic transitions (DT; Petri net network, Fig. S2B-F). Constraint places in the DT set the 

flux bounds in the metabolic network through an activity list linking the number of tokens in the 

place to upper and lower bounds for specified reactions within the GSMN. Constraint places 

were also used to link qualitative and quantitative aspects of the DT (e.g. G6Pase). Transitions 

can be used to define the reaction rate constant for a reaction through the ‘RATE’ comment, 

with a rate of 1 being used as default if this is not present. In addition, the ‘FLUX’ comment 

can be used to extract real flux values from the simulated solution;6 these transitions are 

indicated as red rectangles within Figure S2. Standard (point-ended arrows) and read (circle-

ended arrows) edges were used to simulate consumption or catalyzation of the interactions, 

respectively. Edges were tagged to specify the activity of the pre-place, e.g. ‘ACTIVITY 0' 

followed by ‘END' denotes mass action activity. To represent in vivo-like transportation of 

glucose and fructose, Michaelis–Menten kinetics (Eq. 1) were utilised to calculate the fluxes 

within the activity list of the monosaccharide constraint places, such that 

 𝑣 =
𝑉𝑚𝑎𝑥[𝑆]

𝐾𝑚+[𝑆]
,         Eq. 1 

where 𝑣 is the rate of the reaction, 𝑉𝑚𝑎𝑥 is the maximum rate possible for the reaction, [𝑆] is 

the substrate concentration and KM is the Michaelis–Menten constant which is unique to each 

substrate. 

The𝑉𝑚𝑎𝑥 was set at 5 mmol/g DW/h for both glucose and fructose based on favouring 

whole cell uptake, rather than recombinant systems.7,8,9,10 HepG2 cells are known to express 

more than one glucose transporter, e.g. GLUT1, GLUT2, GLUT3 and GLUT9,11,12,13,14 but not 
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the main fructose transporter, GLUT5.12,15 Glucose transport is symmetrical.9 Therefore, the 

activity list for glucose and fructose transport constraint places are symmetrical in regards to 

the maximal import and export rates represented as lower and upper bounds, respectively. 

Monosaccharide transport rates7,8,10 were converted to mmol/g DW/h based on assumptions 

outlined in Table S1 and Table S2. The Michaelis–Menten constants were set at 17 mM for 

glucose and 66 mM for fructose based on GLUT2 transport properties as it is the predominate 

glucose and fructose transporter in hepatocytes.11,16,17 Extrapolating from a Michaelis–Menten 

curve based upon these kinetic values, 30 activity step thresholds were generated. This 

ensures a high resolution over the substrate concentration range of 0 - 25 mM for each 

monosaccharide, which corresponds to the concentrations used during in vitro 

experimentation. 

This unregulated model was expanded to include a regulatory signalling pathway 

through the integration of a model of insulin signalling1 downloaded from BioModels (ID: 

MODEL1204060000, SBML L2 V4).18 The kinetic insulin model was first implemented in 

COmplex PAthway SImulator (COPASI)19 and simulated on a Mac OS X; v4.15, Build 95 to 

ensure the model could successfully replicate the behaviours reported in the original paper. 

Briefly, simulations were carried out as a deterministic (LSODA) time course over a duration 

of 480 minutes. COPASI time course simulations (Fig. S3B) resulted in similar behaviour as 

seen in the original publication (Fig. S3A). The insulin model was converted into a Petri net 

formalism using Snoopy (Fig. S2F). Large places denoted signalling molecules, medium sized 

places represent reaction rates and the smallest places represent degradation. Places that 

are shaded grey represent clones of individual places to enhance visualisation: all clones for 

a single entity contain the same concentration/flux. Transitions were labelled as the reaction 

rate IDs in the original publication, and were parametrised by their pre-place. The insulin model 

simulated in QSSPN was consistent with the model simulated in COPASI, producing identical 

results (Fig. S3B, C). 

The kinetic insulin model was then coupled with the HepatoNet1 GSMN. Within the 

original kinetic insulin model, only one gene product had a direct link to a metabolic reaction 

in HepatoNet1: G6Pase (r0396, H2O(r) + Glucose-6P(r) → Glucose(r) + Pi(r)). To enhance 

the regulatory connection between the insulin regulatory network and the metabolic network, 

phosphorylated glycogen synthase kinase (pGSK)3β was designated as the active glycogen 

synthase (GYS; r1388, 3 UDP-glucose(c) + Glycogenin-G8(c) →  Glycogenin-G11(c) + 3 

UDP(c)).20,21 Comments in the original publication also noted that another compound, 

phosphoenolpyruvate carboxykinase (PEPCK), had a similar behaviour to G6Pase but it was 

not included in the original kinetic model.21,22 Therefore, the activity of G6Pase was used to 

represent the activity of PEPCK and connected with HepatoNet1 reactions r0123-4 for both 
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cytosolic (c) and mitochondrial (m) compartments of reaction; GTP + OAA → GDP + PEP + 

CO2. 

The HepatoNet1 GSMN,2 representing human liver whole-cell metabolism, was 

downloaded from the BioModels database (MODEL1009150000, SBML L2 V4).23 All fluxes 

were checked to ensure the direction of reactions in the stoichiometric matrix. All reversible 

fluxes were adjusted to a minimum flux of -1 and a maximum flux of 1; irreversible reaction 

fluxes were adjusted to 0 to 1 or -1 to 0 depending on directionality.  

 Specific adjustments were made to HepatoNet1 to better detail metabolic pathways of 

interest accurately. The polyol pathway was included as this has been found to be a potential 

influence on the development of hepatic steatosis24 and is part of fructose metabolism in the 

liver.25 Namely, HepatoNet1 reaction IDs: r0206 (ketohexokinase, KHK, EC 2.7.1.3), r0252 

(triokinase, TRIOK, EC 2.7.1.28), and r0554 (adolase B, ALDOB, EC 4.1.2.13) were adjusted 

as shown in Table S3. In addition, a metabolite, sorbitol, sorbitol dehydrogenase (SORD) and 

aldo-keto reductase family 1, member B1 (AKR1B1) reactions were added to represent the 

polyol pathway. The hepatic protein (protein score) and RNA (fragments per kilobase of exon 

per million fragments mapped, FPKM) expression of SORD and AKR1B1 in human liver were 

confirmed by expression data from Human Protein Atlas26 and HepG2 cells. A reaction was 

also added to represent the hepatic fructose sodium co-transport reaction.27 Thus, the total 

number of metabolites is 778 and the total number of reactions is 2542 within the modified 

GSMN. 

A biomass function was used as a simulation constraint to ensure the presence of the 

essential building blocks (amino acids, nucleoside triphosphates and deoxynucleotide 

triphosphates) for biomass were available; representing the basic metabolic requirements of 

a human cell. This function was adapted based on a published whole human metabolism 

GSMN, Recon 2, biomass28 (Table S5). FBA simulations before and after the modifications 

listed above, and using the same external metabolite constraints (Table S3), were performed: 

BIOMASS optimal maximisation flux was not altered by the modifications: FBA = 0.03152. 

Biomass doubling time estimations for HepG2 cells range from approximately 20 to 60 

hours.29,30,31,32 To reflect this, the BIOMASS lower and upper flux bounds were set at 

0.01666667 and 1000.0, respectively, representing a minimal doubling time of 60 hours. 

Additional constraints were included to represent the physiologically relevant kinetic 

activity of the first steps of glucose and fructose metabolism. Flux constraints (mmol/g 

DW/hour) were set as a ratio of fluxes. As a conservative measure, flux ratio assumptions 

were based on a hexokinase Michaelis-Menten constant KM for glucose and fructose 

phosphorylation at carbon-6, as hexokinase II is the most likely expressed hexokinase in 

HepG2 cells.14 The hexokinase KM for glucose and fructose phosphorylation were estimated 
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as 0.047 mM and 11.5 mM, respectively.33 Thus, hexokinase II flux ratio is set for the 

phosphorylation of glucose specific reactions (r0353-5) at 1, and reactions specific to fructose 

phosphorylation (r0356-8) was set at 0.005. The polyol pathway flux was also adjusted. The 

KM for glucose phosphorylation by hexokinase was estimated to be 0.047 mM, while the KM of 

the first reaction in the polyol pathway by aldose reductase enzyme was estimated as 65.8 

mM.34,35,36 Thus, hexokinase phosphorylation of glucose was set as 1 (as above) and the flux 

of the reaction specific to AKR1 was set as 7.14 x 10-4. For computational purposes, the TAG 

production reaction (r1223) was adjusted as a positive flux as QSSPN simulations can only 

maximise positive objective function flux values. Additionally, TAG production reaction (r1223) 

lower and upper bound values were set as 0 and 10, respectively, so as not to mask the 

optimisation flux if above 1. 

To represent the nutrient composition of the culture medium, transport reactions were 

included as an external exchange set. The HepatoNet1 physiological import and physiological 

export set (PIPES) was modified to represent the nutrient composition of cell culture medium 

as shown in Table S4. The fluxes of the external metabolite set were constrained by setting 

the lower and upper bound fluxes as the maximum consumption and release rates derived 

from the NCI-60 cell lines consumption and release of metabolites dataset (CORE)3, 

respectively, as previously done in 37. 

 

Model Simulation 

The QSSPN algorithm integrates QSSF set by the metabolic network with DT represented by 

the Petri net network.5,6 QSSF and DT interaction sets are connected by two classes of Petri 

net places: constraint places set flux bounds in QSSF, translating place status into flux 

bounds; objective places represent metabolic outputs of the QSSF network. Specialised 

transitions are introduced as FLUX transitions so to extract flux values from simulation 

solutions. The QSSF is the metabolic network, i.e. HepatoNet1, represented as a 

stoichiometric matrix of which during simulation, the network is constrained by mass balance 

and ultimately is at steady-state at each time step during the simulation. While the quantitative 

bounds substantially limit solution space,37 alternative flux distributions within the whole-cell 

metabolic model are possible. To evaluate a full range of quantitative model behaviours, we 

formulated a dynamic Flux Variability Analysis (dFVA) protocol (shown below), applying for 

the first time the well-established Flux Variability Analysis38 in a quasi-steady state dynamic 

simulation. A dFVA simulation produces two time courses corresponding to the maximal and 

minimal value of a reaction flux that can sustain the maximal value of the metabolic capability 

(objective function) under investigation. This provides insight into model behaviours that are 

feasible (and not feasible) given the knowledge represented in the ODE model, stoichiometric 
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model (GSMN) and the consumption/release constraints. Comparison of the dFVA results with 

experimental data thus evaluates the extent to which current molecular mechanistic 

knowledge recapitulates observed system dynamics. In summary, the model presents a novel 

method, dFVA. 

 

The dFVA approach employs the following steps: 

i. Calculate the constraint and the objective nodes; 

ii. Update the metabolic model accordingly to (1); 

iii. Optimise the metabolic model using maximum optimisation dFBA; 

iv. Update the Petri net objective node according to the new objective; 

v. Repeat (1-4) until simulation time has ended; and 

vi. Repeat (1-5), except using minimum optimisation dFBA for step 3. 

 

The majority of dFVA simulations were run with a maximal time step of 0.01. However, this 

proved to be computationally expensive when simulating the integrated model of insulin and 

HepatoNet1 optimising for TAG production (as the objective function). Therefore, this setting 

was adjusted to 0.1. Under these conditions, simulations were still of sufficiently high 

resolution to allow for examination of the network behaviour. 

 

Sugar Consumption Assay 

Sugar consumption was monitored by sampling culture media over time and quantified by 

using glucose and fructose assay kits (Abcam, UK). Both glucose and fructose were stable in 

medium over the experimental period, and no extracellular degradation was expected. The 

disappearance of monosaccharide from the medium is highly suggestive and was regarded 

as cellular uptake and consumption. Briefly, medium or diluted medium (medium:assay buffer, 

1:4, v/v) was diluted with assay buffer (1:24, v/v). The prepared medium was then incubated 

with glucose reaction mix (assay buffer: probe: enzyme mix, 23:1:1, v/v/v) or fructose reaction 

mix (assay buffer: probe: enzyme mix: fructose converting enzyme, 18:1:1:5, v/v/v/v) at a 1:1 

(v/v) ratio mixture for 30 minutes or 1 hour, respectively, in darkness at 37°C. Absorbance for 

both assays were read at 570nm by a multi-mode plate reader (BMG LABTECH, Germany).  

 

Insulin Sensitivity by pAKT 

Cells were lysed with radioimmunoprecipitation assay buffer containing ×1 Halt™ protease 

and phosphatase inhibitor cocktail. Protein concentrations were determined by bicinchoninic 

acid (BCA) assay (Fisher Scientific, UK). As a positive and negative control for pAKT 

detection, AKT control cell extracts (New England Biolabs Ltd, UK) were included. Proteins 
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were separated by molecular weight via sodium dodecyl sulphate - polyacrylamide gel 

electrophoresis (SDS-PAGE). Gels containing 6% acrylamide/bis [37.5:1] for stacking and 

12% for resolving were loaded with 20 μg of protein per lane, and resolved for 1 hour at 180 

V. Proteins were wet-transferred onto PVDF membranes for 2 hours at 300 mA. Membranes 

were blocked with 0.1% BSA in tris-buffered saline (TBS) for 1 hour at room temperature. 

Blots were then probed with primary rabbit anti-pAKT (Ser473, D9E) and mouse anti-AKT 

(pan, 40D4), both at 1:2000 (New England Biolabs, UK) in TBS-0.2% Tween® 20 (T) overnight 

at 4°C. After washing for 5 minutes thrice (washing buffer: TBS-0.1% T), blots were probed 

with donkey anti-mouse IRDye 680RD and donkey anti-rabbit IRDye 800CW at 1:10000 (LI-

COR Biosciences, UK) in TBS-0.2% T-0.01% SDS for 1 hour at room temperature in darkness. 

Membranes were washed again with washing buffer for 5 min thrice in darkness, rinsed twice 

with TBS and air-dried in darkness prior to blot visualisation on LI-COR ODYSSEY CLx (LI-

COR Biosciences, UK) and quantified by Image Studio v3.1, software v1.0.11. 

 

PPARα Regulome Reconstruction and QSSPN Simulation 

Pathway Enrichment Analysis 

Enriched pathways (P<0.05), within the transcriptomics and proteomics datasets described 

below, were identified against the KEGG39 and BIOCARTA40 databases using the DAVID41 

online bioinformatics suite. Results from these analyses were systematically combined and 

quantitatively represented using a hive plot formalism.42 

 

Transcriptomics 

Microarray experiments were performed as previously described.43 Briefly, Huh7 cells were 

incubated with 100 µM or 200 µM of palmitic acid in serum-free DMEM for 24 hours. Cells 

were homogenised in Trizol (ThermoFisher, UK) and total RNA isolated as per the 

manufacturer’s instructions. Total RNA quantity and purity was assessed by absorbance 

spectroscopy (λ 260nm, 280nm and 230nm); integrity was confirmed using the Agilent 2100 

bioanalyser and the RNA 600 LabChip kit prior to hybridisation to human gene expression 

microarrays (Agilent Technologies, UK). Differential expression of genes (≥1.5 fold relative to 

controls, P<0.05) were identified in both treatment groups and taken forward for pathway 

enrichment analysis. 

 

Proteomics  

Details of the in vivo proteomics study have been described in detail elsewhere.44 Briefly, 

C57BL6 and APOE-/- mice were fed either high-fat or normal chow diets for 12 weeks after 
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which animals were sacrificed, livers were resected, homogenised and protein isolated and 

enriched for cytoplasmic and membrane proteins. Fractionated samples were iTRAQ labelled 

for proteomics analysis by mass spectrometry. Proteins identified as being differentially 

expressed (relative to wild-type animals fed a normal diet) were carried forward for pathway 

enrichment analysis. 

 

PPARα Model Simulation 

Simulation of the PPARa model was performed as previously published5 with the exception 

for updates to the gene expression model (Fig. S4), the biomass function (Table S5), and 

exchange set (Table S4) detailed herein. 
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SUPPLEMENTARY FIGURES  

 
 
FIGURE S1 
 

 

 

Figure S1. Modelling strategy overview. The computational model construction incorporates 
information from both in-house experimental data and literature. Although not exclusively, 
literature-based data was incorporated into our quantitative kinetic regulatory network, while 
in-house omics data was also used to aid the qualitative gene regulatory network construction. 
The quantitative and qualitative model is simulated to deliver outputs that can be used to 
compare to and/or inform experimental results. This is an iterative modelling approach as 
experimental results can then be used to update model design to deliver predictions more 
representative of known biology. 
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FIGURE S2 
 

 

Figure S2. The multi-scale model of hepatic monosaccharide metabolism as viewed in the 
Snoopy graphical user interface. A Liver specific GSMN, HepatoNet1 with the modifications 
as outlined in Table S3. B A biomass constraint to represent a ‘healthy hepatocyte’ (Table 
S4). C Monitoring outputs, e.g. TAG production. D The objective function. E The sugar 
transport system. F The insulin kinetic model reconstructed in a Petri net formalism with 
coloured ovals used to highlight modules used by Kubota and colleagues (2012)1; the PEPCK 
module in black oval was interpreted as described in supplementary methods. 
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FIGURE S3 
 

 

Figure S3. Import and validation of the insulin kinetic model into QSSPN. A Simulation results 
as presented from the original publication1, and the results of the same kinetic model ran in B 
COPASI and C QSSPN with no notable differences between the simulations.
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FIGURE S4 
 

 

 

Figure S4. The QSSPN gene expression model simulating regulation of the expression of a 
hypothetical gene ‘X’. A The gene expression model represented as an extended Petri net 
formalism incorporating systems biology graphical notation; B Token status of ‘Activator_A’ 
and ‘Inhibitor_B’ place nodes over simulated trajectory; C Expression of a hypothetical gene 
‘X’ at the transcript and protein level over a simulated trajectory in response to activator and 
inhibitor status.  
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FIGURE S5 
 

 

Figure S5. Adjacency matrix heatmap showing the reconstructed PPARα regulome 
connected to HepatoNet1 metabolic network fluxes and a single, representative simulated 
trajectory. The left panel indicates the mapping between the 91 PPARα target genes 
(alphabetical from left to right and per Table S7) and the 233 metabolic/transport reactions 
within the GSMN their encoded proteins catalyse. The right panel indicates flux through each 
reaction over the course of a simulation. Positive flux values are shown in green, negative flux 
values in red with simulated time progressing left to right; the simulated fatty acid treatment is 
indicated by the dashed redlines (TX window).  
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FIGURE S6 
 

 

 

Figure S6. An unregulated exchange set heatmap. A single; single simulated trajectory 
heatmap of exchange set fluxes, treatment fluxes and all fluxes where palmitate and oleate 
are primary metabolites or products. Positive flux values are shown in green, negative flux 
values in red with simulated time progressing left to right; simulated fatty acid treatment is 
indicated by the dashed redlines (TX window). For these simulations, the PPARα regulome 
was disabled by setting the token status of the PPARα gene node to 0. As a result, PPARα is 
not expressed within the model and all target genes are permanently fixed at basal expression 
levels. 
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FIGURE S7 
 

 

 

Figure S7. 24 hour in vitro PPARα inhibitor experiments. Relative intracellular lipid levels as 
quantified by Nile red fluorescence in HepG2 cells treated with 400 μM oleic acid for 24 hours 
± PPARα antagonist GW6471 mean ± SEM (n=4) relative to vehicle and analysed using a 
two-tailed t-test with Welch’s correction. 
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FIGURE S8 
 

 
 
Figure S8 Cell viability of fatty acid treatment controls. Cell viability was detected by LDH (A 
and C) and MTT (B and D) assays in both HepG2 (A and B) and HuH7 cells (C and D) cultured 
in low (grey) or high (black) glucose DMEM after 24 h in serum-free or added 2 % DMSO. 
HepG2 viability by LDH (n=2) and MTT (n=8); HuH7 by LDH in low (n=3) and high (n=4) 
glucose; HuH7 by MTT in low (n=4) and high (n=5) glucose. Data are relative to serum cultured 
cells set at 100 % (dotted line) and shown as mean ± SEM. Two-way ANOVA with Bonferroni’s 
test post hoc was used to detect differences between serum-free and added 2% DMSO 
treated cells with statistical significance indicated by * P < 0.05 and **** P < 0.0001. 
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SUPPLEMENTARY TABLES  

 
 
TABLE S1 
 

Table S1. Hepatocyte key assumptions. 

Description Estimations 

Dimension 15 μm3 

Volume 3.375 x 10 -9 mL 

Density 1.03 g/mL 

Total cell weight 3.476 ng 

          Dry weight 
1.1588ng 

          (1/3 total weight) 

         Wet weight 
2.25 pL 

         (2/3 total weight) 

Estimations based on45 and Table S2. 
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TABLE S2 
 

Table S2. HepG2 macromolecular composition. 

Macromolecules % of dry weight 

DNA 3.9 

RNA 2.4 

Carbohydrates 3.4 

Lipids 18.0 

Proteins 61.4 

Rest 10.9 

Composition was sourced from.46 
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TABLE S3 
 

Table S3. HepatoNet1 modifications. 

Modified reactions 

ID HepatoNet1 Reaction Modified Reaction 

r0206 
ATP(c) + Fructose(c)  ADP(c) + 

Fructose-1P(c)  

ATP(c) + Fructose(c) → ADP(c) + 

Fructose-1P(c) 

r0252 
ATP(c) + Glyceraldehyde(c) → 

ADP(c) + GAP(c) 

ATP(c) + Glyceraldehyde(c) → ADP(c) 

+ GAP(c) 

r0554 
Fructose-1P(c) → DHAP(c) + 

Glyceraldehyde(c) 

Fructose-1P(c) → DHAP(c) + 

Glyceraldehyde(c) 

Added reactions 

ID Reaction 

r9000 Glucose(c) + NADPH(c) → NADP(c) + Sorbitol(c) 

r9001 NAD(c) + Sorbitol(c) → Fructose(c) + NADH(c) 

r9002 Fructose(s) + Na+(s) → Fructose (c) + NA+(c) 

Constrained fluxes 

ID HepatoNet1 Reaction 
Lower 

Bound 

Upper 

Bound 

r0356 Fructose(c) + ATP(c) → Fructose-6P(c) + ADP(c) 0.0 0.005 

r0357 Fructose(c) + ATP(c) → Fructose-6P(c) + IDP(c) 0.0 0.005 

r0358 Fructose(c) + ATP(c) → Fructose-6P(c) + dADP(c) 0.0 0.005 

r9000 Glucose(c) + NADPH(c) → NADP(c) + Sorbitol(c) 0.0 0.000714 

r1223 

Acyl-CoA-VLDL-TG3-pool(c) + 1,2-Diacylglycerol-

VLDL-TG-pool(c) → Triacylglycerol-VLDL-pool(c) + 

CoA(c) 

0.0 10.0 

r1224 

Triacylglycerol-VLDL-pool(c) + H2O(c) → Fatty-acid-

VLDL-TG3-pool(c) + 1,2-Diacylglycerol-VLDL-TG-

pool(c) 

0.0 10.0 

Abbreviations: cytosol (c), sinusoidal space (s), glyceraldehyde 3-phosphate (GAP), 

dihydroxyacetone phosphate (DHAP), triacylglycerol (TG). The HepatoNet1 modifications 

were also used in Maldonado et al. (2017).37 
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TABLE S4 
 

Table S4. External metabolite exchange set.* 

Reaction ID Reaction 
Lower 

Bound 

Upper 

Bound 
Description 

EX_H2O HC00011_s = 

HC00011_s_xt 
-1.0 1.0 H2O exchange 

EX_O2 HC00017_s = 

HC00017_s_xt 
-1.0 0.0 O2 import 

EX_Pi HC00019_s = 

HC00019_s_xt 
-1.0 1.0 Pi exchange 

EX_CO2 HC00021_s = 

HC00021_s_xt 
0.0 1.0 CO2 export 

EX_NH3 HC00024_s = 

HC00024_s_xt  
-1.0 0.0 NH3 import 

EX_Alanine HC00048_s = 

HC00048_s_xt 
-0.005500 0.130813 Alanine exchange 

EX_Arginine HC00065_s = 

HC00065_s_xt 
-0.070285 0.005786 Arginine exchange 

EX_Asparagine HC00148_s = 

HC00148_s_xt 
-0.037002 0.005679 

Asparagine 

exchange 

EX_Aspartate HC00055_s = 

HC00055_s_xt 
-0.017289 0.016442 Aspartate exchange 

EX_Cystine1 HC00389_s = 

HC00389_s_xt 
-0.608543 0.193094 Cystine exchange 

EX_Glutamate HC00034_s = 

HC00034_s_xt 
-0.007645 0.193094 Glutamate exchange 

EX_Glutamine HC00067_s = 

HC00067_s_xt 
-0.608543 -0.027744 Glutamine import 

EX_Glycine HC00045_s = 

HC00045_s_xt 
-0.011301 0.023408 Glycine exchange 

EX_Histidine1 HC00133_s = 

HC00133_s_xt 
-0.608543 0.193094 Histidine exchange 

EX_Isoleucine HC00334_s = 

HC00334_s_xt 
-0.043197 -0.002126 Isoleucine import 

EX_Leucine HC00121_s = 

HC00121_s_xt 
-0.052230 -0.003955 Leucine import 

EX_Lysine HC00053_s = 

HC00053_s_xt 
-0.038469 -0.005086 Lysine import 

EX_Methionine HC00075_s = 

HC00075_s_xt 
-0.014031 -0.001399 Methionine import 

EX_Phenylalanine HC00081_s = 

HC00081_s_xt 
-0.014610 -0.001669 Phenylalanine import 

EX_Proline HC00145_s = 

HC00145_s_xt 
-0.002389 0.011564 Proline exchange 

EX_Serine HC00068_s = 

HC00068_s_xt 
-0.067881 -0.004097 Serine import 

EX_Threonine HC00179_s = 

HC00179_s_xt 
-0.024476 -0.002757 Threonine import 



 Maldonado et al. Supplementary Material  

 

21 

 

EX_Tryptophan HC00080_s = 

HC00080_s_xt 
-0.006982 -0.000055 Tryptophan import 

EX_Tyrosine HC00085_s = 

HC00085_s_xt 
-0.021401 -0.002104 Tyrosine import 

EX_Valine HC00174_s = 

HC00174_s_xt 
-0.031520 -0.003558 Valine import 

EX_Choline HC00112_s = 

HC00112_s_xt 
-0.004596 0.000521 Choline exchange 

EX_Folate HC00396_s = 

HC00396_s_xt 
-0.000046 0.000198 Folate exchange 

EX_Nicotinamide HC00149_s = 

HC00149_s_xt 
-0.001838 0.000057 

Nicotinamide 

exchange 

EX_Pantothenate HC00568_s = 

HC00568_s_xt 
-0.000075 0.000005 

Pantothenate 

exchange 

EX_Thiamin HC00316_s = 

HC00316_s_xt 
-0.000662 0.000497 Thiamin exchange 

EX_Urate HC00310_s = 

HC00310_s_xt 
-0.000306 0.000212 Urate export 

EX_Glucose HC00040_s = 

HC00040_s_xt 
-1.0 1.0 Glucose exchange 

EX_Fructose HC00097_s = 

HC00097_s_xt 
-1.0 1.0 Fructose exchange 

EX_L-Lactate HC00177_s = 

HC00177_s_xt 
-1.0 1.0 L-Lactate exchange 

EX_Fe2+ HC01846_s = 

HC01846_s_xt 
-1.0 1.0 Fe2+ exchange 

EX_Inositol HC00135_s = 

HC00135_s_xt 
-1.0 1.0 Inositol exchange 

EX_Pyridoxine HC00268_s = 

HC00268_s_xt 
-1.0 1.0 Pyridoxine exchange 

EX_Riboflavin HC00232_s = 

HC00232_s_xt 
-1.0 1.0 Riboflavin exchange 

EX_Cholesterol HC00178_b = 

HC00178_b_xt 
0.0 1.0 Cholesterol export 

EX_H2S HC00250_s = 

HC00250_s_xt 
0.0 1.0 H2S export 

EX_Sulfate HC00062_s = 

HC00062_s_xt 
-1.0 1.0 Sulfate exchange 

EX_Urea HC00089_s = 

HC00089_s_xt 
0.0 1.0 Urea export 

Originally sourced from HepatoNet1 PIPES external metabolite exchange set. Modifications were 

made to represent serum-free, supplemented DMEM nutrient composition. Constraints were set on 

the metabolite fluxes as measured by 3. A negative flux represents import while a positive flux 

represents export, and are set as the lower and upper bounds, respectively. Metabolite fluxes that 

were not measured by 3 were set accordingly as described by HepatoNet1 PIPES. 1Metabolites 

were not measured in 3 and fluxes were set as the lowest minimum and highest maximum flux 

values from the amino acid flux values from the CORE dataset. The external metabolites are 

labelled as _xt, the sinusoidal space is _s, and the bile space is _b. 

*For qualitative PPARα simulations, all upper and lower bounds were arbitrarily set to range from -

1.0 to 1.0 for bidirectional fluxes and 0.0 to 1.0 for unidirectional fluxes. 
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TABLE S5 
 

Table S5. Generic biomass function used for simulations* 

Recon2 HepatoNet1 

CONSUME ID Name Sum formula Compartments 

0.505626 M_ala_L_c L-alanine HC00048 Alanine C3H7NO2 c,s,l,m 

0.35926 M_arg_L_c L-arginine HC00065 Arginine C6H14N4O2 c,s,l,m 

0.279425 M_asn_L_c L-asparagine HC00148 Asparagine C4H8N2O3 c,s,l,m 

0.352607 M_asp_L_c L-aspartate HC00055 Aspartate C4H7NO4 c,s,l,m 

0.046571 M_cys_L_c L-cysteine HC00099 Cysteine C3H7NO2S c,s,l,m 

0.325996 M_gln_L_c L-glutamine HC00067 Glutamine C5H10N2O3 c,s,l,m 

0.385872 M_glu_L_c L-glutamate HC00034 Glutamate C5H9NO4 c,s,l,m 

0.538891 M_gly_c glycine HC00045 Glycine C2H5NO2 c,s,l,m 

0.126406 M_his_L_c L-histidine HC00133 Histidine C6H9N3O2 c,s,l,m 

0.286078 M_ile_L_c L-isoleucine HC00334 Isoleucine C6H13NO2 c,s,l,m 

0.545544 M_leu_L_c L-leucine HC00121 Leucine C6H13NO2 c,s,l,m 

0.592114 M_lys_L_c L-lysine HC00053 Lysine C6H14N2O2 c,s,l,m 

0.153018 M_met_L_c L-methionine HC00075 Methionine C5H11NO2S c,s,l,m 

0.259466 M_phe_L_c L-phenylalanine HC00081 Phenylalanine C9H11NO2 c,s,l,m 

0.412484 M_pro_L_c L-proline HC00145 Proline C5H9NO2 c,s,l,m 

0.392525 M_ser_L_c L-serine HC00068 Serine C3H7NO3 c,s,l,m 

0.31269 M_thr_L_c L-threonine HC00179 Threonine C4H9NO3 c,s,l,m 

0.013306 M_trp_L_c L-tryptophan HC00080 Tryptophan C11H12N2O2 c,s,l 

0.159671 M_tyr_L_c L-tyrosine HC00085 Tyrosine C9H11NO3 c,s,l,m 

0.352607 M_val_L_c L-valine HC00174 Valine C5H11NO2 c,s,l,m 

0.011658 M_clpn_hs_c cardiolipin NOT REPRESENTED IN HEPATONET1 

0.013183 M_datp_n dATP HC00129 dATP C10H16N5O12P3 c,m 

0.009442 M_dctp_n dCTP HC00367 dCTP C9H16N3O13P3 c 

0.009898 M_dgtp_n dGTP HC00252 dGTP C10H16N5O13P3 c,s,m 

0.013091 M_dttp_n dTTP HC00368 dTTP C10H17N2O14P3 c,s 

0.275194 M_g6p_c D-glucose-6-phosphate HC00094 Glucose-6P C6H13O9P r,c 

0.036117 M_gtp_c GTP HC00051 GTP C10H16N5O14P3 c,s,m,n 

0.053446 M_utp_c UTP HC00077 UTP C9H15N2O15P3 c,s 

0.039036 M_ctp_c CTP HC00066 CTP C9H16N3O14P3 c,s,m,n 

20.704451 M_atp_c ATP HC00012 ATP C10H16N5O13P3 r,c,s,l,m,p 

20.650823 M_h2o_c H2O HC00011 H2O H2O r,c,s,l,m,n,p 

0.023315 M_pail_hs_c phosphatidylinositol HC02009 PI-pool C11H17O13PR2 r,c,l 

0.154463 M_pchol_hs_c phosphatidylcholine HC02080 Bile-PC-pool C10H19NO8PR2 b,c 

0.055374 M_pe_hs_c phosphatidylethanolamine HC02079 PE-PS-VLDL-pool C7H12NO8PR2 c 

0.002914 M_pglyc_hs_c phosphatidylglycerol HC02096 PG-CL-pool C8H13O10PR2 m 

0.005829 M_ps_hs_c phosphatidylserine HC02006 PS-VLDL-pool C8H12NO10PR2 r,b,c,l 
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0.020401 M_chsterol_c cholesterol HC00178 Cholesterol C27H46O r,b,c,s,l 

0.017486 M_sphmyln_hs_c sphingomyelin HC02007 SM-pool C24H49N2O6PR r,b,c,l 

PRODUCE ID Name Sum formula Compartments 

20.650823 M_adp_c ADP HC00018 ADP C10H15N5O10P2 r,c,s,l,m,p 

20.650823 M_h_c H+ HC00083 H+(PG) H c,s,m,p 

20.650823 M_pi_c phosphate HC00019 Pi H3PO4 r,c,s,l,m,p 

*generic biomass function adapted from Recon2 28 

R_biomass_reaction = 

0.505626 M_ala_L_c + 0.35926 M_arg_L_c + 0.279425 M_asn_L_c + 0.352607 M_asp_L_c + 20.704451 
M_atp_c + 0.020401 M_chsterol_c + 0.011658 M_clpn_hs_c + 0.039036 M_ctp_c + 0.046571 M_cys_L_c + 
0.013183 M_datp_n + 0.009442 M_dctp_n + 0.009898 M_dgtp_n + 0.013091 M_dttp_n + 0.275194 
M_g6p_c + 0.325996 M_gln_L_c + 0.385872 M_glu_L_c + 0.538891 M_gly_c + 0.036117 M_gtp_c + 
20.650823 M_h2o_c + 0.126406 M_his_L_c + 0.286078 M_ile_L_c + 0.545544 M_leu_L_c + 0.592114 
M_lys_L_c + 0.153018 M_met_L_c + 0.023315 M_pail_hs_c + 0.154463 M_pchol_hs_c + 0.055374 
M_pe_hs_c + 0.002914 M_pglyc_hs_c + 0.259466 M_phe_L_c + 0.412484 M_pro_L_c + 0.005829 
M_ps_hs_c + 0.392525 M_ser_L_c + 0.017486 M_sphmyln_hs_c + 0.31269 M_thr_L_c + 0.013306 
M_trp_L_c + 0.159671 M_tyr_L_c + 0.053446 M_utp_c + 0.352607 M_val_L_c = 20.650823 M_adp_c + 
20.650823 M_h_c + 20.650823 M_pi_c 
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TABLE S6 
 

Table S6. Custom primer sequences used to quantify PPAR transcript expression via qRT-
PCR; primers were synthesised and supplied by Eurofins MWG (Germany). 

hPPAR 

Forward Primer 5’ – GCA AGA AAT GGG AAA CAT CCA A – 3’ 

Reverse Primer 5’ – TGG TAT TCC GTA AAG CCA AAG CT – 3’ 

18S 

Forward Primer 5’ – CGG CTA CCA CAT CCA AGG AA – 3’ 

Reverse Primer 5’ – GCT GGA ATT ACC GCG GCT – 3’ 
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TABLE S7 
 

Table S7 Target genes and mediated hepatic reactions within PPAR regulome model  

Gene* 
ENTREZ 

ID 
Protein Reaction 

HepatoNet1 

reaction 
PMID 

ABAT 18 
4-aminobutyrate 

aminotransferase 
beta-Alanine(m) + AKG(m) <=> Glutamate(m) + 3-Oxopropanoate(m) r0217 17164430 

ABCA1 19 ABCA1 

Cholesterol(c) + ATP(c) + H2O(c) --> Cholesterol(s) + ADP(c) + Pi(c) 

Arachidonate(c) + ATP(c) + H2O(c) --> Arachidonate(s) + ADP(c) + Pi(c) 

Palmitate(c) + ATP(c) + H2O(c) --> Palmitate(s) + ADP(c) + Pi(c) 

Oleate(c) + ATP(c) + H2O(c) --> Oleate(s) + ADP(c) + Pi(c) 

Stearate(c) + ATP(c) + H2O(c) --> Stearate(s) + ADP(c) + Pi(c) 

Linoleate(c) + ATP(c) + H2O(c) --> Linoleate(s) + ADP(c) + Pi(c) 

Elaidate(c) + ATP(c) + H2O(c) --> Elaidate(s) + ADP(c) + Pi(c) 

gamma-Linolenate(c) + ATP(c) + H2O(c) --> gamma-Linolenate(s) + ADP(c) + 

Pi(c) 

Linolenate(c) + ATP(c) + H2O(c) --> Linolenate(s) + ADP(c) + Pi(c) 

Lignocerate(c) + ATP(c) + H2O(c) --> Lignocerate(s) + ADP(c) + Pi(c) 

Palmitolate(c) + ATP(c) + H2O(c) --> Palmitolate(s) + ADP(c) + Pi(c) 

PC-VLDL-pool(c) + ATP(c) + H2O(c) --> PC-VLDL-pool(s) + ADP(c) + Pi(c) 

Dihomo-gamma-linolenate(c) + ATP(c) + H2O(c) --> Dihomo-gamma-

linolenate(s) + ADP(c) + Pi(c) 

r1513 

r1514 

r1515 

r1516 

r1517 

r1518 

r1519 

r1520 

r1521 

r1522 

r1523 

r1524 

r1525 

r1526 

r1527 

19710929, 

18288265, 

12512040 

  

 

*PPAR target gene with no reaction represented within the HepatoNet1 GSMN 

 

https://www.ncbi.nlm.nih.gov/gene/?term=18
https://www.ncbi.nlm.nih.gov/pubmed/17164430
https://www.ncbi.nlm.nih.gov/gene/?term=19
https://www.ncbi.nlm.nih.gov/pubmed/19710929
https://www.ncbi.nlm.nih.gov/pubmed/18288265
https://www.ncbi.nlm.nih.gov/pubmed/12512040
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GM4-pool(c) + ATP(c) + H2O(c) --> GM4-pool(s) + ADP(c) + Pi(c) 

decanoic-acid(c) + ATP(c) + H2O(c) --> decanoic-acid(s) + ADP(c) + Pi(c) 

lauric-acid(c) + ATP(c) + H2O(c) --> lauric-acid(s) + ADP(c) + Pi(c) 

myristic-acid(c) + ATP(c) + H2O(c) --> myristic-acid(s) + ADP(c) + Pi(c) 

ApoA1(c) <=> ApoA1(s) 

r1528 

r1529 

r0808 

ABCB4 5244 MDR3 

Cholesterol(c) + ATP(c) + H2O(c) --> Cholesterol(b) + ADP(c) + Pi(c) 

PE-VLDL-pool(c) + ATP(c) + H2O(c) --> PE-VLDL-pool(b) + ADP(c) + Pi(c) 

SM-pool(c) + ATP(c) + H2O(c) --> SM-pool(b) + ADP(c) + Pi(c) 

Bile-PC-pool(c) + ATP(c) + H2O(c) --> Bile-PC-pool(b) + ADP(c) + Pi(c) 

r1508 

r1509 

r1510 

r1511 

19710929, 

18288265, 

12512040, 

12381268 

ABCD2 225 

ATP-binding 

cassette sub-

family D member 

2 

Arachidonate(c) + ATP(c) + H2O(c) --> Arachidonate(p) + ADP(c) + Pi(c) 

Palmitate(c) + ATP(c) + H2O(c) --> Palmitate(p) + ADP(c) + Pi(c) 

Propanoyl-CoA(c) + ATP(c) + H2O(c) --> Propanoyl-CoA(p) + ADP(c) + Pi(c) 

Palmitoyl-CoA(c) + ATP(c) + H2O(c) --> Palmitoyl-CoA(p) + ADP(c) + Pi(c) 

Choloyl-CoA(c) + ATP(c) + H2O(c) --> Choloyl-CoA(p) + ADP(c) + Pi(c) 

Linoleoyl-CoA(c) + ATP(c) + H2O(c) --> Linoleoyl-CoA(p) + ADP(c) + Pi(c) 

Arachidonyl-CoA(c) + ATP(c) + H2O(c) --> Arachidonyl-CoA(p) + ADP(c) + 

Pi(c) 

r2497 

r2498 

r2499 

r2500 

r2501 

r2502 

r2503 

18288265, 

11422379 

ABCD3 5825 

ATP-binding 

cassette sub-

family D member 

3 

half transporter - functional heterodimer with D2 - 
18288265, 

11422379 

ACAA1A/  

ACAA2 
30/10449 

3-ketoacyl-CoA 

thiolase 

Propanoyl-CoA(m) + Acetyl-CoA(m) <=> CoA(m) + 2-Methylacetoacetyl-

CoA(m) 

Acetyl-CoA(m) + Butyryl-CoA(m) <-- CoA(m) + 3-Oxohexanoyl-CoA(m) 

r0222 

r0287 

r0628 

18288265, 

12946649, 

12729718 

https://www.ncbi.nlm.nih.gov/gene/?term=5244
https://www.ncbi.nlm.nih.gov/pubmed/19710929
https://www.ncbi.nlm.nih.gov/pubmed/18288265
https://www.ncbi.nlm.nih.gov/pubmed/12512040
https://www.ncbi.nlm.nih.gov/pubmed/12381268
https://www.ncbi.nlm.nih.gov/gene/?term=225
https://www.ncbi.nlm.nih.gov/pubmed/18288265
https://www.ncbi.nlm.nih.gov/pubmed/11422379
https://www.ncbi.nlm.nih.gov/gene/?term=5825
https://www.ncbi.nlm.nih.gov/pubmed/18288265
https://www.ncbi.nlm.nih.gov/pubmed/11422379
https://www.ncbi.nlm.nih.gov/gene/?term=30
https://www.ncbi.nlm.nih.gov/gene/?term=10449
https://www.ncbi.nlm.nih.gov/pubmed/18288265
https://www.ncbi.nlm.nih.gov/pubmed/12946649
https://www.ncbi.nlm.nih.gov/pubmed/12729718
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Propanoyl-CoA(p) + Choloyl-CoA(p) <-- CoA(p) + 3alpha,7alpha,12alpha-

Trihydroxy-5beta-24-oxocholestanoyl-CoA(p) 

Acetyl-CoA(m) + Octanoyl-CoA(m) <=> CoA(m) + 3-Oxodecanoyl-CoA(m) 

Acetyl-CoA(p) + Octanoyl-CoA(p) <-- CoA(p) + 3-Oxodecanoyl-CoA(p) 

Lauroyl-CoA(m) + Acetyl-CoA(m) <-- CoA(m) + 3-Oxotetradecanoyl-CoA(m) 

Lauroyl-CoA(p) + Acetyl-CoA(p) <-- CoA(p) + 3-Oxotetradecanoyl-CoA(p) 

Myristoyl-CoA(m) + Acetyl-CoA(m) <-- CoA(m) + 3-Oxopalmitoyl-CoA(m) 

Myristoyl-CoA(p) + Acetyl-CoA(p) <-- CoA(p) + 3-Oxopalmitoyl-CoA(p) 

Propanoyl-CoA(p) + Chenodeoxycholoyl-CoA(p) <=> CoA(p) + 3alpha,7alpha-

Dihydroxy-5beta-cholestanoyl-CoA(p) + H2O(p) 

Decanoyl-CoA(m) + Acetyl-CoA(m) <=> CoA(m) + 3-Oxododecanoyl-CoA(m) 

Decanoyl-CoA(p) + Acetyl-CoA(p) <-- CoA(p) + 3-Oxododecanoyl-CoA(p) 

Hexanoyl-CoA(m) + Acetyl-CoA(m) <-- CoA(m) + 3-Oxooctanoyl-CoA(m) 

r0634 

r0635 

r0639 

r0640 

r0653 

r0654 

r0698 

r0724 

r0725 

r0732 

ACACB 32 
Acetyl-CoA 

carboxylase 2 

ATP(c) + Acetyl-CoA(c) + HCO3-(c) --> ADP(c) + Pi(c) + Malonyl-CoA(c) 

ATP(m) + Acetyl-CoA(m) + HCO3-(m) --> ADP(m) + Pi(m) + Malonyl-CoA(m) 

r0184 

r0185 
18288265 

ACADM 34 

Medium-chain 

specific acyl-CoA 

dehydrogenase, 

mitochondrial 

 

Palmitoyl-CoA(m) + Ubiquinone(m) --> (2E)-Hexadecenoyl-CoA(m) + 

Ubiquinol(m) 

Propanoyl-CoA(m) + Ubiquinone(m) --> Ubiquinol(m) + Acrylyl-CoA(m) 

r0310 

r0683 

10377439, 

18288265, 

9488698 

ACADS 35 

Short-chain 

specific acyl-CoA 

dehydrogenase, 

mitochondrial 

Isobutyryl-CoA(m) + Ubiquinone(m) --> Methacrylyl-CoA(m) + Ubiquinol(m) r0560 

10359558, 

18288265, 

9488698 

https://www.ncbi.nlm.nih.gov/gene/?term=32
https://www.ncbi.nlm.nih.gov/pubmed/18288265
https://www.ncbi.nlm.nih.gov/gene/?term=34
https://www.ncbi.nlm.nih.gov/pubmed/10377439
https://www.ncbi.nlm.nih.gov/pubmed/18288265
https://www.ncbi.nlm.nih.gov/pubmed/9488698
https://www.ncbi.nlm.nih.gov/gene/?term=35
https://www.ncbi.nlm.nih.gov/pubmed/10359558
https://www.ncbi.nlm.nih.gov/pubmed/18288265
https://www.ncbi.nlm.nih.gov/pubmed/9488698
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ACADVL 37 

Very long-chain 

specific acyl-CoA 

dehydrogenase, 

mitochondrial 

Palmitoyl-CoA(m) + Ubiquinone(m) --> (2E)-Hexadecenoyl-CoA(m) + 

Ubiquinol(m) 

Propanoyl-CoA(m) + Ubiquinone(m) --> Ubiquinol(m) + Acrylyl-CoA(m) 

r0310 

r0683 

19710929, 

18288265, 

17118139, 

9488698 

ACOT12 134526 
Acyl-coenzyme A 

thioesterase 12 

Acetyl-CoA(c) + H2O(c) --> CoA(c) + Acetate(c) 

Acetyl-CoA(m) + H2O(m) --> CoA(m) + Acetate(m) 

r0061 

r0062 
18288265 

ACOX1 51 

Peroxisomal acyl-

coenzyme A 

oxidase 1 

O2(p) + 3alpha,7alpha,12alpha-Trihydroxy-5beta-cholestanoyl-CoA(p) --> 

3alpha,7alpha,12alpha-Trihydroxy-5beta-cholest-24-enoyl-CoA(p) + H2O2(p) 

Ubiquinone(m) + Butyryl-CoA(m) --> Crotonyl-CoA(m) + Ubiquinol(m) 

Ubiquinone(m) + Lauroyl-CoA(m) --> (2E)-Dodecenoyl-CoA(m) + Ubiquinol(m) 

Ubiquinone(m) + Octanoyl-CoA(m) --> (2E)-Octenoyl-CoA(m) + Ubiquinol(m) 

Ubiquinone(m) + Myristoyl-CoA(m) --> (2E)-Tetradecenoyl-CoA(m) + 

Ubiquinol(m) 

Ubiquinone(m) + Hexanoyl-CoA(m) --> (2E)-Hexenoyl-CoA(m) + Ubiquinol(m) 

Ubiquinone(m) + Decanoyl-CoA(m) --> (2E)-Decenoyl-CoA(m) + Ubiquinol(m) 

Palmitoyl-CoA(m) + Ubiquinone(m) --> (2E)-Hexadecenoyl-CoA(m) + 

Ubiquinol(m) 

Propanoyl-CoA(m) + Ubiquinone(m) --> Ubiquinol(m) + Acrylyl-CoA(m) 

r0706 

r1446 

r1447 

r1448 

r1449 

r1450 

r1451 

r0310 

r0683 

19710929, 

10377439, 

18288265,  

ACSL1 2180 
Long chain fatty 

acid CoA ligase 1 

Palmitate(r) + ATP(r) + CoA(r) --> Palmitoyl-CoA(r) + AMP(r) + PPi(r) 

Palmitate(c) + ATP(c) + CoA(c) --> Palmitoyl-CoA(c) + AMP(c) + PPi(c) 

Palmitolate(r) + ATP(r) + CoA(r) --> (2E)-Hexadecenoyl-CoA(r) + AMP(r) + 

PPi(r) 

Palmitolate(c) + ATP(c) + CoA(c) --> (2E)-Hexadecenoyl-CoA(c) + AMP(c) + 

PPi© 

r0311 

r0312 

r1251 

r1252 

r1253 

r1254 

19710929, 

18288265, 

11371553, 

7642600, 

17118139 

https://www.ncbi.nlm.nih.gov/gene/?term=37
https://www.ncbi.nlm.nih.gov/pubmed/19710929
https://www.ncbi.nlm.nih.gov/pubmed/18288265
https://www.ncbi.nlm.nih.gov/pubmed/17118139
https://www.ncbi.nlm.nih.gov/pubmed/9488698
https://www.ncbi.nlm.nih.gov/gene/?term=134526
https://www.ncbi.nlm.nih.gov/pubmed/18288265
https://www.ncbi.nlm.nih.gov/gene/?term=51
https://www.ncbi.nlm.nih.gov/pubmed/19710929
https://www.ncbi.nlm.nih.gov/pubmed/10377439
https://www.ncbi.nlm.nih.gov/pubmed/18288265
https://www.ncbi.nlm.nih.gov/gene/?term=2180
https://www.ncbi.nlm.nih.gov/pubmed/19710929
https://www.ncbi.nlm.nih.gov/pubmed/18288265
https://www.ncbi.nlm.nih.gov/pubmed/11371553
https://www.ncbi.nlm.nih.gov/pubmed/7642600
https://www.ncbi.nlm.nih.gov/pubmed/17118139
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Stearate(r) + ATP(r) + CoA(r) --> Stearoyl-CoA(r) + AMP(r) + PPi(r) 

Stearate(c) + ATP(c) + CoA(c) --> Stearoyl-CoA(c) + AMP(c) + PPi(c) 

ATP(r) + CoA(r) + Oleate(r) --> Oleoyl-CoA(r) + AMP(r) + PPi(r) 

ATP(c) + CoA(c) + Oleate(c) --> Oleoyl-CoA(c) + AMP(c) + PPi(c) 

Linoleate(r) + ATP(r) + CoA(r) --> AMP(r) + PPi(r) + Linoleoyl-CoA(r) 

Linoleate(c) + ATP(c) + CoA(c) --> AMP(c) + PPi(c) + Linoleoyl-CoA(c) 

ATP(r) + CoA(r) + Linolenate(r) --> Linolenoyl-CoA(r) + AMP(r) + PPi(r) 

gamma-Linolenate(r) + ATP(r) + CoA(r) --> gamma-Linolenoyl-CoA(r) + 

AMP(r) + PPi(r) 

gamma-Linolenate(c) + ATP(c) + CoA(c) --> gamma-Linolenoyl-CoA(c) + 

AMP(c) + PPi(c) 

Arachidonate(r) + ATP(r) + CoA(r) --> Arachidonyl-CoA(r) + AMP(r) + PPi(r) 

Arachidonate(c) + ATP(c) + CoA(c) --> Arachidonyl-CoA(c) + AMP(c) + PPi(c) 

ATP(r) + CoA(r) + Palmitolate(r) <=> AMP(r) + palmitoleoyl-CoA(r) + PPi(r) 

ATP(c) + CoA(c) + Palmitolate(c) <=> AMP(c) + palmitoleoyl-CoA(c) + PPi(c) 

r1255 

r1256 

r1257 

r1258 

r1259 

r1260 

r1261 

r1262 

r1263 

r1487 

r1488 

ACSL3 2181 
Long chain fatty 

acid CoA ligase 3 

Palmitate(r) + ATP(r) + CoA(r) --> Palmitoyl-CoA(r) + AMP(r) + PPi(r) 

Palmitate(c) + ATP(c) + CoA(c) --> Palmitoyl-CoA(c) + AMP(c) + PPi(c) 

Palmitolate(r) + ATP(r) + CoA(r) --> (2E)-Hexadecenoyl-CoA(r) + AMP(r) + 

PPi(r) 

Palmitolate(c) + ATP(c) + CoA(c) --> (2E)-Hexadecenoyl-CoA(c) + AMP(c) + 

PPi© 

Stearate(r) + ATP(r) + CoA(r) --> Stearoyl-CoA(r) + AMP(r) + PPi(r) 

Stearate(c) + ATP(c) + CoA(c) --> Stearoyl-CoA(c) + AMP(c) + PPi(c) 

ATP(r) + CoA(r) + Oleate(r) --> Oleoyl-CoA(r) + AMP(r) + PPi(r) 

r0311 

r0312 

r1251 

r1252 

r1253 

r1254 

r1255 

r1256 

r1257 

19710929, 

18288265 

https://www.ncbi.nlm.nih.gov/gene/?term=2181
https://www.ncbi.nlm.nih.gov/pubmed/19710929
https://www.ncbi.nlm.nih.gov/pubmed/18288265
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ATP(c) + CoA(c) + Oleate(c) --> Oleoyl-CoA(c) + AMP(c) + PPi(c) 

Linoleate(r) + ATP(r) + CoA(r) --> AMP(r) + PPi(r) + Linoleoyl-CoA(r) 

Linoleate(c) + ATP(c) + CoA(c) --> AMP(c) + PPi(c) + Linoleoyl-CoA(c) 

ATP(r) + CoA(r) + Linolenate(r) --> Linolenoyl-CoA(r) + AMP(r) + PPi(r) 

gamma-Linolenate(r) + ATP(r) + CoA(r) --> gamma-Linolenoyl-CoA(r) + 

AMP(r) + PPi(r) 

gamma-Linolenate(c) + ATP(c) + CoA(c) --> gamma-Linolenoyl-CoA(c) + 

AMP(c) + PPi(c) 

Arachidonate(r) + ATP(r) + CoA(r) --> Arachidonyl-CoA(r) + AMP(r) + PPi(r) 

Arachidonate(c) + ATP(c) + CoA(c) --> Arachidonyl-CoA(c) + AMP(c) + PPi(c) 

ATP(r) + CoA(r) + Palmitolate(r) <=> AMP(r) + palmitoleoyl-CoA(r) + PPi(r) 

ATP(c) + CoA(c) + Palmitolate(c) <=> AMP(c) + palmitoleoyl-CoA(c) + PPi(c) 

r1258 

r1259 

r1260 

r1261 

r1262 

r1263 

r1487 

r1488 

ACSL5 51703 
Long chain fatty 

acid CoA ligase 5 

Palmitate(r) + ATP(r) + CoA(r) --> Palmitoyl-CoA(r) + AMP(r) + PPi(r) 

Palmitate(c) + ATP(c) + CoA(c) --> Palmitoyl-CoA(c) + AMP(c) + PPi(c) 

Palmitolate(r) + ATP(r) + CoA(r) --> (2E)-Hexadecenoyl-CoA(r) + AMP(r) + 

PPi(r) 

Palmitolate(c) + ATP(c) + CoA(c) --> (2E)-Hexadecenoyl-CoA(c) + AMP(c) + 

PPi© 

Stearate(r) + ATP(r) + CoA(r) --> Stearoyl-CoA(r) + AMP(r) + PPi(r) 

Stearate(c) + ATP(c) + CoA(c) --> Stearoyl-CoA(c) + AMP(c) + PPi(c) 

ATP(r) + CoA(r) + Oleate(r) --> Oleoyl-CoA(r) + AMP(r) + PPi(r) 

ATP(c) + CoA(c) + Oleate(c) --> Oleoyl-CoA(c) + AMP(c) + PPi(c) 

Linoleate(r) + ATP(r) + CoA(r) --> AMP(r) + PPi(r) + Linoleoyl-CoA(r) 

Linoleate(c) + ATP(c) + CoA(c) --> AMP(c) + PPi(c) + Linoleoyl-CoA(c) 

r0311 

r0312 

r1251 

r1252 

r1253 

r1254 

r1255 

r1256 

r1257 

r1258 

r1259 

r1260 

19710929, 

18288265, 

17118139 

https://www.ncbi.nlm.nih.gov/gene/?term=51703
https://www.ncbi.nlm.nih.gov/pubmed/19710929
https://www.ncbi.nlm.nih.gov/pubmed/18288265
https://www.ncbi.nlm.nih.gov/pubmed/17118139
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ATP(r) + CoA(r) + Linolenate(r) --> Linolenoyl-CoA(r) + AMP(r) + PPi(r) 

gamma-Linolenate(r) + ATP(r) + CoA(r) --> gamma-Linolenoyl-CoA(r) + 

AMP(r) + PPi(r) 

gamma-Linolenate(c) + ATP(c) + CoA(c) --> gamma-Linolenoyl-CoA(c) + 

AMP(c) + PPi(c) 

Arachidonate(r) + ATP(r) + CoA(r) --> Arachidonyl-CoA(r) + AMP(r) + PPi(r) 

Arachidonate(c) + ATP(c) + CoA(c) --> Arachidonyl-CoA(c) + AMP(c) + PPi(c) 

ATP(r) + CoA(r) + Palmitolate(r) <=> AMP(r) + palmitoleoyl-CoA(r) + PPi(r) 

ATP(c) + CoA(c) + Palmitolate(c) <=> AMP(c) + palmitoleoyl-CoA(c) + PPi(c) 

r1261 

r1262 

r1263 

r1487 

r1488 

ACSM3* 6296 

Acyl-coenzyme A 

synthetase, 

mitochondial 

- - 24269660 

AGPAT2 10555 

1-acyl-sn-

glycerol-3-

phosphate 

acyltransferase 

beta 

Phosphatidate-VLDL-TG-pool(c) + CoA(c) <-- Acyl-CoA-VLDL-TG2-pool(c) + 

1-Acylglycerol-3P-VLDL-TG1-pool(c) 

Phosphatidate-VLDL-PC-pool(c) + CoA(c) <-- Acyl-CoA-VLDL-PC-pool(c) + 1-

Acylglycerol-3P-VLDL-PC-pool(c) 

Phosphatidate-VLDL-PE-pool(c) + CoA(c) <-- Acyl-CoA-VLDL-PE-pool(c) + 1-

Acylglycerol-3P-VLDL-PE-pool(c) 

Phosphatidate-VLDL-PS-pool(c) + CoA(c) <-- Acyl-CoA-VLDL-PS-pool(c) + 1-

Acylglycerol-3P-VLDL-PS-pool(c) 

Phosphatidate-VLDL-PI-pool(c) + CoA(c) <-- 1-Acylglycerol-3P-VLDL-PI-

pool(c) + Acyl-CoA-VLDL-PI-pool(c) 

CoA(c) + Phosphatidate-VLDL-SM-pool(c) <-- Acyl-CoA-VLDL-SM-pool(c) + 1-

Acylglycerol-3P-VLDL-SM-pool(c) 

r1211 

r1212 

r1213 

r1214 

r1215 

r1216 

r1286 

r1308 

18288265 

https://www.ncbi.nlm.nih.gov/gene/?term=6296
https://www.ncbi.nlm.nih.gov/pubmed/?term=24269660
https://www.ncbi.nlm.nih.gov/gene/?term=10555
https://www.ncbi.nlm.nih.gov/pubmed/18288265
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Phosphatidate-Bile-PC-pool(c) + CoA(c) <-- Acyl-CoA-Bile-PC-pool(c) + 1-

Acylglycerol-3P-Bile-PC-pool(c) 

Phosphatidate-CL-pool(m) + CoA(m) <-- Acyl-CoA-CL-pool(m) + 1-

Acylglycerol-3P-CL-pool(m) 

AGXT2 64902 

Alanine-

glyoxylate 

aminotransferase 

2, mitochondrial 

D-3-Amino-isobutanoate(m) + Pyruvate(m) <=> 2-Methyl-3-oxopropanoate(m) 

+ Alanine(m) 
r0484 24269660 

AKR1B1

0 
57016 

Aldo-keto 

reductase family 

member B10 

Glycerol(c) + NADP+(c) <=> Glyceraldehyde(c) + NADPH(c) 

Glycerol(m) + NADP+(m) --> Glyceraldehyde(m) + NADPH(m) 

r0245 

r0246 
19710929 

AKR1C3* 8644 

Aldo-keto 

reductase family 

member c3 

- - 24269660 

ALAS1 211 

5-aminolevulinate 

synthase, 

nonspecific, 

mitochondrial 

Glycine(m) + Succinyl-CoA(m) <=> CoA(m) + CO2(m) + 5-Aminolevulinate(m) 

Glycine(m) + Succinyl-CoA(m) <=> CoA(m) + 2-Amino-3-oxoadipate(m) 

2-Amino-3-oxoadipate(m) <=> CO2(m) + 5-Aminolevulinate(m) 

r0195 

r0196 

r0517 

24269660 

ALDH3A

1 
218 

Aldehyde 

dehydrogenase, 

dimeric NADP-

preferring 

Acetaldehyde(c) + NAD+(c) + H2O(c) --> Acetate(c) + NADH(c) 

Acetaldehyde(c) + H2O(c) + NADP+(c) --> Acetate(c) + NADPH(c) 

NAD+(c) + H2O(c) + Phenylacetaldehyde(c) <=> NADH(c) + Phenylacetate(c) 

NAD+(m) + H2O(m) + Phenylacetaldehyde(m) <=> NADH(m) + 

Phenylacetate(m) 

r0176 

r0177 

r0545 

r0546 

r0547 

r0548 

19710929 

https://www.ncbi.nlm.nih.gov/gene/?term=64902
https://www.ncbi.nlm.nih.gov/pubmed/?term=24269660
https://www.ncbi.nlm.nih.gov/gene/?term=57016
https://www.ncbi.nlm.nih.gov/pubmed/19710929
https://www.ncbi.nlm.nih.gov/gene/?term=8644
https://www.ncbi.nlm.nih.gov/pubmed/?term=24269660
https://www.ncbi.nlm.nih.gov/gene/?term=211
https://www.ncbi.nlm.nih.gov/pubmed/?term=24269660
https://www.ncbi.nlm.nih.gov/gene/?term=218
https://www.ncbi.nlm.nih.gov/pubmed/19710929
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H2O(c) + Phenylacetaldehyde(c) + NADP+(c) <=> NADPH(c) + 

Phenylacetate(c) 

H2O(m) + Phenylacetaldehyde(m) + NADP+(m) <=> NADPH(m) + 

Phenylacetate(m) 

3,4-Dihydroxymandelaldehyde(m) + NAD+(m) + H2O(m) <=> 3,4-

Dihydroxymandelate(m) + NADH(m) 

3,4-Dihydroxymandelaldehyde(m) + H2O(m) + NADP+(m) <=> 3,4-

Dihydroxymandelate(m) + NADPH(m) 

3-Methoxy-4-hydroxyphenylacetaldehyde(m) + NAD+(m) + H2O(m) <=> 

NADH(m) + Homovanillate(m) 

3-Methoxy-4-hydroxyphenylacetaldehyde(m) + H2O(m) + NADP+(m) <=> 

NADPH(m) + Homovanillate(m) 

3-Methoxy-4-hydroxyphenylglycolaldehyde(m) + NAD+(m) + H2O(m) <=> 

NADH(m) + Vanillylmandelate(m) 

3-Methoxy-4-hydroxyphenylglycolaldehyde(m) + H2O(m) + NADP+(m) <=> 

NADPH(m) + Vanillylmandelate(m) 

r0752 

r0753 

r0754 

r0755 

r0756 

r0757 

ALDH3A

2 
224 

Fatty aldehyde 

dehydrogenase 

Acetaldehyde(c) + NAD+(c) + H2O(c) --> Acetate(c) + NADH(c) 

Glyceraldehyde(c) + NAD+(c) + H2O(c) <=> Glycerate(c) + NADH(c) 

Glyceraldehyde(m) + NAD+(m) + H2O(m) --> Glycerate(m) + NADH(m) 

H2O(m) + 4-Aminobutanal(m) + NADP+(m) <=> 4-Aminobutyrate(m) + 

NADPH(m) 

NAD+(m) + H2O(m) + 4-Aminobutanal(m) <=> 4-Aminobutyrate(m) + 

NADH(m) 

r0176 

r0392 

r0393 

r0464 

r0549 

r0642 

r0643 

r0688 

19710929, 

18288265, 

20032461 

https://www.ncbi.nlm.nih.gov/gene/?term=224
https://www.ncbi.nlm.nih.gov/pubmed/19710929
https://www.ncbi.nlm.nih.gov/pubmed/18288265
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2-Methyl-3-oxopropanoate(c) + NAD+(c) + H2O(c) <=> Methylmalonate(c) + 

NADH(c) 

2-Methyl-3-oxopropanoate(m) + NAD+(m) + H2O(m) <=> Methylmalonate(m) + 

NADH(m) 

3alpha,7alpha-Dihydroxy-5beta-cholestan-26-al(c) + NAD+(c) + H2O(c) <=> 

NADH(c) + 3alpha,7alpha-Dihydroxy-5beta-cholestanate(c) 

5-Hydroxyindoleacetaldehyde(c) + NAD+(c) + H2O(c) <=> NADH(c) + 5-

Hydroxyindoleacetate(c) 

r0758 

ALDH9A

1 
223 TMABADH 

Acetaldehyde(c) + NAD+(c) + H2O(c) --> Acetate(c) + NADH(c) 

Glyceraldehyde(c) + NAD+(c) + H2O(c) <=> Glycerate(c) + NADH(c) 

Glyceraldehyde(m) + NAD+(m) + H2O(m) --> Glycerate(m) + NADH(m) 

H2O(m) + 4-Aminobutanal(m) + NADP+(m) <=> 4-Aminobutyrate(m) + 

NADPH(m) 

NAD+(m) + H2O(m) + 4-Aminobutanal(m) <=> 4-Aminobutyrate(m) + 

NADH(m) 

2-Methyl-3-oxopropanoate(c) + NAD+(c) + H2O(c) <=> Methylmalonate(c) + 

NADH(c) 

2-Methyl-3-oxopropanoate(m) + NAD+(m) + H2O(m) <=> Methylmalonate(m) + 

NADH(m) 

3alpha,7alpha-Dihydroxy-5beta-cholestan-26-al(c) + NAD+(c) + H2O(c) <=> 

NADH(c) + 3alpha,7alpha-Dihydroxy-5beta-cholestanate(c) 

5-Hydroxyindoleacetaldehyde(c) + NAD+(c) + H2O(c) <=> NADH(c) + 5-

Hydroxyindoleacetate(c) 

r0176 

r0392 

r0393 

r0464 

r0549 

r0642 

r0643 

r0688 

r0758 

19710929 

https://www.ncbi.nlm.nih.gov/gene/?term=223
https://www.ncbi.nlm.nih.gov/pubmed/19710929
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ANGPTL

4* 
51129 

Angiopoietin-

related protein 4 
- - 

19710929, 

18288265, 

15190076 

APOA1 335 Apolipoprotein A-I 

23 Alanine(c) + 17 Arginine(c) + 19 Glutamine(c) + 30 Glutamate(c) + 11 

Glycine(c) + 6 Histidine(c) + 41 Leucine(c) + 4 Methionine(c) + 8 

Phenylalanine(c) + 10 Proline(c) + 16 Serine(c) + 12 Threonine(c) + 5 

Tryptophan(c) + 7 Tyrosine(c) + 15 Valine(c) + 1068 ATP(c) + 1068 H2O(c) + 5 

Asparagine(c) + 16 Aspartate(c) + 22 Lysine(c) --> ApoA1(c) + 267 AMP(c) + 

267 PPi(c) + 801 ADP(c) + 801 Pi(c) 

r1113 

8647932, 

9748239, 

7983038 

APOA2* 336 
Apolipoprotein A-

II 
- - 

19710929, 

7635967 

APOA5* 116519 
Apolipoprotein A-

V 
- - 

19710929, 

12709436, 

12637506  

APOCIII 345 
Apolipoprotein C-

III 

15 Alanine(c) + 4 Arginine(c) + 3 Glycine(c) + Histidine(c) + 11 Leucine(c) + 3 

Methionine(c) + 4 Phenylalanine(c) + 3 Proline(c) + 12 Serine(c) + 5 

Threonine(c) + 3 Tryptophan(c) + 2 Tyrosine(c) + 9 Valine(c) + 6 Glutamine(c) 

+ 5 Glutamate(c) + 396 ATP(c) + 396 H2O(c) + 7 Aspartate(c) + 6 Lysine(c) --> 

ApoC3(c) + 99 AMP(c) + 99 PPi(c) + 297 ADP(c) + 297 Pi(c) 

r1100 

7768950, 

7860752, 

8847480  

AQP3 360 Aquaporin-3 H2O(s) <=> H2O(c) r0849 
18288265, 

15232616 

ASL 435 
Argininosuccinate 

lyase  
Argininosuccinate(c) <=> Fumarate(c) + Arginine(c) r0261 

17164430, 

20847941 

https://www.ncbi.nlm.nih.gov/gene/?term=51129
https://www.ncbi.nlm.nih.gov/pubmed/19710929
https://www.ncbi.nlm.nih.gov/pubmed/18288265
https://www.ncbi.nlm.nih.gov/pubmed/15190076
https://www.ncbi.nlm.nih.gov/gene/?term=335
https://www.ncbi.nlm.nih.gov/pubmed/8647932
https://www.ncbi.nlm.nih.gov/pubmed/9748239
https://www.ncbi.nlm.nih.gov/pubmed/7983038
https://www.ncbi.nlm.nih.gov/gene/?term=336
https://www.ncbi.nlm.nih.gov/pubmed/19710929
https://www.ncbi.nlm.nih.gov/pubmed/7635967
https://www.ncbi.nlm.nih.gov/gene/?term=116519
https://www.ncbi.nlm.nih.gov/pubmed/19710929
https://www.ncbi.nlm.nih.gov/pubmed/12709436
https://www.ncbi.nlm.nih.gov/pubmed/12637506
https://www.ncbi.nlm.nih.gov/gene/?term=345
https://www.ncbi.nlm.nih.gov/pubmed/7768950
https://www.ncbi.nlm.nih.gov/pubmed/7860752
https://www.ncbi.nlm.nih.gov/pubmed/8847480
https://www.ncbi.nlm.nih.gov/gene/?term=360
https://www.ncbi.nlm.nih.gov/pubmed/18288265
https://www.ncbi.nlm.nih.gov/pubmed/15232616
https://www.ncbi.nlm.nih.gov/gene/?term=435
https://www.ncbi.nlm.nih.gov/pubmed/17164430
https://www.ncbi.nlm.nih.gov/pubmed/20847941
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CBS 875 
Cystathionine 

beta-synthase 

Serine(c) + H2S(c) --> Cysteine(c) + H2O(c) 

Serine(c) + Homocysteine(c) <=> H2O(c) + L-Cystathionine(c) 

r0210 

r0314 
17164430 

CPS-1 1373 

Carbamoyl-

phosphate 

synthase 

(ammonia), 

mitochondrial 

2 ATP(m) + CO2(m) + H2O(m) + NH3(m) <=> 2 ADP(m) + Pi(m) + Carbamoyl-

P(m) 
r0034 24269660 

CPT1A/C

PT2 

1374/137

6 
CPT 

Malonyl-CoA(r) + L-Carnitine(r) <=> CoA(r) + Malonyl-Carnitin(r) 

Malonyl-CoA(c) + L-Carnitine(c) <=> CoA(c) + Malonyl-Carnitin(c) 

Malonyl-CoA(m) + L-Carnitine(m) <=> CoA(m) + Malonyl-Carnitin(m) 

Malonyl-CoA(p) + L-Carnitine(p) <-- CoA(p) + Malonyl-Carnitin(p) 

Palmitoyl-CoA(r) + L-Carnitine(r) <=> CoA(r) + L-Palmitoylcarnitine(r) 

Palmitoyl-CoA(c) + L-Carnitine(c) <=> CoA(c) + L-Palmitoylcarnitine(c) 

Palmitoyl-CoA(m) + L-Carnitine(m) <-- CoA(m) + L-Palmitoylcarnitine(m) 

Palmitoyl-CoA(p) + L-Carnitine(p) <=> CoA(p) + L-Palmitoylcarnitine(p) 

Linoleoyl-CoA(r) + L-Carnitine(r) <=> CoA(r) + linoleic-Carnitine(r) 

Linoleoyl-CoA(c) + L-Carnitine(c) <=> CoA(c) + linoleic-Carnitine(c) 

Linoleoyl-CoA(p) + L-Carnitine(p) --> CoA(p) + linoleic-Carnitine(p) 

Arachidonyl-CoA(r) + L-Carnitine(r) <=> CoA(r) + Arachidonyl-Carnitine(r) 

Arachidonyl-CoA(c) + L-Carnitine(c) <=> CoA(c) + Arachidonyl-Carnitine(c) 

Arachidonyl-CoA(p) + L-Carnitine(p) --> CoA(p) + Arachidonyl-Carnitine(p) 

palmitoleoyl-CoA(r) + L-Carnitine(r) <=> CoA(r) + palmitoleoyl-Carnitine(r) 

palmitoleoyl-CoA(c) + L-Carnitine(c) <=> CoA(c) + palmitoleoyl-Carnitine(c) 

palmitoleoyl-CoA(m) + L-Carnitine(m) <=> CoA(m) + palmitoleoyl-Carnitine(m) 

r0430 

r0431 

r0432 

r0433 

r0434 

r0435 

r0436 

r0437 

r0438 

r0439 

r0440 

r0441 

r0442 

r0443 

r0444 

r0445 

r0446 

19710929, 

10359558, 

10377439, 

18288265, 

9726988, 

9535828, 

9488698, 

12408750   

https://www.ncbi.nlm.nih.gov/gene/?term=875
https://www.ncbi.nlm.nih.gov/pubmed/17164430
https://www.ncbi.nlm.nih.gov/gene/?term=1373
https://www.ncbi.nlm.nih.gov/pubmed/?term=24269660
https://www.ncbi.nlm.nih.gov/gene/?term=1374
https://www.ncbi.nlm.nih.gov/gene/?term=1376
https://www.ncbi.nlm.nih.gov/gene/?term=1376
https://www.ncbi.nlm.nih.gov/pubmed/19710929
https://www.ncbi.nlm.nih.gov/pubmed/10359558
https://www.ncbi.nlm.nih.gov/pubmed/10377439
https://www.ncbi.nlm.nih.gov/pubmed/18288265
https://www.ncbi.nlm.nih.gov/pubmed/9726988
https://www.ncbi.nlm.nih.gov/pubmed/9535828
https://www.ncbi.nlm.nih.gov/pubmed/9488698
https://www.ncbi.nlm.nih.gov/pubmed/12408750
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Oleoyl-CoA(c) + L-Carnitine(c) --> CoA(c) + L-Oleoylcarnitine(c) 

Propanoyl-CoA(c) + L-Carnitine(c) --> CoA(c) + O-Propanoylcarnitine(c) 

Butyryl-CoA(c) + L-Carnitine(c) --> CoA(c) + O-Butanoylcarnitine(c) 

r1394 

r1396 

r1398 

CYP1A2* 1544 
Cytochrome P450 

1A2 
- - 24269660 

CYP3A5* 1577 
Cytochrome P450 

3A5 
- - 24269660 

CYP3A7* 1551 
Cytochrome P450 

3A7 
- - 24269660 

CYP7A1 1581 

Cholesterol 7 

alpha 

monooxygenase 

Cholesterol(r) + O2(r) + NADPH(r) <=> 7alpha-Hydroxycholesterol(r) + H2O(r) 

+ NADP+(r) 
r0335 

11701475, 

11042130, 

10777541  

CYP27A1 1593 

Sterol 27-

hydroxylase, 

mitochondrial 

5beta-Cholestane-3alpha,7alpha-diol(m) + NADPH(m) + O2(m) <=> 5beta-

Cholestane-3alpha,7alpha,26-triol(m) + H2O(m) + NADP+(m) 

3alpha,7alpha,12alpha-Trihydroxycoprostane(c) + NADPH(c) + O2(c) <=> 

5beta-Cholestane-3alpha,7alpha,12alpha,26-tetrol(c) + H2O(c) + NADP+(c) 

r0740 

r0741 

r0742 

11701475, 

24269660 

https://www.ncbi.nlm.nih.gov/gene/?term=1544
https://www.ncbi.nlm.nih.gov/pubmed/?term=24269660
https://www.ncbi.nlm.nih.gov/gene/?term=1577
https://www.ncbi.nlm.nih.gov/pubmed/?term=24269660
https://www.ncbi.nlm.nih.gov/gene/?term=1551
https://www.ncbi.nlm.nih.gov/pubmed/?term=24269660
https://www.ncbi.nlm.nih.gov/gene/?term=1581
https://www.ncbi.nlm.nih.gov/pubmed/11701475
https://www.ncbi.nlm.nih.gov/pubmed/?term=11042130
https://www.ncbi.nlm.nih.gov/pubmed/10777541
https://www.ncbi.nlm.nih.gov/gene/?term=1593
https://www.ncbi.nlm.nih.gov/pubmed/11701475
https://www.ncbi.nlm.nih.gov/pubmed/?term=24269660
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3alpha,7alpha,12alpha-Trihydroxycoprostane(m) + NADPH(m) + O2(m) <=> 

5beta-Cholestane-3alpha,7alpha,12alpha,26-tetrol(m) + H2O(m) + NADP+(m) 

CYP2B6* 1555 
Cytochrome P450 

2B6 
- - 24269660 

CYP8B1 1582 

7-alpha-

hydroxycholest-4-

en-3-one 12-

alpha-

hydroxylase 

7alpha-Hydroxycholest-4-en-3-one(r) + O2(r) + NADPH(r) --> 7alpha,12alpha-

Dihydroxycholest-4-en-3-one(r) + H2O(r) + NADP+(r) 
r0751 

10867000, 

24269660 

CYP2C8* 1558 
Cytochrome P450 

2C8 
- - 

19710929, 

24269660 

CYP2C9* 1559 
Cytochrome P450 

2C9 
- - 

19710929, 

24269660 

CYP2J2* 1573 
Cytochrome P450 

2J2 
- - 

19710929, 

24269660 

ELOVL5 60481 

Elongation of very 

long chain fatty 

acids protein 5 

Hexadecanoyl-ACP(c) + Malonyl-ACP(c) <=> 3-Oxostearoyl-ACP(c) + ACP(c) 

+ CO2(c) 
r1313 

18288265, 

16790840, 

15654130 

ELOVL6 79071 

Elongation of very 

long chain fatty 

acids protein 6 

Hexadecanoyl-ACP(c) + Malonyl-ACP(c) <=> 3-Oxostearoyl-ACP(c) + ACP(c) 

+ CO2(c) 
r1313 

18288265, 

16790840, 

15654130 

EPHX2* 2053 

Bifunctional 

epoxide hyrolase 

2 

- - 24269660 

https://www.ncbi.nlm.nih.gov/gene/?term=1555
https://www.ncbi.nlm.nih.gov/pubmed/?term=24269660
https://www.ncbi.nlm.nih.gov/gene/?term=1582
https://www.ncbi.nlm.nih.gov/pubmed/10867000
https://www.ncbi.nlm.nih.gov/pubmed/?term=24269660
https://www.ncbi.nlm.nih.gov/gene/?term=1558
https://www.ncbi.nlm.nih.gov/pubmed/19710929
https://www.ncbi.nlm.nih.gov/pubmed/?term=24269660
https://www.ncbi.nlm.nih.gov/gene/?term=1559
https://www.ncbi.nlm.nih.gov/pubmed/19710929
https://www.ncbi.nlm.nih.gov/pubmed/?term=24269660
https://www.ncbi.nlm.nih.gov/gene/?term=1573
https://www.ncbi.nlm.nih.gov/pubmed/19710929
https://www.ncbi.nlm.nih.gov/pubmed/?term=24269660
https://www.ncbi.nlm.nih.gov/gene/?term=60481
https://www.ncbi.nlm.nih.gov/pubmed/18288265
https://www.ncbi.nlm.nih.gov/pubmed/16790840
https://www.ncbi.nlm.nih.gov/pubmed/15654130
https://www.ncbi.nlm.nih.gov/gene/?term=79071
https://www.ncbi.nlm.nih.gov/pubmed/18288265
https://www.ncbi.nlm.nih.gov/pubmed/16790840
https://www.ncbi.nlm.nih.gov/pubmed/15654130
https://www.ncbi.nlm.nih.gov/gene/?term=2053
https://www.ncbi.nlm.nih.gov/pubmed/?term=24269660
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ETFDH* 2110 

Electron transfer 

flavoprotein-

ubiquinone 

oxidoreductase, 

mitochodrial 

- - 19710929 

FABP1 2168 
Fatty acid-binding 

protein, liver 

Arachidonate(l) --> Arachidonate(r) 

Arachidonate(l) <=> Arachidonate(c) 

Palmitate(l) --> Palmitate(r) 

Palmitate(l) <=> Palmitate(c) 

Stearate(l) --> Stearate(r) 

Stearate(l) <=> Stearate(c) 

r0931 

r0932 

r0936 

r0937 

r0983 

r0984 

19710929, 

18288265, 

10383430, 

11284737 

FADS1* 3992 
Fatty acid 

desaturase 1 
- - 

18288265, 

16790840 

FADS2* 9415 
Fatty acid 

desaturase 2 
- - 

18288265, 

16790840, 

12562861 

FGF21* 26291 
Fibroblast growth 

factor 21 
- - 

19710929, 

17550777, 

 17550778 

G6PC 2538 
Glucose-6-

phophatase 
H2O(r) + Glucose-6P(r) --> Glucose(r) + Pi(r) r0396 19710929 

GK 2710 Glycerol kinase 
ATP(c) + Glycerol(c) <=> ADP(c) + sn-Glycerol-3P(c) 

ATP(m) + Glycerol(m) <=> ADP(m) + sn-Glycerol-3P(m) 

r0203 

r0204 
24269660 

https://www.ncbi.nlm.nih.gov/gene/?term=2110
https://www.ncbi.nlm.nih.gov/pubmed/19710929
https://www.ncbi.nlm.nih.gov/gene/?term=2168
https://www.ncbi.nlm.nih.gov/pubmed/19710929
https://www.ncbi.nlm.nih.gov/pubmed/18288265
https://www.ncbi.nlm.nih.gov/pubmed/10383430
https://www.ncbi.nlm.nih.gov/pubmed/11284737
https://www.ncbi.nlm.nih.gov/gene/?term=3992
https://www.ncbi.nlm.nih.gov/pubmed/18288265
https://www.ncbi.nlm.nih.gov/pubmed/16790840
https://www.ncbi.nlm.nih.gov/gene/?term=9415
https://www.ncbi.nlm.nih.gov/pubmed/18288265
https://www.ncbi.nlm.nih.gov/pubmed/16790840
https://www.ncbi.nlm.nih.gov/pubmed/12562861
https://www.ncbi.nlm.nih.gov/gene/?term=26291
https://www.ncbi.nlm.nih.gov/pubmed/19710929
https://www.ncbi.nlm.nih.gov/pubmed/17550777
https://www.ncbi.nlm.nih.gov/pubmed/17550778
https://www.ncbi.nlm.nih.gov/gene/?term=2538
https://www.ncbi.nlm.nih.gov/pubmed/19710929
https://www.ncbi.nlm.nih.gov/gene/?term=2710
https://www.ncbi.nlm.nih.gov/pubmed/?term=24269660
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GLS2 27165 

Glutaminase liver 

isoform, 

mitochondrial 

Glutamine(m) + H2O(m) --> Glutamate(m) + NH3(m) r0078 17164430 

GPAM 57678 

Glycerol-3-

phosphate 

acyltransferase 1, 

mitochondrial 

Palmitoyl-CoA(c) + sn-Glycerol-3P(c) --> CoA(c) + 1-Acylglycerol-3P-palm(c) 

(2E)-Hexadecenoyl-CoA(c) + sn-Glycerol-3P(c) --> 1-Acylglycerol-3P-palmn(c) 

+ CoA(c) 

Stearoyl-CoA(c) + sn-Glycerol-3P(c) --> CoA(c) + 1-Acylglycerol-3P-stea(c) 

Oleoyl-CoA(c) + sn-Glycerol-3P(c) --> 1-Acylglycerol-3P-ol(c) + CoA(c) 

Linoleoyl-CoA(c) + sn-Glycerol-3P(c) --> 1-Acylglycerol-3P-lin(c) + CoA(c) 

Arachidonyl-CoA(c) + sn-Glycerol-3P(c) --> 1-Acylglycerol-3P-arach(c) + 

CoA(c) 

Acyl-CoA-CL-pool(m) + sn-Glycerol-3P(m) --> CoA(m) + 1-Acylglycerol-3P-CL-

pool(m) 

r1185 

r1186 

r1187 

r1188 

r1189 

r1190 

r1307 

19710929, 

18288265 

GPT 2875 

Alanine 

aminotransferase 

1  

Alanine(c) + AKG(c) <=> Pyruvate(c) + Glutamate(c) 

Alanine(m) + AKG(m) <=> Pyruvate(m) + Glutamate(m) 

r0080 

r0081 
24269660 

HACL1* 26061 
2-hydroxyacyl-

CoA lyase 1 
- - 19710929 

HADHA 3030 

Trifunctional 

enzyme subunit 

alpha, 

mitochondrial 

 

(S)-3-Hydroxybutyryl-CoA(m) <=> Crotonyl-CoA(m) + H2O(m) 

3-Hydroxypropionyl-CoA(m) <-- H2O(m) + Acrylyl-CoA(m) 

(S)-3-Hydroxydodecanoyl-CoA(m) <=> (2E)-Dodecenoyl-CoA(m) + H2O(m) 

(S)-3-Hydroxydodecanoyl-CoA(p) <-- (2E)-Dodecenoyl-CoA(p) + H2O(p) 

(S)-3-Hydroxy-2-methylbutyryl-CoA(m) <=> H2O(m) + Tiglyl-CoA(m) 

Methacrylyl-CoA(m) + H2O(m) --> 3-Hydroxyisobutyryl-CoA(m) 

r0588 

r0592 

r0660 

r0661 

r0665 

r0669 

19710929, 

18288265,  

17118139, 

16197558 

https://www.ncbi.nlm.nih.gov/gene/?term=27165
https://www.ncbi.nlm.nih.gov/pubmed/17164430
https://www.ncbi.nlm.nih.gov/gene/?term=57678
https://www.ncbi.nlm.nih.gov/pubmed/19710929
https://www.ncbi.nlm.nih.gov/pubmed/18288265
https://www.ncbi.nlm.nih.gov/gene/?term=2875
https://www.ncbi.nlm.nih.gov/pubmed/?term=24269660
https://www.ncbi.nlm.nih.gov/gene/?term=26061
https://www.ncbi.nlm.nih.gov/pubmed/19710929
https://www.ncbi.nlm.nih.gov/gene/?term=3030
https://www.ncbi.nlm.nih.gov/pubmed/19710929
https://www.ncbi.nlm.nih.gov/pubmed/18288265
https://www.ncbi.nlm.nih.gov/pubmed/17118139
https://www.ncbi.nlm.nih.gov/pubmed/16197558
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(S)-3-Hydroxyhexadecanoyl-CoA(m) <-- (2E)-Hexadecenoyl-CoA(m) + 

H2O(m) 

(S)-3-Hydroxyhexadecanoyl-CoA(p) <-- (2E)-Hexadecenoyl-CoA(p) + H2O(p) 

(S)-3-Hydroxytetradecanoyl-CoA(m) <-- (2E)-Tetradecenoyl-CoA(m) + H2O(m) 

(S)-3-Hydroxytetradecanoyl-CoA(p) <-- (2E)-Tetradecenoyl-CoA(p) + H2O(p) 

(S)-Hydroxydecanoyl-CoA(m) <=> (2E)-Decenoyl-CoA(m) + H2O(m) 

(S)-Hydroxydecanoyl-CoA(p) <-- (2E)-Decenoyl-CoA(p) + H2O(p) 

(S)-Hydroxyoctanoyl-CoA(m) <-- (2E)-Octenoyl-CoA(m) + H2O(m) 

(S)-Hydroxyhexanoyl-CoA(m) <-- (2E)-Hexenoyl-CoA(m) + H2O(m) 

NAD+(m) + (S)-3-Hydroxyhexadecanoyl-CoA(m) --> 3-Oxopalmitoyl-CoA(m) + 

NADH(m) 

NAD+(p) + (S)-3-Hydroxyhexadecanoyl-CoA(p) --> 3-Oxopalmitoyl-CoA(p) + 

NADH(p) 

(S)-3-Hydroxytetradecanoyl-CoA(m) + NAD+(m) --> 3-Oxotetradecanoyl-

CoA(m) + NADH(m) 

(S)-3-Hydroxytetradecanoyl-CoA(p) + NAD+(p) --> 3-Oxotetradecanoyl-CoA(p) 

+ NADH(p) 

(S)-3-Hydroxydodecanoyl-CoA(m) + NAD+(m) <=> 3-Oxododecanoyl-CoA(m) 

+ NADH(m) 

(S)-3-Hydroxydodecanoyl-CoA(p) + NAD+(p) --> 3-Oxododecanoyl-CoA(p) + 

NADH(p) 

(S)-Hydroxydecanoyl-CoA(m) + NAD+(m) <=> 3-Oxodecanoyl-CoA(m) + 

NADH(m) 

r0716 

r0717 

r0720 

r0721 

r0728 

r0729 

r0731 

r0734 

r0714 

r0715 

r0718 

r0719 

r0722 

r0723 

r0726 

r0727 

r0730 

r0733 
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(S)-Hydroxydecanoyl-CoA(p) + NAD+(p) --> 3-Oxodecanoyl-CoA(p) + 

NADH(p) 

(S)-Hydroxyoctanoyl-CoA(m) + NAD+(m) --> 3-Oxooctanoyl-CoA(m) + 

NADH(m) 

(S)-Hydroxyhexanoyl-CoA(m) + NAD+(m) --> 3-Oxohexanoyl-CoA(m) + 

NADH(m) 

HADHB 3032 

Trifunctional 

enzyme subunit 

beta, 

mitochondrial 

Propanoyl-CoA(m) + Acetyl-CoA(m) <=> CoA(m) + 2-Methylacetoacetyl-

CoA(m) 

Acetyl-CoA(m) + Butyryl-CoA(m) <-- CoA(m) + 3-Oxohexanoyl-CoA(m) 

Propanoyl-CoA(p) + Choloyl-CoA(p) <-- CoA(p) + 3alpha,7alpha,12alpha-

Trihydroxy-5beta-24-oxocholestanoyl-CoA(p) 

Acetyl-CoA(m) + Octanoyl-CoA(m) <=> CoA(m) + 3-Oxodecanoyl-CoA(m) 

Acetyl-CoA(p) + Octanoyl-CoA(p) <-- CoA(p) + 3-Oxodecanoyl-CoA(p) 

Lauroyl-CoA(m) + Acetyl-CoA(m) <-- CoA(m) + 3-Oxotetradecanoyl-CoA(m) 

Lauroyl-CoA(p) + Acetyl-CoA(p) <-- CoA(p) + 3-Oxotetradecanoyl-CoA(p) 

Myristoyl-CoA(m) + Acetyl-CoA(m) <-- CoA(m) + 3-Oxopalmitoyl-CoA(m) 

Myristoyl-CoA(p) + Acetyl-CoA(p) <-- CoA(p) + 3-Oxopalmitoyl-CoA(p) 

Propanoyl-CoA(p) + Chenodeoxycholoyl-CoA(p) <=> CoA(p) + 3alpha,7alpha-

Dihydroxy-5beta-cholestanoyl-CoA(p) + H2O(p) 

Decanoyl-CoA(m) + Acetyl-CoA(m) <=> CoA(m) + 3-Oxododecanoyl-CoA(m) 

Decanoyl-CoA(p) + Acetyl-CoA(p) <-- CoA(p) + 3-Oxododecanoyl-CoA(p) 

Hexanoyl-CoA(m) + Acetyl-CoA(m) <-- CoA(m) + 3-Oxooctanoyl-CoA(m) 

r0222 

r0287 

r0628 

r0634 

r0635 

r0639 

r0640 

r0653 

r0654 

r0698 

r0724 

r0725 

r0732 

19710929, 

18288265,  

17118139 

https://www.ncbi.nlm.nih.gov/gene/?term=3032
https://www.ncbi.nlm.nih.gov/pubmed/19710929
https://www.ncbi.nlm.nih.gov/pubmed/18288265
https://www.ncbi.nlm.nih.gov/pubmed/17118139
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HMGCS1 3157 

HMG CoA 

synthase, 

cytoplasmic 

HMG-CoA(c) + CoA(c) <=> Acetyl-CoA(c) + H2O(c) + Acetoacetyl-CoA(c) 

HMG-CoA(m) + CoA(m) <=> Acetyl-CoA(m) + H2O(m) + Acetoacetyl-CoA(m) 

HMG-CoA(p) + CoA(p) <=> Acetyl-CoA(p) + H2O(p) + Acetoacetyl-CoA(p) 

r0461 

r0462 

r0463 

18288265,  

HMGCS2 3158 

HMG CoA 

synthase, 

mitochondrial 

HMG-CoA(c) + CoA(c) <=> Acetyl-CoA(c) + H2O(c) + Acetoacetyl-CoA(c) 

HMG-CoA(m) + CoA(m) <=> Acetyl-CoA(m) + H2O(m) + Acetoacetyl-CoA(m) 

HMG-CoA(p) + CoA(p) <=> Acetyl-CoA(p) + H2O(p) + Acetoacetyl-CoA(p) 

r0461 

r0462 

r0463 

19710929, 

18288265, 

10869548,  

12381268,  

7913466 

HSD17B4 3295 

Peroxisomal 

multifunctional 

enzyme type 2 

3alpha,7alpha,12alpha,24-Tetrahydroxy-5beta-cholestanoyl-CoA(p) <-- 

3alpha,7alpha,12alpha-Trihydroxy-5beta-cholest-24-enoyl-CoA(p) + H2O(p) 

(S)-3-Hydroxybutyryl-CoA(m) + NAD+(m) <=> NADH(m) + Acetoacetyl-

CoA(m) 

NAD+(m) + (S)-3-Hydroxyhexadecanoyl-CoA(m) --> 3-Oxopalmitoyl-CoA(m) + 

NADH(m) 

NAD+(p) + (S)-3-Hydroxyhexadecanoyl-CoA(p) --> 3-Oxopalmitoyl-CoA(p) + 

NADH(p) 

(S)-3-Hydroxytetradecanoyl-CoA(m) + NAD+(m) --> 3-Oxotetradecanoyl-

CoA(m) + NADH(m) 

(S)-3-Hydroxytetradecanoyl-CoA(p) + NAD+(p) --> 3-Oxotetradecanoyl-CoA(p) 

+ NADH(p) 

(S)-3-Hydroxydodecanoyl-CoA(m) + NAD+(m) <=> 3-Oxododecanoyl-CoA(m) 

+ NADH(m) 

(S)-3-Hydroxydodecanoyl-CoA(p) + NAD+(p) --> 3-Oxododecanoyl-CoA(p) + 

NADH(p) 

r0744 

r0460 

r0714 

r0715 

r0718 

r0719 

r0722 

r0723 

r0726 

r0727 

r0733 

r0743 

18288265, 

9771468 

https://www.ncbi.nlm.nih.gov/gene/?term=3157
https://www.ncbi.nlm.nih.gov/pubmed/18288265
https://www.ncbi.nlm.nih.gov/gene/?term=3158
https://www.ncbi.nlm.nih.gov/pubmed/19710929
https://www.ncbi.nlm.nih.gov/pubmed/18288265
https://www.ncbi.nlm.nih.gov/pubmed/?term=10869548
https://www.ncbi.nlm.nih.gov/pubmed/12381268
https://www.ncbi.nlm.nih.gov/pubmed/7913466
https://www.ncbi.nlm.nih.gov/gene/?term=3295
https://www.ncbi.nlm.nih.gov/pubmed/18288265
https://www.ncbi.nlm.nih.gov/pubmed/9771468
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(S)-Hydroxydecanoyl-CoA(m) + NAD+(m) <=> 3-Oxodecanoyl-CoA(m) + 

NADH(m) 

(S)-Hydroxydecanoyl-CoA(p) + NAD+(p) --> 3-Oxodecanoyl-CoA(p) + 

NADH(p) 

(S)-Hydroxyhexanoyl-CoA(m) + NAD+(m) --> 3-Oxohexanoyl-CoA(m) + 

NADH(m) 

3alpha,7alpha,12alpha,24-Tetrahydroxy-5beta-cholestanoyl-CoA(p) + NAD+(p) 

--> 3alpha,7alpha,12alpha-Trihydroxy-5beta-24-oxocholestanoyl-CoA(p) + 

NADH(p) 

LEPR 3953 Leptin receptor - - 18288265 

LIPC 3990 HTGL 

Triacylglycerol-VLDL-pool(c) + H2O(c) --> Fatty-acid-VLDL-TG3-pool(c) + 1,2-

Diacylglycerol-VLDL-TG-pool(c) 

H2O(c) + 1,2-Diacylglycerol-VLDL-TG-pool(c) --> 1-Acylglycerol-VLDL-TG1-

pool(c) + Fatty-acid-VLDL-TG2-pool(c) 

H2O(c) + 1,2-Diacylglycerol-VLDL-PC-pool(c) --> 1-Acylglycerol-VLDL-PC-

pool(c) + Fatty-acid-VLDL-PC-pool(c) 

H2O(c) + 1,2-Diacylglycerol-VLDL-PE-pool(c) --> 1-Acylglycerol-VLDL-PE-

pool(c) + Fatty-acid-VLDL-PE-pool(c) 

H2O(c) + 1,2-Diacylglycerol-VLDL-PS-pool(c) --> 1-Acylglycerol-VLDL-PS-

pool(c) + Fatty-acid-VLDL-PS-pool(c) 

H2O(c) + 1,2-Diacylglycerol-VLDL-PI-pool(c) --> 1-Acylglycerol-VLDL-PI-

pool(c) + Fatty-acid-VLDL-PI-pool(c) 

H2O(c) + 1,2-Diacylglycerol-VLDL-SM-pool(c) --> 1-Acylglycerol-VLDL-SM-

pool(c) + Fatty-acid-VLDL-SM-pool(c) 

r1224 

r1225 

r1226 

r1227 

r1228 

r1229 

r1230 

24269660 

https://www.ncbi.nlm.nih.gov/gene/?term=3953
https://www.ncbi.nlm.nih.gov/pubmed/18288265
https://www.ncbi.nlm.nih.gov/gene/?term=3990
https://www.ncbi.nlm.nih.gov/pubmed/?term=24269660
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ME1 4199 
NADP-dependent 

malic enzyme 

Malate(c) + NADP+(c) <=> Pyruvate(c) + CO2(c) + NADPH(c) 

Malate(m) + NADP+(m) <=> Pyruvate(m) + CO2(m) + NADPH(m) 

r0058 

r0059 
24269660 

MGST3* 4259 
Microsomal GST-

3 
- - 19710929 

NR1H3* 10062 LXR - - 
12512040, 

10809236 

NR1H4* 9971 FXR - - 18288265 

OAT 4942 
Ornithine 

aminotransferase 
AKG(m) + Ornithine(m) <=> L-Glutamate_5-semialdehyde(m) + Glutamate(m) r0167 17164430 

ODC1 4953 
Ornithine 

decarboxylase 
Ornithine(c) <=> Putrescine(c) + CO2(c) r0168 17164430 

OTC 5009 

Ornithine 

carbmoyltransfera

se, mitochondrial 

Carbamoyl-P(m) + Ornithine(m) <=> Pi(m) + Citrulline(m) r0329 24269660 

PAH 5053 
Phenylalanine-4-

hydroxylase 

Tetrahydrobiopterin(c) + Phenylalanine(c) + O2(c) <=> Dihydrobiopterin(c) + 

Tyrosine(c) + H2O(c) 
r0399 17164430 

PCK1 5105 

Phosphoenolpyru

vate 

carboxykinase, 

cytosolic 

GTP(c) + OAA(c) --> GDP(c) + PEP(c) + CO2(c) r0123 19710929 

PDK4* 5166 

Pyruvate 

dehyrogenase 

(acetyl-

transferring) 

- - 

19710929, 

18288265, 

12023878  

https://www.ncbi.nlm.nih.gov/gene/?term=4199
https://www.ncbi.nlm.nih.gov/pubmed/?term=24269660
https://www.ncbi.nlm.nih.gov/gene/?term=4259
https://www.ncbi.nlm.nih.gov/pubmed/19710929
https://www.ncbi.nlm.nih.gov/gene/?term=10062
https://www.ncbi.nlm.nih.gov/pubmed/12512040
https://www.ncbi.nlm.nih.gov/pubmed/10809236
https://www.ncbi.nlm.nih.gov/gene/?term=9971
https://www.ncbi.nlm.nih.gov/pubmed/18288265
https://www.ncbi.nlm.nih.gov/gene/4942
https://www.ncbi.nlm.nih.gov/pubmed/17164430
https://www.ncbi.nlm.nih.gov/gene/?term=4953
https://www.ncbi.nlm.nih.gov/pubmed/17164430
https://www.ncbi.nlm.nih.gov/gene/?term=5009
https://www.ncbi.nlm.nih.gov/pubmed/?term=24269660
https://www.ncbi.nlm.nih.gov/gene/?term=5053
https://www.ncbi.nlm.nih.gov/pubmed/17164430
https://www.ncbi.nlm.nih.gov/gene/?term=5105
https://www.ncbi.nlm.nih.gov/pubmed/19710929
https://www.ncbi.nlm.nih.gov/gene/?term=5166
https://www.ncbi.nlm.nih.gov/pubmed/19710929
https://www.ncbi.nlm.nih.gov/pubmed/18288265
https://www.ncbi.nlm.nih.gov/pubmed/?term=12023878
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kinase isozyme 4, 

mitchondrial 

PCTP* 58488 

Phosphatidylcholi

ne transfer 

protein 

- - 
19710929, 

18288265 

PLTP* 5360 
Phospholipid 

transfer protein 
- - 

18288265, 

11342537  

PSAT1 29968 
Phosphoserine 

aminotransferase 
3-Phosphoserine(c) + AKG(c) <-- 3-Phosphonooxypyruvate(c) + Glutamate(c) r0663 17164430 

SCD 6319 
Acyl-CoA 

desaturase 

Palmitoyl-CoA(c) + O2(c) + 2 Ferrocytochrome_b5(c) <=> palmitoleoyl-CoA(c) 

+ 2 Ferricytochrome_b5(c) + 2 H2O(c) 

Stearoyl-CoA(c) + O2(c) + 2 Ferrocytochrome_b5(c) <=> Oleoyl-CoA(c) + 2 

Ferricytochrome_b5(c) + 2 H2O(c) 

2 H2O(c) + NAD+(c) + Oleoyl-CoA(c) <=> NADH(c) + O2(c) + Stearoyl-CoA(c) 

r0510 

r0511 

r1465 

18288265, 

8790349  

SCP2 6342 
Non-specific lipid-

transfer protein 

Propanoyl-CoA(p) + Choloyl-CoA(p) <-- CoA(p) + 3alpha,7alpha,12alpha-

Trihydroxy-5beta-24-oxocholestanoyl-CoA(p) 
r0628 24269660 

SLC22A5 6584 

Solute carrier 

family 22 member 

5 

Histamine(s) <=> Histamine(c) 

Dopamine(s) <=> Dopamine(c) 

Lysine(c) <=> Lysine(s) 

Methionine(s) <=> Methionine(c) 

r0952 

r1009 

r1069 

r1072 

19710929, 

18288265, 

17692817  

SLC25A2

0 
788 

Mitochondrial 

carnitine/acylcarni

tine carrier protein 

L-Carnitine(c) + O-Acetylcarnitine(r) <=> L-Carnitine(r) + O-Acetylcarnitine(c) 

L-Carnitine(m) + O-Acetylcarnitine(c) --> L-Carnitine(c) + O-Acetylcarnitine(m) 

L-Carnitine(m) + L-Octanoylcarnitine(c) --> L-Carnitine(c) + L-

Octanoylcarnitine(m) 

r0995 

r2433 

r2434 

r2435 

19710929, 

18288265 

https://www.ncbi.nlm.nih.gov/gene/?term=58488
https://www.ncbi.nlm.nih.gov/pubmed/19710929
https://www.ncbi.nlm.nih.gov/pubmed/18288265
https://www.ncbi.nlm.nih.gov/gene/?term=5360
https://www.ncbi.nlm.nih.gov/pubmed/18288265
https://www.ncbi.nlm.nih.gov/pubmed/?term=11342537
https://www.ncbi.nlm.nih.gov/gene/?term=29968
https://www.ncbi.nlm.nih.gov/pubmed/17164430
https://www.ncbi.nlm.nih.gov/gene/?term=6319
https://www.ncbi.nlm.nih.gov/pubmed/18288265
https://www.ncbi.nlm.nih.gov/pubmed/?term=8790349
https://www.ncbi.nlm.nih.gov/gene/?term=6342
https://www.ncbi.nlm.nih.gov/pubmed/?term=24269660
https://www.ncbi.nlm.nih.gov/gene/?term=6584
https://www.ncbi.nlm.nih.gov/pubmed/19710929
https://www.ncbi.nlm.nih.gov/pubmed/18288265
https://www.ncbi.nlm.nih.gov/pubmed/17692817
https://www.ncbi.nlm.nih.gov/gene/?term=788
https://www.ncbi.nlm.nih.gov/pubmed/19710929
https://www.ncbi.nlm.nih.gov/pubmed/18288265
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L-Carnitine(m) + L-Palmitoylcarnitine(c) --> L-Carnitine(c) + L-

Palmitoylcarnitine(m) 

L-Carnitine(m) + L-Oleoylcarnitine(c) --> L-Carnitine(c) + L-Oleoylcarnitine(m) 

L-Carnitine(m) + O-Propanoylcarnitine(c) --> L-Carnitine(c) + O-

Propanoylcarnitine(m) 

L-Carnitine(m) + O-Butanoylcarnitine(c) --> L-Carnitine(c) + O-

Butanoylcarnitine(m) 

r2436 

r2437 

r2438 

SLC27A2 11001 

Very long-chain 

acyl- CoA 

synthetase (aka 

Fatty acid 

transport protein 

2, FATP2) 

Arachidonate(s) --> Arachidonate(c) 

Palmitate(s) --> Palmitate(c) 

Stearate(s) --> Stearate(c) 

Stearate(l) --> Stearate(r) 

Stearate(l) <=> Stearate(c) 

Linoleate(s) --> Linoleate(c) 

gamma-Linolenate(s) --> gamma-Linolenate(c) 

Oleate(s) --> Oleate(c) 

Linolenate(s) --> Linolenate(c) 

Dihomo-gamma-linolenate(s) --> Dihomo-gamma-linolenate(c) 

Elaidate(s) --> Elaidate(c) 

Lignocerate(s) --> Lignocerate(c) 

Palmitolate(s) --> Palmitolate(c) 

myristic-acid(s) --> myristic-acid(c) 

Palmitate(r) + ATP(r) + CoA(r) --> Palmitoyl-CoA(r) + AMP(r) + PPi(r) 

Palmitate(c) + ATP(c) + CoA(c) --> Palmitoyl-CoA(c) + AMP(c) + PPi(c) 

r0930 

r0935 

r0982 

r0983 

r0984 

r0985 

r1297 

r1300 

r1363 

r1366 

r2440 

r2441 

r2442 

r2445 

r0311 

r0312 

r1251 

18288265, 

17118139  

https://www.ncbi.nlm.nih.gov/gene/?term=11001
https://www.ncbi.nlm.nih.gov/pubmed/18288265
https://www.ncbi.nlm.nih.gov/pubmed/17118139
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Palmitolate(r) + ATP(r) + CoA(r) --> (2E)-Hexadecenoyl-CoA(r) + AMP(r) + 

PPi(r) 

Palmitolate(c) + ATP(c) + CoA(c) --> (2E)-Hexadecenoyl-CoA(c) + AMP(c) + 

PPi(c) 

Stearate(r) + ATP(r) + CoA(r) --> Stearoyl-CoA(r) + AMP(r) + PPi(r) 

Stearate(c) + ATP(c) + CoA(c) --> Stearoyl-CoA(c) + AMP(c) + PPi(c) 

ATP(r) + CoA(r) + Oleate(r) --> Oleoyl-CoA(r) + AMP(r) + PPi(r) 

ATP(c) + CoA(c) + Oleate(c) --> Oleoyl-CoA(c) + AMP(c) + PPi(c) 

Linoleate(r) + ATP(r) + CoA(r) --> AMP(r) + PPi(r) + Linoleoyl-CoA(r) 

Linoleate(c) + ATP(c) + CoA(c) --> AMP(c) + PPi(c) + Linoleoyl-CoA(c) 

ATP(r) + CoA(r) + Linolenate(r) --> Linolenoyl-CoA(r) + AMP(r) + PPi(r) 

gamma-Linolenate(r) + ATP(r) + CoA(r) --> gamma-Linolenoyl-CoA(r) + 

AMP(r) + PPi(r) 

gamma-Linolenate(c) + ATP(c) + CoA(c) --> gamma-Linolenoyl-CoA(c) + 

AMP(c) + PPi(c) 

Arachidonate(r) + ATP(r) + CoA(r) --> Arachidonyl-CoA(r) + AMP(r) + PPi(r) 

Arachidonate(c) + ATP(c) + CoA(c) --> Arachidonyl-CoA(c) + AMP(c) + PPi(c) 

ATP(r) + CoA(r) + Palmitolate(r) <=> AMP(r) + palmitoleoyl-CoA(r) + PPi(r) 

ATP(c) + CoA(c) + Palmitolate(c) <=> AMP(c) + palmitoleoyl-CoA(c) + PPi(c) 

r1252 

r1253 

r1254 

r1255 

r1256 

r1257 

r1258 

r1259 

r1260 

r1261 

r1262 

r1263 

r1487 

r1488 
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SLC27A4 10999 

Long-chain fatty 

acid transport 

protein 

Arachidonate(s) --> Arachidonate(c)   

Palmitate(s) --> Palmitate(c) 

Stearate(s) --> Stearate(c) 

Stearate(l) --> Stearate(r) 

Stearate(l) <=> Stearate(c) 

Linoleate(s) --> Linoleate(c) 

gamma-Linolenate(s) --> gamma-Linolenate(c) 

Oleate(s) --> Oleate(c) 

Linolenate(s) --> Linolenate(c) 

Dihomo-gamma-linolenate(s) --> Dihomo-gamma-linolenate(c) 

Elaidate(s) --> Elaidate(c) 

Palmitolate(s) --> Palmitolate(c) 

myristic-acid(s) --> myristic-acid(c) 

Palmitate(r) + ATP(r) + CoA(r) --> Palmitoyl-CoA(r) + AMP(r) + PPi(r) 

Palmitate(c) + ATP(c) + CoA(c) --> Palmitoyl-CoA(c) + AMP(c) + PPi(c) 

Palmitolate(r) + ATP(r) + CoA(r) --> (2E)-Hexadecenoyl-CoA(r) + AMP(r) + 

PPi(r) 

Palmitolate(c) + ATP(c) + CoA(c) --> (2E)-Hexadecenoyl-CoA(c) + AMP(c) + 

PPi© 

Stearate(r) + ATP(r) + CoA(r) --> Stearoyl-CoA(r) + AMP(r) + PPi(r) 

Stearate(c) + ATP(c) + CoA(c) --> Stearoyl-CoA(c) + AMP(c) + PPi(c) 

ATP(r) + CoA(r) + Oleate(r) --> Oleoyl-CoA(r) + AMP(r) + PPi(r) 

ATP(c) + CoA(c) + Oleate(c) --> Oleoyl-CoA(c) + AMP(c) + PPi(c) 

Linoleate(r) + ATP(r) + CoA(r) --> AMP(r) + PPi(r) + Linoleoyl-CoA(r) 

r0930 

r0935 

r0982 

r0983 

r0984 

r0985 

r1297 

r1300 

r1363 

r1366 

r2440 

r2442 

r2445 

r0311 

r0312 

r1251 

r1252 

r1253 

r1254 

r1255 

r1256 

r1257 

r1258 

r1259 

19710929, 

18288265 

https://www.ncbi.nlm.nih.gov/gene/?term=10999
https://www.ncbi.nlm.nih.gov/pubmed/19710929
https://www.ncbi.nlm.nih.gov/pubmed/18288265
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Linoleate(c) + ATP(c) + CoA(c) --> AMP(c) + PPi(c) + Linoleoyl-CoA(c) 

ATP(r) + CoA(r) + Linolenate(r) --> Linolenoyl-CoA(r) + AMP(r) + PPi(r) 

gamma-Linolenate(r) + ATP(r) + CoA(r) --> gamma-Linolenoyl-CoA(r) + 

AMP(r) + PPi(r) 

gamma-Linolenate(c) + ATP(c) + CoA(c) --> gamma-Linolenoyl-CoA(c) + 

AMP(c) + PPi(c) 

Arachidonate(r) + ATP(r) + CoA(r) --> Arachidonyl-CoA(r) + AMP(r) + PPi(r) 

Arachidonate(c) + ATP(c) + CoA(c) --> Arachidonyl-CoA(c) + AMP(c) + PPi(c) 

ATP(r) + CoA(r) + Palmitolate(r) <=> AMP(r) + palmitoleoyl-CoA(r) + PPi(r) 

ATP(c) + CoA(c) + Palmitolate(c) <=> AMP(c) + palmitoleoyl-CoA(c) + PPi(c) 

r1260 

r1261 

r1262 

r1263 

r1487 

r1488 

TXNIP* 10628 
Thioredoxin-

interacting protein 
- - 

19710929, 

18288265 

UGT1A9 54600 UDPGT 1-9 Bilirubin(r) + 2 UDP-glucuronate(r) --> 2 UDP(r) + Bilirubin-bisglucuronoside(r) r0532 24269660 

 VLDLR  7436 

 Very low density 

lipoprotein 

receptor  

VLDL(s) --> VLDL(l) r1084 
19710929, 

18288265 

*PPAR target gene with no reaction represented within the HepatoNet1 GSMN 

 

 

https://www.ncbi.nlm.nih.gov/gene/?term=10628
https://www.ncbi.nlm.nih.gov/pubmed/19710929
https://www.ncbi.nlm.nih.gov/pubmed/18288265
https://www.ncbi.nlm.nih.gov/gene/?term=54600
https://www.ncbi.nlm.nih.gov/pubmed/?term=24269660
https://www.ncbi.nlm.nih.gov/gene/?term=7436
https://www.ncbi.nlm.nih.gov/pubmed/19710929
https://www.ncbi.nlm.nih.gov/pubmed/18288265
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