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Abstract 75	

Hepatic fat accumulation is associated with diabetes and hepatocellular carcinoma (HCC). Here 76	

we characterize the metabolic response that high fat availability elicits in liver tissue prior to 77	

disease development. After a short term on a high fat diet, otherwise healthy mice showed 78	

elevated hepatic glucose uptake, increased glucose contribution to serine and pyruvate 79	

carboxylase activity compared to control diet mice. This glucose phenotype occurred 80	

independently from transcriptional or proteomic programming, which identifies increased 81	

peroxisomal and lipid metabolism pathways. High fat diet-fed mice exhibited increased lactate 82	

production when challenged with glucose. Consistently, administration of an oral glucose bolus 83	

to healthy individuals revealed a correlation between waist circumference and lactate secretion 84	

in a human cohort. In vitro, palmitate exposure stimulated production of reactive oxygen species 85	

and subsequent glucose uptake and lactate secretion in hepatocytes and liver cancer cells. 86	

Furthermore, high fat diet enhanced the formation of HCC compared to control diet in mice 87	

exposed to a hepatic carcinogen. Regardless of the dietary background, all murine tumors showed 88	

similar alterations in glucose metabolism to those identified in fat exposed non-transformed 89	

mouse livers. However, particular lipid species were elevated in high fat diet tumor and non-90	

tumor-bearing high fat diet liver tissue. These findings suggest that fat can induce glucose-91	

mediated metabolic changes in non-transformed liver cells similar to those found in HCC.  92	

Significance: With obesity-induced hepatocellular carcinoma on a rising trend, this study shows 93	

in normal, non-transformed livers that fat induces glucose metabolism similar to an oncogenic 94	

transformation. 95	

 96	

 97	
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Introduction 107	

The tissue environment and nutrient availability are important regulators of cellular processes (1-108	

3). Recent evidence from the study of cancer cells also suggests that nutrient availability can 109	

directly modulate cellular metabolism by defining metabolic dependencies (4), metabolic 110	

intratumor heterogeneity (5) and the metabolic makeup of metastasis compared to primary 111	

tumors (6). These and other publications highlight the importance of studying cellular metabolism 112	

in the context of increased nutrient availability. 113	

While many recent nutrient metabolism studies focus on cancer, most nutrients are also 114	

processed by normal non-transformed cells. A major difference between normal, non-115	

transformed cells, and cancer cells is that the former are mostly quiescent and only proliferate 116	

under defined and regulated circumstances resulting in a different metabolism (7, 8). Normal 117	

tissue metabolism has been investigated under disease conditions (9, 10) and has been compared 118	

between different tissues (11, 12). With these comparisons, a signaling-independent nutrient 119	

availability metabolism link has been observed (13, 14).  120	

Changes in fat availability are common and physiologically relevant. Excess fat is a major cause for 121	

the development of insulin resistance, dampening insulin signaling in the liver and skeletal 122	

muscles (15, 16). Insulin resistance can also reduce glucose uptake in the liver and skeletal muscles 123	

and elevate hepatic gluconeogenesis (15, 16). Importantly, fat can also directly alter the 124	

metabolism of non-transformed cells in the liver (17). Moreover, high fat diet (HFD) feeding in 125	

mice and rats has been found to alter gluconeogenesis (18) and mitochondrial lipid metabolism, 126	

stimulating reactive oxygen species (ROS) (19-21) and endoplasmic reticulum (ER) stress (22), 127	

ultimately culminating in DNA damage and cell death (23). 128	
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Here, we investigate the in vivo metabolic changes that occur in normal non-transformed liver 129	

cells upon increased fat availability before the detection of a fat-promoted oncogenic 130	

transformation. We discover that fat rewires glucose metabolism in normal, non-transformed 131	

livers and that this fat-induced metabolism is similar to the metabolic state of liver cancers.  132	

 133	

Methods 134	

Detailed methods are provided in the supplement. 135	

 136	

Animal studies 137	

All experimental animal procedures were approved by the Institutional Animal Care and Research 138	

Advisory Committee of the KU Leuven, Belgium. C57BL/6N mice were obtained from the KU 139	

Leuven animal laboratory. 2-week old mice were injected i.p. with diethylnitrosamine (DEN, 25 140	

mg/Kg) in PBS (vehicle, 3.17 mg/ml). 4 weeks later, mice were randomized into two groups: 141	

control diet (CD, E15742-33 ssniff Spezialdiäten GmbH) or high fat diet (HFD, S8655-E220 sniff 142	

Spezialdiäten GmbH). The energy balance between fat/protein/carbohydrates is 13%/27%/60% 143	

and 60%/20%/20% for CD and HFD, respectively. Humane endpoints were observed: 20% increase 144	

in abdomen diameter and hard mass detection via palpation, loss of ambulation, loss of skin 145	

elasticity, labored respiration, or weight loss over 20 % of initial body weight.  146	

 147	

Mouse surgery and metabolic infusions 148	

Mice were implanted with a jugular vein catheter and recovered for 1 week. Mice were fasted for 149	

6-hours, then 500 mg/ml 13C6-glucose was infused at a rate of 30 mg/kg/min (14-week old mice) 150	

or 7.5 mg/kg/min (35-week old mice). After 6-hours, mice were sacrificed for blood and tissue 151	

collection for further analysis.  152	

 153	

Glucose and insulin tolerance tests 154	

Mice were fasted overnight, then injected with 2mg/kg of glucose (ipGTT) or 1 U/kg of insulin 155	

(ipITT) or gavaged with 2g/kg 13C6-glucose (oGTT). Blood glucose was measured using a 156	

glucometer (OneTouch Verio) at multiple time points. In the oGTT, blood was collected in heparin 157	

coated capillary tubes to analyze for 13C lactate enrichment. 158	

 159	

Metabolic response of H4IIEC3 cells to fatty acids and cell treatments 160	
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H4IIEC3, HUH7, and PLC cells were purchased from ATCC, and HHL5 cells were provided by Dr. 161	

Arvind Patel (24). Cells were cultured in DMEM media containing 10% fetal bovine serum and 1% 162	

penicillin/streptomycin, and incubated at 37°C and 5% CO2. Cells were maintained for a maximum 163	

of 4 weeks (approximately 12 splits) before discarding and thawing a new stock. Prior to use, cells 164	

were split once (at minimum) following thawing and mycoplasma testing was conducted 165	

(MycoAlert Mycoplasma Detection Kit, Lonza). 5x105 cells/well were seeded in a 6-well plate and 166	

adhered overnight. 0.4 mM of palmitate-BSA complex or ethanol-BSA control in DMEM media 167	

with 13C6-glucose was applied for 8-hours. Etomoxir, NAC, mitoTEMPO, ATZ, and H2O2 were tested 168	

by adding the corresponding treatment at the same moment as palmitate-BSA, at final 169	

concentrations of 10 µM and 5 mM, 10 mM, 20 mM, and 2 mM, respectively. For catalase 170	

stimulation, cells were treated with 5mM Na-butyrate or 100µM WY-14643 for 24h prior to 171	

treating the cells with palmitate and ATZ, as described above. Details on stock preparations are 172	

available in methods supplement. 173	

 174	

Metabolite quenching and extraction 175	

For in vitro cells, media was aspirated from the wells, quickly washed in 0.9% NaCl, and snap 176	

frozen in liquid nitrogen. Metabolites were extracted with methanol and water (5:3, 800 µL/well) 177	

containing internal standards for organic acids and amino acids (glutarate and norvaline, 178	

respectively). 500 µl of chloroform containing heptadecanoic acid (internal standard) was added, 179	

vortexed at 4°C for 5 min and centrifuged at 15000 RPM for 5 min. For plasma or tissue metabolite 180	

extraction, we performed the above procedure directly in 10 to 20 µl of plasma or in ~10 mg tissue 181	

that was pulverized using a liquid nitrogen-chilled cryomill (Retsch). Polar metabolites (upper 182	

phase) and fatty acids (lower phase) were collected and dried in a vacuum concentrator (4°C, 183	

overnight), and stored in -80°C until further processing by GC/MC or LC/MS.  184	

 185	

Oral glucose tolerance test in healthy human volunteers. 186	

All human experiments were performed with informed consent in compliance with Japan’s Ethical 187	

Guidelines for Epidemiological Research, and the study was approved by the Ethics Committee of 188	

the Faculty of Medicine of the University of Tokyo (10264-(4)). Volunteers participated in the 189	

experiment after 10-hours fasting. A glucose solution (Torelan G, 75g in 225ml; AJINOMOTO) was 190	

consumed within 1 min. Blood samples were obtained from the cutaneous vein of the forearm at 191	

baseline (-10, 0 min) and at 10, 20, 30, 45, 60, 75, 90, 120, 150, 180, 210, 240 min after ingestion. 192	
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Samples were centrifuged for 10 min at 4°C at 1,380 g, then stored at -80˚C. Plasma glucose was 193	

measured by the enzymatic method (IATRO LQ GLU). Lactate was measured by the enzymatic 194	

method (Determiner LA). Further data analysis methods are detailed in supplemental methods. 195	

 196	

Measurement of glucose uptake and reactive oxygen species production in cell lines 197	

Glucose uptake and ROS production were measured in 96-well plates. 7.5x104 cells/well were 198	

seeded and adhered overnight. 0.4 mM of palmitate-BSA or control-BSA complex was added to 199	

each well (200 µl/well) for 8-hours. Media was removed from the wells, and washed with PBS. 2-200	

(N-(7-Nitrobenz-2-oxa-1,3-diazol-4-yl)Amino)-2-Deoxyglucose (2-NBDG, 600 µM, Cayman 201	

Chemical) or 2',7'-dichlorodihydrofluorescein diacetate (CM-H2DCFDA, 5 µM) (ThermoFisher) in 202	

serum-free media (and glucose-free media for 2-NBDG) was applied to cells and incubated for 1-203	

hour. Media was removed, and cells washed 3 times with PBS. Intracellular fluorescence was then 204	

measured with a Victor X2 plate reader (Perkin Elmer) with an excitation frequency of 485 nm and 205	

an emission frequency of 535 nm, and reads were normalized to cell counts.   206	

 207	

RNA Isolation for qPCR and RNA Sequencing 208	

Total RNA was isolated with PureLink RNA Mini Kit (Life Technologies) or extracted using TRiazol 209	

(Life Technologies) with chloroform and propanol for phase separation and RNA isolation. RNA 210	

quality and quantity were measured using a NanoDrop One Microvolume UV-Vis 211	

Spectrophotometer (Thermo Scientific). For qPCR, RNA (1 µg) was reverse transcribed into cDNA 212	

using a High-Capacity cDNA Reverse Transcription Kit (Life Technologies). qPCR and RNA 213	

sequencing were performed as described in supplemental methods. 214	

 215	

Histology and immunohistochemistry (IHC) 216	

Tissue samples were fixed in 4% paraformaldehyde for 24-hours and processed for paraffin 217	

embedding (HistoStar™ Embedding Workstation). 4 µm thick sections were stained with 218	

hematoxylin and eosin (H&E). Antigen retrieval (ProTaqs IV Antigen Enhancer (401602392, 219	

Quartett)) and Ki-67 staining (VENTANA BenchMark system (Roche)) was conducted with an 220	

ultraView detection kit (Roche) and a monoclonal mouse anti-Ki-67 antibody (M7240, Agilent) 221	

with hematoxylin (H-3401, Vector Laboratories) counterstain. 10 high-power fields (×40 222	

magnification) for each tumor sample were used for Ki67 analysis. F4/80 (mouse, 1:300, Serotec, 223	

MCA497) and Ly6C and Ly6G (Rat, 1:1000, BD Biosciences #553123) staining was conducted by 224	
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immunoflourescence with tyramide signal amplification (PerkinElmer Opal 4-Color Manual IHC 225	

Kit, PerkinElmer/Akoya). Secondary antibody detection for rat Ly76C/Ly6G (ImmPRESS HRP Anti-226	

Rat IgG (Peroxidase) Polymer Detection Kit, Vector Laboratories), and mouse F4/80 (OPAL 227	

Polymer HRP Ms+Rb, Akoya/Perkin Elmer) was conducted. Images were acquired on the Zeiss 228	

Axio Scan.Z1 using a x20 objective and ZEN 2 software. Analysis of F4/80 and Ly6C/Ly6G was 229	

conducted on 3 random selections per liver section at high-powered field, using FIJI (Image J 1.53c, 230	

NIH) by measuring total stained areas and normalizing to cell count (DAPI).  231	

 232	

Statistical analysis 233	

For testing when two variables are present (HFD and DEN), two-way ANOVA was used to measure 234	

variances, and data from all 4 groups are plotted separately with reported statistics for a diet 235	

effect (unless noted otherwise). p-values for main effects and other statistical tests is represented 236	

in the figure when possible. Two-tailed unpaired Student’s T-test was used for comparisons 237	

between two different groups. One-way ANOVA with Tukey’s multiple comparisons test was used 238	

for comparisons of multiple independent variables. Areas under the curve for kinetic 239	

measurements were calculated using the lowest value as the baseline. Correlations between 240	

waist circumference and lactate levels were determined by calculating the Pearson coefficient. 241	

Outlier detection was conducted via ROUT test (Q=1%) and Grubbs tests (α=0.05). Statistical 242	

testing and figure generation was conducted in GraphPad Prism 8. For all tests p≤0.05 was 243	

considered significant. Bar graphs are represented ± standard deviation. Box plots are 244	

represented with the middle line as the median, the box ranging from 25th to 75th quartile and 245	

whiskers going from maximum to minimum. Schematic figures were generated using 246	

Biorender.com.   247	

 248	

Results 249	

To address the question of how the in vivo nutrient environment impacts the metabolism of 250	

normal and non-transformed livers before tumor development, we investigated mice on a high 251	

fat, normal glucose diet compared to control diet. Specifically, we injected two-week old 252	

C57BL/6N mice with phosphate buffered saline (vehicle) or diethylnitrosamine (DEN), a 253	

carcinogen which induces hepatocellular carcinoma (HCC) (25). At six weeks of age, mice were 254	

subdivided into two additional cohorts, and fed either an HFD or control diet (Fig. S1a; Table S1). 255	

After eight weeks on the different diets, we observed an approximate 50% increase in weight and 256	



	 9	

fat mass (measured by dual X-ray absorptiometry (DEXA)) in HFD mice compared to control diet 257	

mice (Fig. S1b,c). Since obesity can result in the development of insulin resistance and diabetes, 258	

which induces multiple changes in whole body metabolism (26), we tested for signs of insulin 259	

resistance by performing intraperitoneal glucose and insulin tolerance tests. We observed that 260	

mice on HFD showed a trend toward higher basal blood glucose levels compared to control diet 261	

mice (Fig. S1d). Yet, the area under the curve for blood glucose in response to glucose or insulin 262	

was not significantly different between groups (Fig. S1d-g). Thus, we concluded that the mice 263	

were not yet insulin resistant or glucose intolerant but showed (considering the higher basal 264	

glucose levels) a trend towards altered insulin signaling after eight weeks on HFD compared to 265	

control diet. 266	

Despite no visible signs of cancer onset at this timepoint (Fig. S2a), we performed a Ki-67 staining, 267	

a marker for proliferation. We found that only a small cell fraction (less than 4%) stained positive 268	

for Ki-67 (Fig. S2b,c), meeting the expectations of non-transformed livers (27). Moreover, there 269	

was no significant difference in Ki-67 positive liver cells across the different cohorts (Fig. S2b,c). 270	

HFD and DEN exposure can lead to liver inflammation and immune cell infiltration (28). To address 271	

this possibility, we stained liver sections with the murine macrophage marker F4/80 and myeloid 272	

cell markers Ly6C/Ly6G (Fig. S2d-g). At this early time point, F4/80 staining was unchanged upon 273	

HFD or DEN exposure (Fig. S2d,f). However, Ly6C/Ly6G staining was elevated in the HFD DEN 274	

condition and strongly inhibited in control diet DEN condition (Fig. S2e,g), indicative of a pro-275	

inflammatory state within the HFD, DEN-injected livers (29). Thus, we concluded that, at this 276	

moment, the livers of these mice showed no sign of hepatocarcinogenesis but showed some signs 277	

of inflammation when comparing diet changes in DEN injected animals but not in vehicle injected 278	

animals. 279	

 280	

Normal, non-transformed liver cells metabolically respond to changes in the in vivo fat 281	

availability. 282	

Next, we determined in vivo liver metabolism using 13C tracer analysis (30) in mice after eight 283	

weeks of HFD feeding. Specifically, following a six hour fast mice were infused with 13C6-glucose 284	

over the course of approximately six hours. Subsequently we measured the 13C enrichment of 285	

hepatic metabolites  and normalized them to plasma glucose enrichment (31)(Table S2). 286	

Additionally, we analyzed hepatic metabolite abundance as well as plasma metabolite 13C 287	

enrichment (Tables S3-5). While plasma metabolite levels (Table S5) and hepatic metabolite 288	
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abundances (Table S3) were changed across central metabolism in mice challenged with fat, we 289	

strikingly discovered a large and consistent rewiring of glucose metabolism in the liver of HFD-fed 290	

mice based on the 13C tracer data (Table S2). In particular, we found that hepatic 13C enrichment 291	

from glucose was increased in all measured glycolytic metabolites and in many branch pathway 292	

metabolites (pentose phosphate pathway and serine biosynthesis) upon high fat availability (Fig. 293	

1a; Table S2). To further verify the HFD-induced changes in liver glucose metabolism, we measured 294	

hepatic uptake of 18F-fluorodeoxyglucose (18F-FDG) in mice on high fat or control diet using 295	

positron emission tomography (PET). We found hepatic glucose uptake increased approximately 296	

35% in HFD-fed mice compared to control (Fig. 1 b,c). Thus, we concluded that liver glucose uptake 297	

and its metabolism is increased by fat in non-transformed liver cells supporting metabolic 298	

pathways downstream of glycolysis. 299	

To determine whether this glycolytic phenotype was driven by transcriptional changes, we 300	

conducted bulk RNA sequencing on the liver tissues (Table S6). We observed a diet effect on 301	

sample clustering based on principle component analysis (PCA) (Fig 1d). Using Gene Set 302	

Enrichment Analysis (GSEA), we found that HFD exposure enriched gene sets involved in 303	

peroxisomes and fatty acid metabolism, and accordingly, several genes involved in fatty acid 304	

metabolism were upregulated (Fig. S3a-c). Interestingly, despite the physiological changes to 305	

glycolysis, we were unable to detect a strong signature for glycolytic gene expression, with 306	

glucokinase (Gck) being the only significantly upregulated glycolytic gene in HFD fed liver tissue 307	

(Fig 1e). This observation was verified on the protein level using proteomics (Fig S3d-f). Thus, we 308	

concluded that the observed changes in glycolysis and glucose uptake where largely independent 309	

of the transcriptome and proteome alterations induced by HFD.   310	

One major fate of glucose metabolism is lactate production. Accordingly, we observed increased 311	
13C enrichment of hepatic tissue lactate, and increased lactate abundance in both plasma and liver 312	

tissues in HFD animals compared to controls (Fig. 2a-c). Notably, 13C enrichment of hepatic lactate 313	

was similar or slightly lower compared to phosphoenolpyruvate (PEP) (32) (Fig. 1a, 2a; Table S2). 314	

Moreover, we excluded that the observed 13C enrichment of hepatic lactate in HFD animals was 315	

dependent on an altered Cori cycle (Fig S4). Thus, our data suggest that lactate was in absolute 316	

terms produced rather than taken up. To confirm that HFD-fed mice produce more lactate from 317	

glucose, we measured the time resolved 13C enrichment of plasma lactate after administering an 318	

oral bolus of 13C6-glucose (2 g/kg) HFD and control diet mice. If glycolysis is increased and lactate 319	

secretion is upregulated, we expect to see increased 13C enriched lactate released into the plasma. 320	
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Indeed, we measured faster and more pronounced 13C enrichment dynamics in plasma lactate of 321	

HFD compared to control diet mice, an effect that occurred despite a slightly impaired glucose 322	

tolerance (Fig. 2d,e; Fig. S4i, j). Taken together, these data are consistent with the notion that fat 323	

induces elevated lactate production from glucose in non-transformed mouse livers. 324	

The tricarboxylic acid (TCA) cycle is another major fate of glucose metabolism. Glucose-derived 325	

carbon has two major routes to enter the TCA cycle, either via pyruvate carboxylase (PC) or 326	

pyruvate dehydrogenase (PDH). Hepatic pyruvate was elevated (Fig. 3a) and malate and citrate 327	

exhibited a higher 13C enrichment in HFD liver tissues (Fig. 3b,c). This suggests that PC activity may 328	

be increased upon HFD feeding. In line, we found that PC activity (33) was increased upon HFD 329	

feeding (Fig. 3d, Table S2). In hepatic metabolism, PC can function in conjunction with 330	

phosphoenolpyruvate carboxykinase (PCK1) activity which funnels carbons from the TCA cycle 331	

back into phosphoenolpyruvate, which can support gluconeogenesis. Our RNA-Seq data showed 332	

downregulation of Pck1, Pck2, and the gluconeogenic enzyme Fbp1 expression while Pcx 333	

expression was unchanged in HFD challenged livers (Fig. 1e, Fig. S4h). This suggests that fat may 334	

shift the PC to PCK1 balance in favor of TCA cycle fueling. Accordingly, we observed an increase in 335	

the abundance of the TCA cycle metabolites α–ketoglutarate, succinate, fumarate and malate, and 336	

a trend towards increased citrate abundance in HFD-exposed livers (Fig. 3e,f; Table S3). These data 337	

suggest that HFD results in an upregulation of PC-dependent glucose metabolism in mouse liver 338	

tissue. Collectively, we found that an increase in fat availability in vivo induces increased glucose 339	

uptake and contribution to central metabolism in normal, non-transformed livers. 340	

 341	

Evidence for fat-induced lactate production upon glucose availability in humans.  342	

Our mouse data show that high fat availability induces a Warburg-like glucose metabolization in 343	

non-transformed mouse liver cells. Thus, we next asked whether there is some indication that 344	

similar changes occur in humans. We investigated whether we can observe an increased lactate 345	

production upon a glucose bolus in dependence of waist circumference. We analyzed 20 healthy 346	

humans of Japanese origin, with different visceral fat content, as determined by waist 347	

circumference (Table S7). Waist circumference is a better predictor than body mass index for fat 348	

related liver diseases regardless whether the individual is overweight or has a normal weight (34-349	

36). All individuals received an oral bolus of glucose (75g) under fasting conditions and blood was 350	

collected at several time points over a 4-hour period. Using blood glucose levels (Fig. 4a) we 351	

calculated the Matsuda index, HOMA-IR, Insulinogenic index, and disposition index (Table S7). All 352	
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individuals showed normal values for the Matsuda index (below 2.5 units). HOMA-IR levels were 353	

also normal, with the exception of one individual showing a slightly higher value (2.8, cutoff 2.5). 354	

The insulinogenic index showed considerably more variability, with 7 out of 20 individuals showing 355	

a lower value than the standard cutoff rate of 0.4 units, indicating a possible defect with insulin 356	

secretion. However, in Japanese cohorts, even normoglycemic patients may show a lower than 357	

normal insulinogenic index compared to Caucasian counterparts (37) and, in fact, 19 out of 20 358	

individuals showed a normal disposition index (cutoff ≥1) (Table S7). These results indicate that 359	

these individuals do not show any significant levels of insulin resistance. 360	

In mice, we had observed that the fat-induced glucose metabolism resulted in elevated blood 361	

lactate abundance. Therefore, we analyzed the dynamic change in blood plasma lactate 362	

abundance in humans after administration of glucose (Fig. 4b). We correlated the area under the 363	

curve for lactate abundance over time and the maximum lactate abundance with the 364	

corresponding waist circumference of each individual. We expect that if visceral fat induces an 365	

increased glucose metabolization in humans, the area under the curve for lactate abundance and 366	

the maximum lactate abundance would both correlate with waist circumference. Indeed, we 367	

observed the expected correlation (Fig. 4c,d). Thus, we concluded that similarly to mice, humans 368	

with elevated visceral fat, as indicated by waist circumference, responded to glucose availability 369	

with lactate production.  370	

 371	

ROS production may be linked to fat-induced glucose metabolism 372	

Next, we asked which metabolic changes link fat to an hyperactivated glucose metabolism in 373	

hepatic cells. Palmitate is highly abundant in blood plasma and HFD increased its concentration 374	

(Fig. S5a). Therefore, we focused on palmitate (0.4mM) and determined its effect on glucose 375	

uptake in liver (cancer) cell lines (Fig S5b). All of these cell lines displayed an increased glucose 376	

uptake upon palmitate treatment (Fig S5b). We then decided to determine further metabolic 377	

parameters in H4IIE cells (38). We supplemented H4IIEC3 cells with palmitate and measured 378	

glucose uptake, glycolytic flux, lactate production and enrichment from 13C glucose, as well as 379	

pentose phosphate pathway usage, serine biosynthesis and serine conversion to glycine and PC 380	

activity. In accordance with our in vivo data, we found that these metabolic pathways were highly 381	

induced upon palmitate supplementation, with the exception of the non-oxidative branch of the 382	

pentose phosphate pathway, which only showed a very minor change (Fig. 5a-k). In line with our 383	
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in vivo data, we further found that these changes did not require alterations in glycolytic gene 384	

expression (Fig S5c). 385	

In vivo HFD treatment increases also monounsaturated fatty acids such as oleate (Fig. S5d). 386	

Therefore, we next combined palmitate and oleate treatment of H4IIEC3 cells and measured 387	

glucose uptake. We found that the combination still elevated glucose uptake, yet to a smaller 388	

extent, which was an expected outcome (39, 40) (Fig. 5l). Notably, our ability to reproduce the 389	

majority of the metabolic rewiring that we detected in vivo upon fat availability in in vitro cultured 390	

cells treated with palmitate provides further evidence that the link between fat and glucose 391	

metabolism is independent of insulin resistance.  392	

In vivo we had observed that the glycerol-3-phosphate abundance and glycerol-3-phosphate 393	

dehydrogenase (Gpd) 2 gene expression were elevated upon fat availability (Table S3, Fig. S6a). 394	

Since glycerol-3-phosphate is necessary for building triglycerides, we argued that changes within 395	

this metabolic pathway indicate an elevated availability of free fatty acids for oxidation. The 396	

mitochondria are a major compartment of fatty acid oxidation. We treated H4IIEC3 cells in the 397	

presence of palmitate with etomoxir, which inhibits mitochondrial b-oxidation and measured 398	

metabolic pathways. Surprisingly, etomoxir treatment did not alter glucose uptake, and slightly 399	

increased serine synthesis with glycine conversion without changing PC activity (Fig. S6b-e). 400	

Accordingly, acetyl-CoA abundance, which is a product of mitochondrial b-oxidation was not 401	

altered upon palmitate treatment (Fig. S6f). These data suggest that mitochondrial b-oxidation 402	

may not be required for the observed hyperactivation of glucose metabolism upon palmitate 403	

availability.  404	

Fatty acids are not only oxidized in the mitochondria, but also in the peroxisomes. We observed 405	

that the most strongly enriched gene set in HFD-exposed liver tissue was related to peroxisomes 406	

(Fig S3a), and one of the few peptides significantly affected by HFD feeding was a peroxisomal β-407	

oxidation enzyme (EHHADH; Fig S3c, f). Peroxisomes do not possess electron acceptors of the 408	

respiratory chain and thus water is used as final electron acceptor, generating the ROS species 409	

H2O2, which can be degraded by catalase (41). Therefore, we investigated whether ROS levels 410	

increased upon palmitate treatment. Indeed, we found an elevation in ROS with palmitate 411	

treatment, an effect partially mitigated with the addition of oleate (Fig S6g). When H4IIE cells 412	

were treated with palmitate in combination with N-acetyl-L-cysteine (NAC), ROS levels decreased, 413	

yet this effect did not occur with the mitochondrial ROS scavenger mitoTEMPO (Fig. 6a, b). 414	

Accordingly, the catalase inhibitor 3-amino-1,2,4-triazole (ATZ) further increased ROS levels upon 415	
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palmitate treatment compared to the control condition (Fig.6c). These data may indicate 416	

palmitate-induced ROS generation in the peroxisomes.  417	

Next, we asked whether ROS production links palmitate to the hyperactivation of glucose 418	

metabolism by measuring glycolytic rate and/or uptake in the presence of palmitate upon 419	

treatment with NAC or ATZ. Strikingly, NAC dampened the palmitate-induced glycolytic flux and 420	

glucose uptake increase by approximately 60% and 50% respectively, while ATZ treatment led to 421	

a 68% increase in glucose uptake in the presence of palmitate (Fig. 6d-f). Notably, serine 422	

biosynthesis with conversion to glycine was also reduced upon NAC treatment by approximately 423	

44%, whereas PC-activity and oxidative pentose phosphate pathways usage were unchanged (Fig. 424	

S6h-k). Additionally, NAC treatment had no effect on gene expression for glycolytic enzymes (Fig. 425	

S5c). 426	

Next, we stimulated catalase expression using sodium-butyrate (Na-Butyrate (42)) and the PPARα 427	

agonist WY-14643 (43), increasing catalase gene expression by 44% and 72%, respectively (Fig. 428	

S6l). We then measured glucose uptake and ROS levels (Fig. 6g-j). We found that catalase 429	

stimulation by either compound inhibited palmitate-induced glucose uptake and ROS production, 430	

and that each compound on its own had no effect on these measurements (Fig. 6g-j). Next, we 431	

used ATZ, which blocked the effect of the catalase stimulators (Fig. 6g-j). Taken together, these 432	

data show that modulation in catalase activity altered ROS burden and glucose uptake upon 433	

palmitate supplementation.  434	

Finally, we investigated whether ROS are sufficient to cause an increase in glycolysis by treating 435	

H4IIE3C cells with H2O2 (2mM). Indeed, we found that H2O2 increased glucose uptake, and that 436	

the combination of H2O2 with palmitate further exacerbated the increase (Fig. 6k). These data 437	

indicate that ROS production is linked to the palmitate-induced increase in glucose metabolism in 438	

in vitro cultured hepatocyte-like cells. 439	

 440	

Metabolic pathways induced by fat in non-transformed mouse livers resemble the metabolic 441	

hallmarks of liver cancer. 442	

Metabolic rewiring is an essential hallmark of tumor development and progression (6, 44). 443	

Therefore, we asked whether the metabolic changes we observed in non-transformed liver cells 444	

induced by fat are related to liver cancer, particularly HCC metabolism. Thus, we used a 445	

computational modeling approach to predict potential commonalities between the metabolism 446	

of hepatocytes (origin of HCC (45)) challenged with palmitate utilization (as surrogate for 447	



	 15	

increased fat availability) or proliferation (a metabolic surrogate for cellular transformation). We 448	

applied differential flux-balance analysis (DFA) based on the extended HepatoNet1 model (46), a 449	

computational modeling approach to identify metabolites that change most significantly upon a 450	

certain perturbation. To extract metabolic commonalities, we overlaid the top 75 most altered 451	

metabolites of each perturbation and found that both perturbations had 22 metabolite changes 452	

in common (Table S8). Mapping these metabolites onto the metabolic network, we identified 453	

glycolysis, mitochondrial metabolism, and serine metabolism as the three highest-ranking 454	

metabolic commonalities between palmitate utilization and proliferation-induced metabolic 455	

changes (Fig. 7a, Table S8). Thus, this analysis predicts that these three metabolic pathways, 456	

which we have shown to be induced in vivo by fat in non-transformed liver cells, could also be a 457	

hallmark of HCC.  458	

It is well established that increased glucose uptake is a hallmark of HCC metabolism (47). Yet, 459	

whether serine biosynthesis and mitochondrial PC-activity are elevated in HCC cells is poorly 460	

defined. Thus, we measured the activity of these two metabolic pathways in HCC tissues from 461	

DEN-injected mice. Following the same experimental design as for our early time point, we 462	

extended HFD feeding to 29 weeks. In this setup, we expected that only animals injected with 463	

DEN would show substantial HCC development (Fig. S7a) and that mice on HFD would develop 464	

insulin resistance. Therefore, we conducted glucose and insulin tolerance tests following long-465	

term HFD exposure. We found that animals on HFD showed impaired insulin response compared 466	

to control diet animals with or without DEN injection (Fig. S7b,c). Strikingly, glucose sensitivity 467	

was completely normalized in DEN-injected high fat-fed mice and was indistinguishable from all 468	

control diet fed animals, in which exposure to DEN had no impact on glucose tolerance. 469	

Comparatively, HFD-fed vehicle-injected mice had severely impaired glucose clearance (Fig. 7b,c). 470	

These data suggest that the tumor burden in HFD animals injected with DEN is responsible for 471	

significant levels of glucose clearance.  472	

After 29 weeks on HFD, we infused the mice with 13C6-glucose and measured the 13C enrichment 473	

of metabolites in hepatic and tumor tissue as described above. At this point, all HFD-fed DEN-474	

injected animals showed massive HCC development (Fig. S7a). All animals injected with DEN on 475	

control diet showed signs of HCC development, but only three out of six animals had tumors with 476	

a size that allowed resection. Meanwhile, one out of five animals injected with vehicle on HFD 477	

developed tumors and none of the vehicle injected animals on control diet showed signs of tumor 478	

development.  479	
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We then analyzed serine biosynthesis with conversion to glycine and PC-activity in tumor tissues 480	

of HFD mice (DEN or vehicle injected) compared to liver tissue of mice on control diet based on 481	

the 13C enrichment of metabolites. Both pathways were increased in HFD induced tumors 482	

compared to liver tissue of control diet mice (Fig. 7d-f, Table S9). Subsequently, we analyzed 483	

matched pairs of tumors and normal adjacent liver tissue from both diets. We observed an 484	

elevation in serine biosynthesis with glycine conversion and PC-activity compared to the 485	

corresponding adjacent non-transformed liver tissue in 7 out of 8 tissues from HFD-fed mice and, 486	

surprisingly, all control diet paired tissues (Fig. 7g-i). In line with the idea that this PC activity fuels 487	

anaplerosis required for proliferation, 13C aspartate enrichment was also elevated in all tumors 488	

compared to adjacent normal tissue, regardless of diet (Fig. 7j,k). Interestingly, in the presence of 489	

tumors, the adjacent liver does not seem to differ any longer between high fat and control diet 490	

animals. Therefore, it is tempting to speculate that the tumor educates the metabolism of the 491	

organ in which it grows. Collectively, these data demonstrate that glucose uptake, serine 492	

biosynthesis with glycine conversion and PC-activity define the in vivo metabolism of HCC 493	

regardless whether tumor development and proliferation was accelerated with HFD or not. 494	

Moreover, the data show that a large fraction of the glucose metabolism-related rewiring induced 495	

by fat in non-transformed and tumor-free livers were induced and further promoted in HCC. 496	

To further explore changes in liver tissue adjacent to growing tumors, we conducted lipidomics 497	

analysis (Fig. S7d). We observed that HFD vehicle livers and tumor adjacent HFD DEN livers 498	

clustered together, while control diet vehicle livers and HFD DEN tumor tissue clustered 499	

separately from the other groups (Fig S7e). This indicates that tumor tissue has a different 500	

lipidome compared to its adjacent liver tissue, and that it is influenced by the diet. Further, tumor 501	

tissue had 67 lipid species that were significantly different from adjacent liver tissue, with a 502	

particular diacylglycerol (DG) and phosphatidylcholine (PC) signature (Fig. 7-n, Fig. S7f-h, Table 503	

S10). Total levels of DG in tumor tissue were elevated compared to control diet livers, but not 504	

adjacent HFD DEN-exposed liver tissue (Fig. S7f). Despite no measurable differences in total DG 505	

levels between tumor tissue and adjacent HFD DEN liver tissue, tumor tissue had elevated levels 506	

of DG species containing 16:0, 22:5, or 22:6 acyl chains when compared to adjacent HFD DEN liver 507	

tissue and control diet liver tissue (Fig. 7l). These particular DG species were also increased in the 508	

livers of non-tumor bearing HFD vehicle injected mice compared to control diet livers (Fig. 7l). 509	

Further, analysis of the sum notation of DG (the sum of all carbons and double bonds in both acyl 510	

chains) indicated tumor tissue was enriched in certain DG species, including DG 38:6 and DG 36:6 511	
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(Fig. S7g). DG 38:6 was the most abundant of these lipids, and this elevation was found to be 512	

driven by DG (16:0/22:6) specifically (Fig 7m). Tumor tissue was also enriched in numerous PC 513	

lipids compared to control diet liver tissue (Fig S7h). Tumor tissue was particularly enriched in PC 514	

32:1, and this was found to be driven specifically by PC (14:1/18:0) (Fig. 7 n, Fig. S7h). These data 515	

indicate that the presence of tumors may alter the HFD induced lipid composition of adjacent liver 516	

tissue. Further, while tumors certainly had a particular lipid profile, our analysis showed some 517	

indications of HFD priming of the normal liver lipidome towards the lipid state of HCC.  518	

 519	

Discussion 520	

Here, we show that normal, non-transformed and tumor-free livers respond to the nutrient fat 521	

by inducing an increased glucose metabolism, which is similar to the metabolic state of HCC 522	

regardless whether the tumors developed in lean or obese mice. 523	

Previous studies have analyzed the impact of fat-induced insulin resistance on liver metabolism 524	

(9) and fatty acid metabolization in vitro (38, 48) and in isolated hepatocytes (20). Complementary 525	

to these studies, we provide an in vivo analysis of insulin-independent consequences of fat 526	

availability on normal liver metabolism. Moreover, we provide evidence that fat utilization elicits 527	

increased glucose metabolism that is mediated by peroxisomal ROS production. Interestingly, this 528	

finding is in line with previous work reporting the importance of peroxisomal lipid metabolism in 529	

tempering palmitate lipotoxicity (49, 50) and inducing HCC (25). Further, we find that these 530	

alterations in glucose metabolism are similar to those found in HCC. Thus, it is tempting to 531	

speculate that high fat availability could metabolically prime normal hepatocytes for HCC 532	

development. Accordingly, our data may explain the observation that HFD in the presence of 533	

glucose accelerates HCC development and progression while HFD in the absence of glucose has 534	

no effect aside from the manifestation of obesity and insulin resistance (51). Thus, it may be 535	

relevant to investigate sugar reduced diets to decrease the risk of liver cancer in obese patients. 536	

Despite the fact that nutrients are important regulators of in vivo cancer metabolism, we further 537	

found that core hallmarks of glucose metabolism in HCC are the same regardless whether the 538	

tumor developed in a high fat or lean environment. Interestingly, our data indicate that fat further 539	

promotes the activity of metabolic pathways such as serine biosynthesis and PC activity which is 540	

rewired upon cellular transformation leading to HCC development. Thus, indicating that targeting 541	

these metabolic pathways could have the potential to impair HCC progression.  542	
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Using lipidomics, we found elevations in some DG lipids, which are involved in protein kinase C 543	

(PKC) activity (52), a protein involved in numerous diseases, including diabetes and cancer. 544	

Further, DG have been reported to determine cancer cell sensitivity to FASN inhibitors (53). We 545	

also found increases in some PC species in tumor tissue compared to adjacent liver tissue. PC are 546	

an important plasma membrane building block and regulator of some cell signaling pathways (54, 547	

55), including PPAR activity. Additionally, we observed lipid species from these two classes to be 548	

elevated in HFD vehicle liver tissue compared to control diet liver tissue, mirroring changes in 549	

tumor tissue compared to adjacent HFD liver tissue. Thus, it is tempting to speculate that fat is an 550	

inducer of a pro-tumor metabolism in non-transformed livers.  551	

In conclusion, our data show that fat can increase some metabolic hallmarks of liver cancers in 552	

normal, non-transformed and tumor-free livers. 553	
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 758	
 759	

Figure 1: Fat hyperactivates glucose metabolism. 760	

a) Metabolic differences detected in liver tissue of mice after 8-weeks on control (CD-vehicle n=5, 761	

CD-DEN n=5) or high fat (HFD-vehicle n=7, HFD-DEN n=6) diet normalized to plasma glucose 762	

enrichment. Abbreviations: BP, bisphosphate; FBP, fructose-1,6-bisphosphate; DHAP, 763	
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dihydroxyacetone phosphate; PEP, phosphenolpyruvate; HP, Hexose phosphates; R5P, ribuose-5-764	

phosphate; X5P, Xylulose-5-phosphate; S7P, sedoheptulose-7-phosphate; 6PG, 6-765	

phoshogluconate; PPP, pentose-phosphate pathway. p-value statistics indicate variance caused 766	

by diet effect in two-way ANOVA testing.  767	

b,c) 18F-fluorodeoxyglucose positron emission tomography (18F-FDG-PET) of mice after eight 768	

weeks of control (n=8) or high fat (n=8) diet. Representative images highlighting the region that 769	

was selected to assess hepatic 18F-FDG uptake, normalized to lean weight of each mouse. 770	

Statistics: Two-tailed unpaired Student’s T-test.  771	

d) Principle component analysis of transcriptomics dataset from bulk RNA sequencing of liver 772	

tissue from control diet vehicle (CD-Vehicle), control diet DEN (CD-DEN), high-fat diet vehicle 773	

(HFD-vehicle) and high-fat diet DEN (HFD-DEN). n=4 per group. X and Y axes indicate the amount 774	

of variance accounted for by the first and second components, in percentage. 775	

e) Heat map of genes involved in glycolysis expressed as Z-score. * indicates p-adjusted value < 776	

0.05 from DESeq analysis testing for a diet effect. 777	

 778	

 779	
Figure 2: Fat induces lactate production from glucose. 780	
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a, b) Hepatic lactate enrichment normalized towards the 13C enrichment of plasma glucose, and 781	

hepatic lactate abundance (CD-vehicle n=5, CD-DEN n=5) or high fat (HFD-vehicle n=7, HFD-DEN 782	

n=6).  783	

c) Plasma lactate abundance of mice after 8-weeks of control (CD-vehicle n=5) or high fat (HFD-784	

vehicle n=6) diet normalized to control. Statistics: Two-tailed unpaired Student’s T-test. 785	

d, e) Time-resolved changes in 13C lactate enrichment and corresponding area under the curve in 786	

mouse plasma after eight weeks on control (CD; n=13) or high fat (HFD, n=13) diet in response to 787	

oral administration of 2 g/kg of 13C6 glucose. Statistics: Two-way ANOVA with Fisher LSD testing 788	

to compare each time point (d), and two-tailed unpaired Student’s T-test (e). 789	

Statistics: Unless noted otherwise, two-way ANOVA, with p-values representing the diet effect. 790	

 791	

 792	
Figure 3: Fat promotes pyruvate carboxylase activity 793	

a) Hepatic pyruvate abundance of mice after 8-weeks of control or high fat diet normalized to 794	

control. (CD-vehicle n=5, CD-DEN n=7) or high fat (HFD-vehicle n=7, HFD-DEN n=6). 795	

b, c) Hepatic malate and citrate enrichment normalized towards the 13C enrichment of plasma 796	

glucose (CD-vehicle n=5, CD-DEN n=5) or high fat (HFD-vehicle n=7, HFD-DEN n=6).  797	
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d) Pyruvate carboxylase (PC) activity (based on 13C tracer analysis) in mouse livers after eight 798	

weeks of HFD or CD (CD-vehicle n=5, CD-DEN n=5) or high fat (HFD-vehicle n=6, HFD-DEN n=4). 799	

e, f) Metabolite abundance in liver tissue of mice after eight weeks of CD (CD-vehicle n=5, CD-DEN 800	

n=7) or high fat (HFD-vehicle n=7, HFD-DEN n=6) normalized to CD-vehicle. aKG refers to a-801	

ketoglutarate. 802	

Unless noted otherwise, two-way ANOVA.  803	

 804	

 805	
Figure 4: Evidence for fat-induced lactate production upon glucose availability in humans  806	

a-b) Glucose and lactate abundance in the blood plasma of healthy human individuals upon oral 807	

administration of 75 g glucose (n=20). Black line indicates average over all individuals. Arrows 808	

indicate the time at which glucose was consumed. P.O refers to per os. 809	

c-d) Correlation of waist circumference (WC; surrogate of visceral fat) with the area under the 810	

curve of the lactate kinetics or the maximum lactate abundance in healthy individuals upon oral 811	

administration of 75 g glucose (n=20). 812	

Correlations were calculated by performing linear regression analysis, followed by an F-test to 813	

determine significant deviation from a 0-slope line. 814	

 815	
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 816	
Figure 5: Fat-induced changes in liver metabolism can be recapitulated on the cellular level 817	

a, b) Glucose uptake (n=14 for each group) and glycolytic rate (n=15 for each group) in H4IIEC3 818	

cells treated with 0.4 mM palmitate or vehicle for 8-hours normalized to vehicle. 819	

c, d) 13C-labelled lactate secretion into cell medium with following an 8-hour treatment of vehicle 820	

or 0.4mM palmitate in 13C6-glucose supplemented DMEM. Lactate secretion was calculated with 821	

the assumption of exponential cell growth during the 8-hour treatment phase, normalized to 822	

control. n=3 for each condition. 823	

e-k) 6-phosphogluconate (n=3 for each group), ribulose-5-phosphate (n=3 for each group), 824	

xylulose 5-phosphate (n=3 for each group) and sedoheptulose-7-phosphate (n=3 for each group), 825	

serine synthesis (n=24 for each group) with conversion to glycine (n=24 for each group), and 826	

pyruvate carboxylase (PC) activity (n=24 for each group), in H4IIEC3 cells treated with 0.4 mM 827	

palmitate or vehicle for 8-hours. 828	



	 29	

l) Glucose uptake in H4IIE cells treated with 0.4mM palmitate and/or oleate for 8 hours 829	

normalized to control. n=24 replicates. Statistics: one-way ANOVA with Tukey ‘s multiple 830	

comparisons test. 831	

Unless otherwise stated, two-tailed unpaired Student’s T-test, with p-values as indicated. All data 832	

are represented as mean ± standard deviation.  833	

 834	

 835	
Figure 6: ROS production is required for the hyperactivation of glucose metabolism upon 836	

palmitate supplementation 837	

a-c) Reactive oxygen species (ROS) in H4IIE3 cells treated with 0.4 mM palmitate and/or NAC (5 838	

mM) (n=22, 21, 12, 15 individual replicates for vehicle, palmitate, vehicle + NAC and NAC + 839	

palmitate groups, respectively), Mitotempo (n=18, 15, 14 and 15 individual replicates for vehicle, 840	

palmitate, mitotempo and mitotempo + palmitate, respectively) or ATZ (20 mM) (n=14 individual 841	

replicates for each group) normalized to control. 842	

d) Glycolytic rate in H4IIE cells treated with 0.4 mM palmitate and/or NAC (5 mM) (n=4 individual 843	

replicates for each group). 844	

e) Glucose uptake in H4IIE cells treated with 0.4mM palmitate and/or NAC (5 mM) (n=6 with 845	

individual replicates plotted for each group) normalized to control. 846	



	 30	

f) Glucose uptake in H4IIE cells treated with 0.4 mM palmitate and/or 3- ATZ (20 mM) (n=14 847	

individual replicates for each group) normalized to control. 848	

g-j) Relative glucose uptake and ROS production in in H4IIE cells pre-treated for 24-hours with 849	

sodium butyrate (Na-Bu, 5mM) or WY-14643 (WY, 100µM) followed by 8-hour treatment with 850	

0.4mM palmitate and ATZ (20mM). (n=3-6 with individual replicates plotted for each group) 851	

normalized to control. Statistics: two-way ANOVA with Fisher LSD post-hoc testing, with p-values 852	

as indicated. 853	

k) Relative glucose uptake in cells treated with 0.4 mM palmitate and/or H2O2 (2 mM) (n=6 with 854	

individual replicates plotted) normalized to control. 855	

Unless otherwise noted, one-way ANOVA with Tukey’s multiple comparisons with p-values for 856	

multiple comparisons as indicated.  857	

 858	

 859	
Figure 7: Metabolic pathways induced by fat in non-transformed mouse livers are hallmarks of 860	

hepatocellular carcinoma. 861	

a) In silico predictions of common metabolic pathways between cells supplemented with 862	

palmitate and cells maximizing biomass production based on 22 common metabolic 863	

intermediates. 864	
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b, c) Intraperitoneal (i.p.) glucose tolerance test in mice after 29-weeks on CD (vehicle n=6, DEN 865	

n=6) or HFD (vehicle n=6, DEN n=6) with DEN or vehicle exposure. Data are expressed as the mean 866	

of measured blood glucose levels (mg/dL) and the area under the curve. Statistics: Two- way 867	

ANOVA followed by Dunnett’s multiple comparisons, with p-values for HFD-vehicle compared to 868	

CD-vehicle as indicated on b) and one-way ANOVA with Tukey’s multiple comparisons test with 869	

p-values represented on c). 870	

d-f) Serine biosynthesis with conversion to glycine normalized towards the 13C enrichment of 871	

plasma glucose and pyruvate carboxylase (PC) activity in normal liver (CD-vehicle n=3, CD-DEN 872	

n=6) or HCC tumor tissue (HFD-vehicle n=1 (full-black circle), HFD-DEN n=9 (PC activity) or n=8 873	

(serine biosynthesis with conversion to glycine)) of mice after 29-weeks on CD with DEN or vehicle 874	

exposure. Statistics: two-tailed unpaired Student’s T-test comparing CD to HFD. 875	

g-i) Serine biosynthesis with conversion to glycine normalized towards the 13C enrichment of 876	

plasma glucose and pyruvate carboxylase (PC) activity in matched pairs of HCC tumor and adjacent 877	

normal liver tissue of mice after 29-weeks on CD (n=3) or HFD (n=8) with vehicle or DEN exposure. 878	

In two HFD mice, two tumors were analyzed and one HFD-vehicle mouse (solid black dot and line) 879	

was included.  880	

j) Aspartate synthesis normalized towards the 13C enrichment of plasma glucose from glucose in 881	

normal liver (CD-vehicle n=3, CD-DEN n=6) or HCC tissue (HFD-vehicle n=1 (full-black circle), HFD-882	

DEN n=9 (PC activity) or n=8 (serine biosynthesis with conversion to glycine)) of mice after 29-883	

weeks on CD with DEN or vehicle exposure. Statistics: two-tailed unpaired Student’s T-test 884	

comparing CD to HFD. 885	

k) Aspartate synthesis normalized towards the 13C enrichment of plasma glucose from glucose in 886	

matched pairs of HCC tumor and adjacent normal liver tissue of mice after 29-weeks on CD (n=3) 887	

or HFD (n=8) with vehicle or DEN exposure. For 2 HFD-DEN animals, 2 tumors were analyzed and 888	

connect to the same adjacent liver sample and one HFD-vehicle mouse is included (solid black 889	

circle and solid line). 890	

l) Heat map with normalized diacylglycerides (DG) species that contain 16:0, 22:5, and 22:6 acyl 891	

chains in control diet vehicle liver tissue (n=3), HFD-vehicle liver tissue (n=4), HFD-DEN liver tissue 892	

(n=3) and HFD-DEN tumor tissue (n=4), all normalized to control diet vehicle liver tissue. Statistics: 893	

Two-way ANOVA with Tukey’s multiple comparisons testing. α indicates significant differences 894	

between CD vehicle liver to HFD-vehicle liver, * indicates significant differences between CD 895	

vehicle liver to HFD-DEN liver tissue, # indicates significant differences between CD vehicle liver 896	
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to HFD-DEN tumor tissue, and δ indicates significant differences between HFD-DEN liver tissue 897	

and HFD-DEN tumor tissue, with p<0.05 considered significant. 898	

m, n) Total amounts of the sum notations of DG (38:6) and PC (32:1), and the specific lipid species 899	

that make up the sum notations in control diet vehicle liver tissue (n=3), HFD-vehicle liver tissue 900	

(n=4), HFD-DEN liver tissue (n=4) and HFD-DEN tumor tissue (n=4). Statistics: Two-way ANOVA 901	

with Tukey’s multiple comparisons tests, with p-values represented.  902	
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Supplementary Figures and Extended Methods 929	

Broadfield, Duarte, Schmieder et al. 2021: Fat induces glucose metabolism in non-transformed 930	
liver cells and promotes liver tumorigenesis  931	

Supplementary Figures 932	
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 933	

Supplementary Figure 1: Effect of 8-weeks of high fat diet feeding on whole body physiology.  934	
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a) Simplified schematic overview of the experimental setup used for in vivo experiments. Briefly, 935	
2-week old male C57/BL6N mice were injected with either 25 mg/kg diethylnitrosamine (DEN) or 936	
phosphate buffered saline (vehicle, Veh). At 6-weeks of age, mice were then subdivided into two 937	
groups, one receiving a high fat diet and the other a control diet. At 14- and 35-weeks of age (8- 938	
and 29-weeks on the diets, respectively) mice underwent a 13C6-glucose tracer infusion for a 939	
period of approximately 6-hours to determine their hepatic metabolism. 940	

b) Mouse weight on high fat (HFD) or control (CD) diet over the course of the experiment (n≥8).  941	

c) Dual X-ray absorptiometry (DEXA) performed on mice fed a control (CD-vehicle; n=8) or high 942	
fat (HFD-vehicle=8) diet for 8-weeks. p-values for comparing CD to HFD are as indicated in the 943	
legend for each tissue type. Data are averages ± standard deviation.  944	

d-g) Intraperitoneal insulin (i.p. ITT, 1 unit/kg body weight) and glucose (i.p. GTT, 2 mg/kg body 945	
weight) tolerance test performed on mice after 8-weeks on a control diet (CD-vehicle; n=8) or 946	
high fat (HFD-vehicle=8), and is represented by the change in blood glucose levels (mg/dL) and 947	
area under the curve. 948	

Data for all figures is average ± standard deviation. Statistics: two-way ANOVA (panel b) and two-949	
tailed unpaired Student’s t-test (remaining panels). 950	

 951	

 952	

 953	

 954	

 955	

 956	

 957	

 958	

 959	

 960	

 961	

 962	

 963	
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 964	

Figure S2: Mouse livers are normal in respect to hepatocarcinogenesis after 8-weeks of control 965	
or high fat diet. 966	

a) Representative image of a mouse liver after 8-weeks on high fat diet. 967	

b) Quantification of Ki-67 positive cells in mice fed a control diet (CD-vehicle n=5, CD-DEN n=6) or 968	
high fat (HFD-vehicle n=6, HFD-DEN n=7) diet. Dashed line and p-value indicate a significant 969	
interaction effect between diet and DEN with two-way ANOVA testing. 970	

c) Representative images of Ki-67 staining in livers of CD-vehicle HFD-vehicle CD-DEN and HFD-971	
DEN, respectively. The red scale bar represents a length of 200 µm. 972	

d) Quantification of F4/80 in liver sections from mice fed a control diet (CD-vehicle n=5, CD-DEN 973	
n=6) high-fat diet (HFD-vehicle n=6, HFD-DEN n=7) for 8-weeks. Quantification was conducted by 974	
measuring the total area with signal normalized to total cell count for the same image, with 3 975	
random images per liver section analyzed.   976	

e) Quantification of Ly6C/Ly6G in liver sections from mice fed a control diet (CD-vehicle n=5, CD-977	
DEN n=4) high-fat diet (HFD-vehicle n=3, HFD-DEN n=4) for 8-weeks. Quantification was 978	
conducted by measuring the total area with signal normalized to total cell count for the same 979	
image, with 3 images per mouse. 980	

f, g) Representative images of F4/80 and Ly6C/Ly6G staining in livers of CD-Vehicle, CD-DEN, HFD-981	
Vehicle, and HFD-DEN. Scale bar represents 100µM (F4/80) or 100um (Ly6C/Ly6G), as noted on 982	
each image. Yellow arrows identify Ly6C/Ly6G stained cells. 983	

Statistics: two-way ANOVA with Tukey’s multiple comparison testing to test for differences 984	
between groups. Data are represented as median, with the boxes ranging from the 25th to the 985	
75th percentile, whiskers go from minimum to maximum.  986	
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 987	

 988	

Figure S3: Transcriptomic and proteomic analysis of mouse livers exposed to 8-weeks of high-989	
fat diet. 990	

a) List of the top 20 upregulated KEGG pathways when comparing control diet (CD-vehicle and 991	
CD-DEN) to high-fat diet (HFD-vehicle and HFD-DEN). x-axis indicates the log(10) transformed 992	
adjusted p-value for each pathway listed, and the color scale indicates the normalized enrichment 993	
score (NES) calculated during gene set enrichment analysis (GSEA). 994	

b) Heatmap of fatty acid metabolism gene expression in control diet (CD-vehicle, CD-DEN) and 995	
high fat diet (HFD-vehicle, and HFD-DEN) mouse livers expressed as Z-score (n=4 for all groups. * 996	
indicates genes that are significantly different with DESeq analysis testing for a diet effect, with 997	
p-adjusted < 0.05 considered significant. 998	

c) Heatmap of genes in the KEGG Peroxisome pathway in control diet (CD-vehicle, CD-DEN) and 999	
high fat diet (HFD-vehicle, and HFD-DEN) mouse livers expressed as Z-score (n=4 for all groups). * 1000	
indicates genes that are significantly different with DESeq analysis testing for a diet effect, with 1001	
p-adjusted < 0.05 considered significant. 1002	

d) Principle coordinate analysis (PCA) for normalized proteomics data from control diet (n=4) and 1003	
high fat diet (n=4) fed mice (no vehicle or DEN-injected mice included in this analysis). The 1004	
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proteomics data showed a high level of intra-group variation, despite relatively low amounts of 1005	
missingness in the dataset (a potential source of variation). In the PCA representation of this data, 1006	
the two sample groups were not well separated by the first two principle components (40.2% and 1007	
18.5% of the variance respectively) and consequently this may have hampered discovery of 1008	
differentially enriched peptides (Fig S3e,f).  1009	

e) Heatmap showing z-score values for differential expression of proteins involved in glycolysis in 1010	
control diet (n=4) and high fat diet (n=5) fed liver samples expressed as a Z-score. 1011	

f) Bar plot of the 5 differentially expressed (DE) peptides based on log fold-change (LogFC) 1012	
identified in high fat diet fed mouse livers (n=5) compared to control diet livers (n=4) via Limma 1013	
(Linear models for microarray data) differential expression analysis with p-values.  1014	

 1015	

 1016	

 1017	

 1018	

 1019	
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 1020	

Figure S4: Labelling analysis for Cori cycle contributions and oral glucose tolerance of mice after 1021	
8-weeks on high fat or control diet. 1022	



	 40	

Description of analysis of Cori Cycle contributions: The liver is part of the Cori cycle, i.e. glucose is 1023	
converted by non-liver tissue to lactate, which is taken up by the liver to fuel glucose production 1024	
via gluconeogenesis. To determine whether alterations in Cori cycle activity were contributing to 1025	
the 13C enrichment of hepatic lactate in HFD animals, we utilized the labelling data (a-d) and 1026	
compared them to the theoretical contributions of blood lactate to liver glucose. We first 1027	
determined the ratio of liver glucose M+3 to blood lactate M+3, an indicator of altered Cori cycle 1028	
activity, and found it was decreased in HFD compared to control (e). We then calculated the 1029	
theoretical maximal contribution of blood lactate to liver glucose, which, in line with our 1030	
measured data, was decreased in HFD mice (f). Comparing our observed values to theoretical 1031	
maximal contributions we found that approximately 30% of liver glucose may originate from Cori 1032	
cycle activity, and, importantly, was unaffected by HFD exposure (g). Accordingly, we found no 1033	
HFD-induced changes in hepatic gene expression for the gluconeogenic enzymes glucose-6-1034	
phosphatase (G6pc) and a decreased expression of fructose-1,6-bisphosphatase (Fbp1) in our 1035	
RNA-Seq dataset (h). Thus, we concluded that altered Cori cycle activity was not contributing to 1036	
the 13C enrichment of hepatic lactate in HFD fed mice. 1037	

a-b) Pooled MDV values for liver glucose and lactate from control diet (CD-vehicle n= 5, CD-DEN 1038	
n=5) and high-fat diet fed mice (HFD-vehicle n=5, HFD-DEN n=5). 1039	

c-d) Pooled MDV values for blood glucose and lactate from control diet (CD-vehicle n= 5, CD-DEN 1040	
n=5) and high-fat diet fed mice (HFD-vehicle n=5, HFD-DEN n=5). 1041	

e) Ratio of liver glucose M+3 to blood lactate M+3 in control diet (CD-vehicle n= 5, CD-DEN n=5) 1042	
and high-fat diet fed mice (HFD-vehicle n=5, HFD-DEN n=5). Statistics: unpaired, two-tailed 1043	
Student’s t-test. 1044	

f) Comparison of actual liver glucose M+3 levels to expected liver glucose M+3 if all of it was being 1045	
produced by lactate present in the liver tissue or blood. An explanation of this calculation is 1046	
provided in the method section.  1047	

g) Ratio of observed liver glucose M+3 levels to the expected liver glucose M+3 levels represented 1048	
in f). If this ratio approaches a value of 1, it would suggest that liver glucose is being produced via 1049	
lactate in the liver tissue or blood. 1050	

h) Heatmap of gluconeogenic gene expression in control diet (CD-vehicle, CD-DEN) and high fat 1051	
diet (HFD-vehicle, and HFD-DEN) mouse livers expressed as Z-score (n=4 for all groups). Some 1052	
genes involved in gluconeogenesis overlap with glycolysis, and are repeated in Fig. 1e.  * indicates 1053	
genes that are significantly different with DESeq analysis testing for a diet effect, with p-adjusted 1054	
< 0.05 considered significant. 1055	

i, j) Oral glucose tolerance test (oGTT, 2 g per kg body weight) performed on mice fed a control 1056	
diet (CD-DEN; n=13) or high fat (HFD-den=13) for 8-weeks, and is represented by the change in 1057	
blood glucose levels normalized across experiments and area under the curve. Statistics: two-way 1058	
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ANOVA with p-value for overall diet effect indicated (i) and unpaired, two-tailed Student’s t-test 1059	
(j). 1060	

Statistics: unless otherwise stated, unpaired two-tailed Student’s t-testing, corrected for multiple 1061	
testing with Holm-Sidak method if multiple testing was conducted (panels a-d), with p<0.05 1062	
considered significant. Data for all figures is average ± standard deviation.  1063	

 1064	

 1065	

 1066	

 1067	

 1068	

 1069	

Figure S5: Blood plasma fatty acid concentrations are increased in mice after 8-weeks on high 1070	
fat diet and oleate attenuates palmitate-stimulated glucose uptake. 1071	

a) Quantification of blood plasma palmitate concentrations (mM) in mice fed a control diet (CD-1072	
vehicle n=5, CD-DEN n=5) or high fat diet (HFD-vehicle n=6, HFD-DEN n=4) for a period of 8-weeks.  1073	

b) Glucose uptake in H4IIE, HHL5, HUH7, and PLC cell lines treated with 0.4 mM palmitate for 8-1074	
hours normalized to control. n=26-42 replicates. Text inset describes the mutational status of the 1075	
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different cell lines represented. Statistics: two-tailed unpaired Student’s T-testing, with p-values 1076	
as noted.  1077	

c) Gene expression of glucokinase (Gck), hexokinase 2 (HK2), and lactate dehydrogenase (Ldha) in 1078	
H4IIE cells with 8-hours of 0.4mM palmitate treatment with or without 5mM NAC. Gene 1079	
expression is normalized to untreated control cells collected at the 0-hour baseline.  1080	

d) Quantification of blood plasma oleate concentrations (mM) in mice fed a control diet (CD-1081	
vehicle n=5, CD-DEN n=5) or high fat diet (HFD-vehicle n=6, HFD-DEN n=4) for a period of 8-weeks. 1082	

Data for all figures is average ± standard deviation. Statistics: Unless noted otherwise, one-way 1083	
ANOVA with Tukey’s multiple comparison testing. 1084	

 1085	

 1086	

 1087	
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 1088	

Figure S6: Gpd gene expression in mouse liver tissue after 8-weeks of high-fat diet and 1089	
metabolic response of H4IIC3 cells to palmitate with or without etomoxir, oleate, and NAC. 1090	

a) Heat map with of Gpd1, Gpd2, and Gpdl in liver tissue from mice fed control diet (CD-vehicle 1091	
n=4 and CD-DEN n=4) or high-fat diet (HFD-vehicle n=4 and HFD-DEN n=4) for 8-weeks, expressed 1092	
as a Z-score. * indicates p-adjusted value <0.05 in DESeq testing for diet effect. 1093	

b-e) Glucose uptake (n=6 for each group, except etomoxir treatment n=5) (b), serine synthesis 1094	
(n=3 for each group) with conversion to glycine (n=3 for each group) (c, d) and pyruvate 1095	
carboxylase activity (n=3 for each group) (e) in H4IIC3 cells treated with 0.4 mM palmitate and/or 1096	
10 µM of etomoxir (CPT1α inhibitor) for a period of 8-hours normalized to control. 1097	
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f) Acetyl-CoA abundance in cells treated with 0.4 mM palmitate for a period of 8-hours (n=6 for 1098	
each group) normalized to control. Statistics: two-tailed unpaired Student’s T-test. 1099	

g) ROS production in cells treated with 0.4 mM palmitate alone or in combination with 0.4mM 1100	
oleate for 8-hours normalized to control (n=4 independent experiments with individual replicates 1101	
plotted).  1102	

h-k) Synthesis of 6-phosphogluconate (6PG)(h), Serine biosynthesis (n=3 for each group)(i) with 1103	
conversion to glycine (n=3 for each group)(j), and PC activity (n=3 for each group)(k) and in H4IIEC3 1104	
cells exposed for 8h to 0.4 mM palmitate or vehicle (ethanol) upon treatment with NAC (5 mM) 1105	
l) Catalase gene expression in H4IIE cells treated with 5mM of sodium butyrate (Na-Bu) or 100µM 1106	
of WY-14643 (WY) for 24-hours. (n=2-3 independent experiments, normalized to vehicle control). 1107	
Data for all figures is average ± standard deviation. Statistics: Unless noted otherwise, One-way 1108	
ANOVA with Tukey’s multiple comparison testing.  1109	

 1110	

 1111	

 1112	

 1113	

 1114	

 1115	
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 1116	

Figure S7: Tumor development and insulin tolerance upon carcinogen treatment and high fat 1117	
diet feeding and alterations of the liver and tumor lipidome with high-fat diet and HCC tumor 1118	
development. 1119	

a) Representative images of livers from mice fed a control diet or a high fat diet for a period of 1120	
29-weeks.  1121	

b,c) Intraperitoneal insulin tolerance test (i.p. ITT) in mice after 29-weeks on control diet (CD-1122	
vehicle n=6, CD-DEN n=6) or high fat diet (HFD-vehicle n=6, HFD-DEN n=6) with DEN or vehicle 1123	
(Veh) treatment at the age of 2-weeks, expressed as blood glucose levels (mg/dL) and area under 1124	
the curve. Statistics: Two- way ANOVA followed by Dunnett’s multiple comparisons, with p-value 1125	
ranges for the 15-150min time points included; during these time points significant differences 1126	
were found between CD-vehicle and HFD-vehicle, and CD-vehicle and HFD-DEN, but not for CD-1127	
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vehicle and CD-DEN, or HFD-vehicle and HFD-DEN. At the earlier and later time points, these 1128	
significant differences diminished. 1129	

d) Schematic outlining the 4 groups used for lipidomics analysis: control diet vehicle liver (CD-Veh-1130	
L), high fat diet vehicle liver (HFD-Veh-L), and paired high fat diet DEN liver (HFD-DEN-L) and high 1131	
fat diet DEN tumor tissue (HFD-DEN-T).   1132	

e) Principle component analysis for lipidomics analysis of control diet vehicle liver tissue (CD-Veh-1133	
L, n=3), high-fat diet vehicle liver tissue (HFD-Veh-L, n=4), high-fat diet DEN liver tissue (HFD-DEN-1134	
L, n=4) and adjacent high-fat diet DEN tumor tissue (HFD-DEN-T, n=4).  1135	

f) Total levels of diacylglycerides (DG) in control diet vehicle liver tissue (CD-Veh, n=3), high-fat 1136	
diet vehicle liver tissue (HFD-Veh, n=4), high-fat diet DEN liver tissue (HFD-DEN-L, n=4) and 1137	
adjacent high-fat diet DEN tumor tissue (HFD-DEN-T, n=4). L= liver tissue, T= tumor tissue in x-axis 1138	
label. Statistics: one-way ANOVA with Tukey’s multiple comparisons testing.  1139	

g) Heatmap of diacylglyceride (DG) sum notations, normalized to control diet vehicle liver tissue 1140	
(CD-Veh, n=3), high-fat diet vehicle liver tissue (HFD-Veh, n=4), high-fat diet DEN liver tissue (HFD-1141	
DEN-L, n=4) and adjacent high-fat diet DEN tumor tissue (HFD-DEN-T, n=4). α indicates significant 1142	
differences between CD-Veh-L and HFD-Veh-L, # indicates significant differences between CD-1143	
Veh-L and HFD-DEN-T, and δ indicates significant differences between HFD-DEN-L and HFD-DEN-1144	
T with two-way ANOVA and Tukey’s multiple comparison testing. p<0.05 is considered significant.   1145	

h) Heatmap of phosphatidylcholine (PC) sum notations, normalized to control diet vehicle liver 1146	
tissue (CD-Veh, n=4), high-fat diet vehicle liver tissue (HFD-Veh, n=4), high-fat diet DEN liver tissue 1147	
(HFD-DEN-L, n=4) and adjacent high-fat diet DEN tumor tissue (HFD-DEN-T, n=4). α indicates 1148	
significant differences between CD-Veh-L and HFD-Veh-L, *indicates significant differences 1149	
between CD-Veh-L and HFD-DEN-L, # indicates significant differences between CD-Veh-L and HFD-1150	
DEN-T, and δ indicates significant differences between HFD-DEN-L and HFD-DEN-T with two-way 1151	
ANOVA and Tukey’s multiple comparison testing. p<0.05 is considered significant.  1152	

Box plots represented as median, with the boxes ranging from the 25th to the 75th percentile, 1153	
whiskers go from minimum to maximum. Data for bar graphs is average ± standard deviation. 1154	

 1155	

  1156	
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Supplementary Methods 1157	

Animal surgery and infusion protocols – extended details 1158	
At 13- and 34-weeks of age mice were implanted with a jugular vein catheter as previously 1159	
described and infused with 13C6-glucose after one week recovery time (1) . Briefly, mice were 1160	
anesthetized with isoflurane and a catheter was inserted in the jugular vein, and connected to an 1161	
antenna protruding from the dorsal part of the mice. The mice were then allowed to recover for 1162	
approximately 1 week. In the morning, prior to infusion, mice were fasted for 6-hours after which 1163	
they were infused, in the absence of food, for a period of 6-hours with a solution of 500 mg/ml 1164	
13C6-glucose, at a rate of 30 mg/kg/min for the 14 week old mice and 7.5 mg/kg/min for the 35 1165	
week old mice (1, 2). This difference in infusion rates was established to prevent any possible 1166	
complications related to increased glucose intolerance and/or insulin resistance that can occur in 1167	
mice fed a high fat diet for a prolonged period of time. At the end of the infusion protocol for both 1168	
time points, mice were sacrificed by injecting approximately 50 µl of a 60 mg/ml Nembutal 1169	
solution (Vetoquinol). Blood was then quickly collected from the mice via cardiac puncture, stored 1170	
in heparin coated tubes at 4˚C and centrifuged to separate the plasma, and was immediately 1171	
stored at -80˚C. Tissues were immediately excised, washed in ice-cold saline, placed into pre-1172	
labelled bags and frozen using a liquid nitrogen-cooled biosqueezer. The bags were then placed 1173	
in liquid nitrogen until all collections were finished and finally stored at -80°C until further 1174	
processing. Where necessary tumors were rapidly separated from normal tissue prior to freezing 1175	
with tumor and normal tissue being stored separately. 1176	
 1177	
Glucose isolation from tissue and serum samples 1178	
For tissue glucose measurements after extraction, dried tissue samples were dissolved in 50 µL 1179	
hydroxylamine/pyridine (2%wt of hydroxyamine in pyridine) and incubated for 1-hour at 90˚C, 1180	
then centrifuged at maximum speed. 100 µL of propionic anhydride was added and incubated for 1181	
30 min at 60˚C. Samples were centrifuged and dried overnight in a vacuum concentrator at 4˚C. 1182	
Samples were dissolved in 100 µL ethyl acetate, vortexed, centrifuged for 2 min at 14,000 rpm, 1183	
and transferred to GC/MS vials. For serum glucose, 90 µL of methanol was added to 10µL of serum 1184	
and frozen at -80˚C for 2-hours. Samples were centrifuged for 10 min at maximum speed, and 1185	
supernatants were transferred to GC/MS vials. 1186	
 1187	
Gas chromatography-mass spectrometry analysis  1188	
Dried samples were placed in a vacuum concentrator at 4°C for 30 min to remove any residual 1189	
water vapor. Samples were then incubated for 90 min at 37°C with 20 µL of a 20 mg/mL solution 1190	
of methoxyamine in pyridine. Afterwards, 7.5 µL were transferred to a new tube and were further 1191	
incubated with 15 µl of N-(tert-butyldi-methylsilyl)-N-methyltrifluoroacetamide, (with 1% tert-1192	
butyldimethyl-chlorosilane) for 60 min at 60°C. Metabolites were measured with a 7890A GC 1193	
system (Agilent Technologies) combined with a 5975C Inert MS system (Agilent Technologies). 1194	
One µL of sample was injected in splitless mode with an inlet temperature of 270°C onto a 1195	
DB35MS column (Agilent Technologies). Helium was the carrier gas with a flow rate of 1 mL/min. 1196	
For the measurement of polar metabolites, the GC oven was held at 100°C for 3 min and then 1197	
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ramped to 300°C with a gradient of 2.5°C/min. For the analysis of fatty acids, total fatty acid 1198	
samples were esterified with 500 µL 2% sulphuric acid in methanol for 180 min at 60°C or 1199	
overnight at 50°C and extracted by addition of 600 µL hexane and 100 µL saturated aqueous NaCl. 1200	
Samples were centrifuged for 5 min and the hexane phase was separated and dried by vacuum 1201	
centrifugation. Samples were resuspended in hexane, after which the resulting fatty acid methyl 1202	
esters were measured with a 7890A GC system (Agilent Technologies, CA, USA) combined with a 1203	
5975C or a 7000 inert MSD system (Agilent Technologies, CA, USA). One microliter of each sample 1204	
was injected in a 3:1 split mode with an inlet temperature of 270°C onto a DB35MS column 1205	
(Agilent Technologies, CA, USA). Helium was used as a carrier gas with a flowrate of 1 mL/min. 1206	
The oven was held at 80 °C for 1 min and ramped with 5°C/min to 300°C. The MS system was 1207	
operated under electron impact ionization at 70 eV and a mass range of 100-650 amu was 1208	
scanned.  1209	
 1210	
Liquid chromatography-mass spectrometry analysis  1211	
For the detection of metabolites by LC-MS, a Dionex UltiMate 3000 LC System (Thermo Scientific) 1212	
with a thermal autosampler set at 4°C, coupled to a Q Exactive Orbitrap mass spectrometer 1213	
(Thermo Scientific) was used. Samples were resuspended in 50 µL of water and a volume of 10 μl 1214	
of sample was injected on a C18 column (Acquity UPLC HSS T3 1.8µm 2.1x100mm). The separation 1215	
of metabolites was achieved at 40°C with a flow rate of 0.25 ml/min. A gradient was applied for 1216	
40 min (solvent A: 10mM Tributyl-Amine, 15mM acetic acid – solvent B: Methanol) to separate 1217	
the targeted metabolites (0 min: 0% B, 2 min: 0% B, 7 min: 37% B, 14 min: 41% B, 26 min: 100% 1218	
B, 30 min: 100% B, 31 min: 0% B; 40 min: 0% B. The MS operated in negative full scan mode (m/z 1219	
range: 70-500 and 190-300 from 5 to 25 min) using a spray voltage of 4.9 kV, capillary temperature 1220	
of 320°C, sheath gas at 50.0, auxiliary gas at 10.0. Data was collected using the Xcalibur software 1221	
(Thermo Scientific).  1222	

For the detection of metabolites by LC-MS/MS, a 1290 Infinity II with a thermal autosampler set 1223	
at 4°C, coupled to a 6470 triple quadrupole (Agilent Technologies) was used. Samples were 1224	
resuspended in 60% acetonitrile and a volume of 4 μL of sample was injected on a SeQuant 1225	
ZIC/pHILIC Polymeric column (Merck Millipore). The separation of metabolites was achieved at 1226	
25°C with a flow rate of 0.20 ml/min. A gradient was applied for 22 min (solvent A: 10mM 1227	
ammonium acetate (pH=9.3, 10 mM) – solvent B: acetonitrile) to separate the targeted 1228	
metabolites. (0 min: 10% A, 2 min: 10% A, 13 min: 30% A, 13.1 min: 70% A, 17 min: 75% A, 18 min: 1229	
10% A, 22 min: 10% A). The temperature of the gas and the sheath gas was set at 270°C (flow: 1230	
10L/min) and 300°C (flow: 12L/min), respectively.  1231	

 1232	
PET imaging studies.  1233	
Mice were imaged using a Focus 220 small-animal PET system (Siemens Medical Solutions, 1234	
Knoxville, TN, USA) using 18F-FDG to image the glucose metabolism of the liver. Before injection 1235	
with 18F-FDG, the mice were restricted from food for at least 6-hours. Mice were anaesthetized 1236	
with 2% isoflurane (Piramal Healthcare) in 100% O2 (2 L/min) and 11 MBq of 18F-FDG was 1237	
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administered by tail vein injection. Lasix was injected intramuscular to be able to empty the 1238	
bladder of the mice just before scanning. Additionally, to simulate the effects of glucose infusions, 1239	
mice were injected intraperitoneally with 600 µg/g of glucose (2.4µl/g of a 250 mg/ml solution). 1240	
One hour after the injections, 10-minute static scans were performed. For every scan, a 1241	
transmission scan was obtained using a 57Co-source (Eckert & Ziegler, Berlin, Germany). PET 1242	
images were reconstructed through a maximum a posteriori (MAP) reconstruction algorithm and 1243	
further analyzed with PMOD 3.0 (PMOD technologies, Zürich, Switzerland). Images were 1244	
converted to standardized uptake values (SUV), calculated according to the following formula: 1245	
SUV is activity concentration in organ divided by injected activity per unit of weight of the animal. 1246	
Volumes of interest (VOI) were positioned manually around the liver. The SUV values were then 1247	
standardized to the total lean weight of the animals. Body composition and bone mineral density 1248	
of the total body with exclusion of the cranium was analyzed by dual-energy X-ray absorptiometry 1249	
(DEXA; PIXImus densitometer; Lunar, Madison, WI, USA; software version 2.10.041) 1250	
 1251	
Analysis of human glucose and lactate data 1252	
To determine if these patients showed any defects in glucose metabolism, we calculated the 1253	
Matsuda index, the HOMA-IR, insulinogenic Index and Disposition index, using thresholds of ≤2.5, 1254	
≥2.5, ≤0.4 and ≥1 as cutoff for indicating defects in glucose metabolism (Table S7). Since all of the 1255	
patients received a bolus of 75 g of glucose, regardless of weight, we decided to correct their 1256	
determined blood lactate values by their estimated blood volume, using the equations 1 (for male 1257	
patients) and equation 2 for female patients (Nadler’s formula (3)). 1258	
 1259	

𝑏𝑙𝑜𝑜𝑑	𝑣𝑜𝑙𝑢𝑚𝑒 = 0.3669ℎ! + 0,03219𝑤 + 0.6041	(𝑒𝑞. 1) 1260	
𝑏𝑙𝑜𝑜𝑑	𝑣𝑜𝑙𝑢𝑚𝑒 = 0.3561ℎ! + 0,03308𝑤 + 0.1833	(𝑒𝑞. 2)	 1261	

 1262	
Where h is the patient’s height in meters and w is the patient’s weight in kilograms. Subsequently, 1263	
we multiplied the estimated blood volume by the total concentration of plasma lactate to obtain 1264	
an estimation of the total amount of circulating lactate. This correction is necessary for analysis 1265	
as, unlike in the mouse experiments, the dose of glucose given to patients is not standardized 1266	
towards the weight of the patient and, therefore, a patient with higher blood volume will tend to 1267	
have a smaller concentration of released lactate. The total amount of lactate was then plotted 1268	
over time, and areas under the curve were determined using Graphpad Prism. Afterwards, the 1269	
correlation between waist circumference and the total areas under the curve for the lactate 1270	
kinetics or the maximal plasma lactate values was calculated using Graphpad Prism, using an F-1271	
test to determine deviation from 0-slope. Maximal lactate values were calculated between 10 min 1272	
and 150 min post glucose ingestion, to prevent confounding effects from two patients, whose 1273	
lactate maximal values were at time -10 min (before glucose ingestion) and time 240 min.  1274	
 1275	
Preparation of solutions for cell culture experiments 1276	
Sodium palmitate (Sigma-Aldrich) was dissolved in a 50% ethanol solution to a concentration of 1277	
195 mM, this solution was made homogeneous by warming it to approximately 45°C. The 1278	
palmitate solution was then quickly added to a pre-warmed 10% Bovine serum albumin (BSA) 1279	
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(Sigma-Aldrich) solution (dissolved in DMEM) to a final concentration of 3mM. The BSA-Palmitate 1280	
mix was then incubated at 37°C with occasional gentle mixing for 1-hour to promote the 1281	
formation of BSA-palmitate complexes. This solution can be stored at -20°C until further use. 3mM 1282	
BSA-palmitate solutions were then finally diluted in DMEM to achieve a final concentration of 0.4 1283	
mM in the cultured cells. Control solutions were prepared the same way, using a pure 50% ethanol 1284	
solution. Following this protocol, the final concentration of ethanol in the cells is approximately 1285	
0.1%. Etomoxir was dissolved in distilled water at a concentration of 50 mM and used at a final 1286	
concentration of 10 µM. N-acetyl-L-Cysteine (NAC) was dissolved in DMEM media at a 1287	
concentration of 25 mM. The pH was then adjusted to 7.3, and the solution further diluted in 1288	
DMEM for final concentration of 5 mM. Mitotempo was dissolved in water to a concentration of 1289	
10 mM. ATZ was dissolved in water at a concentration of 2M. Sodium butyrate (Na-Bu) was 1290	
dissolved in DMEM media at a stock concentration of 50mM and diluted to 5mM. WY-14643 was 1291	
diluted in 100% ethanol at a stock concentration of 50mM and diluted to 100µM. Whenever 13C 1292	
tracers were used all the aforementioned solutions were dissolved in DMEM where regular 1293	
glucose was replaced with 13C6-glucose to prevent any possible dilutions of the tracer. 1294	
 1295	
Calculation for lactate secretion from H4IIE cells labelled with 13C6-glucose. 1296	
Lactate secretion was calculated with the assumption of exponential growth, using the following 1297	
equation, where Gi indicates the rate of nutrient secretion, Ci(0) is the initial lactate concentration  1298	
at time = 0-hours, Ci (Δt) is the lactate concentration at t = 8-hours for the present experiments, 1299	
N(0) is the number of cells at t = 0h, N(Δt) is the number of cells at the final time point of 8-hours. 1300	
Lactate secretion was normalized to control conditions, and expressed as a fraction of control.  1301	
 1302	

𝐺𝑖 = 	
𝐶𝑖(0) − 𝐶𝑖(∆𝑡)

∆𝑡(𝑁(0) − 𝑁(∆𝑡))
∙ 𝑙𝑛 E

𝑁(0)
𝑁(𝑡)

F 1303	

 1304	
 1305	
Quantitative real-time PCR process details 1306	
The relative levels of gene transcripts compared to the control gene Ppib (cyclophilin B, FW 5’-1307	
CAAAATTGGAGACGAACCTG-3’, RV: 5’- GAAGTCTCCACCCTGGATCA-3’) and catalase (Cat1, FW: 5’-1308	
TGACCTCAGAAACGACAACG-3’, RV: 5’-TTGTCCAGAAGAGCCTGGAT-3’ were determined by 1309	
quantitative real-time PCR using SYBER GreenPCR Master Mix (Life Technologies) and specific 1310	
primers on a 7500 Fast Real Time PCR System (Applied Biosystems, Life Technologies). 1311	
Amplification was performed at 95°C for 10 min, followed by 40 cycles of 15 s at 95°C and 1 min 1312	
at 60°C. In order to quantify differences between groups, we calculated expression fold change 1313	
by using the equation: 1314	
 1315	

𝑓𝑜𝑙𝑑	𝑐ℎ𝑎𝑛𝑔𝑒 = 2"∆∆$%	(𝑒𝑞. 3) 1316	
 1317	
In silico metabolic comparison of proliferating cells and palmitate-treated cells.  1318	
In order to determine if there is any potential metabolic overlap between cells exposed to 1319	
palmitate (as a simulation of a high fat diet) versus highly proliferative cells (as a simulation of 1320	
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hepatic cancer cells), we applied an algorithm termed differential flux-balance analysis (DFA) to 1321	
the genome-scale metabolic network model HepatoNet1 (4). Briefly, this model includes 785 1322	
metabolites and 2,589 reactions across 8 cellular compartments, resulting in a total of 1445 1323	
compartment-specific metabolites. Flux balance analysis (FBA) is a standard mathematical 1324	
procedure to semi-quantitatively estimate the metabolic flux of each reaction in a genome-scale 1325	
model at steady state when satisfying a given metabolic objective (objective function 1326	
optimization), such as the production or consumption of given metabolites. In our DFA 1327	
implementation, we analyze the average change in metabolic fluxes when optimizing each of 442 1328	
metabolic objective functions included in Hepatonet1 in standard physiological conditions versus 1329	
perturbed non-physiological conditions. Non-physiological conditions are simulated by imposing 1330	
additional constraints on metabolic reactions, metabolic objectives, or both. Finally, the change 1331	
in metabolic fluxes between the standard and perturbed model are computed to yield differential 1332	
fluxes. Then, the differential fluxes involving the same metabolite are aggregated in order to rank 1333	
metabolites. In the resulting ranked list, metabolites on top will be the ones involved in the 1334	
metabolic fluxes that change the most. In this study, we defined two altered models: palmitate 1335	
utilization and cell growth. Palmitate utilization was simulated by imposing palmitate reduction 1336	
in the cytosol as an additional term (-palmitate(c)) in all the 442 metabolic objective functions. 1337	
Analogously, for the cell growth model we added the production of all amino acids and 1338	
nucleotides as additional terms to each objective function (+ Alanine(c) + Arginine(c) … + dATP(c) 1339	
+ dCTP(c)...). For each of the two models, we simulated the realization of all the 442 altered 1340	
objective functions and compared (absolute difference) the resulting fluxes to those obtained 1341	
with the same method applied to the physiological model. We finally averaged such differential 1342	
fluxes values over all the objective functions, and from these we ranked the metabolites to obtain 1343	
the final estimates. More details on the method can be found in our previous publication (4). 1344	
 1345	
Analysis of gas chromatography-gas spectrometry data 1346	
Mass distribution vectors were extracted from the raw ion chromatograms using a custom Matlab 1347	
script (5, 6) (available upon reasonable request), which applies consistent integration bounds and 1348	
baseline correction to each ion. Moreover, we corrected for naturally occurring isotopes using the 1349	
method of Fernandez et al (7). Fractional contribution (FC) of the glucose tracer to each molecule 1350	
of interest was calculated using the following equation: 1351	
 1352	

𝐹𝐶 =
∑ 𝑖 ∙ 𝑚'
(
')*

𝑛 ∙ ∑ 𝑖 ∙ 𝑚'
(
')*

(𝑒𝑞. 4) 1353	

 1354	
Where n is the number of carbon atoms in the metabolite, i the different isotopomer abundances 1355	
and m the abundance for each mass. The abundance of metabolites was also standardized 1356	
towards the respective internal standard, i.e., glutarate for organic acids and norvaline for amino 1357	
acids.  1358	
For in vivo experiments, the fractional contribution (FC) of each metabolite was normalized 1359	
towards the FC of plasma glucose, according to the equation below and as described previously 1360	
(2, 8, 9): 1361	
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 1362	

𝑛𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑	𝐹𝐶+ =
𝐹𝐶+

𝐹𝐶,-./0.	1-234/5
 1363	

 1364	
Where x represents any given metabolite. This equation corrects for any potential differences of 1365	
the actual tracer enrichment (13C6 glucose) between mice. 1366	
 1367	
Pyruvate carboxylase (PC) activity was determined in 13C6 glucose tracer experiments as previously 1368	
described, using the following equation (10, 11): 1369	
 1370	

𝑃𝐶	𝑎𝑐𝑖𝑡𝑖𝑣𝑖𝑡𝑦 = 𝑚𝑎𝑙𝑎𝑡𝑒	(𝑀 + 3) − 𝑠𝑢𝑐𝑐𝑖𝑛𝑎𝑡𝑒	(𝑀 + 3)	(𝑒𝑞, 6) 1371	
 1372	
Briefly, the glucose-generated M+3 enrichment in malate can originate from both PC activity or 1373	
oxidative TCA cycle activity, whereas glucose derived succinate M+3 labelling, can only be 1374	
generated via the TCA cycle, assuming a low to nonexistent reverse flux through succinate 1375	
dehydrogenase. Additionally, metabolite values were standardized towards sample weight (in 1376	
case of tissues), extracted volume (for plasma extractions) or cell number (for in vitro studies). 1377	
 1378	
Exploration of the involvement of the Cori cycle, and contribution of circulating or tissue lactate 1379	
to glucose production was calculated using observed MDVs for glucose and lactate measured in 1380	
liver tissue and blood samples. Considering 2 lactate molecules are required to produce 1 glucose 1381	
molecule, we used the following calculation to estimate maximal abundance of glucose M+3 if all 1382	
glucose production was coming from available lactate: 1383	
 1384	

Liver	Glucose67! = 2 × Lactate67* × Lactate67! 	+ 2 × Lactate678 × Lactate679 1385	
 1386	
This value was then used to compare to actual observed levels of glucose M+3 to draw conclusions 1387	
on the relative contribution of the Cori cycle to liver glucose levels. 1388	
 1389	
Analysis of liquid chromatography-gas spectrometry data 1390	
The data were analyzed with Matlab for the correction of protein content and natural abundance, 1391	
but also to determine the isotopomer distribution using the method developed by Fernandez et 1392	
al., 1996 (7). 1393	
 1394	
RNA Sequencing and Transcriptomics Analysis 1395	
RNA from liver tissues were extracted using TRiazol (Life Technologies), with chloroform and 1396	
propanol for phase separation and RNA isolation. RNA quality and quantity were measured using 1397	
a NanoDrop One Microvolume UV-Vis Spectrophotometer (Thermo Scientific). Total RNA from 1398	
control diet vehicle, control diet DEN, high fat diet vehicle, and high-fat diet DEN liver tissue from 1399	
mice exposed to high fat diet for 8-weeks (n=4 per group) were sequenced. RNAseq libraries were 1400	
prepared from 1 µg of total RNA per sample using the KAPA Stranded mRNA Sequencing Kit 1401	
(Roche). In short, poly-A containing mRNA was purified from total RNA using oligo(dT) magnetic 1402	
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beads and fragmented into 200–500 bp pieces using divalent cations at 94ºC for 8 min. The 1403	
cleaved RNA fragments were copied into first strand cDNA. After second strand cDNA synthesis, 1404	
fragments were A-tailed and indexed adapters were ligated. The products were purified and 1405	
enriched by PCR to create the final cDNA library. After quantification with qPCR, the resulting 1406	
libraries were sequenced on a HiSeq4000 (Illumina) using a flow cell generating 1x50bp single-1407	
end reads.  1408	
 1409	
RNA data processing was conducted using an NGS pipeline to process the raw RNAseq reads and 1410	
generate the count data used in the following RNAseq differential expression analysis. This 1411	
pipeline was constructed using Snakemake (version 5.5.3) (12), utilizing Bioconda software 1412	
versioning system (version 4.8.2) (13), Python (version 3.7.3), R (version 3.6.3 -- "Holding the 1413	
Windsock") and ran on a HPC using Ubuntu Linux operating system (16.04.4 LTS x86_64). The raw 1414	
fastq data was processed in the pipeline using the listed bioinformatics tools in the following 1415	
steps:  1416	
 1417	
A first round of quality control was performed with FastQC (version 0.11.8) FastQC on each raw 1418	
R1 fastq.gz file and the read quality, sequence quality per position, overall sequence quality and 1419	
duplication levels were inspected. The processed files were trimmed of the universal adapter by 1420	
Trimmomatic (version 0.36) (14). A second round of QC was performed via FastQC on the trimmed 1421	
files. The Phred score was determined to be >30 across all bases and other criteria were found to 1422	
be within acceptable limits. The trimmed fastq.gz files were aligned using hisat2 (version 2.1.0) 1423	
(15) on the GRCm38_snp_tran Genome Reference Consortium Mouse Build 38 reference 1424	
assembly (16). The resulting .bam files were sorted and indexed using samtools (version 1.9) (17). 1425	
For each sample, indexed files were used to generate count files using htseq-count (version 1426	
0.11.1) (18) with the Mus_musculus.GRCm38.102.gtf.gz as reference. The count files for each 1427	
sample were collated into a single count matrix .csv file. 1428	
 1429	
 The RNAseq count data was analyzed using the Bioconductor package, DESeq2 (version 1.30.0) 1430	
(19). The counts were modeled using the following designs: control vs DEN, control vs HFD and an 1431	
interaction model ~ DEN * HFD, setting CD_PBS as the intercept. Genes with row counts of all 0 1432	
for all samples were removed before DESeq2 analysis. Three different comparisons were 1433	
performed for the following groups with an FDR cutoff = 0.05: 1) control vs DEN 2) control vs HFD 1434	
and 3) ~ DEN * HFD. Exploratory data analysis and quality control was performed, including PCA, 1435	
comparison of sample-wise size factors, assessment of independent filtering thresholds and 1436	
rejections versus the filter quantiles. MA plots and Volcano plots were created to visualize the 1437	
differential expression.  1438	
 1439	
The threshold of significance was set at p-adjusted value < 0.05, which was used to produce a list 1440	
of enriched genes. Gene Ontology (GO) pathway enrichment analyses were performed utilizing 1441	
limma::goana() (version 3.42.0) (20) with FDR cutoff = 0.05 on the list of enriched genes compared 1442	
to a universe of all genes within the data that could be mapped to an ENTREZ ID using 1443	
org.Mm.eg.db mouse genome annotation database (version 3.10.0) org.Mm.eg.db. Gene sets for 1444	
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GO terms and KEGG pathways were loaded from the Molecular Signatures Database (MsigDB) 1445	
using hypeR::msigdb_gsets()from the hypeR R package (21). The list of genes derived from the 1446	
DESeq2 results were sorted by t-statistic, and tested against the GO and KEGG gene sets using  1447	
fgsea::Multilevel() from the FGSEA package, with gene set minimum size = 1 and permutations = 1448	
1000 (22). Select results of the GSE analyses were visualized using ggplot2 and Pathview (23). 1449	
 1450	
Proteomics and Analysis 1451	
Peptides were isolated from liver samples from control diet and high fat diet livers after 8-weeks 1452	
of feeding (no vehicle or DEN-injected samples were used in this analysis due to potential 1453	
interactions with 13C6-glucose tracing) using the iST sample preparation kit (PreOmics, Germany). 1454	
Purified peptides were re-dissolved in 20 µl loading solvent A (0.1% TFA in water/ACN (98:2, v/v)) 1455	
and the peptide concentration was determined on a Lunatic instrument (Unchained Lab). 2µg 1456	
peptides were injected for LC-MS/MS analysis on an Ultimate 3000 RSLCnano system in-line 1457	
connected to a Q Exactive HF BioPharma mass spectrometer (Thermo). Trapping was performed 1458	
at 10 μl/min for 4 min in loading solvent A on a 20 mm trapping column (made in-house, 100 μm 1459	
internal diameter (I.D.), 5 μm beads, C18 Reprosil-HD, Dr. Maisch, Germany).  The peptides were 1460	
separated on a 250 mm Waters nanoEase M/Z HSS T3 Column, 100Å, 1.8 µm, 75 µm inner 1461	
diameter (Waters Corporation) kept at a constant temperature of 50°C. Peptides were eluted by 1462	
a non-linear gradient reaching 9% MS solvent B (0.1% FA in water/acetonitrile (2:8, v/v)) in 15 1463	
min, (33% MS solvent B in 90 min and 55% MS solvent B in 100 min and 97% MS solvent B  in 125 1464	
min at a constant flow rate of 300 nl/min, followed by a 45-minute wash at 97% MS solvent B and 1465	
re-equilibration with MS solvent A (0.1% FA in water). The mass spectrometer was operated in 1466	
data-dependent mode, automatically switching between MS and MS/MS acquisition for the 16 1467	
most abundant ion peaks per MS spectrum. Full-scan MS spectra (375-1500 m/z) were acquired 1468	
at a resolution of 60,000 in the Orbitrap analyzer after accumulation to a target value of 1469	
3,000,000. The 16 most intense ions above a threshold value of 13,000 were isolated with a width 1470	
of 1.5 m/z for fragmentation at a normalized collision energy of 28% after filling the trap at a 1471	
target value of 100,000 for maximum 80 ms. MS/MS spectra (200-2000 m/z) were acquired at a 1472	
resolution of 15,000 in the Orbitrap analyzer. 1473	
 1474	
LC-MS/MS runs of all 10 samples were searched together using the MaxQuant algorithm (version 1475	
1.6.11.0 ) with mainly default search settings, including a false discovery rate set at 1% on PSM, 1476	
peptide and protein level. Spectra were searched against the mouse protein sequences in the 1477	
Swiss-Prot database (database release version of 2020_06), containing 17,042 sequences 1478	
(www.uniprot.org) .  1479	
Proteomic analysis was conducted with the raw peptide counts derived from MaxQuant results 1480	
were analyzed for missingness and transformed to log counts and then quantile normalized. The 1481	
normalized counts were transformed into an eSet using Msnbase (24), and analyzed using limma 1482	
using model CD vs HFD (25). Volcano plots were created to visualize the differential peptide 1483	
abundances. 1484	
 1485	
Lipidomics and Analysis 1486	
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Lipids were extracted from liver samples with 700 μl of sample (100 μl of plasma diluted in PBS, 1487	
or 700 μl of homogenized cells) was mixed with 800 μl 1 N HCl:CH3OH 1:8 (v/v), 900 μl CHCl3, 200 1488	
μg/ml of the antioxidant 2,6-di-tert-butyl-4-methylphenol (BHT; Sigma Aldrich) and 3 μl of 1489	
SPLASH® LIPIDOMIX® Mass Spec Standard (#330707, Avanti Polar Lipids). After vortexing and 1490	
centrifugation, the lower organic fraction was collected and evaporated using a Savant Speedvac 1491	
spd111v (Thermo Fisher Scientific) at room temperature and the remaining lipid pellet was stored 1492	
at - 20°C under argon. Just before mass spectrometry analysis, lipid pellets were reconstituted in 1493	
100% ethanol. Lipid species were analyzed by liquid chromatography electrospray ionization 1494	
tandem mass spectrometry (LC-ESI/MS/MS) on a Nexera X2 UHPLC system (Shimadzu) coupled 1495	
with hybrid triple quadrupole/linear ion trap mass spectrometer (6500+ QTRAP system; AB SCIEX). 1496	
Chromatographic separation was performed on a XBridge amide column (150 mm × 4.6 mm, 3.5 1497	
μm; Waters) maintained at 35°C using mobile phase A [1 mM ammonium acetate in water-1498	
acetonitrile 5:95 (v/v)] and mobile phase B [1 mM ammonium acetate in water-acetonitrile 50:50 1499	
(v/v)] in the following gradient: (0-6 min: 0% B à 6% B; 6-10 min: 6% B à 25% B; 10-11 min: 25% 1500	
B à 98% B; 11-13 min: 98% B à 100% B; 13-19 min: 100% B; 19-24 min: 0% B) at a flow rate of 1501	
0.7 mL/min which was increased to 1.5 mL/min from 13 minutes onwards. SM, CE, CER, DCER, 1502	
HCER, LCER were measured in positive ion mode with a precursor scan of 184.1, 369.4, 264.4, 1503	
266.4, 264.4 and 264.4 respectively. TAG, DAG and MAG were measured in positive ion mode 1504	
with a neutral loss scan for one of the fatty acyl moieties. PC, LPC, PE, LPE, PG, PI and PS were 1505	
measured in negative ion mode by fatty acyl fragment ions. Lipid quantification was performed 1506	
by scheduled multiple reactions monitoring (MRM), the transitions being based on the neutral 1507	
losses or the typical product ions as described above. The instrument parameters were as follows: 1508	
Curtain Gas = 35 psi; Collision Gas = 8 a.u. (medium); IonSpray Voltage = 5500 V and −4,500 V; 1509	
Temperature = 550°C; Ion Source Gas 1 = 50 psi; Ion Source Gas 2 = 60 psi; Declustering Potential 1510	
= 60 V and −80 V; Entrance Potential = 10 V and −10 V; Collision Cell Exit Potential = 15 V and −15 1511	
V.  1512	
 1513	
The following fatty acyl moieties were taken into account for the lipidomic analysis: 14:0, 14:1, 1514	
16:0, 16:1, 16:2, 18:0, 18:1, 18:2, 18:3, 20:0, 20:1, 20:2, 20:3, 20:4, 20:5, 22:0, 22:1, 22:2, 22:4, 1515	
22:5 and 22:6 except for TGs which considered: 16:0, 16:1, 18:0, 18:1, 18:2, 18:3, 20:3, 20:4, 20:5, 1516	
22:2, 22:3, 22:4, 22:5, 22:6. Peak integration was performed with the MultiQuantTM software 1517	
version 3.0.3. Lipid species signals were corrected for isotopic contributions (calculated with 1518	
Python Molmass 2019.1.1) and were quantified based on internal standard signals and adheres 1519	
to the guidelines of the Lipidomics Standards Initiative (LSI) (level 2 type quantification as defined 1520	
by the LSI). Unpaired T-test p-values and FDR corrected p-values (using the Benjamini/Hochberg 1521	
procedure) were calculated in Python StatsModels version 0.10.1. 1522	
 1523	
Radioactive measurement of glycolytic flux 1524	
Glycolytic rates were determined as previously described (26). Briefly, cells were incubated for 8-1525	
hours in medium containing 1μCi/ml D-[5-3H(N)]-glucose (Perkin Elmer). During glycolysis, triose 1526	
phosphate isomerase releases the 3H proton as a water molecule and, thus, measurement of 1527	
radioactive activity of water can be used as a surrogate of glycolytic flux. To that end, after the 8-1528	
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hour experiment, the growth media was transferred to glass vials and 100 µl of 12% perchloric 1529	
acid was added, to prevent any metabolic activity of unintentionally transferred cells. A hanging 1530	
well, containing a Whatman filter paper soaked with H2O was then added to the vials after which 1531	
they were capped using rubber stoppers and warmed at 37°C for a period of 48-hours. The 1532	
evaporated 3H containing water is captured by the filter and radioactivity can be measured 1533	
directly using a scintillation counter (Perkin Elmer Tri-Carb 2810TR). 1534	
 1535	
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