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ABSTRACT  

Alcoholic liver disease is highly prevalent but poorly identified and characterized, leading to knowledge 

gaps impairing early diagnosis. Excessive alcohol consumption is known to alter lipid metabolism, followed 

by progressive intracellular lipid accumulation, resulting in alcoholic fatty liver disease. In this study, 

HepaRG cells were exposed to ethanol at IC10 and 1/10 IC10 for 24 h and 48 h. Metabolic alterations were 

investigated intra- and extracellularly with liquid chromatography – high-resolution mass spectrometry. Ion 

mobility was added as an extra separation dimension for untargeted lipidomics to improve annotation 

confidence. Distinctive patterns between exposed and control cells were consistently observed, with 

intracellular upregulation of di- and triglycerides, downregulation of phosphatidylcholines and -

ethanolamines, sphingomyelins and S-adenosylmethionine amongst others. Several intracellular metabolic 

patterns could be related to changes in the extracellular environment, such as increased intracellular 

hydrolysis of sphingomyelins leading to increased phosphorylcholine secretion. Carnitines showed 

alterations depending on the size of their carbon chain which highlights the interplay between β-oxidation 

in mitochondria and peroxisomes. Potential new biomarkers of ethanol-induced hepatotoxicity have been 

observed, such as ceramides with a sphingadienine-backbone, octanoylcarnitine, creatine, acetylcholine and 

ethoxylated phosphorylcholine. The combination of the metabolic fingerprint and footprint enabled a 

comprehensive investigation of the pathophysiology behind ethanol-induced hepatotoxicity.   
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1. INTRODUCTION 

Excessive alcohol use is a major causality of liver disease worldwide and the most common cause of acute-

on-chronic liver failure.1 About 2 billion people consume alcohol, and more than 75 million are diagnosed 

with alcohol-use disorders and are at risk of developing alcoholic liver disease (ALD).1 Alcohol is known 

to alter fat metabolism processes, followed by progressive intracellular lipid accumulation, resulting in 

alcoholic fatty liver disease (AFLD).2,3 AFLD can progress to alcoholic steatohepatitis (ASH), which is 

characterized by hepatic inflammation and hepatocellular ballooning. Chronic ASH can eventually lead to 

fibrosis and cirrhosis and, in some cases, to hepatocellular cancer.2–6 Besides the slow progression of ASH 

to fibrosis and cirrhosis, a rapid progression to alcoholic hepatitis associated with a poor prognosis can 

occur.3 A major challenge exists in the clinical diagnosis of ALD.3,7 Alcohol-related disorders, which put 

individuals at high risk of developing ALD, are highly prevalent but poorly identified and characterized.3 

Symptoms tend to develop late in the course of disease progression and may only be apparent at the stage 

of irreversible cirrhosis.3,7 There are no early and specific biomarkers for the diagnosis of ALD, and 

currently, no single marker or combination of markers can be used to differentiate between different causes 

and stages of liver disease.8,9  

Because changes in the metabolome often are reflected in changes in the phenotype and vice-versa, 

metabolomics and its subdiscipline lipidomics offer the opportunity to identify diagnostic biomarkers, 

showcase potential pharmacotherapeutic targets and clarify the mechanism of action of ethanol-induced 

hepatotoxicity, with the overall objective to facilitate intervention in early stages of ALD. Untargeted 

metabolomics and lipidomics encompass the holistic investigation of low molecular weight (< 1500 Da) 

endogenous metabolites and provide information on the biochemical status of a biological system. While 

lipidomics is used to study lipids, metabolomic research typically involves more polar metabolites.10 Based 

on relative differences in signal abundance between biological control samples and biological samples 

exposed to ethanol, the metabolic signature of ethanol exposure can be elucidated. Although animal models 

to study ethanol-induced hepatotoxicity are useful, they suffer from several drawbacks such as lower 

susceptibility of rodents to develop ALD and differences in the pathophysiological stages of  ALD 

development compared to humans.11,12  

In vitro hepatic metabolic research on the other hand enables mechanistic elucidation at the cellular level 

and circumvents the difficult accessibility of the liver through biopsies. Despite the consideration of primary 

hepatocytes to be the golden standard for in vitro applications, they suffer from limitations such as high 

inter-donor metabolic variability and limited in vitro stability.13 The hepatic HepaRG cell line is a promising 

alternative due to low variability and long-term stability while maintaining expression of most liver-specific 

functions, such as cytochrome P450 (CYP) activity and bile acid synthesis. In addition, HepaRG cells are 

capable to differentiate towards hepatocyte-like cells and biliary-like cells, mimicking the in vivo 
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situation.13,14 In this study, HepaRG cells, derived from a human hepatocellular carcinoma, were used to 

investigate the effects of ethanol exposure on cell metabolism using liquid chromatrography (LC)-MS-

based untargeted metabolomics platforms. Extraction and analysis of intracellular metabolites were able to 

provide a metabolic fingerprint for ethanol-induced hepatotoxicity in HepaRG cells. In addition, 

conditioned cell media were analysed to yield the metabolic footprint (i.e., provide information on 

metabolic secretion and consumption).15 Dynamic changes of metabolites were elucidated in order to get a 

better understanding of early-stage indicators of AFLD. Due to the high diversity of lipid isomeric 

structures, these latter were further investigated using ion mobility spectrometry (IMS) to improve the level 

of confidence in annotation at species-level.   

 

2. EXPERIMENTAL SECTION 

2.1. Materials and chemicals 

Internal standards hippuric acid-(phenyl-13C6), L-lysine-13C6-15N2, Leucine-5,5,5-D3, glucose-13C6, glyceryl 

tri(palmitate-1-13C) and cholic acid-2,2,4,4-D4 were purchased from Sigma Aldrich (St. Louis, Missouri, 

USA). Lauric acid-12,12,12-D3 was bought from CDN Isotopes (Pointe-Claire, Quebec, Canada), caffeine-

13C3 from Cerilliant Corporation (Texas, USA), 18:1-D7 lyso PE from Avanti Polar Lipids and octanoyl-L-

carnitine-(N-methyl-D3), ceramide (d18:1/18:1(9Z)-13C18) and L-phenylalanine-13C9-15N from Cambridge 

Isotope Laboratories (Massachusetts, USA). Methanol (MeOH), acetonitrile (ACN) and formic acid (99%, 

HCOOH), all ULC/MS-CC/CSF grade, were purchased from Biosolve (Valkenswaard, The Netherlands). 

Ammonium formate (≥ 99%, NH4COOH) LC-MS grade, ammonium carbonate HPLC grade ((NH4)2CO3) 

and ammonium acetate LC-MS grade (NH4COOCH3) were obtained from Sigma Aldrich. Acetic acid 

(100%, HCOOCH3) and ammonia solution (25%, NH3(aq)), both LC-MS grade, isopropanol for analysis 

(ACS reagent) (IPA) and chloroform (analytical grade) (CHCl3), were purchased from Merck (Darmstadt, 

Germany). Ultrapure water (H2O) used throughout the experiments was obtained from an Elga Pure Lab 

apparatus (Tienen, Belgium). L-ascorbic acid (≥ 99%), butylated hydroxytoluene (≥ 99%, BHT), EDTA 

(99.995%) and neutral red (BioReagent) were purchased from Sigma Aldrich.  

Differentiated HepaRG cells, Basal Hepatic Medium, HepaRG Thaw, Seed and General-Purpose 

Supplement and HepaRG Maintenance and Metabolism Supplement were acquired from Biopredic 

International (Rennes, France). HepaRG cells were seeded in Permanox 2-well Lab-Tek chamber slides 

from Nunc, Thermo Scientific (Rochester NY, USA) and incubated using a Galaxy 170 S incubator 

acquired from Eppendorf (Hamburg, Germany). Rat tail collagen type I for coating was provided by 

Corning (New York, USA). 96-well plates from Falcon (Corning, New York, USA) were used for inhibitory 

concentration 10 (IC10) determinations. Ethanol for cell exposure (≥ 99.8%, molecular biology, EtOH) was 

purchased from Sigma Aldrich. Eppendorf Safe-Lock tubes, Reacti-Vials and 0.2 µm nylon centrifugal 
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filters were acquired from Eppendorf, Thermo Scientific and VWR (Pennsylvania, USA), respectively. 

Pure, dry nitrogen (AZOTE N28, N2) used for solvent evaporation was obtained from Air Liquide Belge 

(Liège, Belgium). 384-well plates (PS, small volume) were bought from Greiner Bio-One (Vilvoorde, 

Belgium).  

 

2.2. Determination of the IC10 of ethanol 

The IC10 of ethanol for HepaRG cells was determined for 24 h and 48 h of exposure via the neutral red 

uptake assay as described by Ates et al.16 HepaRG cells were seeded in 96-well plates at a concentration of 

94 x 103 cells per well. The cells were incubated for 7 days at 37 °C, 5% CO2, and saturated humidity. On 

day 7, cells were divided into equal groups I and II, which were subject to 24 h and 48 h of ethanol exposure, 

respectively. Cells from groups I and II were exposed to eight different concentrations of ethanol (range 

250-950 mM, increments of 100 mM) for 24 h. For cells of group II, ethanol-containing media were 

renewed after 24 h and exposure was continued for another 24 h. In addition, unexposed negative controls 

and blanks were obtained. After exposure, used media were replaced by neutral red-containing media (25 

µg/mL) and incubation was continued for another 3 h. Media were washed away using phosphate-buffered 

saline (PBS, 37 °C), and a desorption solution was added to the cells (1% HCOOCH3, 50% EtOH and 49% 

H2O, v/v/v) after which they were shaken for 30 min at 80 rpm in a dark environment. After 5 min 

equilibration, absorption was measured at 540 ± 10 nm using a victor³ 1420 multilabel counter (Perkin 

Elmer, Massachusetts, USA). Experiments were conducted in triplicate. To avoid cross-contamination due 

to the volatile nature of EtOH, separate well plates were used for each concentration of EtOH and PBS 

containing the same EtOH concentration was used to fill surrounding wells. Absorbance was plotted against 

EtOH concentration, and the IC10 value was calculated using four-parameter logistics in Graphpad Prism 

(v. 9.0). 

 

2.3. Sample collection and preparation  

Ethical approval for the use of HepaRG cells was provided by the Medical Ethics Committee of the 

University Hospital Brussels (reference number 143201941214). HepaRG cells were seeded in collagen-

coated Permanox 2-well Lab-Tek chamber slides at a concentration of 1 x 106 cells per well. The cells were 

incubated for 7 days at 37 °C, 5% CO2, and saturated humidity. On day 7, cells were exposed to 368 mM 

of ethanol (i.e., IC10, n = 6), 36.8 mM (i.e., 1/10 IC10, n = 6) or no ethanol (i.e., negative control, n = 6) and 

cultivated for another 24 h. For the 48 h exposure group, cells were exposed to 284 mM of ethanol (i.e., 

IC10, n = 6), 28.4 mM (i.e., 1/10 IC10, n = 6) or no ethanol (i.e., negative control, n = 6) and cultivated for 

another 48 h with renewal of ethanol containing media after 24 h (Fig. 1). Negative control groups, sample 

groups exposed to the IC10 of ethanol and to 1/10 of the IC10 of ethanol will be further referred to as sample 
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groups C, H and L, respectively. In addition, two extraction blanks, not containing cells, were obtained for 

each exposure group using the same conditions. Due to the volatile nature of ethanol, concentration loss 

during cultivation was expected. More importantly, ethanol evaporation from cells exposed to a high 

concentration can cause cross-contamination of cells exposed to a low concentration or unexposed negative 

controls. Therefore, cells were cultivated in chamber slides within Petri dishes to minimize the risk of cross-

contamination. Each chamber slide comprised two wells. Cells were exposed to ethanol-containing medium 

in one well, while PBS with the same ethanol concentration was added to the second well. In addition, the 

concentration of ethanol in the medium was determined before and after cultivation using headspace gas 

chromatography with flame ionization detection (HS-GC-FID). Extracts of HepaRG cells were prepared as 

previously described.17,18 Briefly, cells were flash-frozen using liquid nitrogen and scraped from the carrier 

with a quenching solution of 80% MeOH and 20% 10 mM NH4COOCH3 (v/v) in H2O at -80 °C. The same 

solution was used to quench the extracted incubation media. The quenching solution containing the scraped 

cells and the quenched media were recovered to perform liquid-liquid extraction (LLE) with a final solvent 

ratio of 3/2/2, MeOH/H2O/CHCl3 (v/v/v). A mixture of 12 internal standards was added (concentration after 

reconstitution 2 µg/mL). The upper and lower fractions were divided in two for the analysis in positive and 

negative electrospray ionization (ESI (+) and ESI (-), respectively. After drying under a N2 stream at room 

temperature, extracts from the upper and lower fraction were reconstituted in ACN/H2O (65/35, v/v) and 

IPA/MeOH (35/65, v/v) for metabolomics and lipidomics analysis, respectively. In addition, a separate 

quality control (QC) pooled sample was generated for each analytical platform, ionization mode, and 

exposure timepoint, by combining equal volumes of the samples, with the exception of extraction blanks. 

A detailed protocol of the sample collection and preparation can be found in SI-1. All exposure experiments 

were repeated to validate the experiment (Fig. 1), using a second batch of HepaRG cells (batch numbers 

were 116310 and 116308, respectively). Since cell samples (i.e., intracellular (IC) fraction) and conditioned 

media samples (i.e., extracellular (EC) fraction) were prepared separately, subsequent data acquisition and 

-analysis were used for metabolic fingerprinting and footprinting, respectively.  
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Fig. 1. Graphical representation of the exposure experiment (A) and the validation experiment (B). HepaRG 

cells were exposed to ethanol at the IC10 and 1/10 of the IC10 for 24 h and 48 h. The difference between (A) 

and (B) is the use of different batches of HepaRG cells. 

 

2.4. HS-GC-FID data acquisition  

To quantify ethanol in cell media, headspace analysis was performed on an Agilent 6890 gas chromatograph 

with an FID detector coupled to an Agilent 7697A headspace sampler (Agilent Technologies, Santa Clara, 

USA). An Agilent J&W DB-1 column (50 m x 0.32 mm x 1.2 µm) was used and the oven and detector 

temperatures were 175 and 250 °C, respectively. The validated method19 used hydrogen as a carrier gas 

(67.8 mL/min total flow, 30:1 split ratio). The detector gas comprised of hydrogen (40 mL/min), air (300 

mL/min) and nitrogen makeup (5 mL/min). Calibration was performed using six aqueous ethanol standards 

within a range of 0.05-5 g/L (ACQ Science GmbH, Rottenburg, Germany). For determination of the ethanol 

concentration in cultivated media, 400 µL of the medium was added to 1.5 mL H2O and 100 µL ACN as 

internal standard (0.786 g/L). Samples with ethanol concentrations outside of the calibration range were 

diluted and re-analyzed. To ensure the analytical performance, ethanol QC solutions of 0.3 g/L and 4.0 g/L 

were analyzed before and after the run (ACQ Science GmbH). 

 

2.5. LC-(DTIM)-HRMS data acquisition  

Liquid chromatography (LC) – high-resolution mass spectrometry (HRMS) acquisition parameters used 

during metabolomics and lipidomics analyses and additional drift tube ion mobility (DTIM) parameters 
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used during lipidomics analyses were previously optimized by Iturrospe et al. and Da Silva et al.17,18 

Analytical measurements of the polar fraction of the samples were carried out on an Agilent 1290 Infinity 

UPLC system coupled to an Agilent 6530 quadrupole-time-of-flight (QToF) HRMS with Agilent Jet Stream 

Electrospray Ionization. In ESI (+), an iHILIC-Fusion column (100 x 2.1 mm, 1.8 µm, zwitterionic, charge 

modulated amide, silica-based, HILICON AB, Sweden) was used with 10 mM NH4COOH and 0.1% (v/v) 

HCOOH in H2O/MeOH (9/1, v/v) as mobile phase A (MPA) and ACN as mobile phase B (MPB). In ESI 

(-), an iHILIC-Fusion(P) column (100 x 2.1 mm, 5 µm, zwitterionic, charge modulated amide, polymer-

based, HILICON AB), was used with H2O containing 2 mM NH4COOCH3 and 2 mM (NH4)2CO3 as MPA 

and ACN/MeOH (9/1, v/v) as MPB. The analytical measurements of the apolar fraction of the samples 

were carried out on an Agilent 1290 Infinity II LC system coupled to an Agilent 6560 DTIM-QToF-HRMS 

(Agilent Technologies, Santa Clara, USA) using Agilent Dual Jet Stream Electrospray Ionization.  

In both ESI (+) and ESI (-) modes, an ACQUITY UPLC BEH C18 column (150 x 2.1 mm, 1.7 µm, Waters 

Corporation, Massachusetts, USA) was used with 5 mM NH4COOCH3 in H2O/ACN (7/3, v/v) as MPA and 

5 mM NH4COOCH3 in H2O/ACN/IPA (2/10/88, v/v/v) as MPB. In ESI (+) mode, 0.1% (v/v) HCOOCH3 

was added to the aqueous fraction of MPA and MPB. Data were acquired in 2 GHz extended dynamic mode 

for all four analytical methods. Calibration of the mass axis was performed within run using purine (m/z 

121.0508 in ESI (+) mode and m/z 119.0363 in ESI (-) mode) and hexakis (1H, 1H, 3H-tetrafluoropropoxy) 

phosphazine (m/z 922.0097 in ESI (+) mode and m/z 980.0163 in ESI (-) mode). The calibrant solution was 

constantly infused during the run with an additional isocratic pump. Details on the LC and QToF parameters 

can be found in SI (Table SI-2.1). 

All samples were randomized before injection, and data were acquired in full scan (MS1) profile mode. A 

QC pooled sample was injected at regular intervals (n = 7). Data-dependent acquisition (auto-MS/MS) with 

iterative exclusion20 was obtained during conditioning of the system by at least six injections of the QC 

pooled sample. Since lipids comprise a wide variety of isomers and isobars, additional ion mobility (IM) 

data was acquired for the QC pool of the apolar fraction of the HepaRG samples, both in single pulse and 

4-bit multiplexed mode. Details on the drift tube (DT)IM parameters can be found in SI (Table SI-2.1). 

 

2.6. LC-(DTIM)-HRMS data processing, pretreatment and statistics 

Raw LC-HRMS data files (.d) were converted to .mzML format using MSConvert.21 Subsequently, peak 

picking and alignment were performed in MS-DIAL (v. 4.6).22 Details on used MS-DIAL parameters are 

provided in SI (Table SI-3.1). MS-FLO was used for additional deisotoping and removal of duplicates.23 

To evaluate the data quality, the relative standard deviation (RSD) of the intensity of each feature was 

plotted for each sample group separately. Intensity drift was corrected using cubic spline drift correction.24 

To avoid low-quality features, several filter steps were applied. Features present in at least 80% of sample 
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group C, H or L were retained. In addition, only features with an RSD < 30% in at least one exposure group 

were kept. For intracellular samples, features with maximum intensity lower than ten times the average 

intensity in the blank were removed. For extracellular samples, a fold change (FC) > 3 or < 0.33 between 

the average intensity in an exposure group and the average intensity in the blanks were used to retain a 

feature. In addition, features with maximal intensity in the QC pooled samples below 3000 were removed. 

Missing values were imputed using random forest (RF), and intensity values were log-transformed. 

Probabilistic quotient normalization (PQN) was performed using the median intensity of the QC pooled 

samples as a reference, followed by Pareto scaling.24–26 

Principal component analysis (PCA) plots were built for visualization and removal of outliers. In addition, 

outlier samples were removed based on deviations in the detection of internal standards and/or a low number 

of features in a sample compared to other samples of the same group. Both univariate and multivariate 

statistics were applied because of their complementarity.27 Before log transformation, normalization and 

scaling, a Shapiro-Wilk test was performed using the intensity values for each feature separately as a test 

of normality. Depending on the significance (p < 0.05) of the Shapiro-Wilk test, a Mann-Whitney U-test or 

a student-T-test was performed. Features with p < 0.05 and a FC > 5 or < 0.2 compared to sample group C, 

were considered significant. These high thresholds for the FC were used in order to retain only highly 

distinctive metabolites selected by univariate methods and to reduce the risk of selecting false positives due 

to a limited amount of cross-contamination of ethanol during incubation of control cells (see section 3.2). 

Multivariate statistics included a binary RF classifier and partial least squares-discriminant analysis (PLS-

DA) with 7-fold cross-validation. The PLS-DA model was evaluated by permutation of the y-variable (n = 

1000) and by the R² and Q² value of the model, while the RF model was evaluated by the area under the 

curve (AUC). Interesting features were selected based on their variable importance in projection (VIP) 

value for the PLS-DA model and their mean decrease in accuracy or variable importance measure (VIM) 

for the RF model. Interesting features selected by the univariate or the multivariate model were only kept 

when they were selected both in the original experiments and the validation experiments. In addition, 

boxplots based on intensity of the features in each group were created for each selected feature and manually 

evaluated to decrease the number of false positives. 

For the ion mobility data of the apolar fraction, multiplexed data files were de-multiplexed using the vendor-

supplied software Agilent deMP. Data files were smoothed with a kernel size of 3 for drift and retention 

time and saturation repaired for points over 40% of the abundance limit using PNNL Preprocessor.28 The 

collision cross-section (DTCCSN2) values were calculated using single-field calibration coefficients obtained 

by infusing the Agilent Tune Mix in IM-MS Browser B.08.00 (Agilent Technologies). 

 

2.7. Annotation of metabolites of interest 
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For annotation of metabolites in the polar and apolar fractions, the All Public MS/MS library (v. 15) and 

the modified LipidBlast library were used for MS/MS matching in MS-DIAL (v. 4.6)22, respectively, next 

to MS-Finder (v. 3.5)29, MassBank30, NIST library (v.17) with MS Search (v. 2.3, National Institute of 

Standards and Technology, Gaithersburg, MD, USA), METLIN31, and GNPS32 for both sample fractions. 

In addition, LipidMatch33 and LipidHunter34 were used to annotate features of the apolar fractions. Matched 

MS/MS spectra were manually evaluated to improve annotation confidence, and in-house standards were 

used for confirmation when available. Confirmation of fragments using rule-based fragmentation was used 

for manual evaluation of annotated lipids.35,36 Only features that could be annotated with a level 3 (L3) 

confidence or higher, according to the annotation confidence system of Schymanski et al.37, were 

considered. L3 refers to tentative candidates (i.e., insufficient information for one exact structure, e.g., 

annotation until lipid class level), while level 2 (L2) refers to a probable structure and is divided into 2a 

(i.e., unambiguous library spectrum match) and 2b (i.e., unambiguous annotation e.g., based on diagnostic 

MS/MS fragments, without available standard or literature for confirmation). Level 1 (L1) refers to a 

confirmed structure (i.e., confirmation using a reference standard with MS, MS/MS and RT matching). To 

further increase the annotation confidence for annotated lipids, CCS values were searched in experimental 

databases or in silico generated using AllCCS38, when experimental values were unavailable, and annotated 

lipids were only considered when the CCS error was below 3%.18 

 

3. RESULTS  

3.1. IC10 determination  

After exposure of HepaRG cells to eight different EtOH concentrations (range 250-950 mM, increments of 

100 mM) for 24 h and 48 h (with renewal of EtOH-containing media after 24 h), cells were subjected to the 

neutral red uptake assay. Absorbance versus EtOH concentration was plotted using four-parameter logistics 

least squares regression (Fig. SI-4.1), which enabled the calculation of the IC50 and the Hill slope. The latter 

two parameters were used to calculate the IC10 value, according to equation 1. 

𝐼𝐶10 =  (
90

100 − 90
)

1/𝐻 

∗ 𝐼𝐶50 

Equation 1. IC10 calculation using IC50 and Hill slope.  

The IC10 value for HepaRG cells exposed for 24 h and 48 h to EtOH was determined to be 368 mM and 

284 mM, respectively. 

During exposure experiments, three sample groups (i.e. C, H and L) were obtained both for 24 h and 48 h 

of exposure. Post-exposure phase-contrast microscopic evaluation of the different sample groups was 

performed (Fig. 2). No clear morphological differences could be observed between cells of group C and 
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cells group L. However, when comparing group C to group H, for both time points, the polarized hepatocyte 

colonies show faded lining and impaired organization of hepatic clusters in addition to accumulated debris.  

 

 

Fig. 2. Phase-contrast microscopic pictures of HepaRG cells (10x10). C24h-L24h-H24h: control, 1/10 IC10 and 

IC10 after 24 h of exposure. C48h-L48h-H48h: control, 1/10 IC10 and IC10 after 48 h of exposure. Roman 

numbers refer to polarized hepatocyte colonies (I) and biliary canaliculi and biliary-like epithelial cells (II). 

 

3.2. HS-GC-FID analyses  
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During exposure experiments, different sample groups were exposed to five different concentrations of 

ethanol (i.e., 368 mM – IC10-24h, 284 mM – IC10-48h, 36.8 mM – 1/10 IC10-24h, 28.4 mM – 1/10 IC10-48h, and 

0 mM – control). The ethanol content of the media was determined post-incubation using HS-GC-FID. 

Results are presented in Fig. 3. Incubation for 24 h caused an average decrease in ethanol concentration of 

50% for the IC10 and 39% for 1/10 of the IC10. Incubation for 48 h with renewal of ethanol containing media 

after 24 h showed a decrease of 48% for the IC10 and 34% for 1/10 of the IC10. After 24 h and 48 h, control 

samples showed an ethanol content of 1.1% and 1.4% compared to the IC10, respectively. Pre- and post-run 

ethanol QC solutions were quantified both as 0.3 g/L for the 0.3 g/L solution and 3.9 g/L and 4.0 g/L for 

the 4.0 g/L solution, respectively. The monitoring of cross-contamination due to ethanol evaporation is 

important as complete avoidance of cross-contamination would only be possible when using closed systems 

to incubate cells, which would not allow necessary gas exchange, or when using separate incubators for 

each concentration. This latter would require a lab environment equipped with a dedicated incubator for 

each ethanol concentration and can increase non-biological inter-group variation due to variance in 

temperature, %CO2 and humidity between incubators. 

 

 

Fig. 3. Reduction of ethanol concentration during incubation. Headspace gas chromatography with flame 

ionization detection (HS-GC-FID) was used to determine the ethanol concentration pre-incubation (n = 1) 

and post-incubation (n = 6). 

 

3.3. Data quality  

Post-run quality control included manual evaluation of extracted ion chromatograms of internal standards. 

Pre-set requirements for data quality of internal standards needed to be fulfilled for retaining a sample and 

included mass error < 10 ppm, RT deviation < 0.5 min for HILIC-HRMS and 0.2 min for RPLC-HRMS. 

For the intracellular samples, mRSDs were < 15% for all QC samples of the apolar fraction and < 20% for 

all QC samples of the polar fractions, with one exception (21% for ESI (+) after 24 h exposure – batch 1) 

(Table SI-5.1). Concordant with the intracellular fraction, mRSDs of the QC samples of the apolar fraction 



12 
 

of the extracellular samples (Table SI-5.2) were all < 15%. While the mRSDs of the QC samples of the 

polar fraction in positive ionization modes were < 15%, higher mRSDs were seen for the polar fraction in 

negative ionization mode, with an average mRSD of 22%. All calculated mRSD values indicate a reliable 

analytical method as RSD values ≤ 30% are generally accepted in untargeted metabolomics.39 Biological 

and sample preparation variance is indicated by the increase in mRSD between QC samples and biological 

samples (i.e., sample groups C, H and L). For the intracellular samples, the average mRSD increased from 

12% to 23% and from 16% to 23% for the apolar and polar fractions, respectively. The increase in average 

mRSD was slightly lower for the extracellular samples, with 11% to 20% for the apolar fractions and 17% 

to 20% for the polar fractions. The low increase in mRSD indicates little sample preparation and biological 

variance. 

Principal component analysis (PCA) plots (Fig. SI-5.1-SI-5.8) showed a clear separation in PC1 and/or PC2 

between sample group H and the other sample groups indicating a high inter-group variability due to a 

strong metabolic impact of ethanol exposure. For example, the PCA plot of the apolar fraction of the 

intracellular samples of HepaRG cells exposed to ethanol for 24 h, in ESI (+) mode, is shown in Fig. 4. 

 

 

Fig. 4. Example of a principal component analysis plot of the apolar fraction of intracellular samples of 

HepaRG cells analyzed in ESI (+) mode, after 24 h exposure to ethanol. There is a clear distinction between 

the control group (C, blue) and the sample group exposed to the IC10 of ethanol (H, green), while there is a 

slight overlap between the control group and the sample group exposed to 1/10 of the IC10 of ethanol (L, 

orange). This latter indicates a larger metabolic difference between control – IC10 compared to control – 

1/10 IC10. The clustering of pooled QC samples is shown in red. 
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For 24 h and 48 h exposure, inter-group variability between group C and group L was often insufficient to 

obtain a clear separation in PC1 and PC2. The higher similarity in metabolic profile can explain the overlap 

between these two groups. The degree of overlap between group C and L depended on the analyzed fraction, 

reflected by a higher overlap for the apolar fractions and a better separation for the polar fractions. There is 

a clear distinction between group C and L in PC1 and/or PC2 in ESI (+) mode, while more overlap is seen 

in ESI (-) mode. 

In line with the trends observed during the PCA analysis, the evaluation parameters of the multivariate 

statistical models (i.e.,  R², Q², R²PERM, Q²PERM (n permutations = 1000) for the PLS-DA models and AUC 

for the RF models, Table SI-5.3-SI-5.6), high values were found for R² (x̄IC = 0.95, x̄EC = 0.95), Q² (x̄IC = 

0.83, x̄EC = 0.86), and AUC (x̄IC = 0.99, x̄EC = 0.99) and low values for R²PERM (x̄IC = 0.01, x̄EC = 0.02) and 

Q²PERM (x̄IC = 0.01, x̄EC = 0.00) for the models comparing the group C with H. PLS-DA and RF models 

comparing the group C with L showed lower values for R² (x̄IC = 0.92, x̄EC = 0.85), Q² (x̄IC = 0.55, x̄EC = 

0.52), and AUC (x̄IC = 0.76, x̄EC = 0.82) and higher values for R²PERM (x̄IC = 0.31, x̄EC = 0.20) and Q²PERM 

(x̄IC = 0.18, x̄EC = 0.09). 

 

3.4. Metabolomic fingerprint of ethanol-induced hepatotoxicity in HepaRG cells  

Features selected by univariate (Mann-Whitney U-test or a student-T-test combined with FC cut-off) and/or 

multivariate statistical approaches (PLS-DA and RF) were only kept for annotation when selected in both 

the exposure experiment and the validation experiment. Annotated metabolites with their observed RT, m/z 

value, DTCCSN2 value and additional information are listed in Table SI-6.1. The effect of ethanol exposure 

on the intracellular metabolome of HepaRG cells is shown in Fig. 5.  
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Fig. 5. Sankey diagram combined with heatmaps to show the effect of ethanol exposure on the intracellular 

metabolome of HepaRG cells. Only annotated metabolites selected by univariate and/or multivariate 

statistics are shown. Altered metabolites in the polar fraction of the samples are indicated by a blue-purple 

Sankey diagram, while a green Sankey diagram represents metabolites originating from the apolar fraction. 

Grey color in the heatmap was used when a metabolite was not selected during the statistical selection. H/C 
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24 h: IC10 vs control after 24 h of ethanol exposure. H/C 48 h: IC10 vs control after 48 h of ethanol exposure. 

L/C 24 h: 1/10 IC10 vs control after 24 h of ethanol exposure. L/C 48 h: 1/10 IC10 vs control after 48 h of 

ethanol exposure. FC: fold change. 

 

In total, 94 altered metabolites selected during the statistical workflow could be annotated. Of the 82 lipids, 

40 were annotated as L2 and 42 as L3, while of the 12 polar metabolites, 8 were annotated as L1 and 4 as 

L2. Annotation levels and libraries used for MS/MS matching per metabolite can be consulted in the 

supplementary spreadsheet. Usage of multiple libraries is recommended as their combination increases 

coverage. For example, 77% of annotated lipids were elucidated using the modified LipidBlast library of 

MS-DIAL (v. 4.6), while 49% and 25% of lipids were annotated using LipidMatch and LipidHunter 

respectively. The lower coverage of LipidHunter can be explained by the limited number of selectable 

ionization species. For polar metabolites, NIST (v. 17) and MassBank yielded the highest coverage (both 

92%), followed by METLIN (69%), GNPS (61%), the All Public MS/MS library (v. 15) of MS-DIAL 

(54%) and MS-Finder (38%).  

As expected, based on the results of the PCA analysis and the evaluation parameters of the PLS-DA and 

RF models, a more distinct metabolic pattern is observed after ethanol exposure at the IC10 than at 1/10 of 

the IC10. In group H, upregulation was observed during 24 h and 48 h exposure for diacylglycerols (DG) 

and triacylglycerols (TG), with more TGs upregulated after 48 h exposure. At both time points, a 

downregulation was observed for ceramides with a d18:2 backbone (Cer d18:2), lysophosphatidylcholines 

(LPC), phosphatidylcholines (PC), phosphatidylethanolamines (PE) and sphingomyelines (SM). 

Interestingly, polyunsaturated PCs (≥ 5 double bonds) were slightly upregulated after 48 h exposure, while 

they were downregulated after 24 h exposure. In addition, two glycerophosphoglycerols (LBPA 18:1/18:1 

and PG 18:1_20:2) were downregulated. PEth 16:0_18:1, as a marker of ethanol exposure, was detected at 

high intensity in all exposed samples.  

Concerning polar metabolites, there was a downregulation of acetylcholine, creatine, 

glycerophosphocholine, pantothenic acid, phenylacetylglutamine, S-adenosylmethionine (SAM) and 

taurine. Upregulation was observed for O-phosphoethanolamine. While short-chain acylcarnitines (< C5) 

were downregulated, O-adipoylcarnitine, a medium-chain acylcarnitine (C6-C13), was strongly 

upregulated. Similar up- and downregulations were observed for group L during 24 h and 48 h exposure 

(Fig. 5); although fewer metabolic classes were affected, fold changes were lower and affected classes were 

represented by a lower number of species. Ethoxylated phosphorylcholine was found highly upregulated in 

each exposure group. The high fold change was caused by its absence in the group C. Since no MS/MS 

library could be found for this latter metabolite, its fragmentation was matched using NIST (v.17) without 

accurate m/z matching, enabling fragmentation spectral matching with fragments of other metabolites with 
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a higher m/z value. In addition, the fragmentation spectra of ethoxylated phosphorylcholine were confirmed 

with in silico generated fragments using CFM-ID (v. 4.0)40 (Fig. SI-8.1-SI-8.3).  

 

3.5. Metabolomic footprint of ethanol-induced hepatotoxicity in HepaRG cells  

As for elucidation of the metabolomic fingerprint, features were selected by univariate and/or multivariate 

statistics and were only kept for annotation when selected in both the exposure and validation experiments. 

Annotated metabolites with their observed RT, m/z value, DTCCSN2 value and additional information are 

listed in Table SI-7.1. The effect of ethanol exposure on the extracellular metabolome of HepaRG cells is 

shown in Fig. 6. The lower number of selected features in the extracellular fraction (Fig. 6 shows 23 altered 

metabolites) compared to the intracellular fraction (Fig. 5 shows 94 altered metabolites) can be explained 

by the complex extracellular matrix as incubation media contained calf serum among various other 

components. Of the 11 lipids, 1 was annotated as L1 and 10 as L2, while of the 12 polar metabolites, 4 were 

annotated as L1 and 8 as L2. Annotation levels and libraries used for MS/MS matching per metabolite can 

be consulted in the supplementary spreadsheet. From the annotated lipids, 71% could be elucidated using 

LipidMatch, 50% using the modified LipidBlast library of MS-DIAL (v. 4.6) and 21% using LipidHunter. 

For polar metabolites, the highest coverage was yielded by NIST (v. 17) (83%), followed by MassBank 

(67%), GNPS (58%), MS-Finder (50%), METLIN (42%) and the All Public MS/MS library (v. 15) of MS-

DIAL (33%).  

When comparing exposure vs control samples for metabolomic footprinting, it is challenging to assign up- 

or downregulation to either changes in hepatic metabolite secretion or to changes in consumption of media 

components.  

 

 

 

Fig. 6. Sankey diagram combined with heatmaps to show the effect of ethanol exposure on the extracellular 

metabolome of HepaRG cells. Only annotated metabolites selected by univariate and/or multivariate 

statistics are shown. Altered metabolites in the polar fraction of the samples are indicated by a blue-purple 

Sankey diagram, while a green Sankey diagram represents metabolites originating from the apolar fraction. 
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Grey color in the heatmap was used when a metabolite was not selected during the statistical selection. H/C 

24 h: IC10 vs control after 24 h of ethanol exposure. H/C 48 h: IC10 vs control after 48 h of ethanol exposure. 

L/C 24 h: 1/10 IC10 vs control after 24 h of ethanol exposure. L/C 48 h: 1/10 IC10 vs control after 48 h of 

ethanol exposure. FC: fold change. 

 

In order to be able to distinguish altered secretion from altered consumption, Fig. SI-7.1 was included in 

the supplementary information. This figure shows the fold change differences between (I) exposure vs 

control, (II) exposure vs blank media and (III) control vs blank media, with blank media referring to 

extraction blanks (i.e., incubated media without cells). A negative fold change for all three groups indicates 

metabolites that show an increased consumption during ethanol exposure, while a positive fold change for 

all groups indicates an increased secretion. Metabolites downregulated in group (II) and (III) and 

upregulated in group (I), indicate metabolites that are less consumed by HepaRG cells. A fourth scenario 

is upregulation in group (II) and (III) and downregulation in group (I), indicating reduced secretion. As 

metabolomic studies provide a snapshot of metabolic patterns, the four described scenarios should be 

interpreted carefully since changes can be highly dynamic.  

For group H after 24 h and 48 h exposure, increased secretion was observed for PEs and Cer 18:1;O2/16:0, 

while LPCs were downregulated because of higher consumption. Concerning polar metabolites, there was 

a downregulation of N-acetyl-lactosamine, phenylacetylglutamine and 4-pyridoxic acid (only after 48 h 

exposure), due to a decreased secretion. Alanylglutamine and histidylleucine were downregulated due to 

higher consumption. Glycerophosphocholine, hypoxanthine and inosine were upregulated because of lower 

consumption, while phosphorylcholine was upregulated due to increased secretion. Metabolic changes in 

sample group L were less profound compared to group H, with only upregulation of PEs in the apolar 

sample fraction. Beta-alanine was downregulated due to less secretion only in group L. 20-dihydrocortisol 

was less secreted in all exposure groups. Interestingly, high secretion of ethoxylated phosphorylcholine was 

found in each exposure group. 

 

4. DISCUSSION 

An overview of the most important metabolic changes due to ethanol exposure in HepaRG cells is presented 

in Fig. 7.  
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Fig. 7. Metabolic changes in HepaRG cells after ethanol exposure. Intracellular green and red arrows were 

used to indicate increased and decreased biosynthesis/availability, respectively. Green arrows connecting 

the intracellular and extracellular compartment indicate increased secretion or uptake, depending on their 

direction. Ach: Acetylcholine. CAR: Carnitine. CDP-E: CDP-ethanolamine. Cer: Ceramide. CHAT: 

Choline O-acetyltransferase. ChoP: Posphorylcholine. CoA: Coenzyme A. COT: Carnitine 

octanoyltransferase. CPT-1: Carnitine palmitoyltransferase 1. Cr: Creatine. DG: Diglyceride. DGAT2: 

Diglyceride acyltransferase 2. EPT1: Ethanolaminephosphotransferase 1. EtOChoP: Ethoxylated 

phosphorylcholine. EtoP: O-phosphoethanolamine. G3P: Glycerol 3-phosphate. GAA: Guanidinoacetate. 

GAMT: Guanidinoacetate methyltransferase. GDE1: Glycerophosphodiester phosphodiesterase 1. GPC: 

Glycerophosphocholine. GPCPD1: Glycerophosphocholine phosphodiesterase 1. LPC: 

Lysophosphatidylcholine. LPCAT: Lysophosphatidylcholine acyltransferase. LYPLA1: 

Lysophospholipase 1. MAT: Methionine adenosyltransferase. mc-CAR: medium chain-CAR. mc-COA: 

medium chain-CoA. Met: Methionine. PAP: Phosphatidate phosphatase. PC: Phosphatidylcholine. PCYT2 

: Phosphoethanolamine cytidylyltransferase. PE: Phosphatidylethanolamine. PEMT: 

Phosphatidylethanolamine-N-methyltransferase. PE-P: Alkenyl ether phosphatidylethanolamine. PEth: 

Phosphatidylethanol. PLA2: Phospholipase A2. PLD: Phospholipase D. PLD1_2: Phospholipase D1/2. 



19 
 

ROS: Reactive oxygen species. SAM: S-adenosyl methionine. SM: Sphingomyeline. SMA: 

Sphingomyelinase. Tau: Taurine. TG: Triglyceride. 

 

4.1. PCs and their relation to PEs, DGs, TGs, PEth and SAM   

It is known that ethanol exposure inhibits phosphatidylethanolamine-N-methyltransferase (PEMT), causing 

a lower production rate of PCs from PEs.41 In addition, the accumulation of PEth reduces the PC content 

since PEth is formed by the exchange of ethanol for choline in PCs. PEth is a phospholipid only formed in 

the presence of ethanol in a reaction catalyzed by phospholipase D (PLD). Previously, hepatic PEth 

accumulation has been shown in vivo and in vitro.42,43 A third effect that can explain the downregulation of 

hepatic PCs is the ethanol-induced reduction of SAM formation by the inhibition of methionine synthase 

and methionine adenosyltransferase, which disturbs hepatic methyl transfer necessary for the generation of 

PCs.41,44 In addition, SAM reduction could explain the downregulation of intracellular creatine, as its 

hepatic synthesis is catalyzed by guanidinoacetate methyltransferase (GAMT), which uses SAM as a 

methyl donor.45 A fourth mechanism explaining decreased hepatic PC content is the shift towards TG 

synthesis through initial conversion of PCs to DGs, supported by the finding of upregulation of DG 

acyltransferase 2 (DGAT2) after ethanol consumption by mice.46 The increase in DGs and TGs can 

additionally be explained by the ethanol-induced upregulation of lipin-1, which is considered a key enzyme 

in the pathogenesis of ALD and shows a dual function as phosphatidic acid phosphohydrolase enzyme and 

transcriptional coregulator.47,48 The general image showed a decrease of PCs in the intracellular fraction of 

HepaRGs after 24 h and 48 h of ethanol exposure. However, after 48 h, a slight increase of highly 

unsaturated PCs (≥ 5 double bonds) was observed. This might relate to the shift of saturated to unsaturated 

fatty acids as observed in alcohol-fed rodents.49  Polyunsaturated fatty acids can be incorporated in DGs 

and subsequently in PCs through the CDP-choline pathway.49  

 

4.2. LPCs and GPC   

In addition to decreased hepatic PCs, a similar trend was observed for hepatic LPCs. Israelsen et al. 

observed a decrease of LPCs in human hepatic venous blood after alcohol intoxication in healthy volunteers 

and ALD patients, with only minor effects in patients suffering from non-alcoholic fatty liver disease 

(NAFLD).50 These results are concordant with the reduction of LPCs caused by increased consumption in 

the extracellular fraction of HepaRG cells exposed to ethanol. The authors hypothesized that the reduction 

of circulating LPCs could be caused by an increased hepatic uptake, which was confirmed in this study. 

However, our results show a decreased level of LPCs, both in the intracellular and extracellular fractions. 

The decrease of intracellular LPCs is in agreement with the findings of Puri et al. and Koelmel et al., who 

reported a decreased hepatic LPC content in mice which were fed a diet rich in ethanol.51,52 Puri et al. found 
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that the decrease in hepatic LPCs was more pronounced in obese than lean mice. Additionally, Puri et al. 

saw an insignificant decrease in hepatic LPCs in human patients suffering from NAFLD, while they were 

significantly increased in non-alcoholic steatohepatitis (NASH), suggesting an important inflammatory 

component for LPC upregulation, which could contribute to lipoapoptosis of hepatocytes.53,54 Stefanescu et 

al. suggested prognostic importance of LPC decrease in the serum of patients with ALD.55 The 

downregulation of PCs due to a shift towards TG synthesis amongst others, could explain the reduced 

catabolism of PCs by deacylation to LPCs catalyzed by phospholipase A2 (PLA2). This hypothesis is 

supported by the intracellular decrease of glycerophosphocholine (GPC), the deacylation product of LPCs, 

formed in the second step of PC catabolism, catalyzed by lysophospholipase I (LYPLA1). Increased uptake 

of LPCs from the extracellular environment might be used to fuel the formation of GPC by LYPLA1 and/or 

to fuel the PC pool by lysophosphatidylcholine acyltransferase (LPCAT). Downregulation of GPC 

facilitates the observed intracellular reduction of acetylcholine, as GPC, formed during PC catabolism, can 

be converted into glycerol‐3‐phosphate and free choline, available for the biosynthesis of acetylcholine.56 

 

4.3. PEs and their relation to DGs, TGs and EtoP   

Despite ethanol-induced inhibition of PEMT, a decrease in hepatic PEs was seen in intracellular HepaRG 

extracts. This is consistent with the significant decrease of hepatic PEs observed in human patients suffering 

from NAFLD and the decrease of PEs in HepaRG cells after steatosis induction using sodium valproate.53,57 

An impaired activity of phosphoethanolamine cytidylyltransferase (PCYT2) in the CDP-ethanolamine 

pathway might explain the decreased content of PEs. Impaired activity of the latter enzyme would also 

contribute to the accumulation of hepatic O-phosphoethanolamine (EtoP) and DGs, which are normally 

used for the synthesis of CDP-ethanolamine. In addition, accumulated DGs can be used for the synthesis 

of TGs, increasing the steatotic image.58 In PCYT2 knockout mice, deletion of the PCYT2 allele caused the 

development of liver steatosis.59 However, the hypothesis of impaired activity of phosphoethanolamine 

cytidylyltransferase does not explain the increase in extracellular PEs and could not be confirmed since the 

effect of ethanol exposure on this enzyme has not been studied. Another possibility is that the decrease in 

intracellular PEs and the increase in extracellular PEs are related to the altered secretion of PEs in VLDL-

type chylomicrons.57 Dysregulation of phospholipid synthesis in hepatocytes, observed as deviations of PC 

and PE abundances and the molar ratio of PC/PE can affect cell membrane integrity, assembly and secretion 

of VLDL and mitochondrial bioenergetics.60,61  

 

4.4. Ether lipids and taurine   

In addition to decreased hepatic PCs and PEs, ether lipids (e.g., ether-PC and ether-PE) were decreased in 

the intracellular fraction. This latter relates to both alkyl and alkenyl ether glycerophospholipids. Alkenyl 
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ether lipids are important antioxidants, and the decrease could be explained by their involvement during the 

clearance of reactive oxygen species (ROS) generated during ethanol metabolism.62 Although the 

understanding of the function of ether lipids is growing, there are still large knowledge gaps, especially in 

relation to pathophysiology.63 In addition to ether lipids, the intracellular decrease of taurine could also be 

related to the clearance of ROS, as Wu et al. demonstrated that taurine administration increased hepatic 

antioxidant capacity and reduced lipid peroxidation in ethanol-fed rats.64 

 

4.5. SMs and their relation to Cers and ChoP   

The decrease of hepatic SMs is in accordance with the previously observed downregulation of SMs in 

human serum of heavy drinkers, which could be due to increased hydrolysis of SMs into Cers and 

phosphorylcholine (ChoP) by sphingomyelinase (SMA).42 This decrease of SMs and increased activity of 

sphingomyelinase was also observed in ethanol-exposed HepG2 cells.65 In studies describing upregulation 

of hepatic Cers after ethanol exposure, Cers with a sphing-4-enine-backbone (d18:1) are listed, which could 

contribute to blocking fatty acid oxidation and promote its synthesis by inhibition of the phosphorylation 

of adenosine monophosphate-activated protein kinase (AMPK).66,67 During the present study, no increased 

hepatic Cer d18:1 species could be annotated after statistical selection, possibly because the FC differences 

were not large enough. However, three selected Cers with a sphingadienine-backbone (d18:2) were 

downregulated (FC between 0.4 and 0.7). Since data on Cer d18:2 species and their biological relevance is 

limited, an example MS/MS spectrum for Cer 18:2;O2/22:0 was included (Fig. SI-8.5). Both Cer d18:1 

species and phosphorylcholine were upregulated in the extracellular fraction due to increased secretion.  

 

4.6. CARs and vitamins   

As steatosis can impair hepatic biosynthesis of L-carnitine, which is necessary for the transfer of long-chain 

fatty acids to mitochondria, subsequent β-oxidation is reduced, leading to toxic cytoplasmatic accumulation 

of fatty acids.68,69 In addition, ethanol inhibits carnitine palmitoyltransferase 1 (CPT-1) activity, a rate-

limiting step in fatty acid translocation for mitochondrial β-oxidation.70 Under physiological conditions, 

carnitine can buffer excess acetyl-CoA in the mitochondria via the formation of acetyl-carnitine for 

mitochondrial export by carnitine acylcarnitine translocase.69 The reduction of acetyl-carnitine in the 

intracellular extracts after ethanol exposure of HepaRG cells can be explained by the impaired β-oxidation, 

reducing the biosynthesis of acetyl-CoA in mitochondria. Another possible contributing factor is the 

intracellular reduction of pantothenic acid, one of the precursors of CoA, which was also observed in the 

liver of ethanol-fed rats.71–73 Next to a decrease of hepatic pantothenic acid in ethanol-fed rats, Miyazaki et 

al. targeted different B-group vitamins and observed a decreased excretion of 4-pyridoxic acid, a catabolite 

of vitamin B6. This result is concordant with the decreased hepatic secretion of  4-pyridoxic acid in HepaRG 
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cells after 48 h of ethanol exposure. The authors hypothesized increased hepatic storage of vitamin B6 

during ethanol exposure.72 

Since acetyl-carnitine can provide acetyl groups for the production of acetylcholine catalyzed by choline 

acetyltransferase, the reduction of acetyl-carnitine facilitated downregulation of hepatic acetylcholine, 

which is also in line with the reduced uptake of extracellular GCP. However, as cytosolic acetyl-CoA can 

also be used as acetyl source, there is a strong likelihood for additional mechanisms of acetylcholine 

reduction.74 The strong intracellular upregulation of octanoyl-carnitine could also be explained by impaired 

β-oxidation. Very long-chain and branched-chain fatty acids are mainly oxidized in peroxisomes, while 

long-chain fatty acid are β-oxidized both in peroxisomes and mitochondria. As peroxisomal oxidation of 

fatty acids is incomplete, shortened medium-chain acyl-CoAs are generated that need to be transported to 

mitochondria for further oxidation. As the generated medium-chain acyl-CoAs are membrane-

impermeable, they are converted to their respective carnitine esters by peroxisomal carnitine 

octanoyltransferase (COT) for transportation out of peroxisomes.75 

 

4.7. 20-dihydrocortisol 

Decreased hepatic secretion of 20-dihydrocortisol could be explained by decreased expression of AKR1D1. 

This latter gene encodes 3-oxo-5-beta-steroid 4-dehydrogenase, which is responsible for catalyzing the 

conversion of cortisol to 20-dihydrocortisol. In human liver biopsies from NAFLD patients, a decrease of 

AKR1D1 expression was observed with advancing steatosis, fibrosis and inflammation and a relation with 

triglyceride accumulation and reduced beta-oxidation amongst others, was observed using human liver cell 

lines with AKR1D1 knockdown  by Nikolaos et al.76 

 

4.8. Ethoxylated phosphorylcholine 

Ethoxylated phosphorylcholine (Fig. SI-8.1-SI-8.4), a previously unreported metabolite, might be a new 

marker of ethanol exposure. Due to its absence in the control samples, the metabolite showed similar large 

fold changes to PEth 16:0_18:1. Interestingly, unlike PEth 16:0_18:1, ethoxylated phosphorylcholine was 

found both in intracellular and extracellular samples due to a high level of hepatic secretion.  

 

5. CONCLUSIONS 

HepaRG cells are considered as an appropriate surrogate for primary human hepatocytes when 

investigating liver metabolism and detoxification77, while untargeted metabolomics can be used to 

generate pathophysiological hypotheses and could pinpoint etiology-dependent metabolic differences in 

liver disease. Combining the elucidation of the metabolic fingerprint and footprint of ethanol-induced 

hepatotoxicity in HepaRG cells facilitated the biological interpretation of results. Metabolic alterations 
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showed only minor differences between 24 h and 48 h of exposure, with more upregulated TGs with a high 

level of confirmation and more polyunsaturated PCs after 48 h of exposure. However, metabolic alterations 

were strongly affected by the exposure concentration of ethanol. Many altered metabolites were consistent 

with a steatotic image as seen in previous research, such as increased intracellular DGs and TGs, 

phosphorylcholine and Cers (d18:1), decreased PEs, PCs, LPCs, SMs, SAM and small chain CARs. 

Additional markers of toxicity have been observed such as downregulation of Cers (d18:2), creatine, O-

phosphoethanolamine and acetylcholine and upregulation of octanoylcarnitine. Decreased catabolism of 

PCs to LPCs was supported by the decrease in GPC. In addition to detection of high levels of intracellular 

PEth 16:0_18:1, ethoxylated phosphorylcholine could be identified, both intra- and extracellular. Based on 

its absence in control samples, ethoxylated phosphorylcholine could be considered as a potential new 

marker of ethanol exposure, although in vivo confirmation and further validation would be required. 
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