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Abstract  32 

Lipidomics analysis of zebrafish tissues has shown promising results to understand disease-33 

related outcomes of exposure to toxic substances at molecular level. However, knowledge 34 

about their lipidome is limited, as most untargeted studies only identify the lipids that are 35 

statistically significant in their setup. In this work, liquid chromatography-high resolution mass 36 

spectrometry was used to study different aspects of the analytical workflow, i.e., extraction 37 

solvents (methanol/chloroform/water (3/2/2, v/v/v), methanol/dichloromethane/water (2/3/2, 38 

v/v/v) and methanol/methyl-tert-butyl ether/water (3/10/2.5, v/v/v), instrumental response, and 39 

strategies used for lipid annotation. The number of high-quality features (relative standard 40 

deviation of the intensity values  10% in the range 103−107 counts) was affected by the 41 

dilution of lipid extracts, indicating that it is an important parameter for developing untargeted 42 

methods. The workflows used allowed the selection of a dilution factor to annotate 712 lipid 43 

species (507 bulk lipids) in zebrafish liver using four software (LipidMatch, LipidHunter, MS-44 

DIAL and Lipostar). Retention time mapping was a valuable tool to filter lipid annotations 45 

obtained from automatic software annotations. The lipid profiling of zebrafish livers will help 46 

in a better understanding of the true constitution of their lipidome at the species level, as well 47 

as in the use of zebrafish in toxicological studies. 48 

49 
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1. Introduction 50 

Zebrafish (Danio rerio) is a low-cost, medium-to-high throughput model organism used in 51 

toxicological and ecotoxicological research to investigate the acute and long-term effects of 52 

exposure to chemicals. Apart from the lack of a stomach, the zebrafish digestive system is 53 

highly similar to that of mammals including humans, both structurally and functionally. 54 

Metabolic functions and processes are also highly conserved, including the major metabolic 55 

pathways and hormones regulating e.g., digestion, appetite, and glucose homeostasis 56 

(Benchoula et al., 2019; da Silva, Iturrospe, Bars, et al., 2021). Zebrafish are increasingly being 57 

used to study the effects of so-called metabolic disruptors, a class of endocrine-disrupting 58 

compounds that increase the susceptibility to metabolic disorders. Amongst others, exposure 59 

to metabolic disruptors can result in dysregulation of lipid metabolism, including aberrant lipid 60 

accumulation and altered lipid and fatty acid profiles in tissues, such as the liver (Sun et al., 61 

2020). In recent years, the number of studies combining the zebrafish model with omics 62 

techniques has grown considerably, showing the potential of these techniques to provide 63 

relevant and complementary information for safety assessments (Lai et al., 2021).  64 

Lipidomics, a sub-discipline of metabolomics that investigates the composition of lipids and 65 

their biological relevance in a biological system, has shown important developments for in 66 

vitro and in vivo exposure studies and many other applications (Cajka & Fiehn, 2014). With 67 

advancements in analytical techniques to characterize lipid species, the development of a 68 

classification system (LIPID MAPS classification hierarchy), and bioinformatics tools focused 69 

on lipid pathways, the lipidomics field has rapidly advanced (Liebisch et al., 2013). The most 70 

commonly used lipidomics strategy consists of extraction using organic solvents, followed by 71 

reversed-phase liquid chromatography-mass spectrometry (RPLC-MS) (Cajka & Fiehn, 2014; 72 

Witting & Böcker, 2020). Untargeted high resolution mass spectrometry (HRMS) methods 73 

combined with liquid-liquid extraction (LLE) provide comprehensive coverage of multiple 74 

lipid classes (da Silva, Iturrospe, Bars, et al., 2021; Hyötyläinen, 2021). In many applications, 75 

sample preparation methods developed for a specific sample type will be applied to a different 76 

matrix. Changing the sample type can influence the method's efficiency and coverage (Ulmer 77 

et al., 2018), but the evaluation of this effect using untargeted methods is extremely challenging 78 

since various compounds are affected differently (Liu et al., 2021; Sands et al., 2021).  79 

The use of automated lipid annotation can help to evaluate which classes were extracted and 80 

the number of different species, helping to rapidly assess the effect of different experimental 81 

conditions. Currently, the gold standard used for automated lipid species annotation is based 82 
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on rule-based fragmentation when collision-induced dissociation is used (Koelmel, Kroeger, 83 

Ulmer, et al., 2017; Köfeler et al., 2021). However, lipid annotation in biological samples with 84 

high lipid content (e.g., liver, plasma) is extremely challenging due to the number of isobaric 85 

and isomeric species with similar fragments and in-source fragmentation which can generate 86 

lipid species from a different subclass (Criscuolo et al., 2020). 87 

Model organisms play a significant role in understanding the functions of lipids. Qualitative 88 

information on lipid composition that can be used for further quantitative measurements to 89 

study metabolic diseases and exposure to toxicants is of special interest since this information 90 

is still scarce (da Silva, Iturrospe, Bars, et al., 2021). In this study, an analytical workflow for 91 

zebrafish liver tissues was explored using an untargeted RPLC-HRMS-based platform 92 

previously applied for liver cell extracts (da Silva, Iturrospe, Heyrman, et al., 2021). Different 93 

mixtures of organic solvents were tested for lipid extraction: in house extraction (HE) method 94 

(modified Bligh-Dyer (Bligh & Dyer, 1959)) consisting of methanol (MeOH)/chloroform 95 

(CHCl3)/water (H2O) (3/2/2, v/v/v) and previously optimized for the HepaRG liver cell line 96 

(Cuykx, Mortelé, et al., 2017; Iturrospe et al., 2022), a modified in house extraction (MHE) 97 

method consisting of MeOH/dichloromethane (CH2Cl2)/H2O (2/3/2, v/v/v) and the Matyash et 98 

al (Matyash et al., 2008) extraction (ME) using MeOH/methyl-tert-butyl ether (MTBE)/H2O 99 

(3/10/2.5, v/v/v). The MHE and ME methods were tested to evaluate the replacement of 100 

chloroform for a less harmful solvent, as previously reported for a lipidomics application using 101 

zebrafish muscle (Arribat et al., 2020). Additionally, the effect of the dilution of the extracts 102 

on the response of different lipid classes, mass accuracy, and the number of high-quality 103 

features were evaluated. The annotation of lipid species using in silico libraries was evaluated 104 

using well-recognized software tools for lipidomics, i.e., MS-DIAL ver. 4.70 (Tsugawa et al., 105 

2020), LipidMatch 3.0 (Koelmel, Kroeger, Ulmer, et al., 2017), LipidHunter 2 (Ni, Angelidou, 106 

Lange, et al., 2017) and Lipostar 2.0 (Goracci et al., 2017). 107 

  108 

2. Materials and methods 109 

2.1 Chemicals  110 

The solvents MeOH, acetonitrile (MeCN), and formic acid (HCOOH, 99%) UPLC-MS grade 111 

were purchased from Biosolve (Valkenswaard, The Netherlands). Ammonium formate 112 

(NH4COOH) and ammonium acetate (NH4COOCH3), both LC-MS grade, were obtained from 113 

Sigma Aldrich (St. Louis, USA). Acetic acid (HCOOCH3, LC-MS grade), isopropanol (IPA, 114 

ACS reagent), ammonia solution (NH4OH 25%, LC-MS grade), CHCl3 (analytical grade), 115 

CH2Cl2 (analytical grade), and MTBE (analytical grade) were purchased from Merck (Merck 116 
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KGaA, Darmstadt, Germany). Ultrapure water (H2O, 18.2 MΩ) was obtained from an Elga 117 

Pure Lab apparatus (Tienen, Belgium). Tricaine methanesulfonate (MS-222) was obtained 118 

from Sigma Aldrich. Internal standards (IS) were used in different steps of the sample 119 

preparation and are described as internal standards-I (IS-I) and internal standards-II (IS-II). IS-120 

I refers to the following labeled standards: glyceryl tri(palmitate-1-13C) (TG 16:0/16:0/16:0-121 

13C3) and cholic acid-2,2,4,4-D4 (ST 24:1;O5-D4) both purchased from Sigma Aldrich, lauric 122 

acid-12,12,12-D3 (FA 12:0-D3) from CDN Isotopes (Pointe-Claire, Quebec, Canada), 1-123 

oleoyl(D7)-2-hydroxy-sn-glycero-3-phosphoethanolamine (LPE 18:1-D7) from Avanti Polar 124 

Lipids (Alabaster, USA) and octanoyl-L-carnitine-(N-methyl-D3) (CAR 8:0-D3) and N-125 

oleoyl(13C18)-D-sphingosine (Cer d18:1/18:1(9Z)-13C18) from Cambridge Isotope Laboratories 126 

(Massachusetts, USA). IS-II refers to SPLASH Lipidomix from Avanti Polar Lipids (Table SI-127 

1.1). 128 

 129 

2.2 Sample collection  130 

Six-month old zebrafish (Danio rerio, AB strain) were reared in an automatic housing system 131 

(ZebTec standalone, Tecniplast, Buguggiate, Italy) with a 14:10 h light: dark cycle and 132 

recirculating, biologically filtered water (28  0.2 °C, pH 7.5  0.3 and conductivity 500  15 133 

S/cm), as previously described (Michiels et al., 2019). Reconstituted freshwater (45 mg/L 134 

CaCO3) was prepared by adding Instant Ocean Sea Salt (Instant Ocean) to reverse‐osmosis 135 

water (RO 40; Werner). Ammonium, nitrite, and nitrate levels were measured twice a week 136 

and remained below 0.25, 0.3, and 12.5 mg/L, respectively. Fish were fed twice a day with dry 137 

feed (Zebrafeed, Sparos, Portugal) and once a day with frozen feed (Artemia sp., Daphnia sp., 138 

Chironomidae, and Chaoboridae larvae; Aquaria Antwerp, Antwerpen, Belgium). Fish were 139 

euthanized by immersion in a solution of MS-222 (300 mg/L, pH 7.5) until loss of opercular 140 

movement, followed by decapitation. The fish were collected from the tank, euthanized, and 141 

dissected one after the other to limit the postmortem formation/degradation of metabolites. The 142 

liver was collected in pre-weighed cryo-vial tubes (Cryo.S, Greiner Bio-One, Kremsmünster, 143 

Austria), weighed, and immediately quenched in liquid nitrogen. The frozen tissues were stored 144 

at −80 °C until the remaining fish were dissected before proceeding with the sample 145 

preparation. The experiments described in this work (two batches using six analytical replicates 146 

for each extraction method) required the use of 27 zebrafishes (440.9 mg of wet tissue). Fish 147 

husbandry and experiments were carried out in strict accordance with EU Directive 2010/63/ 148 
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EU on the protection of animals used for scientific purposes (“Directive 2010/63/EU on the 149 

Protection of Animals Used for Scientific Purposes,” 2010).  150 

 151 

2.3 Sample preparation 152 

Samples were kept on dry ice after removal from the −80 °C freezer for sample preparation. 153 

Frozen liver samples were homogenized with a mixture of MeOH/H2O (1/2, v/v, 20 L/mg of 154 

wet tissue) containing the IS-I mixture (7 g/mL) in 2.0 mL BeadBug tubes prefilled with 0.1 155 

mm silica glass beads (Merck KGaA, Darmstadt, Germany). A Precellys-24 tissue 156 

homogenizer (Bertin Technologies, Montigny-le-Bretonneux, France) was used to homogenize 157 

the samples at 5,000 Hz for two cycles of 20 s with a 10 s break between cycles. The 158 

homogenate of different individuals was mixed to obtain a pooled sample (Figure SI-1). The 159 

pooled samples were first divided into 10 mg-equivalents of tissue by transferring 200 L to 160 

different LLE glass with the correspondent organic solvent mixture (MeOH/CHCl3 (57/43, v/v) 161 

for HE, MeOH/CHCl2 (36/64, v/v) for MHE, or MeOH/MTBE (19/81, v/v) for ME) previously 162 

stored at -20 °C. The samples were vortexed for 20 s and H2O was added to each sample to 163 

obtain the final solvent ratios MeOH/CHCl3/H2O (3/2/2, v/v/v) for HE, MeOH/CH2Cl2/H2O 164 

(2/3/2, v/v/v) for MHE and MeOH/MTBE/H2O (3/10/2.5, v/v/v) for ME. Next, they were 165 

vortexed for 20 s, equilibrated for 10 min at 4 °C, and centrifuged at 2200 g for 5 min. After 166 

centrifugation, 400 L of the upper-phase of the ME LLE vials and 300 L of the lower-phase 167 

of the MHE and HE LLE vials were collected and dried under N2. The extracts were 168 

resuspended in a mixture of IPA/MeOH (150 L, 35/65, v/v) with the IS-II, vortexed for 30 s, 169 

and filtered with 0.2 µm centrifugal filters (centrifuged at 7,000 g for 2 min). Six analytical 170 

replicates were used for each extraction method. For the dilution series experiment, pooled 171 

mixtures (referred to as quality control samples (QC)) of each extraction (HE, MHE, ME) were 172 

prepared by collecting an aliquot of each replicate of filtered extracts (30 µL). The QC mixtures 173 

were further diluted with the reconstitution solvent (IPA/MeOH, 35/65, v/v) to the respective 174 

factors: no dilution (dQC1), 1/2 (dQC2), 1/4 (dQC3), 1/8 (dQC4), and 1/16 (dQC5).  175 

 176 

2.4 Instrumental analysis 177 

Analytical measurements were performed on an Agilent 1290 Infinity II LC system coupled to 178 

an Agilent 6560 drift tube-ion mobility-quadrupole-time-of-flight high resolution mass 179 

spectrometer (DTIM-QToF-HRMS) (Agilent Technologies, Santa Clara, USA) using Agilent 180 

Dual Jet Stream Electrospray Ionization (ESI) in positive (+) and negative modes (−), as 181 
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previously described (da Silva, Iturrospe, Heyrman, et al., 2021). Data were acquired in 2 GHz 182 

extended dynamic mode with a scan range of 100-1700 m/z in profile mode. Ionization 183 

parameters were as follows: In ESI (+) mode, drying gas and sheath gas temperature 325 °C 184 

with a flow rate of 8 L/min, nebulizer gas pressure 30 psig, Vcap 3500 V, nozzle voltage 500 185 

V and fragmentor 200 V; in ESI (-) mode, the drying and sheath gas both had a temperature of 186 

350 °C and flow rate of 8 L/min. The nebulizer gas pressure was 30 psig. The following 187 

voltages were applied: Vcap 3750 V, nozzle voltage 500 V, and fragmentor 200 V. Detailed 188 

parameters used for the analytical method are described in Table SI-1.2.  189 

 190 

2.5 Data analysis 191 

The LC-HRMS raw data files (Agilent .d format) were processed in MS-DIAL ver. 4.70 192 

(Tsugawa et al., 2020). The resulting data matrix was uploaded to the MS-FLO web tool to 193 

remove duplicates and isotopic features (DeFelice et al., 2017). Drift correction, blank 194 

subtraction with the flag contaminants function (median of blanks > 0.2 * median of biological 195 

samples’ intensities), and missing value imputation with random forest were performed using 196 

notame package in R (Klåvus et al., 2020). The relative standard deviation (RSD) values were 197 

calculated using the non-parametric formula (1.48 * (median absolute deviation ÷ median)) to 198 

evaluate the precision of the datasets generated by the different extraction methods (Broadhurst 199 

et al., 2018).  200 

For lipid annotation, the in silico LipidBlast library (Tsugawa et al., 2020) was used in MS-201 

DIAL ver. 4.70 for MS/MS spectra matching in addition to rule-based fragmentation tools, 202 

LipidMatch 3.0 (Koelmel, Kroeger, Ulmer, et al., 2017), LipidHunter 2 (Ni, Angelidou, Lange, 203 

et al., 2017) and Lipostar 2.0 (using the LIPID MAPS structure database of January 2022) 204 

(Goracci et al., 2017). For LipidMatch, the MS-DIAL/MS-FLO output was used with the raw 205 

MS/MS data to annotate lipids using an R-based workflow. Lipostar annotations were 206 

performed in the raw data directly imported and aligned using the default Agilent data-207 

dependent acquisition (DDA) parameters in positive and negative modes. Blank filtering and 208 

automatic approval were used to keep structures of quality of 3-4 stars (lipid rule-based 209 

confidence system 1−4 (Goracci et al., 2017)). The detailed parameter settings for MS-210 

DIAL/MS-FLO and additional information for LipidHunter and Lipostar can be found in Table 211 

SI-1.3. To refine annotation results, Kendrick mass defect to the hydrogen base (KMD[H]) 212 

against retention time plots was generated in R (Lange et al., 2021) and adapted to include a 213 

confidence interval region (linear smooth, level = 0.9) using the ggplot package (Wickham, 214 
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2016). Shorthand notation was used to report confidence in annotation as suggested by Liebisch 215 

et al (Liebisch et al., 2020) for mass spectrometry-derived lipid structures. After merging the 216 

datasets from different software, one ion species was kept for coverage comparisons, and the 217 

other detected species were reported in an additional column. Data visualization was performed 218 

in R 4.0.5 and Microsoft Excel 2108.  219 

 220 

3. Results and Discussion 221 

3.1 Extractions 222 

The creation of a homogenous pooled sample was crucial to eliminate the biological variability 223 

allowing the assessment of only analytical variability (i.e., sample preparation and instrumental 224 

analysis). Different MeOH/H2O ratios were initially tested to avoid protein precipitation or 225 

phase separation before the pooled sample could be distributed to different extraction methods. 226 

The ratio MeOH/H2O (1/2, v/v) allowed proper homogenization and did not show precipitation 227 

(Figure SI-1.1). Vortexing and sonication of the liver tissues were initially tested, but due to 228 

the poor homogenization and sample aggregation in the tube surface and cap, further 229 

experiments were not conducted. Bead-based tissue homogenization was used since it has been 230 

found to be the most effective strategy for sample dispersion and lipid recovery (Höring et al., 231 

2021).  232 

For LLE, biphasic extraction methods were used since they showed better performance in terms 233 

of coverage and yield for different lipid categories (e.g., glycerolipids and sphingolipids) using 234 

zebrafish liver (Gegner et al., 2022) and better sample cleanup. Biphasic LLE has been applied 235 

in different studies aiming to generate a metabolome/lipidome atlas of tissues (Ding et al., 236 

2021; Lange et al., 2021). Moreover, LLE also offers the advantage to use the polar fraction 237 

for metabolomics analyses with complementary separation techniques (i.e., hydrophilic 238 

interaction chromatography (Iturrospe et al., 2021)) with less interference from abundant lipids 239 

(Cuykx, Negreira, et al., 2017). The average weight of the 72 wet fish livers was 16.9 mg (SD 240 

= 8.7 mg). Therefore, 10 mg was selected as the starting point.  241 

 242 

3.2 Dilution series of zebrafish pooled liver extracts 243 

In the dilution experiment, the goal was to evaluate the response of the MS system to different 244 

dilution factors of three types of extraction solvents with variable solubilities. Depending on 245 

lipids of interest for a specific biological question, different lipid classes can be enriched or 246 

diluted. Therefore, the selection of the dilution levels that allow the detection of compounds 247 

within the (linear) dynamic range of the instrument is preferred (Wu et al., 2019).  248 
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After data pre-processing including blank filtration, the number of features was 11,441 (HE), 249 

9,004 (ME), and 9,633 (MHE) for ESI (+) and 3,438 (HE), 3,009 (MHE) and 2,975 (ME) for 250 

ESI (−). Blank subtraction caused an average feature reduction of 52%, highlighting the 251 

importance of removing background signals with respective extraction blanks prepared in the 252 

same experimental conditions. To evaluate the correlation of the filtered features versus the 253 

dilution factors, the intensity values were log normalized, and features with Pearson correlation 254 

coefficients (for all consecutive dilution factors) higher than 0.9 were plotted (Figure 1). Low 255 

signal correlation can be associated with high intensities (saturation level), low precision at 256 

either low or high levels, or matrix effects. Comparing the percentage of features showing a 257 

high Pearson correlation (|r| > 0.9) with the blank filtered features, they later represented 17% 258 

for HE, 23% for MHE and 12% for ME in ESI (+), and 17% for HE, 19% for MHE, 15% for 259 

ME in ESI (−) of the number of features. In Figure 1, the number of high-quality features, 260 

within the range 103−107 counts and RSD lower than 10% in the three replicates of each dQC, 261 

is also shown to evaluate whether additional dilution (e.g., 1/32) could be used to avoid 262 

saturation of high abundant lipids. However, the number of high-quality features decreased on 263 

average 59% (SD = 3) in ESI (+) and 76% (SD = 9) in ESI (−) mode, which suggests that an 264 

additional dilution of dQC5 impairs the detection of hundreds of features, potentially low 265 

abundant lipids. 266 

In addition to the feature's response, lipids from different classes were annotated in the 267 

zebrafish liver samples to investigate the effect of the dilution on the mass accuracy and signal 268 

response. An overview of the annotated lipids (26 lipid species, 13 in ESI (+) and 13 in ESI 269 

(−)) can be found in Table SI-1.4. A bar chart with the average mass error versus the dilution 270 

levels can be found in Figure SI-1.2. Overall, the mass accuracy was consistent with an average 271 

mass error below 5.0 ppm for the same lipids in the different methods from the most 272 

concentrated samples (dQC1) until dQC4 (except for extraction HE at dQC5 (5.4 ± 3.1 ppm). 273 

The smooth regression lines in Figure SI-1.2. show a trend towards higher mass errors with a 274 

decrease in intensity for HE and MHE. For ME, this latter tendency can also be seen in the bar 275 

chart between dQC2-dQC5, while mass errors were higher at the dQC1 level (M = 4.5 ± 2.5 276 

ppm) due to higher concentrations and possibly increased detector saturation. 277 

Figure 2 shows the instrumental response of several classes of lipids, annotated at different 278 

dilution levels. While some lipid classes had a higher linear relationship (e.g., 279 

lysophosphatidylethanolamine (LPE)), others such as triacylglycerol (TG) in ESI (+) showed 280 

a non-linear behavior marked by saturation at lower dQC levels. In untargeted metabolomics 281 
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and lipidomics studies, intensities and/or peak areas are used to conduct statistical analysis to 282 

identify biologically relevant features for further structure elucidation. If these features are in 283 

the saturation or noise levels of the MS detector, statistical changes due to a biological 284 

condition may be overlooked.  285 

Even with an optimal dilution factor, some species will still be in the saturation or noise levels, 286 

but this strategy allows to qualitatively assess mass accuracy, feature, and metabolite response 287 

and increase the global data quality in an untargeted setting. Furthermore, it is recommended 288 

to include dQC samples in untargeted experiments to assess discrepancies in compounds 289 

annotated with different ESI ion species (e.g., [M+Na]+, [M−H]− )  as suggested by Sands et 290 

al (Sands et al., 2021). For lipids, some classes can be detected in both ESI (+) and (−) and as 291 

different ion species (e.g., sphingolipids and glycerophospholipids). When intensity 292 

differences are observed between sample groups in e.g. an exposure study for a specific adduct 293 

type of a lipid species, dQC could be used to investigate the discrepancy between the results 294 

for different adducts. 295 

 296 

3.3 Lipidome coverage 297 

Lipid annotations are essential to determine whether a sample preparation procedure is 298 

appropriate for an untargeted lipidomics study, or for adapting the method to alternative 299 

matrices. After data pre-processing (i.e., peak detection, feature alignment, blank filtration), 300 

the quality of the dataset was evaluated by the median relative standard deviation (mRSD) of 301 

the feature intensities using the dQC2 level. Six technical replicates acquired in full scan mode 302 

were used for each extraction method in ESI (+) and ESI (−) modes. The intensity values 303 

showed mRSD < 15% for on average 5,178 features in ESI (+) and 3,618 features in ESI (−) 304 

modes (Figure SI-1.3).  305 

The annotation workflow for lipid species included matching of accurate mass and in silico 306 

MS/MS spectra, and retention time (RT) evaluation by plotting RT against the KMD[H] 307 

(Figure SI-1.4). The table with the 712 unique lipid species (507 bulk lipid species) from four 308 

LIPID MAPS categories (i.e., fatty acyls, glycerolipids, glycerophospholipids, and 309 

sphingolipids) annotated in zebrafish liver extracts can be found in SI-2. The high number of 310 

lipid species were obtained using the combination of 72 DDA injections in ESI (+) and 72 in 311 

ESI (−)  (i.e.,  20 iterative exclusion and 28 auto-MS/MS (with active exclusion window of 0.2 312 

min after two spectra) for each extraction method). The iterative exclusion MS/MS (i.e., the 313 

precursor ions selected for MS/MS will be excluded during the subsequent acquisition) and 314 
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active exclusion mode (i.e., after the MS/MS spectra of a given precursor are acquired, the ion 315 

is ignored for a given time window within the same run) increase the lipidome coverage by 316 

increasing the number of precursor ions that undergo MS/MS and by reducing the number of 317 

redundant spectra (Koelmel, Kroeger, Gill, et al., 2017).  318 

Triacylglycerols (27%) followed by PC (21%), glycerophosphoethanolamines (PE) (10%), 319 

diacylglycerols (DG) (9%), and lysoglycerophospholipids (7%) were the most frequently 320 

detected lipid classes in zebrafish liver. Although concentration values were not obtained to 321 

estimate the absolute composition, these results show an interesting translational aspect in 322 

terms of lipid diversity. For instance, in an untargeted study to characterize the lipid 323 

composition of human livers, Kotronen et al (Kotronen et al., 2010) found that TGs and 324 

glycerophospholipids (mainly PC and PE) were the main components, in addition to a higher 325 

diversity of minor lipid species such as lysoglycerophospholipids and sphingolipids which 326 

were also detected in zebrafish liver investigated in the current study. Figure 3 shows the 327 

annotated lipids in zebrafish liver homogenates using the different extraction methods in terms 328 

of (A) coverage (number of detected lipid species per class) and (B) total carbon chain and 329 

number of double bond equivalents. 330 

Although untargeted methods aim to cover as many metabolites as possible, LC-HRMS 331 

methods are limited towards certain metabolite classes (e.g., lipid mediators such as oxylipins 332 

require specific sample treatment and high instrumental sensitivity (Reinicke et al., 2020)) (da 333 

Silva, Iturrospe, Bars, et al., 2021). Due to the structural diversity of lipids, different studies 334 

and analytical platforms should be combined to reveal the most accurate composition of a 335 

specific organism or tissue. Using a targeted approach, Gegner et al (Gegner et al., 2022) 336 

investigated different combinations of solvents to extracts polar metabolites and lipids in three 337 

model organisms (Mus musculus, Drosophila melanogaster, and Danio rerio). The authors 338 

detected 422 metabolites in zebrafish liver. Triacylglycerols and glycerophospholipids were 339 

also the most frequently detected lipids using the MTBE-based extraction, followed by other 340 

lipid classes such as carnitines (CAR), free fatty acids (FA), and sphingolipids. 341 

A total of 583, 565, and 575 lipids were annotated using the HE, MHE, and ME methods, 342 

respectively. Figure SI-1.5 shows a pie chart with the distribution of lipid classes and Figure 343 

SI-6 the relationship between the different extraction methods as a Venn diagram. Of the total 344 

number of annotated lipids, 67% were present in all extraction methods. This later highlights 345 

that the three methods showed similar results in terms of the number of annotated lipids in 346 

addition to coverage of different lipid classes (Figure 3). Ten percent was only annotated in 347 

ME, 9% in HE, and 5% in MHE. From the lipid species exclusively present in ME, 61% belong 348 
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to the TG class, followed by 13% DG. For HE, these values were 37% for TG and 12% for 349 

both PE and PG. Meanwhile, MHE showed 35% TG and 25% PC. This shows that the MTBE-350 

based extraction has a slightly higher tendency to extract a broader range of glycerolipids than 351 

the other extraction mixtures, probably due to a combination of polarity (logP of 0.9) and a 352 

substantially higher amount of organic solvent in the ME mixture. Unless the study is focused 353 

on TG, the most abundant lipid class in both human and zebrafish liver tissues (Gegner et al., 354 

2022; Kotronen et al., 2010), choosing a method that favors its extraction may not be the best 355 

choice, as it may inhibit ionization of low abundant lipids competing during ESI (Lange et al., 356 

2021; Narváez-Rivas & Zhang, 2016). For global lipidomics approaches, regardless the column 357 

length or type of interaction, lipids in complex extracts will always show co-elution and sample 358 

fractionation is currently the most successful strategy to minimize this effect (Lange et al., 359 

2021; Lebold et al., 2014). By comparing the pairs, HE∩MHE showed the highest similarity 360 

in annotated lipid species (507 lipids) mainly due to lipid subclasses PC (37%) and TG (17%), 361 

followed by ME∩MHE (493 lipids) and HE∩ME (485 lipids). Notably, the logP of CH2Cl2 362 

(1.4) is between the values of CHCl3 (1.9) and MTBE (0.9) (Aldana et al., 2020), which could 363 

help to explain this intermedia similarity.  364 

The potential to distinguish lipids not only by class but also by the carbon chain length and 365 

degree of unsaturation is one of the advantages of LC-MS-based lipidomics approaches 366 

(Liebisch et al., 2020). In Figure 3.B, the carbon chain length plotted against the double bond 367 

equivalents for the three extraction methods, shows a similar profile. This latter means that the 368 

three methods can extract structural similar distributed lipids within the same polarity range. 369 

One of the purposes of this work was to evaluate if the in house optimized extraction method 370 

(HE) based on CHCl3 could be replaced by CH2Cl2 or MTBE-based extractions, MHE and ME, 371 

respectively. Based on the lipid composition percentages (Figure SI-1.5) and the number of 372 

annotated lipid species (Figure 3.A), the three methods showed similar profiles and as a result, 373 

the HE could be replaced by either ME or MHE. Furthermore, if the polar fraction is of interest 374 

for metabolomics analysis, MHE would be preferable, as the bottom fraction in ME is relatively 375 

limited and difficult to separate from the precipitated proteins in tissue extracts. 376 

 377 

3.4 Comparison of software for lipid annotation in zebrafish liver tissues 378 

Annotation is a critical step of untargeted applications and different levels of confidence have 379 

been proposed to report the results based on the structural level (Liebisch et al., 2013) and 380 

analytical technique used (Alseekh et al., 2021). Usage of (I) the shorthand notation 381 

classification system (Liebisch et al., 2020), (II) RT mapping, (III) rule-based MS/MS spectra 382 
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matching, and (IV) indicating the software used for annotation are considered the golden 383 

standards for reporting qualitative lipidomics data. Different open-source software can be used 384 

to annotate lipids in untargeted datasets based on accurate mass measurements and MS/MS 385 

spectra matching (e.g., LipidMatch (Koelmel, Kroeger, Ulmer, et al., 2017), LipidHunter (Ni, 386 

Angelidou, Lange, et al., 2017), MS-DIAL (Tsugawa et al., 2020)). Given the known behavior 387 

of lipids in reversed-phase chromatographic columns (Lange et al., 2019), RT mapping has 388 

proved to be a valuable tool to reduce the number of false positives generated by in-source 389 

fragmentation and to facilitate unequivocal lipid annotation (Köfeler et al., 2021). For example, 390 

Lipostar (Goracci et al., 2017) is a software that includes RT mapping of lipid species against 391 

the KMD(H), but open-source scripts (Lange et al., 2021) can also be used after lipid annotation 392 

provided by other software.  393 

Since data transformation and understanding the functionalities and parameters of each 394 

software are time-consuming steps that can also increase the complexity of the data analysis, 395 

software that provides a broad lipid coverage with fewer false positives would be ideal from a 396 

method development standpoint. In this work, different software platforms were used for lipid 397 

annotation to evaluate their similarity and complementarity (SI-2). Next to the compared 398 

annotation software, there are many others (e.g., lipid search module for MZmine (Korf et al., 399 

2019), LDA (Hartler et al., 2017)), and a wide range of settings that can be optimized to 400 

improve performance. However, the evaluation of this four software can be very important for 401 

analytical laboratories that need to select one tool for method development using different 402 

sample types with an untargeted approach. Three open-source software, MS-DIAL, 403 

LipidMatch, and LipidHunter, and one commercial, Lipostar, were used to annotate 193, 311, 404 

206, and 433 features, respectively. These latter numbers were derived after filtering out 405 

possible false positives based on RT mapping. Figure 4 illustrates the number of lipid species 406 

annotated with the software tools and their similarities using a Venn diagram. 407 

LipidMatch and Lipostar showed the highest number of annotated lipid species after filtering, 408 

and also the highest similarity (33%) when comparing the pairs, followed by 409 

MSDIAL∩LipidMatch (29%) and MSDIAL∩Lipostar (25%). Alternatively, LipidHunter was 410 

the most complementary since its intersection with the other software showed lower values, 411 

LipidHunterL∩LipidMatch (15%), LipidHunterL∩MSDIAL (16%), and 412 

LipidHunterL∩Lipostar (16%). In practice, LipidHunter does not provide a stand-alone 413 

solution, i.e., the individual files (MS/MS raw data)  will be transformed to open-source format 414 

and the software will look for lipids from different classes in a single or batch mode. The 415 

resulting files will contain detailed information about the fragment ions used to confirm the 416 
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lipid structure which can be useful for confirming the structure of lipids previously selected by 417 

statistical methods in untargeted datasets. In LipidMatch, the user has the option to run the R 418 

script with the feature table obtained from a different software package or process the files with 419 

the extension LipidMatch flow which uses MZmine for peak picking and alignment of multiple 420 

files in the background. In this work, the files were processed in MS-DIAL and the aligned 421 

feature table was exported to be used in LipidMatch. This strategy was beneficial since the user 422 

will have additional rule-based fragmentation in the same feature table already processed with 423 

the software of choice. 424 

Interestingly, the few carnitine (CAR) and fatty acid (FA) lipid species (Figure SI-1.7) were all 425 

annotated using MS-DIAL. These lipids are very limited in terms of diversity and concentration 426 

in zebrafish liver tissues (Gegner et al., 2022). MS-DIAL algorithms could detect these species, 427 

CAR by the characteristic MS/MS spectra showing neutral loss of trimethylamine (TMA) and 428 

m/z 85.029 [M-fatty acid chain-TMA]+ (Figure SI-1.8). FAs were mainly annotated by 429 

accurate mass, isotopic distribution, and RT mapping. Figure SI-9 shows the MS/MS matching 430 

profile of different free FA obtained from MS-DIAL. While species such as FA 16:1 did not 431 

show fragmentation and its match was solely based on the precursor ion, elongated saturated 432 

species, such as FA 20:0, showed a neutral loss of water [M-H-H2O]- at 20 eV (Murphy, 2014). 433 

Moreover, a highly unsaturated FA species, FA 22:6, was found in zebrafish livers showing 434 

extensive fragmentation. However, the MS-DIAL library did not provide any product ions that 435 

could be matched with the raw spectra (Figure SI-9).  436 

Lipostar has noteworthy features that include isotopic clustering, allowing the combination of 437 

ion species from different polarities and visualization of fragment ions from the in silico 438 

predictions used to match with the structure of the lipid species (Ni, Angelidou, Hoffmann, et 439 

al., 2017). The detection of potentially oxidized lipids in positive mode for a given annotated 440 

lipid species is one of the advantages, as seen for some compounds in Table SI-2. For instance, 441 

TG 58:10 [M+NH4]
+ was also detected as a potentially oxidized species [M+O+NH4]

+ 442 

(960.7656). Figure SI-1.10 shows the MS/MS spectra of the unmodified and oxidized TG 58:10 443 

[M+ NH4]
+. The compound was annotated based on the ammonia neutral loss, the loss of FA 444 

chains and abundant m/z 337.272 from the non-oxidized chain [MG 18:2+H-H2O] and an 445 

oxidized moiety at 663.499 [M<O>+H-FA 18:2]. 446 

Overall, the current software for lipid annotation using rule-based fragmentation have a good 447 

performance, but the expansion of these rules for additional classes, especially for oxidized 448 

species, and the addition of a filter based on RT mapping can improve the number of true 449 

identifications and reduce the need for extensive manual curation. Furthermore, more 450 
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independent ring-trials are needed for lipid annotation tools, as most of them are based on 451 

comparisons conducted by their developers, which can be biased. The development of 452 

strategies for the automated annotation of oxidized lipids is advancing and probably manual 453 

curation will be less necessary in the future which could broaden the study on oxidized lipids 454 

involved in different biological conditions.  455 

 456 

4. Concluding Remarks 457 

For model organism studies, where several measurements are necessary using a limited amount 458 

of sample, the optimization of the analytical workflow is essential to obtain reliable results. 459 

Using zebrafish liver homogenates, a total of 712 unique lipids species from four categories 460 

(i.e., fatty acyls, glycerolipids, glycerophospholipids, and sphingolipids) were annotated with 461 

accurate mass, in silico MS/MS and RT mapping. Of those, 583, 565, and 575 lipid species 462 

were annotated in the extracts from the HE (MeOH/CHCl3/H2O, 3/2/2, v/v/v), MHE 463 

(MeOH/CH2Cl2/H2O, 2/3/2, v/v/v) and ME (MeOH/MTBE/H2O, 3/10/2.5, v/v/v) extraction 464 

methods, respectively. Both MHE and ME showed similar lipid coverage to HE and are 465 

suitable alternatives to chloroform-based extraction for zebrafish liver. Data-dependent 466 

acquisition using iterative exclusion MS/MS and active exclusion were used to increase the 467 

lipidome coverage by selecting a higher number of different precursor ions that are selected for 468 

MS/MS in each MS cycle. Lipostar was the identification software that showed the highest 469 

number of annotated lipids. Using open-source software, the combination of MS-DIAL and 470 

LipidMatch annotation using the same feature table combined with LipidHunter for 471 

confirmation could be used to annotate 515 different lipids from fourteen lipid subclasses. The 472 

lipids found in this work can be used in a larger context to help the lipidomics community gain 473 

a better understanding of model organism lipidomes.  474 
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Figures 703 

 704 

 705 

Figure 1. Dilution series (dilution factor = 2) of zebrafish liver extracts with different extraction solvents analyzed by LC-HRMS. The replicate 706 

number refers to instrumental injections. The numbers at the top of each bar refer to the number of features with a relative standard deviation of 707 

the intensity  10%. HE: In house extraction, MeOH/CHCl3/H2O (3/2/2, v/v/v). MHE: Modified in house extraction, MeOH/CH2Cl2/H2O (2/3/2, 708 

v/v/v). ME: Matyash extraction, MeOH/MTBE/H2O (3/10/2.5, v/v/v).709 
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 710 

 711 

Figure 2. The intensity of annotated lipid categories from different lipid classes in zebrafish 712 

liver homogenates. The shown mean intensities were calculated based on the most abundant 713 

ionization species for each lipid species within a lipid category. The y axis was log-714 

transformed. HE: In house extraction, MeOH/CHCl3/H2O (3/2/2, v/v/v). MHE: Modified in 715 

house extraction, MeOH/CH2Cl2/H2O (2/3/2, v/v/v). ME: Matyash extraction, 716 

MeOH/MTBE/H2O (3/10/2.5, v/v/v). 717 

 718 
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 719 
Figure 3. Annotated lipids in zebrafish liver homogenates with different extractions (HE, 720 

MHE, and ME) (A) and their double bond equivalents (DBE) plotted against the number of 721 

carbons (total carbon (C)) (B). 722 
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 724 

Figure 4. Venn diagram of the number of annotated lipid species using different software tools. 725 
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