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• Urinary lipidomics aids in studying 
renal, urological, or endocrine diseases. 

• One-phase methods are suitable for 
obtaining a comprehensive lipidomic 
profile. 

• Analytical reproducibility during sam
ple treatment is crucial in untargeted 
lipidomics. 

• The sample availability is key for 
selecting the most adequate extraction 
protocol.  
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A B S T R A C T   

Urine analysis has remained a fundamental and widely used method in clinical diagnostics for over a century. 
With its minimal invasive nature and comprehensive range of analytes, urine has established itself as a clinical 
diagnostic tool for various disorders, including renal, urological, metabolic, and endocrine diseases. Further
more, urine’s unique attributes make it an attractive matrix for biomarker discovery, as well as in assessing the 
metabolic and physiological states of patients and healthy individuals alike. However, limitations in our 
knowledge of average values and sources of urinary lipids decrease the wider clinical application of urinary 
lipidomics. In this context, untargeted lipidomics analysis relies heavily on the extraction and analysis of lipids in 
biological samples. Nevertheless, this type of analysis presents challenges in lipid identification due to the diverse 
nature of lipids. Therefore, proper sample treatment before analysis is crucial to obtain robust and reproducible 
lipidomic profiles. To address this gap, we conducted a comparative study of a urine pool sample collected from 
twenty healthy volunteers using four different lipid extraction methods: one biphasic and three monophasic 
protocols. The extracted lipids were then analyzed using UHPLC-MS and MS/MS, and the semi-quantification of 
all the accurately annotated lipid species was performed for each extraction method.   
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1. Introduction 

Urine is a versatile diagnostic medium routinely used to detect a 
wide range of disorders, including renal, urological, metabolic, and 
endocrine diseases. Clinical diagnostic tools have been established to 
analyze cells, cellular fragments, electrolytes, metabolites, and proteins 
qualitatively and quantitatively in urine, providing valuable informa
tion for accurate diagnosis and treatment. Depending on the biological 
matrix, some sample-collecting protocols could result in highly invasive 
procedures involving patient issues and risks. It also increases the dif
ficulty of the experimental design and diminishes the possibility of 
including healthy control groups in the study due to the clear refusal of 
volunteers to undergo these procedures. As a minimally invasive and 
easily accessible sample, urine plays a crucial role in modern medicine 
as an effective diagnostic tool with easy handling and storage [1,2]. 
Moreover, urine is a perfect source for determining specific disease 
biomarkers, pharma drug metabolism monitoring, and toxicity tests. 

The current knowledge of the crucial role played by lipid metabolic 
homeostasis in maintaining normal physiological conditions highlights 
the significance of lipidomics analysis as an essential research discipline 
for detecting lipid metabolic imbalances responsible for various diseases 
[3]. Recent research has focused on developing a lipidomic methodol
ogy to enable early diagnosis, monitoring, and treatment control of 
acute and chronic kidney diseases (CKD) [4]. However, our under
standing of urinary lipidomic changes in CDK remains limited. Although 
urinary lipids have been proposed as a diagnostic tool, promising bio
markers such as phospholipids have been identified for early detection 
of breast and prostate cancer. In addition, recent studies have demon
strated the potential of lipid mediator profiling in urine as a 
non-invasive approach for molecular phenotyping of asthma and atopic 
dermatitis diagnosis [5]. These findings suggest the potential for uti
lizing urine lipidomic profiling for biomarker discovery in diverse pa
thologies, providing valuable insights into disease pathogenesis and 
aiding in personalized treatment strategies. However, limitations to the 
broader clinical application of urinary lipidomics exist due to our 
limited knowledge of average values and sources of urinary lipids. 

In this regard, liquid chromatography coupled with mass spectrom
etry (LC-MS)-based untargeted lipidomics is a widely used analytical 
technique to perform lipidomics analysis for clinical studies [6,7]. 
Typically, the two main steps in which we can summarize lipidomics 
studies are the extraction and analysis of lipids, followed by the anno
tation/identification and quantification of those lipids present in the 
biological samples. Lipidomics analysis could be performed following 
either a targeted or an untargeted approach. An untargeted approach 
can maximize the detection of most lipid classes, producing a more 
detailed lipidomic profile that may even detect previously unknown 
lipid species [8,9]. However, it can also increase the difficulty of proper 
lipid identification due to the complexity of this diverse family of bio
molecules, which presents a challenge in obtaining high lipid recovery 
rates during extraction [10–12]. As such, proper sample treatment 
before analysis is crucial for obtaining a robust and complex lipidomic 
profile, as emphasized in previous studies [10,13,14]. 

Biphasic lipid-lipid extractions such as Folch [15], Bligh and Dyer 
[16], or Matyash [17] have been broadly used for lipidomics studies. So 
far, different modifications of these methods have appeared for specific 
applications but keep the basis of these extractions [18]. In contrast, 
monophasic extraction methods have gained popularity over the past 
decade as they simultaneously enable the analysis of both polar and 
nonpolar metabolites. These methods are preferred over biphasic ex
tractions due to their less complex application [19] and more impor
tantly, due to the fact that more polar lipids are not split into the two 
phases. In the literature, there are multiple reports comparing different 
extraction methods for plasma samples. However, as urine is a more 
polar matrix, other comparative studies must be conducted for untar
geted lipidomics using urine samples. To address this gap, we conducted 
a study in which we extracted lipids from ten independent aliquots 

collected from a urine pool sample composed of twenty healthy volun
teers. Four different methods were used for lipid extraction, including 
one biphasic method and three monophasic methods. We then measured 
the samples using UHPLC-MS and MS/MS to obtain the lipid landscape 
of urine, covering the wider range of lipid classes and species as our 
main goal. Finally, we performed the relative quantification of the 
detected lipid species by each extraction method (Fig. 1). By using 
multiple protocols, we observed that all of them provided the same 
number of lipid species. Consequently, we focused on the analytical 
reproducibility of each extraction protocol to identify the optimal 
approach for untargeted lipidomics in urine samples. 

2. Materials and methods 

2.1. Reagents and lipid standards 

Ethyl acetated (EtOAc) and ethanol (EtOH) for lipid extraction were 
obtained from VWR International SAS (France). The ammonium fluoride 
(NH4F) (ACS reagent, ≥98%) and Methyl-tert-butyl ether (MTBE) were 
purchased from Sigma-Aldrich (Steinheim, Germany). LC-MS grade 
methanol (MeOH), acetonitrile (ACN), and isopropanol (IPA) were ob
tained from Fisher Scientific (Pennsylvania, United States). Ammonia 
solution (28%, GPR RECTAPUR®) and acetic acid glacial (Ana
laR®NORMAPUR®) were obtained from VWR Chemicals (Pennsylva
nia, United States). Reverse-osmosed ultrapure water, used to prepare 
all the aqueous solutions, was obtained from a Milli-Qplus185 system 
(Millipore, Billerica, MA, USA). 

For lipid quantification and analytical quality assurance, SPLASH® 
Lipidomix®, C17 – Sphinganine and d31–palmitic acid was purchased 
from Avanti Polar Lipids (Alabaster, Alabama, USA). The compositions 
of applied internal standard mixtures are listed in Table S1. 

2.2. Urine samples 

A pool of urine samples collected from twenty healthy volunteers 
was employed for this study, divided into eight males (mean age 30.0 ±
12.1SD, mean weight 75.6 ± 7.7SD) and 12 females mean age 28.1 ±
10.9SD, mean weight 63.4 ± 8.4SD). Urine samples were prepared at 
the “Centro de Metabolómica y Bioanálisis, CEMBIO” (Madrid, Spain), 
following four different extraction methods to obtain the urine lip
idomics fingerprint. Briefly, the samples were thawed on ice and then 
vortex-mixed for 2 min. Next, 150 μL of urine was collected from each 
sample to generate the urine pool sample. Finally, we took the specific 
volume for each one of the fourth analytical methods tested necessary 
for the lipid extraction. We prepared ten replicates for each extraction 
method, which were treated following the different lipid extraction 
protocols. A mixture of nonendogenous internal standards (Table S1) 
was added before performing the four extraction procedures. 

2.2.1. Two-phase extraction method 

2.2.1.1. Modified Matyash extraction method [20]. On the ice, 20 μL of 
urine pool sample was mixed with 225 μL of cold (− 20 ◦C) MeOH. Af
terwards, samples were vortex-mixed for 30 s, followed by the addition 
of 750 μL of MTBE. Samples were vortex-mixed again for 6 min, and 188 
μL of Ultra-Pure MilliQ® water was added. Samples were then vortexed 
for 1 min. After centrifugation for 2 min at 16.1 rpm at 15 ◦C, 300 μL of 
supernatant was carefully recovered and dried in a SpeedVac for 2 h at 
45 ◦C. Finally, samples were resuspended in 100 μL of MeOH:MTBE (1:1, 
v/v) before the UHPLC-MS analysis. 

2.2.2. One-phase extraction methods 

2.2.2.1. Method 1 – ethyl acetate:Ethanol (EtOAc:EtOH) (2:1, v/v). On 
the ice, 10 μL of urine pool sample was mixed with 800 μL of a cold 
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(− 20 ◦C) mixture of EtOAc and EtOH (2:1, v/v). Samples were vortex- 
mixed for 30 min and then centrifuged for 10 min at 16.1 rpm at 
15 ◦C. Finally, 100 μL of supernatant was collected and transferred into 
an HPLC-MS vial with a glass insert. 

2.2.2.2. Method 2 – Methanol:Ethanol (MeOH:EtOH) (1:1, v/v). On the 
ice, 100 μL of urine pool sample was mixed with 300 μL of a cold 
(− 20 ◦C) mixture of MeOH:EtOH (1:1, v/v). Samples were vortex-mixed 
for 30 min. After centrifugation for 10 min at 16.1 rpm at 15 ◦C, 100 μL 

of the supernatant was collected and transferred into an HPLC-MS vial 
with a glass insert. 

2.2.2.3. Method 3 – Methanol:Methyl tert-butyl ether (MeOH:MTBE) (1:1, 
v/v). On the ice, 50 μL of urine pool sample was mixed with 175 μL of 
cold (− 20 ◦C) MeOH and 175 μL of MTBE. Samples were then vortex- 
mixed for 30 min. After centrifugation for 15 min at 16.1 rpm at 
15 ◦C, 100 μL of the supernatant was collected and transferred into an 
HPLC-MS vial with a glass insert. 

Fig. 1. Workflow of the analytical procedure and data processing carried out in this study.  
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Finally, all the vials were centrifuged at 2000g at 15 ◦C for 10 min 
before injecting into the system. Following the same lipid extraction 
protocols, four blank samples—one for each extraction method—were 
generated alongside the others. The blank samples were then analyzed 
at the beginning and end of the analytical run to identify common 
contaminations. 

The analysis of urine extracts was performed on an Agilent 1290 
Infinity II UHPLC system coupled to an Agilent 6545 quadrupole time- 
of-flight (QTOF) mass spectrometer in both positive and negative ion 
modes using the analytical conditions previously described [21]. 

2.3. Lipidomics analysis 

2.3.1. Analytical conditions selected for a lipidomics analysis 
We performed an untargeted lipidomics analysis to cover the broader 

spectrum of urine lipidome. The analytical platform selected for data 
acquisition was an Agilent 1290 Infinity II Ultra-High-Performance 
Liquid-Chromatography (UHPLC) system coupled to an Agilent 6546 
quadrupole time-of-flight (QTOF) mass spectrometer. The Agilent 1290 
Infinity II Multisampler system was used to uptake 1 μL of extracted 
samples, maintaining the temperature at 15 ◦C to preserve compounds 
and avoid lipid precipitation. We used an Agilent InfinityLab Poroshell 
120 EC –C18 (3.0 × 100 mm, 2.7 μm) (Agilent Technologies) column 
and a compatible guard column (Agilent InfinityLab Poroshell 120 EC 
–C18, 3.0 × 5 mm, 2.7 μm), both held at 50 ◦C. 

The parameters of the Agilent 6546 QTOF mass spectrometer 
equipped with a dual AJS ESI ion source were: 150 V fragmentor, 65 V 
skimmer, 3500 V capillary voltage, 750 V octopole radio frequency 
voltage, 10 L/min nebulizer gas flow, 200 ◦C gas temperature, 50 psi 
nebulizer gas pressure, 12 L/min sheath gas flow, and 300 ◦C sheath gas 
temperature. Data were collected in positive and negative ESI modes in 
separate runs, operated in full scan mode from 40 to 1700 m/z with a 
scan rate of 3 spectra/s. A solution consisting of two reference mass 
compounds was used throughout the whole analysis: purine (C5H4N4) 
at m/z 121.0509 for the positive and m/z 119.0363 for the negative 
ionization modes; and HP-0921 (C18H18O6N3P3F24) at m/z 922.0098 
for the positive and m/z 980.0163 (HP-0921 + acetate) for the negative 
ionization modes. These masses were continuously infused into the 
system through an Agilent 1260 Iso Pump at a 1 mL/min (split ratio 
1:100) to provide a constant mass correction. 

The mobile phases used for both ionization modes, positive and 
negative, consisted of (A) 10 mM ammonium acetate, 0.2 mM ammo
nium fluoride in 9:1 water/MeOH and (B) 10 mM ammonium acetate, 
0.2 mM ammonium fluoride in 2:3:5 acetonitrile/MeOH/isopropanol. 
The multiwash strategy consisted of a solvent mixture of methanol:iso
propanol (50:50, v/v) with a wash time set at 15 s and an aqueous 
organic phase (30:70, v/v) mixture to assist in the starting conditions. 
The chromatography gradient started at 70% of B at 0–1 min, 86% at 
3.5–10 min, and 100% B at 11–17 min. Starting conditions were 
recovered at minute 17, followed by a 2 min re-equilibration time, a 
total running time of 19 min. The flow rate during the analysis was kept 
constant at 0.6 mL/min. 

Iterative-MS/MS acquisition modes were performed for both ion 
modes, positive and negative. We performed ten measurements of a 
selected sample using two different collision energy, 20 eV and 40 eV. 
The software selects the three more intense precursor ions for each 
measurement, which were fragmented to obtain the spectrum for a 
specific time. In the subsequent measurement of the same sample, for 
the same specific time point, the software excluded the previous three 
selected ions and selected the following three more intense precursor 
ions. By measuring the sample several times, we obtained thousands of 
MS/MS spectrums at the end, covering most of the lipidome spectrum. 

2.3.2. Lipid annotation process 
Lipidomics studies face a significant challenge in accurately anno

tating and identifying the complete lipidome of biological samples. 

Researchers have made notable progress by developing various bio
informatic tools to overcome this bottleneck to obtain a more compre
hensive lipid profile. In our study, we tackled this issue by devising a 
custom strategy for lipid annotation, integrating four software tools 
based on three distinct annotation strategies. Further insights into the 
performance of these tools, their limitations, and the exclusion criteria 
applied in our annotation approach are detailed in the previously pub
lished work by B. Fernández Requena et al. [22]. This approach 
enhanced the accuracy and scope of lipid annotation in our analysis. The 
software parameters were set as follows.  

- Lipid Annotator v1.0 (Agilent): Q-Score ≥20.0, adduct selection H+, 
Na+ and NH4

+ for positive ion mode and H− and C2H3O2
− for negative 

ion mode. We selected all lipid classes to perform an untargeted 
analysis. For the ID parameters, the Mass Threshold was set at mass 
deviation ≤20.0 ppm, the “Report top candidate only” option was 
selected, the Fragment score was ≥30, the Total score was ≥60, and 
the Constituent Level was ≥10%.  

- MS-DIAL 4 (Riken): the raw data files were converted into “.ibf” files 
using the MS IBF file Converter software. For MS/MS data reproc
essing, we selected the soft ionization for LC-MS/MS, chromatog
raphy separation type, conventional LC-MS method type, and profile 
data as the data type. We selected the corresponding ionization mode 
(positive or negative) for each analysis and Lipidomics as the target 
omics. The MS1 and MS/MS m/z detection window was set at 
40–1700 Da, and the retention time window was set at 0–19 min. The 
peak detection window, smoothing level was set as 1 scan. The Ac
curate mass tolerance was 0.01 Da for MS1 and 0.025 for MS2 for the 
Identification window, and the identification score cut off was set at 
70%. Next, we selected specific adducts depending on the ionization 
mode that we were analyzing (H+, Na+ and NH4

+ for positive and H−

and C2H3O2
− for negative ion mode). The rest of parameters were set 

as default.  
- LipidHunter: we set from 0 to 19 min the scan range, 40–1700 m/z 

range, ± 0.75 m/z precursor window, DDA Top 6, ± 20 ppm for MS 
tolerance level, the absolute intensity for the MS level threshold was 
set at 1000, ± 20 ppm MS/MS tolerance level, the absolute intensity 
for the MS/MS level threshold was set at 10, 80% isotope score, 75% 
Rank score and 0.10% as the minimum relative intensity for the 
scoring. 

- LipidMS 3.0: We reprocessed our data by selecting the Batch pro
cessing option in the corresponding ionization mode. The m/z 
tolerance for MS1 and MS/MS was set at 20 ppm. The tolerance for 
the RT window was set at 300 s. The rest of the parameters were set 
as default. Finally, the lipid classes selected for the annotation pro
cess were established according to the ionization mode. 

Afterwards, the information obtained was combined and manually 
curated to remove redundancy and false positive annotations. Further
more, we manually inspected the MS/MS data from both positive and 
negative ionization modes to increase confidence in the annotations 
provided. The process was supported using the CEU Mass Mediator free 
access tool [23]. 

2.3.3. Data reprocessing 
To determine the differences in the urine lipidomic profile obtained 

through the different extraction methods, we reprocessed our raw data 
files using the Agilent MassHunter Profinder software (B.10.0.2, Agilent 
Technologies, Santa Clara, CA, USA), using the “Batch Targeted Feature 
Extraction” mode to perform the feature extraction and time alignment. 
The data matrix employed for the feature extraction and time alignment 
included the molecular formula, exact mass, and retention time. Fea
tures were built as the sum of coeluting ions related by charge-state 
envelope, isotopologue pattern, and/or the presence of different ad
ducts and dimers in the analyzed samples. The following adducts were 
selected to detect coeluting adducts of the same feature: [M+H]+, 
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[M+Na]+, [M+K]+, [M + NH4]+ and [M + C2H6N2+H]+ for positive 
ionization mode; [M − H]-, [M+Cl]-, [M + CH3COOH-H]-, and [M +
CH3COONa-H]− for negative ionization. 

The isotope grouping was set to common organic molecules, and the 
charge state was limited to 1–2. The match tolerance was set at ± 20 
ppm for masses and ± 0.500 min for retention times. The retention time 
score contribution to the overall score was 100.00. In the matching 
criteria options, we selected “warn if scores are” < 75.00 for low score 
matches and “warn if the second ion’s abundance is” > 50.00 for single 
ion matches. The integration was made with “Agile 2”. As peak filters, 
we selected peak height and the limit of the maximum number of peaks 
was set to 5. The chromatogram data format was Centroid. The pa
rameters for peak spectrum were: average scans >10% of peak height, 
TOF spectra were excluded if above 20.0 % of saturation in the m/z 
ranges used in the chromatogram and never returned an empty spec
trum. For centroiding, the peak location was set at two as maximum 
spike width and 0.70 required valleys, and the mass spectral data format 
was Centroid. Finally, as post-processing filters, a feature must be pre
sent in at least 50% of the samples in at least one sample group. 

2.3.4. Data normalization and pre-processing 
First, data were normalized and filtered to ensure data quality. The 

raw data matrices were then normalized using the SPLASH® Lip
idomix® mixture. For the normalization process, the adduct with which 
each lipid species was detected was considered. This adjustment 
involved comparing the signal detected for that specific adduct with the 
signal detected for the same adduct in the corresponding lipid species 
found in the SPLASH® Lipidomix® mixture to account for unwanted 
variance due to sample preparation and the analytical run. Features with 
mean blank values above 10% of the mean value in the samples were 
removed. Additionally, we proceed to study the reproducibility of the 
different lipid extraction methods. For this purpose, the coefficient of 
variation (CV) of each annotated lipid species was calculated. Next, the 
average and standard deviation of the CV of each extraction method in 
each lipid class were calculated. The obtained data are listed in Table S2. 
Afterwards, the concentration of the annotated lipids obtained with each 
method was plotted to study each extraction method’s performance for 
each lipid class. The plots were generated using GraphPad Prism soft
ware (v9.0). The error bars displayed in the graphics represented the 
standard error of the mean (SEM). 

2.3.5. Semi-quantification of the lipid species detected 
One of the most significant challenges when performing a non- 

targeted lipidomics-based approach is the quantification of the analy
tes of interest. The addition of the SPLASH® Lipidomix® standard 
mixture, which contains nonendogenous class-specific lipid standards, 
together with the C17-Sphinganine, and d31-palmitic acid mixture 
allowed the quantification of 18 lipid subclasses by assuming that each 
lipid standard has the same response factor (RF) as the lipid of interest 
belonging to that class [24]. The rest of the detected lipids were 
semi-quantified using the standard that presented the minimum differ
ence in RT and mass with the biological compound [24]. Furthermore, 
we have assessed the recovery efficiency of individual extraction 
methods by comparing the areas of each lipid standard present in the 
SPLASH® Lipidomix® standard mixture added to the sample compared 
to a reference standard. This comparison was conducted using a solvent 
sample, including the SPLASH® Lipidomix®, and the same standards 
added to each sample in each extraction method (Table S3). 

3. Results and discussion 

3.1. Lipid annotation strategy 

Selecting the most appropriate lipid extraction method is a crucial 
step in the elucidation of the complete lipid profile of a biological matrix 
[20]. To address the need for comparative and quantitative lipid 

extraction studies for untargeted lipidomics using urine samples [19], 
we tested four lipid extraction methods: one biphasic method and three 
monophasic methods. Our main goal was to determine the best solvent 
combination to maximize the coverage of lipid species displayed in the 
urine. 

Attempting to provide a confident structure characterization of the 
lipid species detected, a parallel acquisition of HRMS and MS/MS data 
using Data-dependent analysis (DDA) at two fixed collision energies (20 
eV and 40 eV) was performed. Afterwards, the data files obtained from 
the MS and MS/MS acquisition modes, for both positive and negative 
ionization modes, were processed using different annotation strategies 
to increase the coverage and precision of the annotation. Those strate
gies were based on the spectral matching with the internal in silico li
braries of Lipid Annotator [25] and MS-Dial [26] software tools, the 
bottom-up strategy with a predefined fatty acid checklist included in 
LipidHunter [27] and the last one, based on the fragmentation patterns 
and the intensity rules of the fragments by using LipidMS [28,29] soft
ware. The tentative annotation list obtained from the software programs 
was curated to delete duplicates and false positives. Additionally, the MS 
and MS/MS raw data files were manually inspected using the Mass
Hunter Qualitative v10.0 and the CEU Mass Mediator free access tool 
[23] to increase the accuracy of the annotation process. Thanks to the 
manual inspection, we were able to detect the precursor ion m/z (MS1), 
and the specific fragmentation pattern spectrum (MS2) of each lipid, 
which provide enough structural information to assign the exact lipid 
class, the molecular species, the degree of unsaturation and the fatty 
acid chain position [30,31]. As an additional checkpoint in curating the 
lipid annotations, we also introduced the retention time (RT) mapping to 
define the elution order using the Kendrick mass defect (KMD) plots. 
This approach led to a more comprehensive analysis of the samples and 
provided more accurate and reliable results. 

Thanks to this annotation workflow, we could correctly annotate 315 
lipid species (Table S4) divided into four main lipid classes: sphingoli
pids (SP), glycerophospholipids (GP), glycerolipids (GL) and fatty acyls 
(FA) and eighteen different lipid subclasses (Fig. 2). The annotated lipids 
were classified using the LIPIDMAPS classification system [32]. 

After MS data reprocessing using the Batch Targeted Feature 
Extraction mode of the Agilent MassHunter Profinder software, 415 and 
192 features were obtained in ESI (+) and ESI (− ), respectively. After 
data normalization and filtration, the resulting data matrices displayed 
283 features for ESI (+) and 179 for ESI (− ). Ultimately, a total of 315 
distinct lipid species were successfully annotated after data combina
tion, curation, and manual inspection of the data, reflecting the urine 
lipid landscape composition and the abundance of each lipid compound 
present in the healthy urine samples. Fig. 3A illustrates the number of 
lipid species annotated with each software tool and the degree of overlap 
using a Venn diagram. MS-DIAL exhibited the highest performance of 
the software tools, successfully annotating 206 lipid species. Following 
closely, the Lipid Annotator identified 154 lipid species, but only 53 
overlapped with the results from MS-DIAL. Similarly, LipidHunter and 
LipidMS annotated 103 and 100 lipid species, respectively, with only 7 
species being common between both programs. Notably, the overlap 
among the annotation results obtained from the different software tools 
was minimal, with only 24 lipid species being annotated by all four 
programs. This highlights the complementary nature of annotation li
braries and the importance of carefully considering the annotation 
strategy to prevent potential bias when interpreting data. Finally, 22 
lipid species were successfully annotated thanks to the careful manual 
inspection of the MS and MS/MS data. This process was performed to 
unveil new lipids and enhance the reliability and confidence of the lipid 
annotations performed [22]. 

Despite the current limited knowledge of typical values, the sources 
of urinary lipids, and their normal variations in healthy individuals 
following a regular diet [33], it is established that glomerular filtration 
and tubular transport mechanisms influence the composition of urinary 
lipid species. These mechanisms are closely connected to the excretion 
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of urine creatinine and albumin (diuresis) in both men and women. 
Additionally, in women, the presence of lipid species originating from 
urinary cells and cellular components has a significant impact on the 
overall composition of the urine lipidome [4]. In addition, the lipid class 
proportion present in the urine could be influenced by several factors, 
including the metabolic state of the organism under study, the analytical 
conditions and the resolving power of the instrument, the complexity of 
the biological matrix and the lipid extraction method applied [34]. The 
last one is the main point of interest in this study. The four extraction 
protocols used in this work exhibited homogeneous lipid profiles in 
terms of lipid species composition and the total number of annotated 
lipids. It demonstrated the efficiency of monophasic extraction methods, 
which covered the same lipid range as the biphasic method during the 
extraction procedure. However, the relative abundance of each lipid 
species differed among the four tested procedures due to the lipid class 
polarities [19]. 

In Fig. 3B, depicting the qualitative profile of urine lipid composi
tion, GLs emerged as the dominant lipid class, constituting 30.0% of the 
total urinary lipid content. Triacylglycerols (TGs) were the most abun
dant subclass within the glycerolipids, accounting for 20.0% of the 
overall lipid content in urine. GPs were also significant components, 
comprising 29.5% of the overall urinary lipid composition. Glycer
ophosphocholines (PC) and glycerophosphoethanolamines (PE) were 
found in notable amounts, constituting 15.0% and 5.0% of the glycer
ophospholipid content, respectively. SP constituted 22.0% of the total 
lipid content, where ceramides (Cer) and sphingomyelins (SM) were 
almost equally abundant, SM being slightly more prevalent by 1%. 
Furthermore, fatty acyls were present in the urine lipid composition, 
accounting for 18.0% of the total content. Among the fatty acyls, fatty 
acylcarnitines (Car) represented the most significant proportion at 8.0%, 
followed by fatty acids (FA) at 6.0%, hydroxy-fatty acids (FA (OH)) at 
3.0%, and fatty esters (FAHFA) at 1.0%. The composition landscape 

within each lipid class, in terms of aliphatic chain composition and the 
degree of unsaturation, is depicted in Fig. 3C. This comprehensive 
analysis provides insights into the diverse lipid profile in urine and 
highlights the relative abundances of various lipid classes and 
subclasses. 

It must be kept in mind that DDA is a procedure conducted by an 
automated instrument that dynamically selects the top precursors and 
fragments them. This process introduces some inherent bias. A notable 
limitation of DDA is that less abundant signals may remain unanalyzed 
and thus unidentified in the experiment. Oxylipins are bioactive lipid 
mediators crucial in various physiological processes, such as blood flow 
regulation and inflammation. However, the analysis of oxylipins pre
sents significant challenges, mainly due to their limited presence in 
samples, structural diversity, and stability. Therefore, effective sample 
preparation methods are required to extract, purify, and concentrate the 
target eicosanoids from urine while removing potential interfering 
substances [35]. As a result, the software tools used in our study could 
not annotate this compound class due to their low biological abundance. 
Most of these oxylipins fell below the noise threshold set in the DDA 
analysis. Consequently, manual data inspection became necessary, 
leading us to annotate only two oxylipins successfully, 8-iso-15-
keto-PGF2α (Fig. 4A) and 11-dehydro-TXB3 (Fig. 4B). 8-Iso-15-
keto-PGF2α is a prostaglandin commonly used as a biomarker for 
oxidative stress in various physiological and pathological conditions. It 
is considered a reliable indicator of oxidative damage to cell membranes 
and tissues, as it is produced during lipid oxidation. Elevated levels of 
8-iso-15-keto-PGF2α in biological samples, such as urine or blood, can 
indicate increased oxidative stress associated with multiple inflamma
tion oxidative stress-related disorders, including cardiovascular dis
eases, asthma, chronic obstructive pulmonary disease, interstitial lung 
disease, cystic fibrosis, or acute chest syndrome [36]. On the other hand, 
11-dehydro TXB3 has been described as a urinary metabolite of TXA3 in 

Fig. 2. The urinary Total Compound Chromatogram (TCC) presented in this picture revealed the elution times of distinct lipid subclasses during LC-MS analysis, as 
indicated by the arrows. In the lower section, a magnified view comprehensively explored the less abundant detected lipids. 
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Fig. 3. (A) Number of high-quality features considered in both ESI(+) and ESI(− ) ion modes after data curation. Additionally, the Venn diagram depicts the 
overlapping number of the lipid species annotated using different automated annotation tools. (B) Circular qualitative diagram of the lipidomic landscape detected in 
healthy urine samples based on the LIPIDMAPS classification system. (C) Distribution of the most representative lipid classes detected by aliphatic chain composition 
and degree of unsaturation. The data obtained relative to glycerophosphoglycerophosphates (PGs) and sphingoid base (SPB) is not shown due to the reduced number 
of lipid species detected during the lipid annotation. 
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humans with enhanced dietary intake of EPA [37]. As depicted in 
Fig. 4C, MeOH:EtOH (1:1, v/v) method extracted the highest amount of 
both oxylipins in the urine sample. 

3.2. Lipid semi-quantification 

The raw data files reprocessing with the Agilent MassHunter Pro
finder software and the subsequent data normalization and filtering 
allowed us to obtain a final data matrix of 315 features. From here, we 
obtained information regarding the abundance of each feature con
cerning the different lipid extraction methods. For lipid quantification, 

we calculated the concentration (in ppm) of the SPLASH® Lipidomix®, 
according to the corresponding volume added to each extracted method. 
After that, we calculate the lipid concentrations using the corresponding 
lipid species of the SPLASH® Lipidomix® (Table S1). We used the 
nearest lipid species to perform a semi-quantification for those lipid 
classes that did not have a specific internal standard (IS). For example, 
Cer and neutral glycosphingolipids (HexCer) were semi-quantified using 
the SM IS (SM 18:1_18:1 (d9)); for Car, we used the C17-Sphinganine. 
The monoacylglycerides (MG) were semi-quantified using the diac
ylglycerol (DG) 15:0_18:1 (d7), and the FA lipid class was semi- 
quantified with the d31-palmitic acid. 

Fig. 4. (A) ESI(− )-MS/MS spectrum of 8-iso-15-keto-PGF2α. (B) ESI(− )-MS/MS spectrum of 11-dehydro-TXB3. (C) Relative quantification of both oxylipins detected 
in the urine by each extraction method. The error bars displayed are the standard error of mean (SEM). 
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3.3. Reproducibility comparison of the one-phase and two-phase 
extraction protocols 

Given the diversity in lipid structures and polarities, no single solvent 
system can extract all types of lipids without introducing biases. Rather 
than a pointed-out universal extraction method, we aimed to underline 
the characteristics of different straightforward methods for lipid 
extraction from urine samples. Different single-phase lipid extraction 
methods have been proven effective and have high lipid recovery in 
mammalian plasma samples [38]. Nevertheless, little is known about 
their suitability for lipid extraction from urine samples, a more polar 
matrix. As a reference extraction, we used a modification of the Matyash 
method [20], which was based on the original Matyash method [17] but 
with solvent volumes more similar to the Bligh and Dyer protocol [16]. 
The modified Matyash method, previously tested in plasma samples, 
provided higher extraction yields and recovered more peaks in both 
polar and non-polar fractions. It also demonstrated superior or compa
rable metabolite intensities to the Bligh and Dyer and original Matyash 
methods, making it a suitable and less toxic alternative for automated 
sample extraction methodologies [20]. 

Maintaining high analytical reproducibility during the sample 
preparation step is crucial for lipidomics studies, particularly when 
analyzing many samples to determine the lipid profile [20]. In pursuit of 
this goal, our primary focus was selecting the most reproducible lipid 
extraction strategy. When considering the entire lipidome, the MeOH: 
EtOH extraction method exhibited the highest reproducibility, as evi
denced by the well-defined clustering of the ten replicates in the unsu
pervised Principal Component Analysis (PCA) (Fig. 5A). Conversely, the 
EtOAc:EtOH method showed a not-so-good clustering in the model. 

Due to the heterogeneity of lipids, as a group, in terms of physico
chemical properties, we evaluated the extraction reproducibility for 
each method based on individual lipid classes. The assessment involved 
analyzing the lipid class proportion in urine and performing semi- 
quantification. Next, we calculated the coefficient of variation (CV) for 
each feature among the ten replicates of each lipid extraction method. 
Using the already calculated CVs for each feature, we determined the 
average and standard deviation of the CVs within the same lipid class 
(Table 1, Fig. 5B). The resulting average CV represented the reproduc
ibility for each lipid class. A lower average CV indicated reduced vari
ability among the ten replicates of each lipid class for each lipid 
extraction protocol, signifying higher reproducibility in the sample 
preparation procedure. 

Assessing the data shown in Table 1, we saw that, in general, the 
monophasic lipid extraction method MeOH:EtOH showed the highest 
reproducibility among all lipid classes, with the smallest average and 
standard deviation values. The biphasic modified Matyash method 
showed better average results for extracting mono
acylglycerophosphocholines (LPC) (11.00 ± 7.24 SD), mono
acylglycerophosphoethanolamines (LPE) (11.17 ± 4.56 SD), MG (13.73 
± 11.77 SD) and glycerophosphoinositol (PI) (6.52 ± 1.20 SD); how
ever, the standard deviation was higher than the other methods for these 
sample lipid classes. The one-phase EtOAc:EtOH displayed similar 
reproducibility results as the MeOH:EtOH method for Cer (9.83 ± 9.94 
SD), ether-linked phosphoethanolamines (PE-O) (6.76 ± 3.08 SD), 
ether-linked phosphocholines (PC-O) (8.11 ± 4.45 SD) and PI (8.07 ±
0.92 SD). However, the standard deviation results for Cer were very 
high, even higher than the corresponding average data. Analyzing the 
data exhibited by the MeOH:MTBE, the results relative to the Car (7.26 
± 5.65 SD), MG (17.50 ± 6.14 SD) and PI (8.11 ± 2.47 SD) were close to 
those portrayed in the MeOH:EtOH, for both the average and the stan
dard deviation. 

3.4. Biological relevance and analytical factors for each individual lipid 
class 

Lipiduria is a characteristic feature observed in the urine of in
dividuals diagnosed with nephrotic syndrome and other pathologies. 
This medical condition is characterized by elevated levels of various 
lipid components, including cholesterol, cholesterol ester, TG, free fatty 
acids (FFA), PC, PE, and phosphatidylserine (PS). These lipid substances 
serve as valuable diagnostic markers to identify nephrotic syndrome in 
patients. Hence, urinary lipid profiling has great potential in clinical 
diagnostics and prognostics [39]. 

Overall, the extraction ratio for all lipid classes was acceptable across 
all tested solvents. However, upon detailed and in-depth individual 
analysis, distinct trends were observed. 

The Car exhibited an utterly different extraction rate (Fig. 3). Car are 
lipid derivatives consisting of a fatty acid with chain lengths from C2:0 
to C26:0, connected to carnitine through an ester bond. These com
pounds have been widely recognized as indicators of inborn errors of 
metabolism and fatty acid oxidation disorders. These conditions result 
from defects in enzymes or transporters involved in fatty acid meta
bolism, leading to the accumulation of specific Car in the urine. 
Medium-chain acyl-CoA dehydrogenase deficiency (MCAD deficiency), 

Fig. 5. (A) Unsupervised Principal Component Analysis (PCA) of the four extraction methods (n = 10 per method). X axis presents principal component 1 (PC1) and 
Y axis, PC2. The model was obtained using UV scaling (R2 = 0.878). (B) Graphical representation of each lipid subclass CV average with the corresponding error bars 
(standard error of mean, SEM). 
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very-long-chain acyl-CoA dehydrogenase deficiency (VLCAD defi
ciency), short-chain acyl-CoA dehydrogenase deficiency (SCAD defi
ciency), long-chain 3-hydroxy acyl-CoA dehydrogenase deficiency 
(LCHAD deficiency), and multiple acyl-CoA dehydrogenase deficiency 
(MADD) induce the urinary accumulation of specific Car, which can 
serve as biomarkers for diagnosing and monitoring these metabolic 
disorders [40]. Furthermore, there is a grade-dependent increase in 
urinary Car in kidney cancer patients, with strong indications that these 
compounds originate directly from the tumor tissue [41]. It has been 
suggested that augmented levels of Car in urine were associated with 

early kidney injury in DM patients, reflecting alterations in the 
β-oxidation pathway [42]. 

A total of 24 Car species were annotated in this study. As displayed in 
Fig. 6A, we included the logP values of different carnitines depending on 
their FA chain length. The logP value correlates with the polarity of the 
lipid species, influencing the extraction ratio depending on the solvent 
used. Smaller logP values are indicative of more polar compounds. 
Short-chain (C2–C5) Car, with lower logP values, had higher concen
trations in the EtOAc:EtOH and MeOH:MTBE methods. Regarding the 
medium-chain (C6–C12), the best results were shown in the MeOH: 

Table 1 
The table shows the average, the standard deviation (STDEV), and the standard error of mean (SEM) of all the lipid species, classified by the lipid class and lipid 
extraction method applied.   

Lipid class 
Modified Matyash EtOAc:EtOH MeOH:EtOH MeOH:MTBE 

Average STDEV SEM Average STDEV SEM Average STDEV SEM Average STDEV SEM 

Car 11.40 5.59 1.14 23.12 8.23 1.68 7.08 5.01 1.02 7.26 5.65 1.15 
Cer 11.56 14.30 2.70 9.83 9.94 1.88 9.79 4.15 0.78 13.82 6.87 1.30 
HexCer 25.58 20.05 7.58 11.78 7.10 2.68 8.10 2.90 1.10 16.61 6.89 2.60 
SM 13.84 14.19 2.59 16.86 41.74 7.62 8.31 2.67 0.49 15.68 5.38 0.98 
DG 7.68 6.67 1.36 17.57 7.04 1.44 6.58 1.54 0.31 9.82 2.99 0.61 
FA 17.27 7.15 1.60 23.07 15.87 3.55 16.76 9.39 2.10 24.31 19.02 4.25 
FA(OH) 13.63 6.12 1.93 29.25 3.41 1.08 23.20 10.92 3.45 34.89 18.52 5.86 
LPC 11.00 7.24 2.41 13.23 5.33 1.78 11.61 5.51 1.84 14.94 5.38 1.79 
LPE 11.17 4.56 2.28 14.49 8.12 4.06 12.26 5.71 2.85 20.83 11.50 5.75 
MG 13.73 11.77 5.26 33.47 11.94 5.34 17.29 11.84 5.30 17.50 6.14 2.75 
PC 16.09 17.12 2.55 12.43 7.18 1.07 9.74 3.63 0.54 16.90 6.90 1.03 
PC-O 13.74 12.17 4.06 8.11 4.45 1.48 8.60 4.47 1.49 15.62 7.15 2.38 
PE 8.96 7.03 1.82 11.17 5.91 1.53 5.97 1.67 0.43 10.09 4.51 1.16 
PE-O 7.38 2.71 0.82 6.76 3.08 0.93 6.75 2.41 0.73 10.82 4.94 1.49 
PI 6.52 1.20 0.69 8.07 0.92 0.53 8.51 2.98 1.72 8.11 2.47 1.43 
PS 12.39 3.83 1.91 17.93 5.13 2.56 7.40 2.40 1.20 8.18 1.36 0.68 
SPB 8.44 3.13 2.21 9.19 0.10 0.07 5.88 3.83 2.71 8.73 5.90 4.17 
TG 13.69 11.26 1.43 29.30 34.16 4.35 12.26 3.19 0.41 28.28 13.48 1.71  

Fig. 6. (A) Classification of the ACar based on their acyl group lengths and logP values obtained from LIPIDMAPS. (B) Bar plots of ACar divided by the acyl chain 
length, which impacted the solvent combination preference and, therefore, their extraction rate. The error bars represent the standard error of mean (SEM). 
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EtOH and MeOH:MTBE extraction methods. Finally, the higher extrac
tion rates for long-chain (C13–C20) Car corresponded to EtOAc:EtOH 
followed by the MeOH:EtOH. However, when considering the repro
ducibility of each extraction protocol, the MeOH:EtOH mixture dis
played the lower CV(%) (Fig. 5B). 

Recently, changes in the urinary levels of glycerophospholipids and 
sphingolipids were detected in COVID-19 patients, undergoing distinct 
changes based on disease severity and infection progression, indicating 
their potential relevance in identifying kidney alterations associated 

with COVID-19 [43]. Additionally, specific PE and PC lipid species are 
detected in urine after cadmium exposure, which has been linked to 
various health problems such as circulatory toxicity, renal damage, 
central and peripheral neurotoxicity, carcinogenesis, pulmonary dis
ease, hyperkeratosis, and acanthosis in the skin [44]. Additionally, GPs 
in urine play a role in kidney stone formation, and their presence may 
indicate renal epithelial cell membrane injury [45]. Animal studies have 
further demonstrated that phospholipiduria can occur due to injury to 
renal epithelial cell membranes following exposure to specific drugs or 

Fig. 7. Graphical representation of (A) PE-O, (B) PE, (C) PI, (D) PS, (E) PC-O, and (F) PC plotted against their respective concentrations in μg/mL, obtained through 
each extraction protocol. The error bars represent the standard error of mean (SEM). 
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toxic substances [46]. Furthermore, both PE and PS are observable in the 
urine of patients with metabolic disorders stemming from mitochondrial 
DNA dysfunction [47]. Consequently, the measurement of GPs in urine 
is crucial due to their potential as biomarkers for various health 
conditions. 

Polar monoacylglycerophospholipids (LGP), including LPC and LPE, 
exhibited higher concentrations when extracted with the Modified 
Matyash method and the MeOH:EtOH solvent combination (Figs. S1A 
and S1B). The presence of polar solvents (H2O and MeOH) during the 
extraction process favored the higher extraction rates for these lipids 
[48]. Interestingly, GP showed a slightly different solvent preference 
than LGP. PE-O demonstrated the highest extraction rate with the 
MeOH:EtOH combination, particularly in the C18 species (Fig. 7A). 
However, for the C18:0 and C18:1 series of PE lipids, the modified 
Matyash and EtOAc:EtOH methods exhibited higher concentrations 
(Fig. 7B). PI did not exhibit significant differences in extraction rates 
among the four methods, indicating a consistent extraction efficiency for 
this lipid class (Fig. 7C). On the other hand, PS lipids showed a prefer
ence for the MeOH:EtOH method, resulting in higher concentrations 
(Fig. 7D). The extraction rates of PC-O were particularly noteworthy. 
The modified Matyash method showed a higher extraction rate for PC-O 
lipids, although this rate decreased in the case of polyunsaturated spe
cies (Fig. 7E). This observation may be attributed to the increased 

polarity of polyunsaturated lipids due to a higher number of double 
bonds, making solvent combinations like MeOH:MTBE more efficient in 
extracting these species. Within the PC lipid subclass, medium-chain 
length PC lipids demonstrated higher extraction rates with the MeOH: 
EtOH combination, while long or very long-chain PC lipids exhibited a 
higher affinity for the modified Matyash extraction method (Fig. 7F). 

In recent years, the role of SP in several pathologies, such as in
flammatory diseases, cancer, Alzheimer’s and Parkinson’s diseases and 
lysosomal storage disorders [49] has been pointed out. LC-MS analysis 
of urinary SP has been previously employed to study stage 3 diabetic 
kidney disease (DKD) patients, showing an increment in the levels of 
different Cer species, which correlated with proteinuria and the severity 
of DKD [50]. Sphingolipids play an essential role in maintaining renal 
function, where an increase in the Cer levels leads to podocyte damage 
and consequent renal failure [51]. Furthermore, urinary SP were also 
studied in patients with lupus nephritis, showing a significant increase in 
glycosphingolipid levels [52]. Alterations in the urinary sphingolipid 
levels were also reported in aspirin-exacerbated respiratory disease 
(AERD), specifically for urinary sphingosine [53]. Paying attention to 
the SP, Cer generally did not exhibit differences between the extraction 
rates of the solvent combinations (Fig. S1C). However, specific Cer 
species, such as Cer 18:0; 2O/18:0, 18:0; 2O/20:0, 18:1; 2O/18:0, 18:1; 
2O/20:0, and 18:2; 2O/18:0, displayed a slight increase in 

Fig. 8. Bar plots of (A) Cer, (B) HexCer, and (C) SM plotted against their respective concentrations in μg/mL, acquired through each extraction protocol. The error 
bars represent the standard error of mean (SEM). 
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concentrations when extracted using the EtOAc:EtOH method (Fig. 8A). 
This indicates that the EtOAc:EtOH method might be more suitable for 
extracting these particular ceramide species due to potential differences 
in their polarity and other physicochemical properties compared to 
other ceramides. Next, HexCer showed better extraction rate results 
using the modified Matyash method (Fig. 8B). Interestingly, this result 
did not align with the findings from its precursor, indicating that the 
polarity and other physicochemical properties of these lipid subclasses 
might influence the extraction preferences. For SM, lipids corresponding 
to the C18:0 series showed better extraction with the modified Matyash 
method, while lipids from the C18:1 series were more efficiently 
extracted using the MeOH:EtOH solvent combination (Fig. 8C). Further 
information about the lipid extraction rate of other SM can be found in 
Fig. S1D. 

As was already mentioned before, urinary metabolites are influenced 
by different factors such as diet, exercise, drugs, sex, and age, leading to 
a lipidomic profile that reflects the metabolic and pathophysiological 
conditions of an individual. Different studies have revealed alterations 
in urine molecules relevant to pathways of glycerolipid and glycer
ophospholipid metabolism, thermogenesis, and caffeine metabolism, 
associated with Alzheimer’s disease, which also produce metabolic 
changes in fatty acids and amino acids due to the implication of these 
metabolites in the biosynthesis pathway of GL and GP [54]. In our case, 
regarding GLs, which are low-polar compounds, MG exhibited higher 
concentrations in the EtOAc:EtOH extraction method, followed by the 
modified Matyash method, as illustrated in Fig. 9A. Conversely, DG and 
TG had higher concentrations in the modified Matyash and MeOH:EtOH 
methods, respectively (Fig. 9B). However, there were some exceptions. 

The highest concentrations were reached with the EtOAc:EtOH method 
for TG 54:3, TG 54:4, TG 54:5, and TG 54:6. This could be attributed to 
the low polarity of these compounds, where the EtOAc, being less polar 
than EtOH, likely enhanced their extraction (Fig. 9C). It’s essential to 
note that the error bars, in this case, were relatively long, suggesting a 
degree of variability in the data. 

Finally, among the FFA, the extraction method displaying the highest 
concentrations was the EtOAc:EtOH (Figs. S1E and S1F). However, it 
must be kept in mind that this extraction protocol showed the highest 
analytical variability (Fig. 5B). 

A crucial factor when selecting the extraction protocol could be 
sample availability. In this regard, the EtOAc:EtOH method emerged as 
the most efficient for small sample volumes, requiring only 10 μL of 
urine. For instance, collecting urine samples from small animals like 
mice can be challenging due to the animal’s small size and instinct to 
urinate frequently and in small amounts. In these cases, we must 
consider the potential sample contamination, the welfare and stress 
levels of the animals, and the ease of the collection procedure [55]. 
Similarly, collecting urine from infants with minimal bladder capacity, 
resulting in frequent voiding and small volumes, poses its own set of 
challenges [56]. However, it’s important to note that the reproducibility 
of this method is lower compared to the other two monophasic methods, 
such as the modified Matyash, as illustrated in Fig. 5B. The modified 
Matyash method required only 20 μL of urine and yielded a wide range 
of lipid classes in the urine lipidic profile. However, it’s important to 
acknowledge that this extraction method requires more sample handling 
and is time-consuming, potentially leading to procedural errors and 
might reduce result reproducibility (Fig. 5B). Among the monophasic 

Fig. 9. Graphical representation of (A) MG, (B) DG, and (C) TG plotted against their respective concentrations in μg/mL, obtained through each extraction protocol. 
The error bars represent the standard error of mean (SEM). 
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extraction methods, the MeOH:EtOH protocol requires 100 μL of urine, 
which might be impractical for studies with limited sample availability 
or those intending to perform a multiplatform analysis. Nonetheless, this 
method boasts the advantage of having the lowest sample-to-solvent 
ratio among all the tested methods in our study, contributing to 
enhanced reproducibility (Fig. 5B). Finally, the MeOH:MTBE method 
required 50 μL of the urine sample. This solvent combination proves 
highly effective for extracting non-polar lipid compounds. However, it’s 
worth noting that as a solvent, MTBE may introduce plasticizers from 
the Eppendorf tubes, potentially contaminating the sample. 

4. Conclusions 

Monophasic methods have gained popularity due to their simulta
neous analysis of polar and nonpolar metabolites and their simplicity. 
However, it is evident that no single solvent system can universally 
extract all lipid types without potentially introducing some bias. Rather 
than pursuing a one-size-fits-all extraction method, our objective was to 
identify a straightforward approach suitable for high-throughput lipid 
extraction from urine samples. Maintaining analytical reproducibility 
during sample preparation is paramount for untargeted lipidomics 
studies, especially when analyzing a large number of samples to estab
lish lipid profiles. Our primary focus was on selecting the most repro
ducible lipid extraction strategy. When considering the entire lipidome, 
the MeOH:EtOH extraction method displayed the highest reproduc
ibility, as evident from the well-defined clustering of replicates in the 
PCA. Conversely, the EtOAc:EtOH method exhibited the lowest repro
ducibility, with replicates showing poor clustering. 

To account for the heterogeneous nature of lipids, we evaluated the 
extraction reproducibility for individual lipid classes. It is essential to 
emphasize that in untargeted analysis, samples are compared under 
identical conditions to unveil biological alterations related to the pa
thology under study. Therefore, the reproducibility of the extraction 
procedure is the key parameter. Upon analyzing the data, we observed 
that, in general, the monophasic MeOH:EtOH extraction method 
exhibited the highest reproducibility across all lipid classes. 

The biphasic-modified Matyash method also showed favorable re
sults for certain lipid classes but exhibited higher standard deviations. 
The one-phase EtOAc:EtOH method yielded reproducibility results 
similar to the MeOH:EtOH method for several lipid classes but showed 
higher standard deviation values for some others. Furthermore, the 
biological relevance and analytical significance of specific lipid classes, 
such as carnitines, glycerophospholipids, sphingolipids, and free fatty 
acids, in various health conditions and diseases is also critical. Conse
quently, understanding the extraction preferences of these lipid classes 
is crucial to making informed choices in lipidomics studies. 

In summary, our study provides valuable insights into selecting an 
appropriate lipid extraction method for urine samples, considering the 
specific requirements of each study, sample availability, and the trade- 
off between reproducibility and extraction efficiency. This information 
will aid researchers in optimizing their lipidomics workflows when 
using urine samples and ultimately enhance the reliability of lipid pro
file analysis in diverse research and clinical applications. 
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