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Handling Editor: Dr. L. Liang Background: The selection of the sample treatment strategy is a crucial step in the metabolomics workflow. Solid
phase microextraction (SPME) is a sample processing methodology with great potential for use in untargeted
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solvents. Since SPME allows us to perform all these steps in one action in tissue samples, in addition to other
advantages, it is necessary to know whether this methodology produces similar or comparable metabolome and
lipidome coverage and performance to classical methods.

Results: SPME and homogenization with solid-liquid extraction (Homo-SLE) sample treatment methods were
applied to healthy murine kidney tissue, followed by comprehensive metabolomics and lipidomics analyses. In
addition, it has been tested whether freezing and storage of the tissue causes alterations in the renal metabolome
and lipidome, so the analyses were performed on fresh and frozen tissue samples Lipidomics analysis revealed the
exclusive presence of different structural membrane and intracellular lipids in the Homo-SLE group. Conversely,
all annotated metabolites were detected in both groups. Notably, the freezing of the sample mainly causes a
decrease in the levels of most lipid species and an increase in metabolites such as amino acids, purines, and
pyrimidines. These alterations are principally detected in a statistically significant way by SPME methodology.
Finally, the samples of both methodologies show a positive correlation in all the analyses.

Significance: These results demonstrate that in SPME processing, as long as the fundamentals of non-exhaustive
extraction in a pre-equilibrium kinetic regime, extraction in a tissue localized area, the chemistry of the fiber
coating and non-homogenization of the tissue are taken into account, is an excellent method to use in kidney
tissue metabolomics; since this methodology presents an easy-to-use, efficient, and less invasive approach that

simplifies the different sample processing steps.

1. Introduction

Untargeted metabolomics strives to analyze a broad spectrum of
small molecules within a single experiment. The vast number and
chemical diversity of metabolites, coupled with their extensive biolog-
ical concentration range, necessitate the application of multiple
analytical techniques. Furthermore, along with the choice of analytical
platform, the selection of the sample processing strategy is crucial, as it
will affect both the metabolite profile obtained and the quality of the
data [1-3].

Variations in metabolomics studies often stem from different stages
of the workflow, particularly pre-analytical steps. These steps, integral
to study design, can greatly impact sample quality, results, and biolog-
ical interpretation if not properly executed. Ensuring metabolism
quenching, metabolite stabilization, and sample integrity preservation is
crucial for reliable analysis [1,4].

While most metabolomics studies attempt to use non-invasive or
minimally invasive biological samples, such as biofluids, feces or exu-
dates, direct tissue analysis is sometimes required. This approach can
provide valuable information by analyzing where a given disease starts
and revealing the origin of disease-related metabolic changes. However,
tissue heterogeneity, as seen in kidneys, and regional differences in cell
composition or metabolism within the same tissue type, increase bio-
logical variability, being a critical point to consider in sample collection
and processing [4].

In tissue-based metabolomics, maintaining sample homogeneity is
critical. This involves collecting samples from the same organ region,
and of similar sizes. Contamination with blood should be avoided,
possibly by rinsing tissue samples with deionized water post-collection.
Moreover, sampling should be performed as quickly as possible, and
tissue samples should either be processed immediately or snap-frozen in
liquid nitrogen and stored at —80 °C until processing, to completely
prevent the continuation of metabolism activity [1,3-5]. Freeze-thaw
cycles, which can alter metabolic profiles due to increased cell and
protein degradation, must also be considered [4,6].

Another crucial step in untargeted metabolomics tissue analysis is
the sample preparation, which could bias the analyses since it strongly
affects the metabolome coverage and the quality of the results. In this
sense, more attention should be placed on selecting appropriate and
robust sample preparation, bearing in mind the sample type and the
study’s objective [5].

For tissue sample metabolite extraction, several methodologies are
nowadays available, including solid-liquid extraction (SLE) or solid-
phase extraction (SPE) [1]. For instance, in kidney tissue samples, SLE
is typically used with different solvents depending on the type of anal-
ysis. Mechanical disruption and homogenization are necessary to facil-
itate solvent penetration into the tissue, resulting in efficient extraction

of intracellular metabolites [5], as previously performed in several
studies [7-10].

When analyzing kidney tissue for renal disease studies through
metabolomics, the inherent sample complexity and potential disease-
associated factors increasing heterogeneity, such as fibrosis, must be
considered [11]. The subsequent stages of sample processing are
labor-intensive, involving multiple steps that must be meticulously
executed. Furthermore, the procurement of renal tissue samples is
particularly challenging, more so from patients than animal models,
which constrains the breadth of metabolomic investigations in this area.
It is therefore still necessary to extensively evaluate the metabolic and
lipidomic profile of renal tissue in order to obtain more complete in-
formation that will allow further progress in the study of renal diseases.

SPME, a non-exhaustive and minimally invasive method, extracts
analytes based on equilibrium principles, and which is widely accepted
in bioanalysis area [12-16].

Tissue SPME technology uses special fibers coated with biocompat-
ible sorbents that can be inserted directly into the tissue to extract small
molecules in amounts proportional to their unbound biologically active
concentrations (free form) [17-19]. Furthermore, with the appropriate
calibration method, SPME can quantify both the amount of free analyte
extracted and the total concentration of the analyte in the biological
sample [20]. As in SPME technology, if the sample volume is signifi-
cantly larger than the extraction coating volume, the extracted amount
of analyte is independent of the sample volume. Therefore, it would not
be necessary to collect a defined amount of sample before analysis. In
this way, the fiber can be exposed directly in the tissue, either extracted,
collected, and homogenized, directly in the tissue ex vivo, or even in vivo,
as the amount of analyte extracted in the fiber will be a negligible
portion relative to what is present in the sample, and will not alter its
environment. Crucial parameters in tissue SPME, such as the type of
fiber coating, its thickness, and extraction time, must be well established
prior to the experiment [13,15].

In addition, SPME is a non-exhaustive sample preparation procedure
based on chemical biopsy, combining sampling, sample preparation,
metabolite quenching and metabolite extraction in a single step, which
allows for capturing unstable and short-lived metabolites, often unde-
tectable by traditional methods [21]. This methodology has been suc-
cessfully applied in ex vivo animal studies as an alternative to standard
protocols [22,23], and has also demonstrated its potential for in vivo
animal studies [21,24,25].

Given SPME’s, it could be a valuable sample processing methodology
for the metabolomic study of renal damage directly in the kidney. SPME
simplifies the sample treatment process, allows precise location of kid-
ney areas for sample extraction, and avoids the problems associated with
the heterogeneity of the kidney itself or that generated by damage and
fibrosis. Furthermore, SPME could be applied in ex vivo animal models,
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either in homogenates or directly in the kidney, but also in vivo, allowing
samples to be taken at different times to check the organ’s state at the
metabolic level, as in the case of transplants [23,26].

However, to establish SPME as a routine protocol in renal tissue
sample treatment for metabolomic analysis, it is necessary to verify that
the results obtained are comparable to those from classical sample
treatment protocols, such as renal tissue homogenization and metabolite
extraction by SLE, in terms of metabolome coverage, sensitivity and
reproducibility.

In this study, we have evaluated the results obtained after metab-
olomic and lipidomic analyses of healthy murine kidney tissue, using
SPME and homogenization followed by SLE (Homo-SLE) as sample
treatment methodologies. The aim was to test whether different sample
processing methodologies produce a different capture of the renal tissue
metabolome or comparable results.

For this purpose, we performed SPME with fibers coated with a mix-
mode mixture of strong cation-exchange (SCX) and octyl (C8) particles,
allowing the extraction of both polar and non-polar compounds in the
same fibers, carrying out the extraction directly in the healthy renal
tissue. For the Homo-SLE methodology, an extraction with methyl tert-
butyl ether and methanol (1:4) was performed. The sample treatment
was followed by lipidomics analyses using two methodologies, reversed
phase chromatography (RP) and hydrophilic interaction liquid chro-
matography (HILIC), allowing a broad coverage of the different lipid
classes and a metabolomic analysis.

SPME

Frozen tissue Fresh tissue

D R—

|

}

— _80°C

V]

&
© e

1 week

Preconditioning ~ Washing

Extraction
15 min

Washing
Storage

Lt

Desorption

Analysis

Analytica Chimica Acta 1312 (2024) 342758

Another point considered was the evaluation of the effects of tissue
freezing on the lipidome and renal metabolome. As it is known that
freeze-thaw cycles can affect metabolite levels [6,27], we studied the
sensitivity of the two sample treatment methodologies to this effect.
Therefore, analyses were performed on fresh and frozen renal tissue.

2. Materials and methods
2.1. Study design

All experimental procedures applied to animals were performed ac-
cording to the Guide for the Care and Use of Laboratory Animals of the
Directive 2010/63/EU and were carried out in the animals’ facilities of
the Faculty of Pharmacy in the Ludwik Rydygier Collegium Medicum in
Bydgoszcz, Poland. C57BL/6 mice (born 14-17.08.2021) were pur-
chased from the Experimental Medicine Centre of the Medical Univer-
sity in Bialystok. The experiment included nine adult males. The animals
were housed in a controlled environment with the temperature at 22 +
2 °C, 12 h light-dark cycle, humidity 55 + 10 %, standard mouse chow,
and water available ad libitum. The mice were sacrificed (October 08,
2021) by manual cervical dislocation, which resulted in euthanasia
within approximately 10 s. Once euthanasia was confirmed, left and
right kidneys were immediately collected. According to European Union
law, permission from the Local Ethical Commission is not required for
the use of animal tissue or organs for scientific purposes.
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Fig. 1. Experimental design. Graphical representation of the experimental design followed in this study. The steps of the two sample treatment methodologies are
represented until the analysis part. In the case of frozen tissue groups, the protocol followed was the same as the fresh tissue case, but the tissue was defrosted prior to

the first step.



P. Cuevas-Delgado et al.

The six mice were controls; thus, 12 healthy kidneys were obtained
and classified into four different experimental groups according to the
sample treatment methodology (Fig. 1). The SPME methodology was
applied in two experimental groups, and the two other groups were
treated with a homogenization-SLE method. The process was carried out
within each methodology in fresh and frozen tissue. Therefore, the four
experimental groups are SPME fresh kidney tissue (SPME-fresh), SPME
frozen kidney tissue (SPME-frozen), Homogenization-SLE fresh kidney
tissue (Homo-SLE fresh), and Homogenization-SLE frozen kidney tissue
(Homo-SLE frozen).

In the case of the experimental groups with fresh tissue (SPME-fresh
and Homo-SLE fresh), the sample treatment procedures started
following the collection of the kidneys. On the other hand, for the
experimental groups with frozen tissue (SPME-frozen and Homo-SLE
frozen), the kidney was collected, frozen in liquid nitrogen, and stored
at —80 °C for one week before the sample treatment.

2.2. Chemicals

The LC-MS grade solvents methanol, formic acid, tert-butyl methyl
ether (MTBE), and isopropanol were purchased from Alchem (Alchem,
Poland). High-purity water, ammonium acetated and acetic acid were
obtained from Merck (Merck, Poland). Pierce LTQ Velos ESI Positive
External Calibrant Solution and Negative Ion Calibration Solution were
purchased from Anchem (Anchem, Poland). The Mass Spec Standard
mix SPLASH® Lipidomix® was obtained from Avanti (Avanti, Polar-
Lipids, USA), and the Metabolomics Amino Acid Mix Standard MSK-
A2-1.2 was from Cambridge Isotope Laboratories (Cambridge Isotope
Laboratories, Inc, USA).

2.3. SPME fibers

Biocompatible SPME fibers coated with mix-mode ((MM) mixture of
SCX and C8 particles) with 4 mm coating length, and 40 pm coating
thickness were provided by Supelco. All fibers went under pre-
conditioning steps before extraction process which involved overnight
exposure to 1 mL of methanol:water (1:1, v/v) and rinsed with purified
water for 10 s prior to insertion [26].

2.4. Sample collection and treatment

After kidney collection, a dissection in half lengthwise was made to
obtain one-half of each kidney sample, which was prepared for the
specific sample treatment according to the experimental group.

2.4.1. SPME methodology

The protocol followed for SPME was previously described [18,26],
therefore, all the parameters and conditions were optimized. Briefly,
two preconditioned fibers were inserted into each half kidney tissue
sample. To control the depth at which the fiber was inserted and to avoid
variability, the fibers were inserted until the part containing the
extraction phase (white coating) was no longer visible, trying to cover
only the part of the renal cortex, which was visually identified. The
extraction time was 15 min, and after this time, the fibers were removed
from the organ, quickly rinsed with water, and gently cleaned with
sterile wipes to remove any possible blood or tissue contamination. The
fibers were individually stored in empty vials at —80 °C until their
analysis. Extraction blank samples (without the analytes of interest)
were also prepared. All fibers were desorbed immediately before
instrumental analysis, in their specific desorption solvents for each
analysis (more info in the Supplementary Material). Quality control
(QC) samples were prepared after the desorption step together with
Homo-SLE samples, taking 10 pL from each sample of the four experi-
mental groups.
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2.4.2. Homo-SLE methodology

For the Homo-SLE method, the tissue disruption, homogenization,
and metabolite extraction procedures were carried out using our pre-
vious protocols [28-30] with minor modifications. In summary, the two
halves kidney were weighted, and one was used for the “fresh tissue
method”, and the other one was frozen in liquid nitrogen and stored at
—80 °C for one week until its data treatment. For the homogenization
process, cold methanol:water (1:1, v/v) was added in a ratio of 1 mg:10
uL, together with three zirconium beads of 3.0 mm (mean diameter)
(Benchmark Scientific, USA). The disruption of the tissue was carried
out using a Beagbug™ microtube homogenizer (Benchmark Scientific,
USA), in 5 cycles of 3 min at maximum power (4000 rpm, 50Hz), with
1-min breaks with samples on ice. The weight range of the half kidney
tissue samples varied between 70.8 and 89.6 mg in Homo-SLE fresh
group and between 74.2 and 91.3 mg in the Homo-SLE frozen group.

After obtaining the homogenate, 320 pL of methanol was added to
100 pL of homogenate, and this solution was mixed in the vortex. Next,
80 pL of MTBE was added, and the samples were vortex-mixed for 1h at
room temperature, followed by centrifugation (4000 g, 20 min, 20 °C)
[29,30]. From the supernatant obtained, 350 pL was transferred to a
chromacol vial and evaporated to dryness using a nitrogen flow.
Extraction blank samples were also considered in this methodology. The
process to re-dissolve the dried samples used the same solvents as the
desorption methods.

2.5. Liquid chromatography-high resolution mass spectrometry analysis
(LC-HRMS)

An LC-HRMS methodology based on an ultra-high performance
liquid chromatograph (Dionex UltiMate 3000 UHPLC, Thermo Scienti-
fic) coupled to a Q-Exactive Focus Orbitrap mass spectrometer (Thermo
Scientific) was used for the measurement of all samples. Data acquisition
was performed using Xcalibur 4.2 Thermo Scientific software (Thermo
Fisher Scientific, USA). The instrument was calibrated via external
calibration every 48h, obtaining a mass accuracy of <2 ppm. All the
samples were randomized in the analysis sequence, and QC samples
were measured regularly, every 7-10 samples, to monitor instrument
performance.

2.5.1. Metabolomics analysis

The chromatographic separation for the metabolomics analysis was
carried out in reversed-phase as previously described [18,26]. Samples
were injected at a volume of 10 pL in a pentafluorophenyl (PFP) (Dis-
covery HS F5 100 x 2.1 mm, 3 pm) column. Mobile phase A was water
with formic acid (99.9:0.1; v/v), and mobile phase B was acetonitrile
with formic acid (99.9:0.1; v/v). The complete information about the
chromatographic method and the mass spectrometer parameters of the
metabolomics analysis can be found in the Supplementary Material.

2.5.2. Lipidomics analysis

For lipidomics analysis, two different chromatographic separations
were carried out to cover the different possible lipid classes compre-
hensively. The analyses were performed on a hydrophilic stationary
phase (HILIC) method and in a reversed-phase (RP) method [26].

2.5.2.1. Reversed phase lipidomics analysis. For reversed-phase (RP)
analysis, a C18 column (Waters, XSelect CSH C18, 3.5 pm, 2.1 x 75mm)
was used, as previously described [26]. The mobile phases were, phase A
consisted of water: methanol (60:40; v/v) and phase B of isopropanol:
methanol (90:10; v/v), both containing 10 mM ammonium acetate and
1 mM acetic acid. All the information about this methodology is pre-
sented in the Supplementary Material.

2.5.2.2. HILIC lipidomics analysis. For this lipidomics analysis, the
method and parameters used were previously described [26]. The
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chromatographic separation was carried out with a hydrophilic sta-
tionary phase (HILIC) column (SeQuant ZIC-HILIC, 3 pm 100 x 2.1 mm).
The mobile phases were acetonitrile (A) and 5 mM ammonium acetate in
water (B), with a gradient of 0-2 min (96 % B), 2-15 min (96-80 % B),
15-15.1 min (80-96 % B), 15.1-21 min (96 % B), and the flow rate was
established at 0,4 mL/min, more information in the Supplementary
Material.

In the Fig. 1_Supplementary Material presents the Total Ion Chro-
matograms (TIC) from our analyses. This visualization enables the
discernment of both the differences and similarities across the chro-
matographic profiles derived from the two distinct sample treatment
methodologies, as well as the comparison between frozen and fresh
tissue processing. In this sense, the chromatograms of untargeted HILIC
lipidomics, RP lipidomics, and metabolomics analyses show a great
richness, presenting numerous peaks, indicative of the various molecu-
lar species present in the samples.

2.6. Data analysis

2.6.1. Data processing, data pre-treatment and statistical analysis

The data processing step for metabolomics raw MS data was per-
formed using Compound Discoverer 3.1 software (Thermo Fisher Sci-
entific, USA), and in the case of lipidomic data with LipidSearch 4.1.30
software (Thermo Fisher Scientific, USA), as it was previously performed
[17,18]. The parameters applied for each analysis in this step are indi-
cated in the Supplementary Material.

The six data matrices obtained, metabolomics data positive and
negative (metabo+ and metabo-), lipidomics HILIC positive and nega-
tive (HILIC +, and HILIC -), lipidomics RP positive and negative (RP +
and RP -), were imported into Microsoft Excel (Microsoft Office 2016) to
further calculations. Blank subtraction, curation, and removing detected
duplicate features were performed in all matrices. Missing values in the
experimental samples were imputed using the K-nearest neighbours
(kNN) [31]. The matrices were normalized by internal standard (IS) and
were filtered by the coefficient of variation (CV) of QCs samples,
maintaining those features that presented a CV below 25 %. Once the
matrices were normalized and filtered, they were imported into SIMCA
P+16 (Umetrics®, Sweden) for multivariate statistical analysis (MVA)
and to MATLAB R2018a software (Mathworks, USA) for univariate
statistical analysis (UVA).

In the MVA, the orthogonal partial least square-discriminant analysis
(OPLS-DA) models were cross-validated, and their CV ANOVA p values
were obtained by the CV-ANOVA tool provided by the software. From
these models, the values of variable influences on projection (VIP),
correlation coefficient (p-corr) and jackknife confidence interval were
calculated, being significant those metabolites and lipids with a VIP
value > 1, p-corr >0.5 in absolute value, and a jackknife not including 0.

A univariate statistic was also carried out within these comparisons,
employing a Mann-Whitney U test. P values < 0.05 were determined as
statistically significant, and the false discovery rate (FDR) for multiple
hypothesis testing was controlled using a standard Benjamini-Hochberg
method (level a = 0.05).

After the different statistical analyses, the percentage of change (%
Change), and the base two logarithms of the FC (Log2FC) were calcu-
lated, comparing frozen vs. fresh for each methodology.

Venn diagrams were made with the lists of compounds detected in
the different analyses (PFP, HILIC and RP) in positive and negative
modes to evaluate the number of metabolites and lipids annotated in
both sample treatment methodologies.

With those compounds present in both SPME and Homo-SLE sam-
ples, a correlation analysis was performed in Metaboanalyst 5.0
https://www.metaboanalyst.ca [32], obtaining correlation heatmaps
between the samples of the two methodologies, with their Pearson
correlation coefficients and the p-values of these coefficients.
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2.6.2. Metabolite annotation

For metabolomics data, the annotation process was carried out in the
Compound Discoverer 2.1 and FreeStyle 1.4 software (Thermo Scienti-
fic, USA), where the features were tentatively annotated based on the
assignment of possible candidate metabolites to a signal based on the
correspondence of their masses, retention time and spectral fragmen-
tation, with entries from different online databases. The spectra of
fragmented compounds were annotated by the software linked to the
mzCloud online database [17,18]. The lipidomics annotation process
was carried out in the LipidSearch 4.1.30 software (Thermo Scientific,
USA) with the parameters shown in Supplementary Material. An iden-
tification grade filtering was applied to filter false positive lipid ID from
LipidSearch results. Only lipids with grades A and B in the software were
admitted [17].

Finally, the tentatively annotated lipids and metabolites obtained
with the software were manually curated to obtain the final list. At this
point, it is necessary to clarify that throughout this work a distinction is
made between "lipids" and "lipid species". In this case, “lipids” refer to
the number of features annotated with a sum composition nomencla-
ture, as derived from our lipidomics analysis and data processing. In
contrast, “lipid species” are groups of these annotated lipids that fall
within the same categories and classes, and present the same sum
composition.

3. Results
3.1. Compounds detected in SPME and HOMO-SLE groups

3.1.1. Lipidomics results

After data processing, matrix curation, annotation and statistical
analysis, the results obtained from the lipidomics analyses were evalu-
ated, observing the number of lipids detected by this methodology, and
the differences present between the Homo-SLE and SPME samples, as
can be seen in the Venn diagrams represented in Fig. 2.

In the HILIC results, a total of 126 lipids were annotated in the
positive mode (Table 1), of which, with the tentative species sum
annotation, there are 119 different lipid species annotated in total. All
these 126 lipids are detected in the samples with Homo-SLE sample
treatment. However, using SPME, only 87 lipids out of these 126 lipids
were detected, with 81 different lipid species. Therefore, 39 lipids are
detected specifically and only in the Homo-SLE samples (Fig. 2 A)).
These 39 lipids belong to different classes, including 1 acylcarnitine, 8
hexosylceramides, 7 glycero-phosphocholines, 3 glycer-
ophosphoethanolamines, 7  glycerophosphoserines, 6 glycer-
ophosphoglycerols, 4 sphingomyelins, 1 sterol, and 2 sphingosines. In
the case of the negative mode analysis, a total of 50 lipids were anno-
tated (Table 2), yielding 45 different lipid species. All these 50 lipids
were detected in the Homo-SLE samples, but only 47 were present in the
SPME samples, with 42 different lipid species. therefore, 3 lipids were
only detected in the Homo-SLE samples (Fig. 2 B)), 2 lipids of the
glycerophosphoethanolamines class and 1 of the glycer-
ophosphoinositols class.

In addition, in the Venn diagram of panel C in Fig. 2, these anno-
tation results of HILIC positive and negative analyses have been put
together. This way, it was possible to observe 18 lipids present in the
SPME and Homo-SLE groups in both polarities. Moreover, 62 lipids are
specific to positive and 22 to negative modes. Also, in this case, for the
Homo-SLE experimental group, only 36 lipids are specific in positive
mode and 2 in negative mode.

In the RP results, we see that in the positive mode analysis, 277 lipids
were tentatively annotated (Table 3), giving 263 different lipid species.
All these lipids have been identified in the Homo-SLE group, while 175
lipids have been detected in the SPME group, with 172 different lipid
species. Of the 102 lipids (91 lipid species) were present only in the
Homo-SLE samples, 2 belong to the acylcarnitine class, 11 ceramides, 8
hexosylceramides, 1 cholesterol ester, 3 diglycerides, 20
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Fig. 2. Venn diagrams representing the list of compounds annotated in each analytical technology within SPME and Homo-SLE experimental groups. A)
Comparison of data from the HILIC positive mode analysis, evaluating SPME and Homo-SLE groups. B) Comparison of data from the HILIC negative mode analysis,
evaluating SPME and Homo-SLE groups. C) Comparison of the data from the two ionization modes in HILIC analysis. D) Comparison of data from the RP positive
mode analysis, evaluating SPME and Homo-SLE groups. E) Comparison of data from the RP negative mode analysis, evaluating SPME and Homo-SLE groups. F)

Comparison of the data from the two ionization modes in RP analysis.

glycerophosphocholines, 10 glycerophosphoethanolamines, 7 glycer-
ophosphoserines, 4 glycerophosphoglycerols, 8 glycer-
ophosphoinositols, 15 sphingomyelins, 1 sphingosine, and 12
triglycerides (Fig. 2 D)). In contrast, 191 lipids were annotated in the
negative mode RP analysis results (Table 4), yielding 184 different lipid
species. Of these 191 lipids present in the Homo-SLE group, 142 were
detected in the SPME group (137 different species). Therefore, 48 lipids
are only detected in the Homo-SLE group (Fig. 2 E). Of these 49 lipids, 4
are ceramides, 9 are glycerophosphocholines, 8 glycero-
phosphoethanolamines, 11  glycerophosphoserines, 6  glycer-
ophosphoglycerols, 5 glycerophosphoinositols and 6 sphingomyelins.

Moreover, in the Venn diagram of panel F in Fig. 2, both annotation
results of RP positive and negative modes have been represented
together. In this way, 64 lipids are detected in the SPME and Homo-SLE
groups in both polarities. Moreover, 103 lipids are specific to positive
and 48 to negative modes. Also, in this case, for the Homo-SLE experi-
mental group, only 57 lipids are specific in positive mode and 33 in
negative mode.

3.1.2. Metabolomics results

In the metabolomics results, after data processing, matrix curation,
annotation step and statistical analyses, it was possible to observe that in
both modes, positive and negative, all the metabolites annotated were
detected in both experimental groups, SPME and Homo-SLE. In total, 78
and 51 metabolites were annotated in the positive and negative polar-
ities, respectively (Tables 5 and 6). Only 13 metabolites were common
between the two ionization modes.

3.2. Exploratory inspection of SPME and Homo-SLE data by multivariate
analysis

Firstly, PCA-X models were created with the six data matrices (Fig. 3)
to evaluate the quality of the instrumental analysis through the QC
samples clustering, visualize the data, and have a general idea about the
trends of experimental samples.

As observed in the different panels of Fig. 3, the QC samples from the
six analyses are present in tight clusters, confirming the good analytical
quality of the results. Moreover, the six plots of PCA-X models showed
the separation through the first component of the SPME and Homo-SLE
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components explaining 91.9 % (t1) and 1.8 % (t2) of model variation; C) PCA-X model of the positive RP data, with an R?= 0.968, 94.7 % (t1) and 2.1 % (t2); D) PCA-
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with a Pareto scaling and log transformation. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of

this article.)

groups. This separation was expected due to the great difference be-
tween the metabolite amount extracted in the Homo-SLE method
(exhaustive method) and the SPME methodology (non-exhaustive
method), with its corresponding difference in the intensity of the
analytical signal. In the PCA-X models, the effect of the type of sample,
frozen or fresh tissue, is represented in both experimental groups. While
Homo-SLE groups (Homo-SLE fresh and Homo-SLE frozen) are repre-
sented together in a tight cluster in the six analyses with no separation,
the SPME groups (SPME fresh and Homo-SLE frozen) present a higher
variability, and in the HILIC positive and negative, and RP positive and

negative plots show a certain degree of separation.

Hereafter, supervised models such as PLS-DA were built to highlight
sample grouping and reveal compound association to the experimental
conditions. In the six PLS-DA models (Fig. 2 Supplementary), the R?and
Q? parameters obtained indicate that the models have moderate good-
ness of fit but low predictive quality. Additionally, the separation of the
two SPME groups through the orthogonal component is shown in five of
the six plots.
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3.3. Evaluation of the differences between frozen and fresh kidney tissue
samples in SPME and Homo-SLE methodologies

OPLS-DA models for each data matrix were built by group pairs to
determine the main driving forces among the variables and maximize
class discrimination between frozen and fresh experimental groups, and
thus be able to evaluate their potential differences detected by each
methodology. Given the limited sample size in our experimental model,
we took precautions to prevent overfitting of the models. Initially, we
assessed group separation using the unsupervised PCA-X model [33].
Once we confirmed the quality and trends, we proceeded with the su-
pervised OPLS-DA analysis. The model was cross-validated using the
“1/3 out” approach, and the quality and predictive parameters were
obtained. Of all the models obtained, only the Frozen vs. Fresh com-
parison of the SPME data from the metabolomics analysis actually shows
a separation between the groups in the PCA-X models, with a moderately
high R?, generating validated OPLS-DA models with statistical signifi-
cance, as shown in Fig. 4. The models obtained with the SPME data from
the HILIC and RP lipidomics analyses, despite showing some separation
trend in the OPLS-DA CV-scores, clearly show no separation between the
frozen and fresh groups in the wunsupervised PCA-X models
(Fig. 3_Supplementary). Moreover, the R? and Q? values are moderately
low and show a large difference between them, casting doubt on the
quality of the models obtained.

Furthermore, in our metabolomics analysis, the differences induced
in the metabolome by the freezing process and detected using the SPME
methodology are also reflected in the changes in metabolite levels rep-
resented in the heatmaps (Fig. 5). Notably, the natural grouping ten-
dency correctly classifies frozen and fresh samples, with only one fresh
sample deviating from its expected position. This clustering arises from
the distinct change profiles exhibited by the metabolome during the
analysis. Both heatmaps clearly demonstrate that the frozen SPME group

A) SPME frozen vs. fresh — Metabolomics Positive
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(color red) exhibits elevated levels of various metabolites compared to
the fresh group (color green). These differences in metabolite levels are
visually delineated by dashed lines within the heatmaps. However, this
clustering of the samples in both groups, or the clear difference of in-
crease and decrease in the levels of different compounds, is not obtained
in the heatmaps with the lipidomic SPME data (Fig. 4 Supplementary).

On the other hand, the MV models derived from the Homo-SLE
experimental groups, as depicted in Fig. 5 Supplementary, indicate no
significant distinctions between the frozen and fresh groups using this
method. The unsupervised PCA-X models do not reveal any discernible
trends in group separation, and the negative polarity lipidomics analysis
datasets fail to yield a supervised OPLS-DA model. Correspondingly,
these outcomes are mirrored in the various heatmaps presented in
Fig. 6_Supplementary, where there is an absence of distinct clustering
for the frozen and fresh samples. Furthermore, there is no apparent
pattern of change in the levels of the different metabolites and lipids
associated to the process of freezing. , Overall, all these results have been
further confirmed with univariate statistics analyses, obtaining the
corrected p-values, present in Tables 7-12 in the Supplementary Mate-
rial, together with values of change, %change and Log>FC, and VIP, JK
and p(corr) values obtained from the cross-validated OPLS-DA models,
for each comparison.

3.4. Evaluation of the differences between SPME and Homo-SLE groups

Correlation analyses were performed to compare the results obtained
by SPME and Homo-SLE. For this purpose, a Pearson correlation analysis
was performed between samples from the SPME and Homo-SLE groups,
evaluating fresh and frozen tissue separately.

For the HILIC lipidomics analysis, 4 correlation analyses were per-
formed, evaluating the trend of the 6 SPME and 6 Homo-SLE samples, in
the positive and negative analysis, and selecting frozen or fresh tissue. In
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Fig. 4. SPME frozen vs. fresh comparison metabolomics data. .PCA-X and validated OPLS-DA CV-score plots of SPME data for the comparison of frozen and fresh
tissue methodology. A) SPME frozen vs. fresh metabolomics positive data. PCA-X model with an R?= 0.578, and two components explaining 42 % (t1) and 16 % (t2)
of model variation. Followed by the CV-score obtained in the “1/3-out” validation process of the OPLS-DA model of this comparison, with a prediction accuracy 100
%, CV-ANOVA p value 0.0012, and quality and prediction parameters R = 0.966, Q* = 0.903. B) SPME frozen vs. fresh metabolomics negative data. PCA-X model
with an R? = 0.496, and two components explaining 34 % (t1) and 16 % (t2) of model variation. Followed by the CV-score obtained in the “1/3-out” validation
process of the OPLS-DA model of this comparison, with a prediction accuracy 91.6 %, CV-ANOVA p value 0.0238, and quality and prediction parameters R? = 0.952,
Q? = 0.763. All models have been generated with a Pareto scaling and log transformation.
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Fig. 5. Heatmaps of SPME data for the comparison of frozen and fresh tissue methodology. Heatmaps with hierarchical clustering with euclidean distance
measure and complete clustering. A) SPME frozen vs. fresh metabolomics positive data. B) SPME frozen vs. fresh metabolomics negative data. The boxes marked with
dashed lines are to facilitate the visualization of the changes according to the experimental groups.

the heatmaps present in Fig. 6, we can see that the HILIC analysis pre-
sents a strong-moderate positive correlation between the results ob-
tained with SPME and Homo-SLE, as we obtain Pearson correlation
coefficients greater than 0.7 in almost all samples, both in frozen and
fresh tissue. In the case of the correlation analyses with the RP lip-
idomics data (Fig. 7_Supplementary), the same positive trend is main-
tained in the samples of both methodologies, as in the HILIC data. But in
this case, the correlation is stronger in the negative analysis, with higher
correlation coefficients.

Finally, the metabolomics data show similar results to the RP case
(Fig. 8_Supplementary). Positive correlation coefficients were obtained
between the samples of both experimental groups in the four analyses,
but they were higher in the case of the negative ionization mode.

It should be noted that all Pearson correlation coefficients obtained
in all analyses are significant, with a p-value of less than 0.05.

4. Discussion

The overall aim of this study was to compare the results obtained in
the lipidomic and metabolomic analysis of murine kidney tissue after
using two sample processing methodologies, SPME and Homo-SLE. To
evaluate the possible differences in the coverage of the renal lipidome
and metabolome with each technique and determine their future uses in
studies of renal diseases through metabolomics.

Tissue analysis is of great value, as it provides direct information on
the processes occurring in the organ [4,34]. In the case of kidney dis-
eases, such as chronic kidney disease, it is important to assess the
metabolic changes occurring in the kidney that initiate the development
and progression of the disease. Therefore, metabolomic analysis of
kidney tissue has great potential for studies of this type of disease [2].

As is well known, selecting the sample processing methodology is a
crucial step in the metabolomics workflow, as it will determine the
coverage of the metabolome to be obtained, the quality of the data, and
the interpretation of the results. Despite this, there are no standardized

sample processing methodologies for analyzing kidney tissue.
Commonly, recollection of a part of the kidney, its homogenization, and
liquid-liquid metabolite extraction is usually followed as sample treat-
ment in metabolomics studies. However, this methodology can generate
bias in the results if the heterogeneity of the renal tissue itself is not
considered, as well as the heterogeneity that can be produced by some
biological situations, such as fibrosis [1,4,5,35,36]. SPME methodology
can be an interesting alternative in renal studies as it simplifies the
sample treatment process. This methodology has been previously
applied to renal tissue to evaluate the quality of the kidneys during the
preservation period in transplantations [23,26,37]. However, it would
be necessary to know its limitations concerning the extracted metab-
olome, and in comparison with Homo-SLE to establish its applicability.

For this objective, the present study did not consider quantitative
analysis, only qualitative comparisons between results obtained for the
different analyses were performed.

The differences in the number of lipids detected according to the
sample treatment methodology may be due to different factors and facts,
such as the tissue disruption and homogenization process in Homo-SLE
methodology and its exhaustive extraction, the localized sampling per-
formed in SPME, the type of coating of the SPME fibers, and the non-
exhaustive nature of the SPME technology, which will be discussed
below.

Firstly, tissue disruption by homogenization is a destructive process
which will produce the release of intracellular components and lipids
that are part of the membranes [38,39]. In our study, this can be
observed with the detection of more lipids of certain classes, such as
glycerophospholipids, sphingomyelins, ceramides and hexosylcer-
amides only in the Homo-SLE group. Glycerophospholipids, such as
glycerophosphocholines (PC) and glycero-phosphoethanolamines (PE),
and sphingolipids, such as sphingomyelins (SM), are fundamental parts
of cell membranes and are present in great abundance in these structures
and not in free form [38,40]. Therefore, high coverage of these lipids is
not possible by SPME since a process that produces their release is
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Fig. 6. Correlation heatmaps from lipidomics HILIC data. The upper panels correspond to Pearson’s correlation analysis for positive HILIC SPME vs Homo-SLE A)
fresh tissue and B) frozen tissue data. The lower panels correspond to Pearson’s correlation analysis for negative HILIC SPME vs Homo-SLE, C) fresh tissue, and D)
frozen tissue data. The white numbers indicated in each box of each comparison (Homo-SLE sample vs SPME sample) represent the correlation coefficients obtained

in the analysis.

needed. The same is true for ceramides and hexosylceramides, which are
found in high concentrations intracellularly, forming part of cellular
structures such as the Golgi apparatus or the endoplasmic reticulum, and
can only be greatly covered if they are released and extracted [41].
These results are in line with previous studies where it has been
observed that tissue homogenization can drastically alter the type and
amount of lipids in the sample compared to intact tissue analysis [27,38,
39].

Furthermore, in the case of the SPME methodology, fibers with a
small diameter (no more than 250 pm) are used, which means that their
direct insertion into the tissue results in minimal damage and does not
generate a large cellular rupture that causes a change in the type and
concentration of free-form lipids, for this reason, it is applicable for in
vivo studies. In this way, SPME extracts those free analytes present in the
immediate area surrounding the fiber insertion site, thus providing in-
formation on the spatial resolution of the analytes within the organ [39].

10

This spatial information is lost in the process of homogenization and
tissue disruption, which would also be involved in the difference in
annotated lipids between the two groups. Therefore, this feature of
SPME is a point to consider, as it can be a great advantage in hetero-
geneous organs and tissues such as the kidney, allowing us to obtain the
lipidomic and metabolomic profile of the different regions of the organ.
However, it can also be a limitation, depending on the study’s objective,
and knowing that if we want to obtain a representative sample of the
metabolic profile of the organ, we will have to carry out the extraction
with several fibers at different points of the tissue [17,39].

Regarding the fibers for the SPME methodology, the type of coating
used will determine the affinity of the analyte in a given medium for the
extraction device [42,43]. In this study, we have used commercial
biocompatible nitinol-based SPME fibers coated with a mixture of SCX
and C8 particles to extract a balance of polar and non-polar metabolites
[18,26,39,44]. This way, the lipidomics and metabolomics analyses
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could be carried out using a single fiber type. The use of the mix-mode
coating makes the extraction in the lipidomics study less specific since
the fiber coating does not have a high affinity for all lipid classes and
their different polarities; for instance, in our results, we can observe that
some triglycerides and ceramides, which are very hydrophobic lipids,
are not detected in SPME group. A C18 particle coating could be used for
specific lipidomics extraction, allowing lipids with lower polarity to be
extracted [17,45]. Recent studies have shown that a hydrophilic lipo-
philic balance (HLB) coating shows higher recovery and a broader
spectrum of metabolites compared to C8-SCX mix-mode coated fibers
[46]. However, these HLB fibers are not yet commercially available,
complicating their integration into routine metabolomics procedures.
Therefore, in this study we have focused on the use of fibers that are
commercially available and allow us to obtain a broad spectrum of
compounds.

In the Homo-SLE methodology, on the other hand, we have used a
solvent extraction that allows a broad coverage of the different types of
lipids, including those of the cell membrane, since methanol can dissolve
lipid structures, such as lipid-protein complexes, releasing some lipid
classes that will then be extracted by MTBE [38,47]. As we can see, the
choice of fiber coating and solvents has favored the extraction of lipids in
Homo-SLE methodology, but the opposite is true for metabolites.The
results obtained in the metabolomics analysis show that the mix-mode
coating allows the extraction of metabolites with a polarity range very
similar to the extraction solvent used in Homo-SLE as it has been shown
that all the annotated metabolites are detected in both groups. Previous
studies where the optimization of high-throughput SPME methods for
polar and non-polar metabolites has been carried out show that other
types of fiber extraction phases can achieve a wider polarity range [46,
48,49]. This issue, can be overcome in the SPME approach by using
multiple fibers with different coating chemistries, that would help to
expand the analytes coverage, and also can improve the recovery of the
compounds if the fibers are desorbed in the same aliquot of solvent,
increasing the detection limit [17,39].

Another point that may affect the differences in the annotated
compounds is the fundamentals of the two methodologies. SLE is clas-
sified as an exhaustive extraction, in which the analytes present in a
matrix are entirely transferred to the extraction phase, in our case, the
solvents. In this technique, the ratio of extractant to sample is signifi-
cantly higher than in microextraction approaches, resulting in a high
abundance of all lipid classes in the extraction. In contrast, SPME is a
non-exhaustive method based on the equilibrium principle. In this
methodology, the amount of extraction phase is much smaller than the
sample, generally used to separate a small fraction of the analyte from
the sample matrix [36,50]. Nevertheless, despite not being an exhaus-
tive technique, and seeing that our results show differences between the
Homo-SLE and SPME groups, it can also be observed that SPME presents
relatively comprehensive coverage of lipids, and this is due to its ability
to clean and concentrate the sample. A biocompatible binder in the fiber
coating prevents macromolecules that interfere with the extraction of
free analytes from interacting with the coating. This also allows the
quenching step of metabolism to occur simultaneously with the
extraction, allowing for a much cleaner background than in the SLE
method. This methodology results in a more balanced recovery of ana-
lytes, with a reduction of the matrix effect in LC-MS analysis and a
reduction of the baseline in chromatography so that analytes with low
concentrations can be seen [39]. For these reasons, it should be
considered that in the case of the SLE methodology, all lipids and me-
tabolites present in the renal tissue would be extracted in a general way,
both in free form and those bound to different structures, proteins, or
reservoirs. In addition, when the homogenization process is carried out,
the compounds extracted will be extracellular and intracellular, as
explained above. On the other hand, with SPME, the metabolites and
lipids extracted are all found free in the extracellular and interstitial
space of the tissue [27].

Therefore, the differences in the extraction type are also reflected in
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the concentration of analytes extracted and in the analytical signal,
which are represented in the unsupervised and supervised models of the
multivariate analysis, with the clear separation of the Homo-SLE and
SPME groups by the first component.

The multivariate analysis additionally reflects another of the points
evaluated in this study, the difference between fresh and frozen kidney
tissue. The effect of freezing of biological samples and their storage on
the concentration of metabolites has been previously studied using
separate exhaustive and non-exhaustive methods [6,27]. Therefore, we
wanted to analyze the possible changes in metabolite and lipid con-
centration produced by one-week freezing and storage of kidney tissue
using both sample treatment methodologies at the same time. While
previous studies have analyzed changes produced by various
freeze-thaw cycles [6], a study with SPME assessed changes in the
metabolome and lipidome of tissue frozen for one year without
freeze-thaw cycles [27], so we wanted to evaluate whether simply
freezing the sample and storing it for a short time could generate
changes in the lipidomic and metabolic profile of the tissue.

With the results obtained, we have observed that there are some
alterations in the levels of the metabolites and lipids in the frozen tissue
compared to the fresh control. However, these alterations are mainly
present and are statistically significant in the SPME group, not in Homo-
SLE. These results indicate that the SPME methodology is more sensitive
and can detect these variations. The tissue, having undergone a single
freeze-thaw cycle and being frozen for only a week, exhibits minimal
changes due to cell degradation. When compounds are extracted
extensively and abundantly, these minor alterations due to freezing
become obscured. In contrast, as SPME produces non-exhaustive
extraction based on pre-equilibrium in our case, it can detect all those
changes in metabolite and free lipid levels produced by freezing [27,37].
The changes produced by freezing and observed in the SPME group, in
the comparison of frozen vs. fresh tissue, are a general decrease of most
lipid classes in the two lipidomics analyses (HILIC and RP), except for an
increase of certain acylcarnitines, glycerophosphoethanolamines, glyc-
erophosphoserines, ceramides, and triglycerides. In contrast, in the
metabolomics results, we see that there is mainly an increase in the
metabolites, such as amino acids, purines and pyrimidines, in which
there is a statistically significant change. These changes in levels of lipids
and metabolites could be related to different biological and/or physical
processes; for example, most of the increased compounds are physio-
logically bound species, which could be released during thawing, and in
the case of the decrease in lipids and metabolites may be due to cell
degradation that would occur during the freezing-thawing cycle [6].
However, all these changes regarding freezing and storage should be
studied in more detail to evaluate their biological relevance or physical
origin. Nevertheless, also these results would indicate the possible
sensitivity of SPME methodology to detect tissue damage in situ, as it
could identify alterations in the levels of certain metabolites or lipids
related to cellular impairment, such as the release of purines into the
extracellular medium in response to lysis or apoptosis [51,52].

Finally, after evaluating the results of the correlation analyses of
those lipids and metabolites present in both experimental groups, we
verified that the samples of both groups show a moderate-high positive
correlation. These correlation analyses would indicate that in the mean
value of all the annotated compounds, the SPME and the Homo-SLE
compounds follow the same trend.

Therefore, considering everything exposed in this discussion,
including the limitations of SPME and the different ways of optimizing
this technology to increase its coverage and sensitivity, this sample
processing technique produces biological results comparable to those
obtained by Homo-SLE, being a methodology with great advantages for
the study of renal tissue.

5. Conclusion

In the present study, we have conducted a thorough evaluation and
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comparison of renal lipid and metabolic profiling achieved through
Homo-SLE and SPME sample processing methodologies. Notable dif-
ferences were observed in the lipidomic analysis (HILIC and RP) of
healthy murine renal tissue, with certain lipids being differentially
detected, whereas the metabolomic analysis demonstrated equivalent
metabolite coverage. Despite Homo-SLE’s established status as a stan-
dard protocol for renal tissue sample treatment in metabolomic stud-
ies—ensuring comprehensive, uniform, and representative coverage of
the entire tissue, including structural and intracellular lipids—we
advocate for the selective application of the SPME methodology, which
offers distinct advantages under specific circumstances. We can affirm
that SPME presents specific advantages in relation to tissue, such as the
reduction in the number of steps when processing renal tissue, avoiding
the collection of a fragment of tissue and spatially localizing the analysis
in a certain region of the organ, crucial considerations when dealing
with limited renal samples or targeting localized renal disease studies.

Nevertheless, it is imperative to acknowledge the limitations and
considerations unique to SPME when applied to renal tissue. The se-
lection of fiber coating profoundly influences the obtained coverage, as
expected. But in the context of renal tissue, when faced with a limited
sample size, and the necessity to employ a coating that equitably ex-
tracts compounds across a broad polarity range, one must be cognizant
of the resultant limitations in lipidomic analysis. Additionally, to ach-
ieve a homogenous representation of the tissue, multiple fibers must be
utilized across different sample sections, bearing in mind that the lipid
profile will lack structural or intracellular lipids, which are only acces-
sible post-homogenization.

Moreover, this study has also assessed the impact of the one-week
freezing and storage step on sample processing compared to fresh tis-
sue analysis. This step is pivotal when working with SPME, as it does not
introduce significant alterations in the Homo-SLE methodology.

Collectively, these findings have significantly expanded our under-
standing of renal tissue sample processing and analysis, thereby facili-
tating the advancement of renal disease studies through metabolomics,
utilizing this complex biomatrix.
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