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Highlights

e ToF-SIMS effectively compares sphingolipid contenEVs ands-cells.

e Analysis shows profile variances in CER, HexCER¢g$phingolipids between EVs
and parent cells.

e Hyperglycemia alters general glycosphingolipid emin cells and EVs per ToF-
SIMS.

Abstract
Extended periods of hyperglycemia (HG) can leadntiabolic disorders of sphingolipids

(SPs) and their subsequent accumulation in celiss &ccumulation can trigger a range of
complications, including kidney and neurodegeneeatiiseases. In our study, we compared
the levels of selected ceramides (CER), hexosyitieles (HexCER), and glycosphingolipids
(GSLs) in potential biomarkers - extracellular wss (EVs). These EVs were derived in
vitro from humang-cells cultured under both normoglycemic and highhcgke conditions
(HG). We utilized Time of Flight - Secondary lon 8&aSpectrometry (ToF-SIMS) for SP
analysis. Our results confirmed that the lipid pesf of these three groups differ between
large and small EVs, with some SP lipids being memeched in EVs compared to cells.
Interestingly, our study revealed that HG only deges the lipid content from the
glycosphingolipid group in relation to normoglycemiCollectively, our findings underscore
the potential applications of ToF-SIMS in charaeiag the impact of different culture
conditions on lipid levels. To the best of our kiesdge, our study is the first to employ ToF-

SIMS in analyzing the effects of HG on SP levelg&Ws and their parentglcells.

Keywords: ToF-SIMS, glycosphingolipidgxtracellular vesicles, hyperglycemgacells.
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1. Introduction

Sphingolipids (SPs), including ceramides (CERs)xobglceramides (HexCERs) and
glycosphingolipids (GSLs), represent a ubiquitousl atructurally miscellaneous class of
lipids involved in physiological and pathologicalopesses, possessing both signaling and
structural properties[1,2]. Lipid membrane composition is varied in differectll
compartments, and having impact on such cell memeboperties, charge and protein
corona [3]. Hyperglycemia (HG) is an example offgygpological condition initiated by the
elevated blood glucose levels, which, when out @itml of the sensitive fuse that is the
hormone insulin), causes metabolic stress, whitht continues chronically, can cause
pathological conditions. In fact in most of patehtaving glucose intolerance, HG goes silent
early on and is often not detected until complmagi develop. What is known, however, is
that the first stage in the development of compilces is elevated glucose level for a
dangerous period, followed by insulin resistancegnéually leading to type 2 diabetes
mellitus (T2DM)[4]. An important role in glycemic control and HG peetion is played by
pancreaticf-cells, which can compensate for high glucose cametons by increasing
insulin secretior{5]. This condition, in which HG is suppressed by lmsoverproduction,
can persist for years and may never develop inestaliabetegs,7]. And yet, over time, the
ability of g-cells to produce high levels of insulin may be diisined due to both abnormal
cell signalling and increased apoptos$&. In this case, HG modifies the molecular
composition of pancreatjg-cells that determine metabolic processes, accelgrdte course
of p-cells to failure and disease progressign Indeed, SPs have been shown to actively
participate in the HG-induced process, mediatimgltiss of insulin sensitivity, promoting the
characteristic diabetic pro-inflammatory state, amducing cell death and dysfunction of
important organs such as the pancreas and hear]. However, given the high complexity
of SP metabolism, it follows that its regulationyn@dso be very complex or multifactorial.

Time of Flight — Secondary lon Mass Spectrometgnigxample of an advanced physical
method adapted to metabolomics and lipidomic reseaiThis technique has been
successfully used for the characterization of 8pid biological samples and comparative
analyzes of cells, tissues, organs and even omaiig-14]. In this study, we would like to
focus on SPs composition ficells and their residues and metabolites secratdteiform of
extracellular vesicles (EVs) using ToF-SIMS.

EVs are spherical nanostructures surrounded hyic biilayer ranging in size from 30 to

1000 nm. EVs can be divided into several subpojusatthat differ in biogenesis, size, cargo
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and function [15]. Currently, the main EV populasorecognize large EVs (150 — 1000 nm)
and small EVs (50 — 150 nm) [16]. Their size igyodat importance because it can be used to
assume the biogenesis and function of EVs, whilgeld&Vs are directly secreted from the
cell membrane, small EVs accumulate in the lumelatef endosomal compartments and are
released into the extracellular space after endedusion with the cell membranr,18].

It is believed that the most important functionEfs is the transfer of intercellular
information in the form of nucleic acids (miRNA)rgteins and lipids. They contain
characteristic cell-derived molecules that refldet intercellular status of their parent cell.
Thanks to this cargo, they affect the physiologieald pathological reactions of cells
receiving the transmitted data, thus taking arvagiart in maintaining the homeostasis of the
biological system by transmitting information, kalso expelling unnecessary mateies].
Research results of the last decade have revdale&Vs are released from various cells, and
their cargo is involved in various disorders, mgicancer, neurological and metabolic, e.g.
diabetes[20]. In biomarker studies but also to understand Eyhalling properties, the
molecular characterization of EVs obtained fronfedd@nt cellular models (cell cultures) is
essential in both basic and preclinical resegrgn1-23].

The lipid composition of EVs is reflective of thells from which they originatg4].
Consequently, it can be inferred that the compmsitf sphingolipids (SPs) in EVs would
vary based on the cell culture they are derivethfras well as the conditions under which
they were cultured. Past studies have indicatedttigamolecular composition of both cells
and EVs can be altered by external culture conuti@5]. However, it remains to be seen
whether an elevated glucose concentration in therexl environment can modify the profile
of ceramides (CERSs), hexosylceramides (HexCERS), ghycosphingolipids (GSLs) in the
composition off-cell membranes and EVs.

In this study, we employ ToF-SIMS mass spectrometigompare the profiles of selected
sphingolipids (CER, HexCER and GSL) in EVs samplegved from g5-cell line with the

compositions cells cultured under HG conditions.
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2. Materialsand methods

2.1. Cdl cultures

The insulin-releasing pancreati:cell line (1.1B4, Merck KGaA, Sigma Aldrich,
Darmstadt, Germany) was cultured in a 175 cell culture bottles and maintained in RPMI
1640 medium (cat. No. 11879020 Gibco for normoglyieeand hyperglycemia, 21875158
Gibco for medium hyperglycemia), supplemented wifl96 Fetal Bovine Serum (FBS; cat.
No. 16000036, Thermo Fisher Scientific, Waltham, MUJSA), 2 mM L-glutamine (cat. No.
G7513 Sigma-Aldrich, Darmstadt, Germany) and aaotiits - 100 pug/ml streptomycin with
100 units/ml penicillin (cat. No. 15140122 from SigrAldrich, Darmstadt, Germany). Cells
were grown as monolayers in an incubator under itond of a humidified 5% C@
atmosphere and 37 °C until they reached about 8¥tuence. The culture was maintained
by changing the medium and passaged with trypsiyp§in-EDTA solution, cat. No.
25200056 Thermo Fisher Scientific, Waltham, MA, USAhe first part of the bottles were
grown in a medium containing 5 mM D-glucose (cab. 8270 Sigma-Aldrich, Darmstadt,
Germany) to obtain normoglycemic control (NG), gezond part was cultured under long-
term, containing 3 passages, medium hyperglyceonditons - MDM (11 mM D-glucose),
while the last, third part of cells were grown hethighest concentration of glucose to obtain
hyperglycemia (25 mM D-glucose) conditions - HGeTiext key step was to starve cells for
24 hours by changing the medium to a serum-freeiumedwithout FBS). Finally, after the
fasting period, culture bottles were shaken medgadlygi and the medium was collected for
subsequent centrifugation and low-pressure fittratlialysis to concentrate and isolate EVs.
The medium was collected from 12 culture bottlesafbculture conditions. From each 4 cell
culture bottles, the medium was collected in a s#pacontainer (approximatef,20 ml),

which made it possible to obtain 3 biological regtes for NG, MDM and HG conditions.

2.2. CdlsHarvesting
For the purpose of comparing the molecular comjposif lipids, cells were collected
after the serum starvation period in NG, MDM and W trypsinization. Cells were

suspended in PBS and then frozen at -80 °C forlsameous analysis with isolated EVs.

2.3. EVslsolation
Collected volumes off-cell conditioned medium were first subjected to two
preparatory centrifugations to remove intact celid| debris and apoptotic bodidsid. 1).

Cell media samples were successively centrifugd®@itxg (10 min) and 3,000 g (25 min),
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both at 4 °C. Subsequently, each 120 ml samplefitased under Low-Pressure Filtration
Dialysis (L-PFD) using a cellulose dialysis memlergoat. No. 131486, Spectra/Por Biotech)
with a molecular weight cut-off (MWCO) of 1000 k@aidth: 16 mm, diameter 10 mm). To
accelerate the filtration process, a reduced pressii-0.2 bar was applied in the system,
which was used to obtain the final sample volumabafut 1.5 m[26,27]. The membrane was
then washed with 10 ml of deionized water.

The resulting EV suspension was subjected to areifitial centrifugation process. In
the first step, samples were centrifuged for 30 atiid,000 xg at 4 °C and 18,000 g for 20
min to pellet large EVs. The resulting supernatant was transferred tonil.5op-opening
centrifuge tubes and centrifuged for 1.5 h at 180,909 at 4 °C (Sorvall MX 150+ Micro-
Ultrawiring, Thermo Fisher Scientific, Waltham, MAUSA) to obtain small EVs

subpopulation.

Normoglycemia SmM D-glucose il
24h in medium
w/o FBS

a® — L

7 000 xg
4 x 175cm? per biological 30 min
repetition
Medium hyperglycemia
11mM D-glucose (o)

(= apoptotic bodies,

24h in medium ¥l dabiis

w/o FBS 18 000 xg
4 x 175¢cm? per biological = i NG
repetition W v | -

' large EVs pellet

Hyperglycemia 25mM D-glucose R 150 000 xg

24h in medium 90 min

: w/o FBS : )

T I
4 x 175cm? per biological ; 4
repetition "SmuH EVs pellet

Fig. 1. Scheme of the extracellular vesicle isolation procedure.

Pellets were resuspended in 50 ul PBS (cat. NoLA@®B Thermo Fisher Scientific,
Waltham, MA, USA) in triplicate and stored at -80 for further characterization and ToF-
SIMS analysis.
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2.4. Antibodiesfor flow cytometry measurement

The following labels were used to characterize biawadl large EVs samples: FITC
Annexin V (BioLegend, cat. 640906) and antibodidexa Fluor 700 anti-human CD63
(BioLegend, cat. 353024), APC anti-human CD81 (Big&nd, cat. 349510) and PE anti-
human CD9 (BioLegend, cat. 312106).

2.5. Spectral Flow Cytometry

Both small and large EVs, isolated from 120 mL ofditioned media per sample (divided
into 4 groups) were incubated with Annexin V anditzdies against CD63, CD9 and CD81
for 45 min on ice. EVs samples were analysed ugtiegiD7000 apparatus (spectral flow
cytometer, SONY), a sample volume was set to @l00Prior to analysis, the Sony ID7000
was calibrated using alignment che¢8eny Biotechnology Inc AlignCheck Flow Cytometer
Alignment Beads 107/mL 10 um, 2 mL, cat. no AE7@)54nd the 8lpeak performance

beadgSony Biotechnology Inc 8 Peak Bead cat. no AE7Q03P7/mL 3.1 um, 5 mL cat. no

AE700510),according to the instrument supplier's guidelines.

2.6. Transmission Electron Cryomicroscopy (cryo TEM)

About 3TuL of the sample solution was applied on freshiywgltischarged TEM
grids (Quantifoil R2/1, Cu, mesh 200) and plungezén in liquid ethane using the Vitrobot
Mark IV (Thermo Fisher Scientific). The followingapameters were set: humidity 95%,
temperature 4°C, blot time 27s. Frozen grids were kept in liquid nitrogen uwctiit and
loaded into the microscope. Cryo-EM data were ctéig at the National Cryo-EM Centre
SOLARIS (Krakéw, Poland). Movies (40 frames eachgravgathered using the Glacios
microscope (Thermo Fisher Scientific) with 20KV accelerating voltage, 190 kx
magnification and corresponding to the pixel siz6.84 1A/px. The direct electron detector
Falcon4 was used to obtain data, operated in guyntiode. Imaginate areas were exposed to
40 e-/A2 total dose each (measui@tvacuum'). Images were acquired at under-focus optical

conditions.

2.7. Transmission Electron Microscopy (TEM)
For negative staining, a copper grid coated witlmf@r and carbon was used. Samples
were incubated for 3 min on grids. After this tintkke excess was drained with a piece of

filter paper. Next, grids were washed on two dropdistilled water and uranyl acetate. After
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rinsing grids were left on a drop of uranyl acette 1min, and then dried in the air. For
observation, the JEOL JEM 2100HT electron microsc@eol Ltd, Tokyo, Japan) was used
at 80 kV accelerating voltage. Images were takengua 4kx4k camera (TVIPS) equipped
with EMMENU softwarever. 4.0.9.87. Thamage analysis was performed using the Fiji

program. The histogram was made based on 100 HEWgsco

2.8. ToF-SIMSanalysis
Time of Flight - Secondary lon Mass SpectrometrpHISIMS) is an analytical

surface technique based on bombarding the exanmsnegdce with a pulsating beam of
ionized atoms (single atoms or clusters). In theeaa biological samples, ionized clusters of
bismuth or fullerene (Bi, Cs') are most often used, which allow the detectioracger
molecules by minimizing damage to the structuradpeested. The spectrometer uses a time-
of-flight analyzer with high mass resolution (upnté/m = 10,000) and high transmission, in
which the time of flight of emitted secondary ighsough a vacuum tube is measured, these
are ionized whole biomolecules, ionized fragmeritshese biomolecules or newly formed
ionized conjugates. Some of these ionized molecaes characteristic fragments of
biomolecules that are components of the testeddimdl structure, e.g. amino acids, lipids or
metabolites, enabling the qualitative characteiomadf the sample surface [28].

The described analysis is possible in the so-callatic mode, in which the dose
density threshold of primary ions deposited ontésted surface is valid. The measurement in
this range ensures that the surface will not beadga, and the components will not be
significantly delocalized and fragmented in the plmvolume. At the same time, the ToF-
SIMS enables imaging of 2D maps of secondary iamgsson from the surface with a
submicron spatial resolutiordynamic mode), this is the second operating mode of the
spectrometer with reduced mass resolugkon

A significant advantage of the ToF-SIMS techniqueslation to biological samples is
its ability to perform comparative analyses of ekpental samples with control samples.
This is done by assessing the intensity of peaksaciteristic of the biomolecules of interest,
eliminating the need to extract these compoundns fite biological structure or to label these
structures in the sample. This feature is partitpianportant for lipids that are susceptible to
oxidative processes. However, the requirement gl kecuum measurement in an analytical
chamber poses a challenge for biological reseaaddjng a layer of complexity to the

procedure of preparing biological samples.
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2.9. Samplepreparation and ToF-SIM S measurement parameters

For ToF-SIMS measurements, silicon wafers (cat. 8%7780, Sigma Aldrich, St.
Louis, MO, USA) with dimensions of 1 x 1 énwere prepared. The selection of the silicon
substrate was dictated by previous studies examitiie best parameters for ToF-SIMS
studies on biomateria[30]. Before EVs and cells deposition, each substrate senicated in
toluene (cat. No. 244511, Sigma Aldrich) and ethdabsolute, 99%, cat. No. 396480111,
POCH) for 10 min using an ultrasonic bath, rinsethwlenty of deionized water, and then
dried with No. For each experimental group, two samples depbsitehe silicon surface with
a volume of 30 pl were prepared.

To obtain all spectra, the ToF-SIMS 5 instrumer®NtToF GmbH, Mdinster,
Germany) was used with afBiiquid metal ion gun (30 keV) as the primary imusce. Data
were recorded in the mass range up to 900 Da wittass resolution of 8,300 a¥z 600
(FWHM) and an analysis surface size of 150 x 158 fompositive ions (125 x 125 pixels) in
three locations on one sample. During all experisiethe residual gas pressure in the
spectrometer chamber was maintained af hibar. The lipid composition analysis was
performed in the static spectrometer mode with meot equal to 1.10 pA. A low-energy
electron gun was used in the interval between twisgs from the primary ion source to
neutralize the charge formed on the sample sudaceg the bombardment. Measurements
were carried out simultaneously and under the saonditions using a single sample holder,
allowing for comparative data analysis. Each spectwas calibrated using signals for
positive ionsH*, Hy", CH", CH>', CH3" andCsH,".

2.10. Statistical analysis
In the ToF-SIMS technique, there is a matrix effexsts that complicates the acquisition
of quantitative information. However, it is stilledsible to obtain semi-quantitative
information through the appropriate preparation moeasured data, such as spectra
normalization and selection of regions of intefest. The normalization of raw ToF-SIMS
data is typically performed to mitigate artifaatsliiced by topographic, apparatus, or matrix

effects[32]. This can be accomplished in several ways. In shisly, we normalized each
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spectrum to the total dose deposited on the exahsindace, a step that eliminates the impact

of differences arising from the compiled beam afnary ions [33].

Fig. 2 presents the workflow of the process of prepadiaig from spectra for comparative
analysis. From each of the sixteen surface measmsnof 150 x 150 ufm(nine sample
types, two areas of 50 x 50 fimere selected for each sample type (tour bioldgegicates
for each group and four 150 x 150 fimeasurements on the one sample).

The selection of a small&egion Of Interest (ROI) was preceded by the examination of
2D emission maps for ions characteristic of thelysea SP fragments, which helped to
eliminate local artifacts. For each experimentaugr (NG, MDM and HG cells, NG, MDM
and HG large EVs, NG, MDM and HG small EVs), 32 mapectra from 50 x 50 fm
regions were included in the comparative analyBie spectra thus obtained were further
analyzed, which included the identification of chaeristic lipid peaks such as protonated
ions, adducts, and pseudo-molecular ions.

The peaks included in the analysis correspond ¢ontlasses characteristic of specific
chemical structures. It should be noted that défiémmolecular formulas may correspond to
the same molecular weight. Only peaks with a hilghlihood of matching the structures of
interest and those that have been previously destrand used in the ToF-SIMS analyses

were included in the comparative analysis.

MEDIUM
HYPERGLYCEMIA

INORMOGLYCEMIA] ‘ ’ IHYPERGLYCEMIA|

Four ToF-SIMS measurements with an area of 150 pm x 150 pm
were performed for each sample.

- B = -— ig
AP Thes
‘ miz
For each 150 pm x 150 pm area, two

50 pm x 50 pm areas of interest were l
selected to generate a spectrum. bl 1l

m/z

Imtensity

Fig. 2. Workflow of obtaining spectra for comparative analysis.
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The obtained intensity of the selected peak, he.integrated area under the characteristic
peak curve, was normalized to total counts for@mispectrum in the area of 50 x 50%um
Statistical analysis was performed, in which mealues and intensity standard deviations
were calculated for selected peaks for each grégamples. The SurfaceLab softwaver (
7.2) was used to analyze the data, enabling rérgdif the measurements taken and the
academic version of OriginPraef. 9.8.0.200, 2020b) was used.

3. Reaults

3.1. Spectral Flow Cytometry

In order to identify the types of EVs present im @olated samples, we conducted a
flow cytometry analysis. Annexin-V was utilized asnarker for ectosomes, and we detected
an annexin-V-positive signal in both small and ¢éaE)V samples. We also used CD9, CD63,
and CD81 as markers for exosomes (as well as fail @otosomes), and detected positive
signals in both samples. Notably, the expressioanofexin-V and CD9 was higher in large
EVs, while CD63 and CD81 were more prevalent in pogpulation of small EVs. As
demonstrated, pure PBS yielded only a minimal Sifffig. 3).
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Fig. 3. Theresults of the ID7000 spectral flow cytometry analysis for pure PBS.
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Fig. 4. Unstained ectosomes analysis on ID7000 flow cytometry.
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Fig. 5. Sngle and quadruple dyed ectosomes analysis on |D7000 flow cytometry.
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Fig. 6. Unstained exosomes analysis on ID7000 flow cytometry.
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Fig. 7. Sngle and quadruple dyed exosomes analysis on |D7000 flow cytometry.

32. TEM
The images iffrig. 8 depict an unoccupied copper grid, thereby valigpthe effective

isolation of EVs. The large EVs exhibit an average of approximately 150 nm, while the
small EVs demonstrate a mean size of about 60 rira. fihdings obtained through TEM
microscopy not only confirm the distinct sizes afdhpes of both EV populations but also

indicate a higher concentration of small EVs.

13
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Fig. 8. The copper grid A) before contrasting, B) after contrasting, C) the population of large
EVs, and D) the population of small EVs.
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Fig. 9. Thesize distribution for A) large and B) small EVs.
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3.3. CryoTEM

Images captured using CryoTEM microscopy reveal theuble membrane
encapsulating the EVs, as well as the cargo inbiel@esicle. In the example of large EVs
(as shown irFFig. 9), the crown-like structure can be observed orr theiface. TEM and

CryoTEM studies have confirmed the absence of ,cedifular organelles, or any other

cellular debris in the EV samples.

Fig. 9. The CryoTEM image of A) large EVS, and B) small EVs.

34. ToF-SIMSanalyss

The molecular composition of EVs is believed tde&tfthe composition of secretory
cells in their proportions and is also modifiedparallel by various factorg4]. Thanks to
their structure, but also the contained cargo, E¥ssfer information to other biostructures
[35]. This information is encoded in the presence amahtity of building blocks, including
approximately 9,769 proteins, 1,116 lipids, 3,40BNMAs and 2,838 miRNAs, illustrating
their complexity and potential functional diversj86]. In this analysis, attention was paid to
three characteristic groups of lipids: ceramideERE), hexosylceramides (HexCERs) and
glycosphingolipids (GSLs).

The lipids chosed for analysis form part of thelwat endosomal complex that
orchestrates and directs the endogenesis pathwhinwhe cellular system. As such, they

represent a crucial group of compounds that infleethe formation of membrane-like
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structures secreted by cells, mainly CERs and d8i=(37]. Importantly, they impact the
content and destination of the endosops®-40]. The dominant CERs in small EVs are
C18:0-Cer and C24:1-Cer molecules, which enablentkeenbrane folding, facilitating the
budding of internal vesicles, but at the same fraricipate in the differentiation of secreted
small EVs[41]. GSLs also exist in the form of lipid rafts (lipdicrodomains), which can
manifest as a lipid region enveloping and penetgatine surface membrane or as a flat lipid
raft. These structures are enriched with specife$ of lipids, such as sterols, SPs, and
glycosylphosphatidylinositols. Through structurdlanges in lipid raft components and
protein sorting and the formation of complexes wgltraspanins or flotillins, they play a
pivotal role in endosomal biogenegig,43].

Numerous prior studies have indicated that SPs plaple in the progression of
various pathologies, including obesity and typeigbetes mellitus (T2DM}44]. Therefore,
recognizing positive or negative correlations betw&P levels and outcome conditions may
contribute to the identification of useful and gdriomarkers of these pathologies.

For the aforementioned lipid classes, the ToF-StE®inique was used to check the
changes in the normalized, average intensity ofateristic peaks changes in the casg-of

cells, large and small EVs secreted by these cells.
a) Ceramides (CERs)

CERs consist of a long-chain or sphingoid base linkedatty acids by amide bonds.
Free CERs are present in membranes in small amadhets perform specialized regulatory
functions in cellular metabolism, often depending tbe chain length of their fatty acyl
components. Particular attention was paid to CERSE their functions in the regulation of

apoptosis as well as cell differentiation, transfation and proliferatiof4s].
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11 mM MDM HG

[JIC4;HgNO,I* Cer 32:2
[IC44HsNO,]* Cer 34:1
[(Ca4HesNOJ)* Cer 34:2
[ [C.5H,;NO,]* Cer 36:0
[ (C5H,NO,J* Cer 36:1
[ (C,;H,,NO,]" Cer38:2
B (C. H,;NO.J Cer40:1
B (C.,H,;NO,]" Cer40:2
Bl (C..H;NO.]' Cer41:1
Bl (C..H, NO.J* Cer41:3
[JIC.,HgNO,I* Cer42:1
[IC,,HgNO,)* Cer 42:2
[(CHNO,* Cer 42:3

Fig. 10. Comparison of percentages calculated from the mean, normalized ion intensities of
characteristic peaks in positive polarity for ceramides (CER) in the case of normoglycema
(NG), moder ate hyperglycemia (11 mM MDM HG) and hyperglycemia (25 mM HG).
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The circular charts presentedrig. 10 compare all types of samples taken for analysierd
are several dependencies for 13 masses charactefisthe CER group. First of all, it is
worth looking at the changes resulting from différbreeding conditions, and thus the impact
of hyperglycemia on CER levels. Analyzing the rigkatvalues occurring to cells in the case
of glucose concentrations, it is visible that theamge in breeding conditions did not
significantly affect the changes in the contenC&R lipids. The only noticeable differences
apply to NG and HG in the case ofspHs:NOs]" - Cer 32:2 vz 508,72), for which in HG
conditions relative content decreased by 2.6%.dHoer characteristic masses, the changes
are less than 1%. The intensity values for the imeetl mass also differed in the case of large
and small EVs, for which HG caused an increasdéncontent of this CER. In the case of
large EVs, differences were also demonstrated @GaiH;7NOs]" - Cer 41:3, the content of
which decreased with the increased glucose level far [Ci2Hg:NOs]* Cer 42:2, for which
the content increased. For small EVs, the largésrences were observed for {ElgNO3] *

- Cer 42:2, for which, as in large EVs, the contéamtreased significantly, for other

characteristic ions, differences of up to 2% wedrseoved.

- 35

[CysH7oNO,I" Cer 42:3
[C4oHgNOLI" Cer 42:2
[CyHgaNO,I" Cer 42:1 4,
[CyHNO,]" Cer 41:3 4\
[C4iHgNO,I" Cer 41:1+
[CyoH,NO,I" Cer 40:2
[CaoH7gNO,]* Cer 40:1
[CagHsNO,]" Cer 38:2
[CagHy;NO,I* Cer 36:1
[CygH;3NO,]" Cer 36:0
[CayHgeNO,]" Cer 34:2
[CaHs7NO,]" Cer 34:1
[CyHgNO,I' Cer 32:2
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I
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2
5}
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[CooHrNOJJ* Cer 42:37 7 T T35

[CyyHgNOJ* Cer 42:2
[CusHgsNOS]* Cer 42:1 4
[C4H7zNO5]" Cer 41:3
[C4Hg;NO,]" Cer 41:1+
[C,H7;NO,]* Cer 40:2
[CyHNO,I* Cer40:1
[CasH73NO,]* Cer 38:2+
[CagH74NOS] Cer 36:1+
[CaeH7NO,]" Cer 36:0
[CayHgsNOS]* Cer 34:2+
[CaHeNO,T* Cer 34:1
[CaHgNO,I Cer 32:2+

Percentage [%]

Large EVs

1
1
1
!
w
a

[CaoH7oNO,I* Cer 42:31
[CoHeNO.J* Cer 42:2
[CoHeNOI" Cer42:1-
[C4H,,NO,J* Cer41:3-]
[CuHg NO,J* Cer41:1]
[CagHrNO,J* Cer40:2-
[CyoH-NO.I* Cer 40:1
[CygHysNO,J* Cer38:2-
[CoH7:NO,J* Cer36:1]
[CocH,.NOLJ" Cer 36:0 -
[CaHeNO,J* Cer34:2]
[CaHoNOJJ* Cer34:1 -
[CoHo,NO,J* Cer32:2-

Percentage [%]

Large EVs —
Small EVs |

Fig. 11. Percentage content changes in the case of the CER group for A) normoglycemic (NG)
cells (5 mM D-glucose), B) moderately glycemic cells (11 mM glucose), C) hyperglycemic
cells (25 mM D-glucose).

The charts irFig. 11 illustrate changes in the CER group content betwesdis, large and
small EVs.Fig. 11 shows that large and small EVs have been signilicaenriched in
[Ca4HeNO3]" - Cer 34:1, [GeH7sNO3]" - Cer 36:0 and [EH7oNOs] " - Cer 42:3 compared to
the cells from which they were isolated. In theecakthe remaining masses characteristic of
the CER group, the changes are within 4%. A sinmiil@and was observed for the other two

cultured conditions.

a) Hexosylceramides (HexCER)

19


https://doi.org/10.1101/2024.01.06.574464
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.01.06.574464; this version posted January 8, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

HexCER consists of a ceramide backbone (a longidbase connected to a fatty acid
by an amide bond) linked to a neutral sugar mo&ctihe fatty acid and the long chain base
can be of different lengths, be hydroxylated andt@io double bonds. Due to the different
combination of both components, a large number ahaohexosylceramides can be
distinguished, for example, 56 of them have beelaied from human plasma, which gives a
greater variety in terms of CER, but a much smadl®@ount[46,47]. They are usually key
precursors for the biosynthesis of more compleragphingolipids (including globosides and

gangliosides), but they are also structural comptnef cell membranes and lipid rafs].

11 mM HG 25 mM HG

Fig. 12. Comparison of percentages calculated from the mean, normalized ion intensities of
characteristic peaksin the positive polarity of hexceramides (hexCER) in normoglycemia
(NG), moderate hyperglycemia (11 mM MGM) and hyperglycemia (25 mM HG).
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As seen inFig. 12, the analysis performed did not show any changassed by
hyperglycemic conditions in th&cell culture. In the case of large and small EVslight
increase in the content of J&gNOg]” HexCer 36:0, [GoHgiNOg]" HexCer 36:1 is visible,
with a simultaneous decrease in the content gH&NOg]* HexCer 36:2.
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Fig. 13. Percentage content changes in the case of the hexCER group for A) normoglycemic
cells (5 mM D-glucose), B) moderately glycemic cells (11 mM glucose), C) hyperglycemic
cells (25 mM D-glucose).
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17 peaks characteristic of hexCER with differend dengths and different numbers of
double bonds (0-2) were analyzed. The analysisatedeseveral differences recurrent for all
three culture conditions when comparing cells,daagd small EVs. A decrease in the content
in all EVs samples in relation to cells was obsérf@r: [CsHgoNOg]® HexCer 38:0 rfvz
760.62), [G4sHgsNOg]” HexCer 38:11fVz 756.60), [G4HssNOg]™ HexCer 38:2 vz 754.54),
[C4eHg7NOg]* HexCer 40:2 vz 782.60), with a simultaneous increase fougfsNOg]”
HexCer 42:1 1fVz 812.62) and [GzHsiNOg]” HexCer 36:1 ifVz 728.51). The content of the
remaining lipids from the hexCER group changeggimsicantly by approximately 1% or is at

the same level.
b) Glycosphingolipids (GSLSs)

GSLs consist of a hydrophilic carbohydrate chaid arhydrophobic ceramide. The
carbohydrate chain often acts as a ligand for d¢amh@te-recognizing molecules, while the
ceramide moiety forms an anchoring domain in thieropart of the cell membranas-51].
The region formed by the ceramide part allows mamérproteins to function as receptors,
channels and transporters. The involvement of G&lnsicrodomain formation is critical due
to their ability to form systems through hydrogesnls by donor and acceptor functional
groups in ceramides and because of the hydrophatieiactions between their long-saturated
acyl chains. GSLs are also found in membrane cafttaining detergent-insoluble membrane
components and signalling molecul[s3,53]. Moreover, GSL is a group of compounds that
differ in composition, quantity and distributionrass species, tissues, and cells. In cells, this
type of compounds most often occurs as an integraponent of cell membranes, especially
extracellular surface membranes.

GSLs are involved in a variety of physiological €tions. It has also been shown that
GSLs are involved in the processes that creatanmfiation, including cancer, Alzheimer's
disease, and others. Therefore, it seems justifietiscover additional information about this

group of compounds4-58].

23


https://doi.org/10.1101/2024.01.06.574464
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.01.06.574464; this version posted January 8, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

NG 11 mM HG 25 mM HG
Ce”S
Large u
EVs
Small 72
EVs

[ (C,HNPO,]* Phosphosphingolipid fragm Fig. 14. Comparison of percentages calculated

- [242"'81”33”31 (S;;fat'd"'; 42? fragm o, TFOmMthe mean, normalized ion intensities of

[ ](C.,He NO;Na]* ion 18:0 with o ) ” )
[CyoHyNOSNa]” GSL molecularion 18:0with Na oy o verigtic peaks in the positive polarity of

[ [CHygNOGNa]” GSL molecular ion ) o, ) .
= C::H:N():Na]’ %581, malisoularibn glycosphingolipids (GSLs) in normoglycemia
B (C...H,;NO,Nal" GSL molecular ion (NG), moder ate hyperglycemia (11 mM MGM)

I (C.,H,NOgNa])* GSL molecular ion and hyperglycemia (25 mM HG).

Fig. 14 shows the results for 7 analyzed masses includéuki GSL group in relation
to S-cells, large and small EVs Changes in this lipidugr were observed both concerning
culture conditions and sample type. For the celG ldonditions caused a change in
proportions, which means a significant increasethe content of [GzHs:NOsNa]® GSL
molecular ion 18:0 with Nanfz 750.49), [GHs:NOsNa]" sulfatide 42:2 fragmentr(z 670,
47), [CHoiNOgNa]” GSL molecular ion rYz 836.80) with a decrease in the content for
[C2HINPQ,]* phosphosphingolipid fragmentz 142.07).
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Fig. 15. Percentage content changes in the case of the glycosphingolipids group for A)
normoglycemic cells (5 mM D-glucose), B) moderately glycemic cells (11 mM glucose), C)
hyperglycemic cells (25 mM D-glucose).
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Analyzing the results in terms of sample typeg( 15), it can be seen that there are no
significant changes under NG conditions in the Gai® between cells, large and small EVs.
For medium and high HG, an increase in the cordef€,;He;NOgNa]" GSL molecular ion
(m/z 836.80) and [GHs:NOsNa]” GSL molecular ion 18:0 with Nan(z 750.49) in large and

small ones is visible.

4. Discussion

HG is characterized by a condition in which ther¢oo much sugar in the blood because
the body does not have enough insulin for it tabgorbed and metabolized. It mainly affects
people with diabetes and can have serious long-temeequences. Certainly, in the long run,
the state of elevated glucose disturbs the sugtahoksm and changes the physiology of the
biological system. Pancreatjgcells are certainly such a biological system. Thesks
secrete EVs, which are undeniably transportersfgirination. The transfer of information
takes place at many levels, an example is the ehenilpe amount and presence of molecular
compounds. An example of such compounds are SRshwhcur in cells, but also in EVs.
CER, HexCER and GSLs are lipids included in the glemes responsible for molecular
processes taking place inside the cell, and thayatso be informative molecules reflecting
changes in the amount and presence of the occypatigplogical states. We speculate that
this might be a signal in their presence aboutct@nges resulting from HG. And so, the
results show a significantly lower content of sedddipids from the listed classes due to the
presence of hyperglycemia.

Earlier work showed that small EVs are enriched hwispecific lipids, i.e.
glycosphingolipids, sphingomyelin, cholesterol gtbsphatidylsering4]. The comparative
analysis carried out for this work confirmed thée tsmall subpopulation of EVs is
characterized by higher levels of mean, normalingensity values in relation to the cells
from which they originate. Moreover, the lipid ptefdepends both on the type of cell, and
also on its physiological state, summing up the E@m physiological cells may differ in
composition from cells cultured in conditions o$tirbed physiology, e.g. HG. There are also
demonstrated differences in the composition of CEREXCER and GSL between
departmental subpopulations of EVs from a particakll line [59]. Ceramide-containing
lipids play many important roles in the human bahd be involved in neurodegenerative
diseases such as Alzheimer and Parkinson's. Irstildly, hyperglycemia and its effect on the
level of ceramide-related lipids were taken intcamt [60,61]. The issue is important

because it can be hypothesised that the principleemamide action on the content and
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biogenesis of EVs in cells may have a similar éftdceramides located on EVs. And just as
EVs enriched with ceramides initiate apoptosisstiaytes, a similar mechanism may occur
in HG [62].

Further studies extending the known role of cerasid hexceramides and
glycosphingolipids in the development of patholadjigrocesses should be maintained using a
novel approach. For this purpose, it is necessanyse new methods of identification and
analysis.

5. Conclusions
In this study, the presence of both large and sBE¥d in isolated samples was confirmed not
only through CryoTEM and TEM analyses but also sqeectral flow cytometry, which is
based on the detection of specific markers: CD9,68DCD81, and annexin-V. As
demonstrated by Mathilde Mathieu et al., both sgeains CD9 and CD63 can be released in
small ectosomes formed at the plasma membranadidi that our results corroborgss].
Similar observations were reported in studies peréal on the immortalized endothelial cells

[16].

Utilizing ToF-SIMS mass spectrometry, we perfornaecomparative analysis of 38 lipids
belonging to the sphingolipid group. In the anaysnean, normalized intensity values from
12 individual spectra were compared for the expenital groupsp-cells from NG and HG,
ectosomes from NG and HG, and exosomes from HGN(&d The examination of EVs
content and distribution with ToF-SIMS can providesight into the physiopathology
associated with diabetes and contribute to theodesy of new biomarkers of early diagnosis
and risk. While it has been shown that transpoctego EVs, such as mRNA and proteins,
play a role, this work focuses on lipids and theformative function in communicatiovia
extracellular vesicleg4,65]. To the best of our knowledge, this is the fifstdy to show
TOF-SIMS results including a comparative analysisceramides, hexolysceramides and

glycosphingolipids in extracellular vesicles dedvieom g-cells cultured in hyperglycemia.
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Supplementary A

Ceramides

Mass[m/Z] Formula of ion I ndeks

510,35 | [GoHeNOs]* Cer32:1| 1

508,31 | [GHaNOs|* Cer32:2| 2

538,59 | [GHsNOs|* Cer34:1| 3

536,60 [Q,4H65N03]+ Cer 34:2 4

568,37 [QeH?sNO;:,]+ Cer 36:0 5

566,35 [Q6H71NO3]+ Cer 36:1 6

592,37 | [GeH:;NO4]* Cer38:2| 7

620,60 | [GoH;NOg]* Cer40:2| 8

622,33 | [GoH7NOs]* Cer40:1| 9

632,64 [GiH7sNOs]* Cer 41:3| 10

636,65 [GiHgNOs]* Cer 41:1| 11

650,65 | [GHaNOs|" Cer42:1| 12

HexCeramides

Mass[m/Z] Formula of ion I ndeks
702,37 | [GoH:oNOg)"HexCer 34:0] 1
700,3¢ | [CaoH-sNOg]" HexCer 34: | 2
698,3t [CaoH7sNOg]* HexCer 34: 3
730,2¢ [C42HgaNOg] " HexCer 36: 4
728,6. | [CaHsiNOg]” HexCer 36: | 5
726,4: [C4H7eNOg]* HexCer 36: 6
760,4° [CasHegNOg]" HexCer 38: 7
756,3. [Ca4HgsNOg]* HexCer 38: 8
754,2¢ [CasHgaNOg] " HexCer 38: 9
786,4¢ [CaeHoiNOg]* HexCer 40: 10
784,2C | [CagHaNOg]" HexCer 40: | 11
782,2¢ | [CagHg/NOg]* HexCer 40: | 12
798,3¢ [C47HaiNOg]* HexCer 41: 13
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814,45 | [CagHesNOg]” HexCer 42: | 14
812,4¢ [C4sHesNOg] " HexCer 42: 15
810,4: [CagHaiNOg]* HexCer 42: 16
808,3; [CagHsaNOg] " HexCer 42: 17

Glycosphingolipids

Mass [m/Z] Formula of ion I ndeks
86,10 [GH:N]* Sfingocholin fragm.| 1
102,10 | [GH1NOJ" Cer fragm. 2
104,11 [GH14,NO]" Cer fragm. 3
142,03 [GHNPQO,]* GSL fragm. 4
184,09 [GH14,NO]" Cer fragm. 5
282,32 [GeH340,]" Cer 36:1 fragm. 6
670,38 [G.Hg:NOsNa]™ Sulfatide 42:2| 7
750,35 [GoHg:NOsNa]” GSL mol. ion 8
822,53 [GeHgsNOgNa]” GSL mol. ion 9
832,60 [GeHoiNOgNa]” GSL mol. ion 10
834,64 [GeHoaNOgNa]" GSL mol. ion | 11
836,67 [GHeiNOgNa]" GSL mol. ion | 12
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