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Time-of-flight secondary ion mass spectrometry (TOF-SIMS) with the Bi3 liquid metal ion gun was used
to investigate the content of lipids and amino acids (AAs) in extracellular vesicles (EVs). We induced
metabolic changes in human pancreatic §-cells by stimulation with high glucose concentrations (35 mM)
and tested the hypothesis of hyperglycemia (HG) has a detrimental effect on lipids and AAs in released
EV subpopulations: ectosomes and exosomes. As a result of HG treatment, selected fatty acids (FAs) such

5‘351‘{"?[’]:/‘[1;" as arachidonic, myristic and palmitic acids, changed their abundance in ectosomes and exosomes. Also,
Liopids intensities of the characteristic peaks for cholesterol (m/z 95.09; 147.07; 161.11; 369.45) along with the
Ectosomes molecular ion m/z 386.37 [Ca7H460™] under HG conditions, both for ectosomes and exosomes, have
Exosomes changed significantly. Comparative analysis of HG EVs and normoglycemic (NG) ones showed statistically

significant differences in the signal intensities of four AAs: valine (m/z 72.08 and 83.05), isoleucine (m/z
86.10), phenylalanine (m/z 120.08 and 132.05) and tyrosine (m/z 107.05 and 136.09). We confirmed that
ToF-SIMS is a useful technique to study selected AAs and lipid profiles in various EV subpopulations. Our
study is the first demonstration of changes in FAs and AAs in exosomes and ectosomes derived from (-

cells under the influence of HG.
© 2022 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

Hyperglycemia

1. Introduction perform such preparations or labelling, which allows the structure

to be examined in a semi-native state [2]. Thanks to these advan-

Lipids are ubiquitous molecules that are involved in a myriad of
cellular processes. Due to their structure, lipids are sensitive to each
preparation step, therefore the possibility of testing them in their
native state, without the extraction from biological material, is
exceptionally promising [1]. In the case of Time of Flight — Sec-
ondary Ion Mass Spectrometry (ToF-SIMS), there is no need to
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tages, the ToF-SIMS technique has become a valuable tool in biology
and medicine for the localization of elements, molecules, radio-
labeled compounds and lipids in cells and tissues in the mass range
up to m/z 1000 [3,4].

In our study, we analyzed biological samples consisting of
different extracellular vesicles (EVs) secreted by human pancreatic
B-cells under high and normal glucose concentrations. EVs are
spherical, submicron cell structures surrounded by a protein-lipid
membrane, released by almost all animal and human cells. They
have several physical and biological properties that are important
for cell-to-cell communication [5]. The basic classification of EVs
distinguishes three subpopulations: exosomes derived from
endosomes (50—150 nm), cell ectosomes (100—1000 nm) and
apoptotic bodies (1000—5000 nm). Specific features of these EV
subgroups have been proposed and well defined, but there is still an
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unmet need for universal markers to differentiate these sub-
populations [6,7].

Recent studies have shown that EVs are new bio-mediators of
type 2 diabetes (T2D) and cardiovascular disease [8,9]. An example
may be the work suggesting that hyperglycemia (HG) stimulates
increased EVs secretion, as elevated levels of endothelial EVs (mi-
croparticles) have been reported in people with pre-diabetes
compared to people with normal glucose tolerance [10]. In vitro
studies have shown, that HG increases EV release compared to
normal glucose (NG) concentrations [9,11]. However, there are few
experimental data on the effect of high glucose concentrations on
vesicular transport in the insulin-secreting cells and pancreatic -
cells [12,13].

We proposed here the use of ToF-SIMS to evaluate the differ-
ences in the molecular composition of exosomes, ectosomes and a
mixture of these two populations. The tested EVs were derived
from human pancreatic §-cells cultured in NG and HG conditions
[7].

2. Materials and methods
2.1. Human-cell line culture

The human pancreatic (-cell line (1.1B4) was maintained in
RPMI 1640 medium supplemented with 10% foetal bovine serum
(FBS), 1% 200 mM t-glutamine and antibiotics - 100 pg/mL strep-
tomycin and 100 units/mL penicillin. Cells were grown in a
monolayer at 37 °C and a humidified atmosphere of 5% CO; until
reaching about 80% of confluence [12,14]. Half of the dishes were
cultured under NG conditions (11 mM b-glucose), while the second
half was grown under long-term (3 passages) HG conditions
(35 mM p-glucose). For further analyses, sub-confluent cells were
maintained for 24 h in FBS-free RPMI 1640 medium and the
conditioned medium with EVs was collected.

2.2. Isolation of EV subpopulations

The harvested conditioned media were centrifuged at 400 xg for
10 min and 3 100xg for 25 min (Eppendorf 5424R, Germany) to
remove cell fragments and debris. Then supernatants in a volume of
300 mL were concentrated using the 1000 kDa molecular weight
cut-off dialysis cellulose membranes (Spectra/Por Biotech) at low
pressure (—0.3 Bar) to obtain 1 ml of the EVs sample [7]. In the next
step, the concentrated sample was centrifuged at 7 000xg for
20 min to remove apoptotic bodies. The pellet was analyzed and the
supernatant was further divided into two tubes which were then
centrifuged to separate the different EV fractions: (1) mixed frac-
tion of EVs, (2) ectosomes fraction and (3) exosomes fraction.

(1) Mixed EVs: the sample was ultracentrifuged for 1.5 h at
150 000xg and 4 °C and suspended in 50 puL of PBS.

(2) Ectosomes: the sample was firstly centrifugated for 20 min
at 18 000xg and 4 °C, the obtained pellet was washed with
1 mL of PBS and centrifugated again under the same
conditions.

(3) Exosomes: the supernatant of fraction (2) was collected and
ultracentrifuged for 1.5 h at 150 000xg and 4 °C, next sus-
pended in 50 pL of PBS.

2.3. Determination of size distribution and concentration
The size distribution and EVs concentration derived from

pancreatic §-cells cultured in NG and HG conditions were deter-
mined by the tunable resistive pulse sensing (TRPS) technique
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(gNano; Izon, Christchurch, New Zealand). The calibration was
performed using CPC200 polystyrene beads suspended in PBS, with
an average size of 200 nm and a raw concentration of 7 x 10!
particles/mL. The particle number was counted using NP150 and
NP200 nanopores membranes stretched to 47 mm. The data were
analyzed using the Izon Control Suite software (ver. 3.4).

2.4. Sample preparation

Before EVs deposition, the silicon substrates (1 x 1 cm?) were
cleaned in a freshly prepared Piranha solution (H>SO4: H,0, = 3:1,
v/v) for 60 s at 40 °C, immediately rinsed with ultrapure water for
three times and then dried with nitrogen. The volume of 30 pL of
each sample at the concentration of EVs adjusted to 3 x 10° par-
ticles/mL was applied to the prepared substrates and allowed to
adhere during the 1-h incubation. Prior to the measurement,
samples were washed with PBS buffer, rinsed with ultrapure water
and dried in a stream of N.

2.5. ToF-SIMS measurements

All experiments were performed using the ToF-SIMS 5 spec-
trometer (ION-ToF GmbH, Miinster, Germany) with a Bi§ (30 keV)
liquid metal ion gun, as a primary ion source. Spectra were recor-
ded in the mass range of 0—900 Da with a mass resolution of 8300
@ m/z 600 (FWHM). The analysis of the amino acids and lipids
composition were performed in the static spectrometer mode with
a current equal to 0.75 pA and the total dose density was
1.88 x 10''/cm?. Measurements were carried out at the same time
and under the same conditions with a single sample holder, which
allows for comparative data analysis.

Two biological replicates were conducted for individual EVs
sample, and three different places on the surface each sample with
the size of 150 x 150 um? for positive ions were examined. Finally,
six mass spectra were obtained from a given area for each sample
(1), (2), (3). Every single spectrum was calibrated using signals for
positive ions: HT, H3, CH", CH3, CHf and C3H3. Raw and analyzed
data from these experiments are available at the Jagiellonian Uni-
versity Repository [15].

A statistical analysis was performed, in which the mean values
and standard deviations of the intensity for the selected peaks for
each group of samples were calculated. The significance of differ-
ences between the mean values for the groups was determined
based on Tukey's test and the one-way ANOVA. The significance
level for the tests was p < 0.05. The SurfacelLab ver. 7.2 for data
analysis was used, enabling the re-edition of performed measure-
ments. The academic version of the OriginPro software (ver.
9.8.0.200, 2020b) was used to perform one-way ANOVA and all
plotted graphs.

3. Results and discussion
3.1. Size and enumeration of EVs by the TRPS technique

Based on our results (Fig. 1), we confirmed that two general EV
subpopulations (exosomes and ectosoemes) were isolated showing
the mean exosome diameter at 94 nm and around 170 nm for
ectosomes, the similar diameter was measured for the mixed
population of EVs. These results showed that §-cells produce EVs
smaller in size compared to e.g. human endothelial cells subject to
similar conditions [16]. In fact, not only centrifugation forces and
rotor geometry influence EVs sedimentation. Environment condi-
tions such as solvent density (psoy) and viscosity (n) are the
adjustable factors for controlling EV isolation (Suppl. File 1) [17].

To characterize the EV release, we determined their number and



M.E. Marzec, C. Rzqca, P. Moskal et al.

2,25x10"!
HG exosomes
HG mixed EVs
—— HG ectosomes
NG exosomes
NG mixed EVs
NG ectosomes

2,00x10""

1,75x10"" o

1,50%10"" 4
1,25%10"" A
1,00x10"" o

7,50%x101"0

Concentration [particle/mL]

5,00x100

2,50x10% -

300

75

T T T T T T
1256 150 175 200 225 250 275

Diameter [nm]

T
100

Fig. 1. Size distribution and raw concentration of EVs isolated from pancreatic §-cells
conditioned media. Correlational analysis: *statistically significant with p-value <0.05.

observed their increase under NG conditions, for both ectosome
and mixed EV fractions. The concentration for NG exosomes is the
uncertainty of values for the other two groups (Fig. 1).

3.2. ToF-SIMS comparative analysis

3.2.1. Amino acids

In our analysis were distinguished five amino acids (AAs),
including valine, leucine, isoleucine, phenylalanine and tyrosine,
which are predictors of T2D (Fig. 2 A, B, C) [18,19].

In the fraction (1), containing a mixture of all EVs, we noticed
that only one ion, characteristic for valine [C4HgN™], with a mass of
my/z 72.08, changed significantly and higher intensity was observed
for EVs isolated from HG cells [20]. In the fraction (2), containing
ectosomes, statistically significant changes occurred for most of the
characteristic peaks, except one for valine (m/z 83.05, [C4H5N3]). In
this fraction, higher intensities in NG were observed for two peaks:
valine [C4HgN™] and isoleucine (m/z 86.10, [C4HgNO™]) [20]. The
most significant differences were observed in the fraction (3),
containing exosomes, showing significantly higher intensities for
valine, isoleucine, phenylalanine (m/z 120.08, [C;H707] and 132.05,
[CsH11N4]) and tyrosine (m/z 107.05, [C4H;oN3] and 136.09,
[CoHgN™]) in exosomes derived from cells cultured in HG [20,21].

Several AAs are known to be associated with insulin resistance
and increased risk of T2D [22,23]. Our study is the first to show that
the relationship between glucose and AA levels in HG can be re-
flected in EVs composition, particularly in exosomes subpopulation
(Fig. 2).

3.2.2. Fatty acids

Fatty acids (FAs) exist in two forms: “free” form as free fatty
acids (FFA) or FAs as components of fats [24]. There are many evi-
dences of a relationship between elevated glucose levels and FFA
levels [25]. These stages may be elevated in diabetes due to the
accelerated mobilization of fat stores, which corresponds to the
lack of adipocytes response to the inhibitory effect of insulin on
lipolysis [25,26].

In contrast, after splitting fraction (1) to fraction of ectosomes
and exosomes, we observed that several important FAs such as
arachidonic (20:4 w-6), myristic (14:0) and palmitic (18:0) acids
changed their abundance in different glucose concentrations (Fig. 2
(D, E, F)). We observed that the lowest masses, referring to the
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arachidonic, myristic and palmitic acid fragments, for the EVs
mixture did not expressed significant differences between HG and
NG. In the group of ectosomes (Fig. 2 E), there were statistically
significant differences, where higher intensities were observed for
NG ectosomes. The same association occurred in the third group,
for exosomes. For the next mass, with the formula [C14H2907],
which corresponds to the muyristic acid molecular ion, for the
fractions (1) and (2), no statistical differences were found, while for
exosomes (fraction (3)), it can be noticed that the intensity is
significantly higher for HG. It was shown, that glucose preferen-
tially increased C16:0-containing, di-saturated DAG species which
indicated TAG hydrolysis after glucose stimulation in §-cells [27]. In
our study, we observed a lower abundance of palmitic acid frag-
ments in HG exosomes (Fig. 2 E), which may reflect the turnover of
membrane lipid, and in particular arachidonic-containing phos-
pholipids and diacylglycerols, in glucose-stimulated (-cells. Next,
we observed a lower intensity for 20:4 w-6 in EVs isolated from (-
cells exposed to chronic and extensive HG, as shown in §-cells [28].

3.2.3. Sterols and prenols

To complete the HG study along with metabolic changes in EVs
derived from human g-cells we performed the SIMS analysis of
sterols (Fig. 3 A, B, C).

Comparative analysis in the sterol lipid group showed changes
in the mean, normalized intensities for the characteristic masses of
three EV fractions. Five masses were included in the analysis, four
cholesterol fragments: m/z: 95.09 [C7Hf;], 147.07 [C11HT3], 161.11
[C12H77], 369.45 [C27H45], and one mass corresponding to the whole
cholesterol molecule m/z 386.37 [C27H460™]. As shown in Fig. 3 A, in
fraction (1) of EVs mixture, statistically significant changes
occurred only for two ions with the highest masses. In the sub-
population of ectosomes (Fig. 3 B) statistically significant differ-
ences were observed for all characteristic masses with higher mean
intensity values for NG conditions. A similar situation occurred for
exosomes, except the mass m/z 161.11 [C12H{7], for which no sig-
nificant change was shown. Our results, seemingly controversial
and not as expected, assuming that dyslipidemia is the important
risk factor and a hallmark of T2D and metabolic syndrome, give us a
new insight into lipid turnover during HG. In the in vitro model,
cholesterol sulfate, a predominant sterol distributed in biological
fluids and tissues, promoted (-cell proliferation and protected
them against apoptosis [29].

Multiple studies have shown a link between increased produc-
tion of superoxide anion (O3 ), which is one of the reactive oxygen
species (ROS) and diabetes. It has also been proven that supple-
mentation with a-tocopherol (vitamin E) reduces the level of ROS
[30]. HG-induced increased release of O3 is triggered by the activity
of protein kinase C (PKC) -a, which, when blocked by tocopherol,
inhibits the release of O3 [31]. In our study, we observed different
intensities of a-tocopherol after glucose stimulation for the ecto-
some and the exosome (Fig. 3 D, E, F).

For the analysis of a-tocopherol presence four masses corre-
sponding to three fragments: m/z 165.065 [CioH1302]", 203.08
[C13H1502] ", 205.10 [C13H1702]" and the molecular ion at m/z 430
[C29H5002]" were considered. For fraction (1), a statistically sig-
nificant change was found only for the highest mass, while the
most significant intensities were detected in ectosomes under NG
conditions, with exception for the mass corresponding to the mo-
lecular ion. As in this case, the HG ectosomes were characterized by
the higher intensity and significant changes were observed for two
fragments of a-tocopherol.

3.2.4. Glycerolipids
In our study, we analyzed six masses corresponding to mono-
acylglycerols (MAG), diglycerides (DAG) and triglycerides (TAG)
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Fig. 2. Mean, normalized ion intensities of the characteristic peaks in positive polarity for amino acids in case of (A) mixed EVs, (B) ectosomes and (C) exosomes; for fatty acids in
case of (D) mixed EVs, (E) ectosomes and (F) exosomes. Correlational analysis: *statistically significant with p-value <0.05.

(Fig. 4 A, B, C).

No statistically significant changes in the mixed EVs were
detected, where in the fraction (2) a significant change were for two
masses. Higher mean intensity for HG ectosomes was found for
MAG 16:1 (m/z 312.17 [C19H3507]). The second mass, for which the
change was noted, is characteristic for the TAG 50:0 fragment (m/z
833.55) [32]. In this case, the higher intensity is for the NG condi-
tions. In the group of exosomes, significantly higher intensities
were determined for NG conditions. The changes concern three
masses: m/z 567.36; 593.43; 805.57, characteristic for DAG 32:0,
DAG 34:1, TAG 48:0 fragments, respectively.

For the analysis of the glycerophospholipid group, seven masses
were considered. These are the masses characteristic for the
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glycerophosphocholine (GPC) fragment (m/z 246.12), phosphati-
dylcholine (PC) 32:0 fragment (m/z 478.57), phosphatidylcholine
(PC) 28:0 fragments (m/z 495.31; 700.52), phosphatidylethanol-
amine (PE) 28:0 fragment (m/z 636.72) and PE 32:0 fragments (m/z
692.64; 714.55). In the EV mixture (fraction (1)) only for one mass,
characteristic for GPC, a statistically significant change was
demonstrated and the higher intensity was observed in NG con-
ditions (Fig. 4 D).

In the group of ectosomes statistically significant changes were
observed for all presented masses (Fig. 4 E), but higher intensities
were noted for EVs in the HG condition. On the other hand, for the
smallest mass, the higher intensity occurred for normoglycemic
EVs. In the subpopulation of exosomes statistically significant
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Fig. 3. Mean, normalized ion intensities of selected, characteristic peaks in positive polarization for sterols, where A) mixed EVs, B) ectosomes, C) exosomes; for prenols in case of
(D) mixed EVs, (E) ectosomes, (F) exosomes. Correlational analysis: *statistically significant with p-value <0.05.

changes were noted only for two masses (Fig. 4 F). For the first
mass, characteristic for the GPC fragment, the higher intensity was
noted for HG EVs, while for the second mass, the higher intensity
was noted for the NG condition.

3.2.5. Sphingolipids

Five characteristic masses were taken into account for the
analysis of sphingolipids: two fragments of phosphosphingolipids,
ethanolamine phosphate and two fragments of ceramides (Cer 36:
1) (Fig. 4 G, H, I). In the fraction (1), for one mass, characteristic for
ceramide, the statistically significant difference was found between
the EVs in HG and the control group (Fig. 4 G). For this mass (m/z
264.30) higher intensity was demonstrated for hyperglycemic EVs.
In the case of ectosomes, higher intensity for normoglycemic EVs
for all analyzed masses. The opposite tendency was observed for
exosomes, where for three smallest masses (m/z 102.10, 104.12,
142.05) significantly higher intensities were obtained for EVs from
B-cell culture conditions with increased glucose concentration. For
the other two masses, higher mean, normalized intensities were
calculated for normoglycemic EVs.

4. Conclusion

This article presents the analysis of the content of selected lipids
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(including fatty acids, sterols, prenols, glycerolipids and sphingo-
lipids) and amino acids in two subpopulations of EVs derived from
pancreatic §-cells stimulated with two glucose concentrations (11
and 35 mM). The analysis of molecular content was carried out
based on a comparison of the mean, normalized intensities for the
characteristic peaks using the ToF-SIMS technique.

Changes in the molecular content were indicated for AAs such as
valine, isoleucine, phenylalanine and tyrosine. This finding con-
firms that hyperglycemia alters (-cell metabolism, with the sig-
nificant influence of protein turnover, and confirms previous
clinical reports [22,23]. The changes in FA content between
different EV fractions were demonstrated, which indicates that
both exosomes and ectosomes are rich in lipids, and their molecular
content varies with the changes in maternal cell metabolism, what
indicates a specific sorting of lipid species in the membrane of EVs.
Importantly, our study as the first shows that cholesterol abun-
dance is reduced in hyperglycemic EVs derived from g-cells. This is
an important finding, showing that cholesterol metabolism is an
important pathway supporting ($-cells under hyperglycemic stress
[29].

To conclude, the research illustrates the use of an advanced
physical technique, ToF-SIMS, to compare EV subpopulations from
a f-cell line under specific culture conditions. The use of this
technique allows for the gradual acquisition of the missing
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Fig. 4. Mean, normalized ion intensities of selected, characteristic peaks in positive polarization for glycerolipids in case of (A) mixed EVs, (B) ectosomes, (C) exosomes; for
glycerophospholipids in case of (D) mixed EVs, (E) ectosomes, (F) exosomes; for glycerolipids in case of (G) mixed EVs, (H) ectosomes, (I) exosomes. Correlational analysis:

*statistically significant with p-value <0.05.

knowledge about EV in the field of lipidomic and the functioning of
biological systems [2,33].
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