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The paper describes how tunicamycin (Tu), the most widely used pharmacological agents for inducing endoplasmic

reticulum (ER)-stress, interacts with endothelial cells. Our results show that tunicamycin enters the cells and accumulates

within the ER area. The ER stress takes place when improperly folded or damaged proteins begin to accumulate, however

the spectroscopic markers of these changes have not been identified as yet. In this work, Raman spectroscopy and

Scanning Electron Microscopy imaging of individual endothelial cells treated with Tu were performed. The changes in

biochemical composition of endothelial cells induced by Tu attributed to the ER-stress were studied in detail. A main

feature of the Tu impact on cells was a decrease of phospholipids content in the area of ER, and the most abundant lipid

with the phosphorus groups found there was identified as sphingomyelin.

Introduction

The endoplasmic reticulum (ER) is a cellular compartment in
eukaryotic cells, responsible for the protein folding and for their
transport to other parts of a cell or outsidel. Proteins undergo
folding in the ER lumen and are modified by disulphide bonds
formation23. Unfolded proteins are gathered in the ER for a further
folding process and degradation, whereas only properly folded
proteins are exported to the Golgi apparatus®. Perturbations in
calcium ion concentration or deregulation of a redox state are the
factors, which lead to decreased folding capacity and accumulation
of unfolded proteins in the ER lumen®.A restoration of a balance in
the ER, called unfolded protein response (UPR), is maintained by
chaperones, which are encoded by gene expression connected with
an increased amount of unfolded proteins. The UPR is a cells’ way
to act in a stressful condition by decreasing protein synthesis, thus
lowering the amount of proteins, which enter the ER. The UPR acts
also as an increased ER capacity, which enables further processing
with unfolded proteins. When the balance between folded and
unfolded proteins cannot be restored by these two mechanisms, a
cell death is induced. An exposure to stressors can lead to both
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decrease in the capacity of protein folding and accumulation along
with an aggregation of unfolded proteins in the ER lumen. Such
phenomena, named as the ER stress, can be evoked by genetic or
pharmacological manipulations®. The ER stress can lead to
inflammatory response’ and many disorders such as cancer,
Alzheimer's disease, Parkinson disease, diabetes and ischemia are
associated with the ER stress®1. Also drug-induced ER stress could
lead to several deleterious effects within cells and tissues including
accumulation of lipids, apoptosis, cytolysis, and inflammation617,
Tunicamycin (Tu) is one of the most widely used pharmacological
agents inducing ER-stress as prototypical toxins in cellular and
animal models 1819, |t has been shown to be an effective inhibitor of
the N-glycosylation of many proteins resulting in their improper
folding 217, Anticancer properties of Tu were reported 2122, but the
drug was not applied in the cancer treatment because of its
toxicity?>?4. Tu toxic effect was detected in vitro on bovine
endothelial cells with an evident rough ER dilatation?. Tu leads to
endothelial cell damage especially in small blood vessels with
marked dilatation of the rough ER (i.e., observed also in the
presence of ER stress), which in turn distorts their cytoplasm and to
cause stenosis of the blood vessel 2526, |n vitro endothelial toxicity
has also been observed in vascular endothelial cells by Galan et al.
27 and Suganya et al. 2. It has been shown that exposure of
endothelial cells to Tu leads to apoptosis through an activation of
ER stress. Even in vivo studies have showed that ER stress induction
leads to a vascular endothelial dysfunction through an oxidative
stress generation and p38 MAPK (p38 mitogen-activated protein
kinase activity) dependent mechanism, which can be considered as
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intermediates in the impairment of vascular endothelial function by
Tu-induced ER stress in a mice model %7.

Raman spectroscopy has been already applied to detect the ER
stress in animal cells and tissues3. In Raman spectra of cells
stimulated with Tu, a decreased intensity of 1443/1453 and 1654
cm bands was noticed. allows to assume that these changes are
conformational

associated with qualitative, quantitative or

transformations of the ER proteins3.

In this work, Raman confocal imaging was used to monitor
biochemical changes in single endothelial cells upon stimulation
with Tu. This technique has been already successfully applied in
order to provide information about biochemical alterations in
endothelial cells under various factors?®30. The aim of this study
however, was to indicate the specific spectroscopic markers of
pharmacologically induced ER stress.

Experimental

Materials and methods

Cell culture

Primary human aortic endothelial cells (HAOECs) were selected to
study interaction with Tu. A cell line was purchased from Gibco and
cultured in the supplemented endothelial cell growth DMEM:F-12
medium (Dulbecco's Modified Eagle Medium/NutrientMixture F-12;
ATCC). Cell cultures (passages 2 or 3) were incubated in humidified
cell culture incubator (37 °C, 5% CO,/95% air).

For Raman measurements cells were directly grown on uncoated
calcium fluoride windows (CaF,, 25 x 2 mm, Crystran LTD) placed at
a concentration of 180,000 cells per well to obtain appropriate
confluence (60-70%). The cells after growth were incubated in a
fresh medium for 24 hours in order to achieve their proper
adhesion to the surface. Cells were subsequently rinsed twice with
phosphate buffered saline (PBS, pH 7.4, Gibco Life Technologies).
Afterwards, the cells were exposed to 0.5 and 1 pg/mL of Tu
solution (Sigma Aldrich) in DMSO (diluted in the culture medium to
obtain final concentrations) for 24 h. After 24 hours of incubation,
cells were washed twice with phosphate buffered saline (PBS,
Gibco) and fixed for 4 minutes with 2.5% glutaraldehyde. Fixed cells
were washed 3 times with PBS and stored in PBS at 4°C until the
execution of the measurements.

For Scanning Electron Microscopy (SEM) experiments, HAOECs
without and with Tu were seeded on a microscope slide (c.a. 0.17
mm thick) for 24 h. Afterwards, the samples were prepared for SEM
observations according to the well-established fixing protocol 3132,
Briefly, samples were fixed with 2.5 % buffered glutaraldehyde for
24 h. Then, they were carefully washed with phosphate buffer
solution (PBS) twice for 15 minutes each. Afterwards, they were

2| J. Name., 2012, 00, 1-3

dehydrated in water-alcohol solutions with incregsing.ethanol
concentration (10 — 100%) for 10 min each? Findli{) SHmpedijere
dried with the use of hexamethyldisilazane (HMDS), twice for 30 s.

Cell viability

For MTT test cells were grown in 96-well plates. After 24h of
incubation, with or without Tu, cells were washed 3 times with PBS.
To each well 200 ul of media and 20 pl of 0,5 mg/ml 3-(4,5-
dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT)
were added. Cells were stored for the next 2 h at 37 °C. Afterwards,
cells were frozen at -20°C for 24 h. In the next step defrosted media
was removed from the wells. Isopropanol was added to each well
and the plate was placed on a plate shaker for 15 min to dissolve a
dye. The absorbance of such prepared samples was measured at
562 nm by a Synergy 4 plate reader (Biotek, VT, USA).

Raman measurements

Confocal Raman imaging was applied to track the biochemical
composition in the single endothelial cell, as a result of the
exposure to Tu. Raman measurement was performed with the use
of Confocal Raman Imaging system (WITec alpha 300) supplied with
63x water immersion objective (Zeiss Fluor, NA=1.0), which enables
measurements of cells submerged in PBS. The scattered light was
directed to the spectrometer via 50 um core diameter multimode
fibber, which also acted as the pinhole for the confocal detection.
The spectrometer was equipped with UHTS 300 spectrograph and
CCD detector (Andor, DU401A-BV-352) and 600 grooves/mm
grating (BZL=500 nm). For each measurement, a 532 nm laser was
used with a power about 15-20 mW at the sample position. Raman
spectroscopic imaging was performed by collecting spectra from
cells with 0.5 s exposure time and sampling density of 0.5 um. For
confocal measurements that aimed at imaging the selected cell
volume, a higher sampling density (0.120-0.33 um) was used. The
total time of recording a single image ranged between 30+60
minutes and depended mainly on the size of the imaged area. All
spectra were acquired in the 0 — 4000 cm™ spectral range with 3
cm spectral resolution.

At least 3 independent biological replicates of each experiment
were done and at least 5 cells were measured each time (3 x 5
measurements for each experimental condition were performed).
Data acquisition was controlled by WITec alpha 300 software
package.

Scanning Electron Microscopy

Fixed samples of cells were mounted on a special holder by using
adhesive carbon tape and carbon conductive paint. Finally, in order
to provide good conductivity, samples were sputter-coated with a
thin layer of gold (approximately 15 nm thick) by using Quorum
Q150T S sputter-coater. HAOEC cells were characterized by using a
field-emission scanning electron microscope (FE-SEM, Hitachi S-
4700) with an accelerating voltage of 20.0 kV.

This journal is © The Royal Society of Chemistry 20xx
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Data treatment

Pre-processing included cosmic spike removal and background
subtraction (with the use of polynomial fit, order 3), were
performed using WITec Project Plus Software. Chemical images
were generated by using a sum filter. To create Raman images the
signal intensity, over a defined wavenumber range representative
of the molecular vibrations of interest, was integrated. For data
exploration cluster analysis (CA) and Hierarchial Cluster Analysis
(HCA) were implemented. The aim of CA is to group analysed
objects (spectra) into clusters, hence similar spectra are gathered
within the same group. The CA was performed for normalized
spectra (normal normalization) with the use of the WITec Project
Plus Software (2.10). For k-means (KMC) analysis of Raman spectra
of the single cells, the distance (object — centroid) was calculated
according to the Manhattan (city block) method.

The averaged spectra from classes, acquired from the KMCA, were
normalised in the 500-1500 c¢cm™ range, using the OPUS 7.0
software for HCA and PCA analyses. In HCA analysis preceded by
spectral normalization, the distance between objects was
calculated according to the Euclidean distance. The next step was
the analysis of PCA (Principal Component Analysis) carried out in
the Unscrambler X software, which was preceded by both
standardization (within the ranges 500-1500 cm™ and 2800-3050
cm1) and smoothing according to Savitzky-Golay method (number
of smoothing points was equal to 13).

For selected Raman images a true component analysis was
performed (software WITec Project Five).

Results and discussion

In order to study biochemical alterations and structural changes of
endothelial cells induced by Tu, two concentrations of this agent
were selected. Based on the MTT assay (Fig. 1), Tu at 0.5 and 1
pg/ml was used for the further experiments. These results are in an
agreement with several previous reports, where the Tu induced ER-
stress was studied using 1-5 pg/mL of this agent?”28,

This journal is © The Royal Society of Chemistry 20xx
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Figure 1 An effect of Tu on HAOECs presented as concentration-
dependent reduction of cell viability by Tu treatment for 24 hours.
Data are presented as means * SE (n = 6).

Consequently, in the Figure 2, the

distribution images of the control cells, and cells stimulated with 0.5

representative  Raman

pg/mL and 1 pg/mL of Tu are presented. Two-dimensional Raman
images were generated by integrating intensity of characteristic
Raman bands of individual cell components, e.g.: organic matter
(2830-3030 cm’?, C-H stretching), nucleic acids (775-805 cm™), lipids
(2830-2900 cm) and unsaturated lipids (3000-3030 cm™).
Additionally, a distribution of Tu was shown (1050-1200 cm?).
Images of organic matter show the boundaries of cells, whereas
integration of bands characteristic for lipids, proteins and DNA
helped in identification of cellular organelles.

Raman images were obtained by an integration of the 775-805 cm™
range, covering the 785 cm™ band corresponding to the ring
breathing vibrations of the DNA and RNA nitrogen bases, as well as
0O-P-O skeletal vibrations. They indicate on nucleic acids thus the
location of the nucleus in the examined cells. The nucleic acids
distribution can be clearly seen only in the image of a control cell
(Fig. 2A). Contrary to that, cells stimulated with Tu show
characteristic bands at 792 cm™ due to the stimulant (Fig. 3), so by
integrating the range of 775-805 cm™ the presence of the nucleus
cannot be easily observed (Fig. 2 red and blue panels). Particularly,
the Raman image obtained for cells stimulated with 1 ug/mL Tu
(Fig. 2, red panel) is considerably different in comparison to the
control one, which is dominated by the diagnostic band of DNA (785
cml).

J. Name., 2013, 00, 1-3 | 3
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Figure 2 Examples of Raman images of the HaoECs: the control
and cells incubated with Tu at 0.5 pg/mL and 1 pg/ml. Integration
Raman maps of a specific bands were obtained with 532 nm laser

wavelength and with a sampling density of 0.5 um.

The distribution of lipids can be visualized by an integration of
bands within the region of 2830-2900 cm™. Based on this image it
can be seen that cellular lipids partially overlap with the ER.
Another image was generated by using bands within the 3000-3030
cm range, including the one at 3015 cm™ attributed to stretching
vibrations of =CH bond of unsaturated fatty acids. In the presented
images (Fig. 2), unsaturated lipid droplets did not occur, however
further detailed chemometric analysis revealed small lipidic
structures, which can be associated with signal of fatty acids
associated with Tu (see structure of Tu in Fig. 3) or can be involved
in storage of Tu inside the ER. Czamara et al. 33 proposed that
unsaturated lipid droplets could reflect the inflammation process of
endothelial cells induced by tumor necrosis factor alpha (a cell
signaling cytokine involved in systemic inflammation, TNF-a). The
absence of unsaturated lipid droplets on the integrated images
(Fig.2) allows one to conclude that the ER stress caused by Tu does
not follow the mechanism of the cell inflammation33. Additionally,

4| J. Name., 2012, 00, 1-3

the next Raman images were achieved by integration, of other
characteristic Tu bands within the range 1050°1200LeAPACThiOidREe
incorporates the characteristic Tu bands at 1074, 1108 and 1147
cmt (Fig. 2).

The band at 1073 cm™ in the Tu spectrum (Fig. 3) can be attributed
to fatty acids and stretching vibrations originating from C-O bonds
in ribose. Moreover, Tu molecule contains sugar moieties that are
represented in the Raman spectrum by the presence
of the 1111 cm™ band (C-O vibrations). The vibration of C-N group
of the uracil molecule can be seen at 1148 cm™. Additionally, in the
spectrum of Tu (Fig. 3) the following intense bands can be noticed:
792 cm! (breathing mode of the uracil ring), at 1603 cm™ (derived
from C = C uracil vibrations) and at 3067 cm™ (stretching vibrations
of C-H indicating the presence of aromatic groups). Obtained results
strongly suggest that the accumulation of Tu occurs near the
nucleus, which corresponds to the location of the ER. Based on that,
an accumulation of Tu in the ER area was confirmed.
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Figure 3. Raman spectrum of Tu (laser excitation wavelength 532
nm) together with its structural formula.

On each spectral data set collected from the cells, the k-means
cluster analysis (KMC) was performed in order to illustrate cellular
components distribution together with the averaged spectra of the
individual classes. The KMC analysis enabled visualization of the
main compartments of endothelial cells. Representative images of
the control cells and Tu exposed HAOECs are presented in the Fig. 4.

This journal is © The Royal Society of Chemistry 20xx
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The class of the ER, which is a membranous structure, was defined
and separated based on the 722 cm™ band of the highest intensity
in the Raman spectra. It was assigned to the stretching vibrations of
the symmetrical =N(CH3); choline moieties associated with
phospholipids34. This band is observed not only in the ER area but
also in the other cell organelles where a phospholipid membrane is
separating these organelles from the cytoplasm, and there the band
exhibits relatively low intensity. The ER is in charge of the lipids
synthesis, which can be confirmed also by the bands within the
range 2830-2900 cm™ assigned to lipids, which are of higher
intensity in comparison to the spectra collected in any other area of
the cell. Furthermore, the cell nucleus was defined based on the
characteristic bands at 784, 1096 and 1583 cm?, corresponding to
the vibrations of DNA and RNA. In all classes, bands attributed to
proteins can be observed, i.e. 1004 cm™ and 1037 cm™ originating
from phenylalanine and at 1255 cm™® and 1661 cm™ assigned to
amide Il and to amide |, respectively.

Analysis of the ER and lipid rich class in the control and Tu-treated
cells indicates an increase of the area, in the case of the latter. The
ER cluster, created based on the phospholipids signal, covers larger
area around the nucleus, what is especially prominent in the case of
1 pg/mL stimulation. Larger lipids area for Tu-treated cells in
comparison to the control can be also observed in the Fig. 2.

The KMC analysis provided details about Tu distribution in the
studied cells. Tu is located not only in the area of the reticulum, but
also on the periphery of the cell and the cell membrane itself. To
confirm the penetration of the compound into the cell, depth
profiling was performed (Fig. 5). The results clearly indicate on the
presence of Tu inside the cell, especially inside the ER. Fig. 5G
shows an overlap of Tu distribution and the ER area (red and
magenta class, respectively). Average spectra of both, red and
orange spectra, contain Raman features characteristics for the ER
area: phospholipids (~¥720 cm™ and ~ 1086 cm) and cytochrome
(~750 cm™) Raman marker bands. The effect of increased volume of
the ER due to stress conditions (i.e. misfolded protein aggregates) is
known 3536, Increased volume and some dilation of ER can be
related not only with observed uptake of Tu but also can be related
with impaired transport of underglycosylated glycoproteins
proteins from rough endoplasmic reticulum to the Golgi complex,
such as laminin and fibronectin3’.

To the best of our knowledge, our study is the first one, which
reports the enlarged size of the ER that results from the
accumulation of Tu. In our opinion, the presence of Tu in the
membrane, outside the central area of the cell, can be explained by
the electrostatic interaction of the negatively charged membrane

View Article Online
DOI: 10.1039/C9AN01456J

with the positively charged Tu. Obtained results suggest that
presence of Tu inside the cell is responsible for the ER stress.

tunicamycin
[

- ER, lipid rich area
L

H nucleus

Intensity (a.u.)

1800 1600 1400 1200 1000 800 600 400
Wavenumber (cm™)

Figure 5. Confocal Raman images of HAOECs exposed to 1 pg/mL
of Tu: A — a microphotograph of the cell with marked area for
Raman imaging in x, y and x’, z, B,C and D, E — Raman images
obtained by the integration of Raman spectra over the selected
spectral regions: 3100-2830 cm (organic matter), 1565-1615 cm*!
(Tu), F and G - true component analysis with main cellular
structure with representative spectra of main components in H
image.

The next step of analysis was a comparison of the average Raman
spectra of the ER region, between control cells and those incubated
with Tu (Fig. 6C). As can be seen, averaged spectra of the ER
(normalized within the spectral range 500-1500 cm™), associated
with control cells (green) and those from cells stimulated with Tu at
a concentration of 0.5 ug / ml and 1 pg / ml (blue and red,
respectively) were clearly separated. Averaged spectra of the ER
varied mainly in the intensity of three bands at: 785 cm

Page 6 of 11
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(associated with vibrations of ring breathing of nucleic bases like
uracil, thymine or cytosine 3840 or O-P-O stretching mode3241), 1089
cm (phosphodiester stretching vibrations®*®4!) and 1342 cm
(adenine, guanine, CH, deformation modes*?-%4). For stimulated
cells, the intensity of these Raman bands was higher. A position of
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Figure 6. Raman spectra of the ER class extracted from the control (green) and Tu-stimulated HAoECs (A). Hierarchical Cluster Analysis

(B) for the control cells (green) and exposed to 0.5 pg/mL (blue) and 1 pg/mL Tu (red). Principal Component Analysis (C) and loadings of
the first principal component (D) model for the control cells and exposed to 1 pg/mL Tu. HCA and PCA were done on the vector
normalized spectra presented in the panel (A).

In order to check whether the presence of Tu in the ER area affects
the biochemical composition of cells, a hierarchical clustering
analysis (HCA) was performed. For this approach, the ER spectra
obtained as a result of KMCA analysis (coded as a green cluster)
were used. Spectra of the ER-rich area of cells presented in Fig. 6A
were carefully defined based on relatively high intensity of the 720
cm™? Raman band with no significant Tu Raman features in the
spectrum. The HCA was carried out in the following regions: 710-
1149, 1197-1298 and 1330-1404 cm’l, which covers the most
significant changes in ER spectra between control and Tu-treated
cells. Distances between spectra and classification of investigated
groups were visualized using the HCA dendrogram. In HCA analysis,
spectra were grouped according to their level of similarity.
The Fig. 6B shows clearly heterogeneity, especially between the
control cells and those stimulated with a higher dose of Tu. The
spectra separation obtained using the HCA is at the level of 0.8. A
dendrogram of the separation (Fig. 6B) indicates that cells with the
higher concentration of Tu differ significantly from the others. In
addition, the HCA analysis indicates that the control cells and those
stimulated with lower concentration of Tu exhibit some similarities

This journal is © The Royal Society of Chemistry 20xx

and it is not possible to differentiate them completely during the
analysis. This may suggest that at this concentration there are no
notable changes in biochemical composition of the ER or
alternatively, the amount of Tu is too low and spectra of the ER are
not affected by features of Tu. By comparing this result with the
MTT viability assay and literature reports, we can assume that low
Tu concentration does not promote sufficiently the ER stress or any
biochemical changes. On the other hand, the concentration of 2.5
ug/mL of Tu is expected to induce significant changes in endothelial
cells. This dose is widely used in pharmacological studies to induce
ER-stress in cells, but in our work due to the strong absorbance of
the system it was impossible to measure Tu-treated cells. Cells
treated with Tu at 2.5 ug/mL or higher concentrations, showed a
strong Tu uptake, and were laser sensitive so the photo damaging
and burning of the sample was observed. Due to this fact a lower
concentrations of Tu were selected.

Principal Component Analysis (PCA) was used to highlight the ER
stress markers and to indicate Raman features, which differentiate
the control and Tu-treated cells. PCA analysis was performed in the

J. Name., 2013, 00, 1-3 | 7
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500-1500 cm™ limited to

wavenumbers below 1500 cm-1 since bands in 1500-1800 cm

range. The spectral range was
range can be affected by the O-H bending of water coming from
PBS. The most prominent changes were discussed based on the
simple analysis of the spectra, but more detailed one with an
application of sensitive chemometric tool gives additional
information. Results from the HCA were confirmed by the PCA (Fig.
6C). Spectra of the ER from the control cells and cells with a lower
dosage (0.5 pg/ml) of Tu were not clearly separated in the HCA. The
PCA analysis carried out for the ER spectra of all three groups of
cells (control, Tu 0.5 and 1 pg/ml), showed a similar separation to
the HCA (Fig. 6B). PCA analysis (Fig. 6C) was conducted for two
groups of cells: the control ones (green squares) and stimulated
with 1 pg/mL Tu (red triangles). The result of the analysis is a PCA
scores and loading plots. In the scatter plot (Fig. 6C) the spectral
separation was obtained with respect to the first component (PC-1,
reliability row: 64%). Positive values in the loading plot present the
bands that characterize control cells versus to the stimulated cells.
On the other hand, negative values in the loading plot characterize
cells incubated with Tu (Fig. 6D). Detailed analysis of PCA results
can help to define spectroscopic markers of ER stress in the cells.

The most significant changes reflected by Raman bands arise from
nucleic acids/nucleic bases at 787, 920, 1205, 1235, 1342 cm™™. The
intense bands at 1342 and 1380 cm™ are due to guanine vibrations,
and the 1380 cm™ band comes from vibrations of both adenine and
thymine“®. In general, the comparison of averaged Raman spectra
of the ER area indicates a trend for increased protein signal. The
Raman band of phenyloalanine (Phe), which is a good marker of
protein signal, is observed on the PCA loading as a shoulder only,
what is a consequence of the spectra smoothing. Bands at 1235 and
1342 cm™ can be also assigned to protein (amide Il and Trp,
respectively)*’” as well as the band at 985 cm™ (Trp)*’, what
complicates data analysis.

As mentioned above, Tu-stimulated cells are characterized by a
decreased intensity of the band at 715 cm™ corresponding to the
stretching vibrations of the choline groups (N*(CHs)s), and at the
1072 cm? band attributed to the stretching vibrations of the
phosphorous (PO,*). Both of
characteristic for phospholipids. Changes in the lipid profile
observed in the fingerprint region are in agreement with the one

moieties these bands are

seen in the high wavenumber region (2800-3030 cm). Raman
bands at 2855 and 2894 cm™ originating from the C-H stretching
vibrations of lipids are decreasing in intensity in the Tu-treated cells
spectra. This observation can be also made from the PCA analysis
(Fig. S1 in Supplementary Material).

Raman results give a proof that Tu, a widely used ER stress inducer,
strongly accumulates in the cells and changes chemical composition
of lipids in the ER area. Depth profiling measurements showed also
the presence of Tu on the cellular surface what suggests it may
effect on the membrane. To address the question why Tu is
observed not only inside the cells but also outside, the high
resolution imaging of the cell surface was performed using SEM. An
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impact of Tu on morphology of cells or surface of the membrane
was previously investigated in the literaturel$y:using30GthANelSEM
and Transmission Electron Microscope (TEM) 2537, Figure 7 shows
the representative SEM images of the control and Tu treated cells.

A control

Figure 7 SEM representative images of the control (A) and the cells
stimulated with Tu at 0.5 ug / ml (B).

The most prominent changes are marked with red and blue. The
main difference between the investigated groups is related to the
morphology of microvilli, which cover the membrane and enclose
cytoplasm and microfilaments (they can be treated as an extensions
from the plasma membrane surface). For the control cells a large
number of microvilli on the cellular membrane is observed.
Microvilli are elongated objects and after incubation with Tu they
are changed and became more globular and knob-like structures
(marked with blue arrows in Fig. 7). Microvilli on the surface of
endothelial cells act as sensors of changes and if necessary they can
activate different intracellular mechanotransduction pathways®.
Roughness and many perturbations on the cellular surface as a
result of Tu interaction were reported before 37. Results obtained in
this work clearly indicate changes in microvilli morphology and

This journal is © The Royal Society of Chemistry 20xx
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therefore disruptions of their proper functions. Similar membrane
protrusions were reported before by using AFM measurements of
endothelial cells treated by the TNF-a proinflammatory factor®.
This type of morphological changes might be an effect of the
inflammation process. Moreover, on the surface of Tu-treated cells,
the cornflower-like structures are observed (marked in red in the
Fig. 7). They are seen mainly at the thinner parts of cell and at the
filopodia.

Conclusions

The application of Raman imaging enabled us to study the
effect of Tu on endothelial cells. The most significant sign of
the Tu impact was enlarged size of the ER that resulted from
the accumulation of Tu. Moreover, a decrease of
phospholipids content in the area of the ER was observed.
Based on the spectra of different phospholipids we can
assume that the most abundant lipid occurring there after Tu
treatment is sphingomyelin. The increased intensity of bands
at 790, 1098, 1206, 1342 and 1380 cm-1 observed in the ER
spectra taken from the cells treated with Tu, in respect to the
control ones, indicates that the content of nucleic acids is also
bigger.

In the situation when the proper functioning of ER is disturbed,
its operation is inhibited. Inhibition of a processes in the
reticulum also involves the synthesis of lipids, which results in
a decrease of fat content in the cell. The inhibition of the new
protein synthesis and degradation of unfolded proteins was
also observed. Factors activating the initiation of double strand
breaks in DNA (DSB) were triggered. All these processes led to
an increased amount of nucleic acids and a decrease of
phospholipids content.

Results obtained by using SEM clearly indicate changes in
morphology of cellular microvilli and therefore disruptions of
their proper functions.
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