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Abstract

High spatially resolved Raman microscopy was applied to study the early apoptosis in endothelial
cells and chemical and structural changes induced by this process. Application of cluster analysis
enabled separation of signals due to various subcellular organelles and compartments such as
nuclei, nucleoli, endoplasmic reticulum or cytoplasm and analysis of alterations locally at the
subcellular level. Different stimuli, i.e. Fas ligand, a tumor necrosis factors, and cycloheximide,
an inhibitor of eukaryotic protein biosynthesis, were applied to induce apoptotic mechanisms.
Due to different mechanism of action, the changes observed in subcellular structures were
different for FasL and cycloheximide. Although in both cases statistically significant decrease of
the protein level was observed in all studied cellular structures, the increase of the nuclei acid
content locally in apoptotic nuclei was considerably more pronounced upon Fas-induced
apoptosis compared to cycloheximide one. Additionally, apoptosis invokes also a decrease of the
proteins with the a-helix protein structure selectively for FasL in cytoplasm and endoplasmic

reticulum.
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Introduction

Understanding of mechanisms and pathways of cellular processes requires insight into subcellular
cell structures. Due to its label-free characteristic and the advantage of high spatial resolving
power, Raman microscopy emerges as a great tool for characterization and visualization, even in
3D,' of various organelles.”™ Application of Raman microscopy to in vitro cellular models
enables detection and localization of biochemical changes upon development of pathologies or

investigating various cellular mechanisms or actions.” "

Apoptosis, a programmed cell death is defined by morphological changes involving the
ultrastructural alterations i.e. chromatin condensation and fragmentation, membrane blebbing,
cytoskeletal disruption, cytoplasmic and nuclear shrinkage.'""'* In mammalians, the decision of a
cell to undergo apoptosis can be induced by a variety of regulatory stimuli and is considered to
proceed in two major pathways.13 The first one involves mitochondria as initiators in the intrinsic
pathway provoking the release of cytochrome ¢ into cytosol. After subsequent events, combined
with the activation of executioner caspases, apoptosis leads to a cell death.'* Contrarily to
mitochondria-mediated apoptosis, the second pathway starts with binding of specific ligands, for
example Fas ligand, to the death receptors on the cell membrane. Thus, the cascade of molecular
actions, including proteolysis of caspases, is triggered."” Additionally, the endoplasmic reticulum

also can induce apoptosis by upregulating the Ca”" level or redox imbalance.'®

Fas ligand (FasL) and cycloheximide (CHX) are examples of inducers sharing the ability to begin
the apoptotic process.'” *! In case of FasL-mediated programmed cell death, the killing signal in
apoptosis is triggered after trimerization of the surface Fas molecules by binding of FasL. Fas,
also termed Apo-1 or CD95, is the type I membrane protein and a representative of the death
receptor subgroup of the tumor necrosis factor family.”” The cell death mediated via Fas/FasL
pathway plays an important role not only for maintaining the homeostasis of cells but also in the
progress of different pathologies and diseases such as HIV and cancer.”’* % CHX is an
antibiotic, acquired from bacteria Streptomyces griseus, and was reported to act as an inhibitor of
eukaryotic translation elongation of protein biosynthesis in cells.'?**” CHX binds to the E-site of
the large ribosomal subunit and blocks eEF2-mediated tRNA translocation, the process crucial in
translation mRNA into proteins.””*® Overall, the action in apoptosis process of protein synthesis

inhibitors is like a double-edged sword, it can both induce and inhibit apoptosis, so in other
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words, it can lead to restraint of the continuous production of protective molecules and inhibition
of death gene expression. The first effect seems to be more crucial for cell viability.'” "
Moreover, CHX’s impact on apoptosis is not obvious, it depends on the cell type, suggesting that
pathways leading to apoptosis differ from one cell type to another. In hepatocytes, CHX induces
overexpression of genes (i.e. c-myc) responsible for production of proteins significant in
transducing the apoptotic signal.'” On the other hand, it causes the increase of sphingosine level,
a toxic product of the sphingomyelin cycle, that restrain protein kinase ¢ and bcl-2 production,
proteins involved in apoptosis inhibition.'” Other studies indicate the activation of the caspase-3-
like protease and decrease in mitochondrial membrane potential after CHX stimulation.”” The

same caspase-3 death machinery is activated in B lymphocytes,'’ whereas, in leucocytes CHX is

recognized as an apoptotic pathway mediator with the cytotoxic effect on cells.'®

Raman spectroscopy was applied so far to investigate apoptotic process within various types of

39732 chemical agents™ or harmful UV

cells after exposure to different stimuli i.e. cytotoxic drugs,
radiation.** However, there are no reports on apoptosis-mediated alterations induced via death
receptors in endothelial cells studied with the help of Raman microscopy. The vast majority of

papers is focused on studying the action of anticancer drugs and its chemotherapeutic response in

30,32,35 36-38

anticancer therapy or dedicated to classify and discriminate cells in apoptosis, or to
describe apoptotic process in details.**** The programmed cell death studied by Raman
spectroscopy reveals characteristic changes in band intensities due to alterations in biomolecules
concentrations. In general, apoptosis is associated with the decrease in protein and DNA content
manifested by the decrease, among others, of intensity of bands at 785 and 1007 cm™, assigned to
ring breathing modes in the DNA and/or RNA bases and phenylalanine, respectively.*>~>~"
However, concentration of DNA is known to be dependent on a stage of the apoptosis,
particularly, the increase of intensity of the band at 785 cm™ is attributed to the early stages of the

36,40,42
process.” ”

In this work, Raman microscopy was used to investigate alterations of the biochemical
composition of endothelial cells with chemically induced apoptosis. Here, we focus on the early
changes in programmed cell death as a result of FasL and CHX exposure. In particular, we aimed
at determining the differences in the subcellular structures in cells, in which apoptosis was

induced by different factors. Overall, Raman microscopy with its high resolving power enabled
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characterization of subcellular changes in the endothelial cells upon apoptosis stimulated by FasL

versus cycloheximide.

Experimental

Cells culture

To study in vitro the influence of apoptosis-inducing specimens on endothelium, the human
endothelial cells EA.hy926 were selected as one of the best characterized immortalized
endothelial cells.** Originally, EA.hy926 cells were created by fusing primary human umbilical
vein cells (HUVECs) with a thioguanine-resistant clone of human lung carcinoma cell line
A549.% The cells for Raman measurements were directly seeded onto calcium fluoride slides
(CaF,, 25 x 2 mm, Crystran LDT, UK) in the concentration of 2-10° cells/well. Cells were
cultured in Dulbecco's Modified Eagle's Medium (DMEM, Gibco Life Technologies) including
L-glutamine and supplemented with the 10% fetal bovine serum (FBS), 1% antibiotics
(penicillin—streptomycin) and 2% HAT medium supplement. The cell cultures were maintained
in a 37°C, 5% C0O2/95% air cell culture incubator. After 24 hours incubation, when the
confluence at the level of about 70% was obtained, cells were washed two times with phosphate
buffered saline (PBS) and divided into two groups. The incubation times and doses of Fas ligand
and cycloheximide are typical and commonly used for incubation of cells.***” One group was
exposed to 10 ng mL™" human Fas ligand (FasL, Sigma) for 30 minutes (FasL group), and the
second one was treated with cycloheximide (CHX, Sigma) in the concentration of 10 pg mL™" for
3 hours (CHX group). As a control group, unstimulated EA.hy926 cells maintained in DMEM,
were used. After stimulation cells were fixed with 4% glutaraldehyde for 4 minutes and stored in

PBS buffer until data acquisition.
Raman measurements

WITec alpha 300 Confocal Raman Imaging system (WITec GmbH, Ulm, Germany) equipped
with the UHTS 300 spectrograph (600 lines mm™ grating) and a CCD detector (Andor, DU401A-
BV-352) was used for Raman imaging. The air-cooled solid state laser with the excitation

wavelength of 532 nm was used to excite the sample. Laser light was provided via a single mode
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optical fiber (50 um), and focused on to the sample by the 63x water immersive objective, (Zeiss,
NA=1.0). Spectra were acquired with the 0.4 um step in both x and y directions, 0.5 s integration
time and the laser power at the sample of ca. 30 mW. At least 8 cells for each group (FasL, CHX,

control) were measured.
Data analysis and processing

Data processing was performed using the WITec Project Plus software. All spectra were baseline
corrected using autopolynomial of degree 2 and processed by a routine cosmic rays removal
procedure. The subsequent application of cluster analysis (CA) (k-means method with the
Manhattan distance) enabled to group spectra from the acquired datasets into classes reflecting
the major organelles within cells. Average spectra of classes were used further for calculations of
the integral intensity of various bands in the OPUS 7.0 program and only the following bands:
720, 785, 1007 cm™ were presented as representative for biochemical alterations occurring after
stimulation. Integral intensities of the well separated bands were calculated after spectra
normalization in the range of 1500-400 cm™ to minimize the water contribution to the intensity.
The intensities were taken from the peak contour to the baseline. The analysis of variance was
performed using a statistical model ANOVA with Tukey’s test in the OriginPro 9.1 software.
Analysis was provided to characterize quantitatively the differences in the biomolecules content
in main cellular components in all pairwise comparisons for each group (FasL, CHX, control)
and identify any difference between two means at the significance level of 0.05. The Imagel
processing program® was applied to calculate the nucleus, nucleoli and endoplasmic reticulum

arcas.

Results and discussion

The general features of endothelial cells after FasL. and CHX stimulation

Due to its high resolving power, Raman microscopy provides the insight into biochemical
composition and spatial distribution of bio-components at the subcellular level. The first step of
this work was determination of the distribution of key components related to main organelles and

cellular compartments. Fig. 1 shows reflected light microphotographs of the representative
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control cells and cells treated with FasL. and CHX. Raman distribution images of major cellular
components (Fig. 1a-e) in the marked (Fig. 1A-C) areas of measurement were obtained based on
the integration of characteristic marker bands. As presented on microphotographs, control
endothelial EA.hy926 cells are spindle-shaped with capillary-like structures that are absent or

reduced in number for cells after exposure to FasL and CHX agents (Fig. S1, Supplementary

Material). That involution of the capillary network seems to be crucial hallmark of early
12,49

apoptosis.

1007 2830-3030 /cm?

Control

FasL

Min [l Max  Scale bars: 8 um

Figure 1. Representative visual and Raman images of control EA.hy926 cells and EA.hy926 cells
stimulated with Fas ligand and cycloheximide. The reflected light microphotographs at 63x
magnification (A-C) with marked imaged areas and Raman distribution images (a-e) of representative
cells from the control, FasL and CHX groups. Raman distribution images were obtained by integration of
characteristic bands for phospholipids (720 cm™), DNA&RNA (785 cm™'), RNA (813 cm™), proteins
(1007 cm™) and all biomolecules in the range of 2830-3030 cm.
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The Raman images (la-e¢) were obtained by integration of key marker bands assigned to the
N*(CH3); symmetric stretching vibrations of choline moiety at 720 cm™ (column 1a),™ the ring
breathing modes in the DNA&RNA bases at 785 cm™ (column 1b),”! the symmetric O—P—O (in
C's-0O-P-O-C'5 phosphodiester) stretching vibrations in RNA at 813 cm™ (column 1c),”'™? the
symmetric breathing mode of phenylalanine at 1007 cm™ (column 1d)** and the C-H stretching
vibrations in the range of 2830-3030 cm™ (column le). Due to the high resolving power of
Raman microscopy, obtained Raman images can be related to subcellular components and
compartments. Thus, the first column (1a) shows areas of high concentration of phospholipids,
especially phosphatidylcholine, being one of the major constituents of cellular membranes, i.e.
related mostly to endoplasmic reticulum, mainly in the vicinity of the cell nuclei. Two subsequent
columns (1b and 1c) exhibit the distribution of both DNA and RNA in the areas corresponding to
nuclei and nucleoli. The distribution images obtained by integration of the RNA band at 813 cm™
are the additional confirmation of the localization of endoplasmic reticulum as they show
ribosomal RNA in ribosomes attached to its structure. The images in two last columns (1d and
le) refer to distribution of proteins and all organic biomolecules, respectively, and enable to
define the borders of the cell body and main sub-cellular components simultaneously. Overall,
obtained Raman images for FasL. and CHX treated cells do not reveal any significant visible

changes in distribution of biomolecules in comparison to the control.

Chemical characteristics of early apoptosis in endothelial cells

To characterize chemical alterations upon FasL. and CHX stimulations in a detailed way, we used
cluster analysis (CA, k-means with the Manhattan distance) for imaging results of the same
representative cells as in Fig. 1. Presented CA images (Fig. 2) demonstrate a high compliance
with the distribution images (Fig. 1). However, the subtle differences in the Raman signatures of

various classes are clearly observed (Fig. 2B).
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Figure 2. Cluster analysis images of control EA.hy926 cell, FasL- and cycloheximide-stimulated
EA.hy926 cells with average Raman spectra of each class. Cluster images of representative control
(green) and stimulated with FasL (red) and CHX (blue) cells (6 classes: red — nucleoli; blue class —
nucleus; green — endoplasmic reticulum; orange — cytoplasm, brown — cell membrane; violet — adhesion
proteins) and the Raman spectra of respective clusters for a single control cell. All spectra were maximally

extended in both x and y ranges.

The advantage of CA approach is that the spectral information from each class is averaged
enabling to determine the subcellular response to chemical stimulation. Here, four classes,
identified as nucleoli (red), nucleus (blue), endoplasmic reticulum (green) and cytoplasm
containing small organelles e.g. mitochondria (orange), were investigated. Two remaining classes
related with the cell membrane (brown) and adhesion proteins (violet) were omitted in this

analysis as their signal was of low-intensity and contained contribution from the surroundings.
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The average spectra of mentioned four well defined subcellular compartments, averaged over at

least 8 cells, are presented in Fig. 3.
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Figure 3. Cluster analysis of control EA.hy926 cells and EA.hy926 cells stimulated with Fas ligand
and cycloheximide. The average Raman spectra of nucleoli (A), nucleus (B), endoplasmic reticulum (C)
and cytoplasm (D) for control, FasL- and cycloheximide-stimulated cells denoted with green, red and
blue, respectively. All spectra were maximally extended in both x and y ranges. The inserts show changes
in intensity of bands at 785 and 1007 cm™ for the nucleus class and in the amide III range for the
cytoplasm class.
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The spectral profile of nucleoli and nuclei (Fig. 2 sections A and B, respectively) is marked
mostly by the presence of bands at 671, 785, 1097 and 1580 c¢m ', originating from the nucleic
acid vibrations, and characteristic both for DNA and RNA, and the signal at 813 cm'l, distinctive
for RNA molecules.’'* The intensity of these bands show the increase for cells exposed to FasL
and (only slightly) to CHX compared to the control ones what is clearly seen for the signal at 785
cm™. Alterations in the nucleotide concentration are associated with the elevated chromatin
condensation and are characteristic for the early apoptosis.*>* After nuclear condensation in the
late stage of apoptosis, DNA is cut into short fragments that are thrown out from the cell leaving
an empty shell of the cellular membrane what is naturally manifested as a decrease of the DNA
bands’ intensity.’> Nevertheless, it is not excluded that this effect can overlap with the additional
effect of the intensity decrease, as chain scission may result in relatively lower intensity of the
DNA signal compared to the signal of a longer (uncut) chain. Although at this level we cannot
verify if this effect is a cause of the decrease of the DNA signal, the overall increase in the
intensity of the DNA bands observed after stimulation demonstrates that the observed changes

are, indeed, signs of the early stage of apoptosis.*®***

However, these are not only changes
observed for apoptoticaly-altered cells. Raman bands with maxima at 1656 cm™ (amide I), 1254
cm” (amide IIT) and two characteristic signals at 1037 and 1007 cm™, assigned to the symmetric
ring breathing mode of phenylalanine, are typical Raman features of proteins.” The range of
amide I and III is also characteristic for the bands originating from lipids, i.e. the stretching
vibration of the C=C bond at 1660 cm™ and CH, twisting mode at 1300 cm'l, thus, the band at
1007 cm™ was chosen to study changes in proteins content. In all mentioned cell components a
decrease in intensity of the phenylalanine band at 1007 cm™ after FasL and CHX stimulation was
noticed. This change, slightly more pronounced for CHX stimulation compared to the FasL one,
is the most characteristic feature of early apoptosis, observed in this study. The most distinctive
band at 720 cm™ in the spectra of endoplasmic reticulum (Fig. 3 section C) originates from the
stretching vibrations in choline/ethanolamine moieties of phospholipids.50 Moreover, in the
spectra of endoplasmic reticulum and cytoplasm of cells exposed to FasL in the range of amide
III other alterations are observed. Here, the maximum of the amide III band is red-shifted to 1254
cm’, in contrast to the spectra from the control and CHX groups, where maximum of this signal
is seen at 1266 cm™. The amide III range is sensitive to the protein secondary structure changes

and the observed shift (from 1254 cm-1 to 1266 cm'l) can be identified as the structural

11
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transition from the a-helix to B-sheet, through unordered structure.’””® In many diseases, for
example related to amyloid formation (type II diabetes, Alzheimer’s or Parkinson’s), the
structural a-p transition of proteins is a common feature.”’” The maximum of amide III band at
1254 cm™ indicates the decrease in the o-helix content in the endoplasmic reticulum and
cytoplasm of the cells from the FasL group. These observations can be associated with of
caspases release and its action, in which this cysteine proteases catalyze the hydrolysis of peptide
bond causing secondary structure alterations and subsequent protein degradation. It also suggests
the different apoptotic mechanism depending on the used agent. Overall, significant changes are
revealed in endothelial cells upon early apoptosis, manifested by the elevated level of DNA in
nuclei and nucleoli (only slightly for CHX) with the simultaneous decrease in proteins in the

whole cell.

Subcellular versus cellular changes upon apoptosis progression — the semi-quantitative

approach

The changes in biomolecules content upon a stimuli can be identified using principal component
Analysis (PCA, Fig. S2 and Fig. S3, Supplementary Material) and semi-quantitively measured as
the integral intensity of the marker bands in normalized Raman spectra and analyzed by ANOVA
statistical tests. The analysis performed by PCA and ANOVA shows the same trends in changes
in the chemical composition observed after stimulation of cells. It is worth noticing that PCA
separation of groups was considerably better in case if individual organelles (Fig. S2) and not the
whole cells (Fig. S3) were used for the analysis. For ANOVA, the integral intensity of the marker
bands at 1007, 785 and 720 cm assigned to proteins, DNA/RNA and phospholipids,

respectively, were calculated for each organelle. The results are presented in Fig. 4.

Following the discussion about changes in the average CA spectra (vide supra), it is seen in Fig.
4 that the level of proteins in the early apoptotic cells is significantly lower compared to the
control cells. The explanation of the decrease of protein concentration lies in the mechanism of
induced apoptosis. In both cases, FasL. and CHX trigger the molecular pathways involving the
production and activation of various caspases, a family of cysteine proteases,'” that in turn lead to

protein degradation.24 Evident differences in the DNA/RNA content within nucleus and nucleoli

12
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in the cells in the early stage of apoptosis are also observed, of the opposite direction compared to
the protein content. In both organelles, the elevated level of nucleic acids is observed.

Nevertheless, only in cells exposed to FasL, this change is statistically significant, meaning that

©CoO~NOUTA,WNPE

the effect of death receptor-stimulated apoptosis is stronger than mediated by a protein translation
inhibitor, such as CHX. Also the concentration of phospholipids slightly (but statistically

12 insignificantly) increased in the endoplasmic reticulum upon FasL stimulation.

60 13



©CoO~NOUTA,WNPE

Analyst Page 14 of 23

Control ' FasL . CHX

nucleoli

* %

o

Integral intensity of 1007 cm™ band
&
— | }
—t
Integral intensity of 785 cm™ band

o
o

0s{ ——

o
-
—

i
00 T T T
Control  FasL CHX

o
o

Control FasL CHX

B nucleus

* %k %

=

S |

b
m”' band
P

o
@

Integral intensity of 1007 cm™ band
o o
o w
m
Integral intensity of 785 ¢

064 |

g
n

=4
[=]

0.0 T T T
Control FasL CHX Control FasL CHX

endoplasmic reticulum

*

B e .,

F<} 1 1 = cad

5 5 I

~ o

§ 08 . | ; - g 0.3

s = | % ! .

£ | == % | —

g z

; 04 & g, 1

:g 00 : . x Z o r . .

= Control FasL CHX Control FasL CHX
cytoplasm

—s & Legend

g » ; ) Maximum value

- ] o

§ 12 |

R | — « dard

= Mean Standar

3 ps] L % < error

P

g 05+ 1

£ 0al Minimum value

<

2 . * p<0.05, **P<0.01, *** p<0.005

£ o

Control  FasL CHX
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control cells, FasL- and CHX cell stimulation showing significant alterations in the concentration of DNA,
and proteins within main cellular components.
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The same approach as for subcellular organelles, was applied to investigate biomolecules content
in the entire endothelial cells. Thus, the overall changes in endothelial cells upon early apoptosis

were determined. The average Raman spectra of cells (A) and calculated integral intensity for the

©CoO~NOUTA,WNPE

most characteristic bands (B) are presented in Fig. 5.
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As expected, alterations of cellular components, observed for subcellular structures, are also
reflected in the average spectra of the whole cell. The increased DNA content, statistically
significant for FasL stimulation, and the reversed effect for the protein concentration after
induced apoptosis is maintained. However, the changes are not so clear because the information
is blurred over the entire cell. Additionally, information about localization of chemical changes in
particular organelles is lost. Locating the chemical alterations upon a stimuli is crucial for
understanding the mechanism of cellular events involved in the development of endothelial
dysfunction and in the future to design the adequate drug therapy. The possibility of molecular
biochemical assignments at the subcellular level is an advantage of high spatially resolved Raman

imaging.

Along with the quantitative measurement of biomolecules concentration, the area of Raman

images covered by nucleus, nucleoli and endoplasmic reticulum were calculated (Fig. 6).

The investigation was performed on Raman images classified as nucleoli, nucleus and
endoplasmic reticulum as obtained from CA. The results show that alterations in DNA/RNA
content and the nucleus area were significant (p-values, with 5% level of decision using the
Tukey test in ANOVA, equal 0.054 and 0.011 for FasL and CHX, respectively) and that the
increased level of nucleotides correlates with the increased area of nucleus calculated as percent
of the area of whole cell covered by nucleus. In this study nuclei slightly enlarge, probably due to
condensation of chromatin along the perimeter of the nucleus,'? with simultaneous cell shrinkage
after FasL and CHX treatment. This observation is not typical for apoptosis, in which cell nuclei
overall decrease,”™ but it can be a feature of its early stage. For nucleoli and reticulum, no

statistically significant changes were noticed.

16



Page 17 of 23 Analyst

1

2

3

4 O Control . FasL . CHX
5

6 * %k

7 50- [ * |

8 .' i

9 ? _ 451 z

10 g X

11 8 g 40

12 § S [ I i T ]
13 s ; 354

14 g ° 1

15 < 30

16 25 . . .

17 Control FasL CHX
18

19 104

20 8 -

21 3 8y

22 23

2 3d o —
24 g3 4

25 2 1

26 24

27 . . .

28 Control FasL CHX
29 < 30

30 - E -

31 e

32 $ 3 20 [

33 ok

3 3% t?i —
35 g.g 10 1

36 83

37 g

38 E 0 T T T

39 Control FasL CHX
40 *p<0.05,** p<0.01

41

42

43 Figure 6. Size statistics of cell components upon FasL. and CHX exposure compared to the control.
jg The calculated area of nucleus, nucleoli and endoplasmic reticulum refers to the total cell surface.
46

47

48 .

49 Conclusions

50

51

52

gi Understanding of mechanisms of cell apoptosis is of prime importance, due to the fact that
gg defects in the apoptotic pathways leads to development of cancer. Fas ligand is one of the
57 apoptotic factors that has frequently a changed expression in human cancer cells.*” FasL induces
58

59

60 17



©CoO~NOUTA,WNPE

Analyst Page 18 of 23

the apoptotic process via linking to its death receptor on the cell membrane and triggering the
cascade of various molecular actions.'”*' Caspases, activated during FasL-induced apoptotic
pathways, cleave in turn key structural proteins.®* Cycloheximide, another apoptosis inducer, acts
differently, via binding to the ribosomal subunit and blocking protein synthesis, more specifically

tRNA translocation.?”?

To verify if and how these different apoptotic pathways influence the
cells and their chemical composition, we applied Raman imaging and chemometric tools. We
concentrated on the early apoptotic process and localized chemical alterations specifically in the
subcellular structures and compartments such as nuclei, endoplasmic reticulum and cytoplasm.
The analysis of variance (ANOVA with Tukey’s test) of the normalized average spectra of
subcellular structures for apoptotic and control cells demonstrated that upon both FasL. and CXH
stimulation a statistically significant decrease in the protein (a marker band at 1007 cm™) content
is observed in the nucleus, endoplasmic reticulum and cytoplasm. It shows that a decrease of the
protein level is independent on the apoptotic trigger (at least for these two factors used here) and
is not spatially localized (occurs for all cell compartments). This effect agrees with the fact that
upon both apoptotic pathways, mechanisms leading to degradation of proteins (caspases
activation for both factors) and, additionally, a direct inhibition of their synthesis (tRNA
translocation blockage for CHX) are induced. Contrarily, only for FasL a statistically significant
increase of the nucleic acid (a marker band at 785 cm™), limited to nuclei and nucleoli area, is
shown. This effect is due to elevated chromatin condensation and was described previously as a

process characteristic for the early apoptosis.*>*

The increase of nucleic acids’ signal is
considerably lower (and not statistically significant) in apoptotic cells upon CHX influence most
probably due to the fact that CHX is an “external” agent acting directly on protein synthesis.
Nevertheless, both for FasL and CHX slight augmentation of the area covered by the cell nuclei
is observed upon stimulation compared to the control. All these changes of the chemical
composition in the subcellular structures are reflected in the global cell spectra, where both the
decrease of protein and the increase in the nuclei acids level were also observed. Apart for the
chemical changes, apoptosis invokes also structural alterations of the proteins both in
endoplasmic reticulum and cytoplasm of cells, but only selectively for cells exposed to FasL and
not CHX, compared to the control. Overall, Raman microscopy enabled characterization of the

chemical and structural alterations in subcellular structures of the endothelial cells upon

development of early apoptosis in a semi-quantitative manner demonstrating also that the

18
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influence of different mechanisms of apoptosis on chemical composition in subcellular structures

can be studied.
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