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ARTICLE INFO ABSTRACT

Keywords: In this work, the effect of an early oxidative stress on human endothelial cells induced by menadione was studied

Eﬂ‘_jOth'eli“m using a combined methodology of label-free Raman imaging and fluorescence staining. Menadione-induced ROS-

I(\)/[).udaltllvedst'ress dependent endothelial inflammation in human aorta endothelial cells (HAEC) was studied with focus on changes
itochondria

in cytochrome, proteins, nucleic acids and lipids content and their distribution in cells. Fluorescence staining
(ICAM-1, VCAM-1, vWF, LipidTox, MitoRos and DCF) was used to confirm endothelial inflammation and ROS
generation. The results showed that short time, exposure to menadione did not cause their apoptosis or necrosis
(Annexin V Apoptosis Detection Kit) within the 3 h timescale of measurement. On the other hand, 3 h of in-
cubation, did result in endothelial inflammation (ICAM-1, VCAM-1, vWF) that was associated with an increased
ROS formation (MitoRos and DCF) suggesting the oxidative stress-mediated inflammation. Chemometric analysis
of spectral data enabled the determination of spectroscopic markers of menadione-induced oxidative
stress—mediated endothelial inflammation including a decrease of the bands intensity of cytochrome (604, 750,
1128, 1315 and 1585 cm ™Y, nucleic acids bands (785 cm’l), proteins (1005 cm™ 1) and increased intensity of
lipid bands (722, 1085, 1265, 1303, 1445 and 1660 Cm’l), without changes in the spectroscopic signature of the
cell nucleus. In conclusion, oxidative stress resulting in endothelial inflammation was featured by significant
alterations in the number of biochemical changes in mitochondria and other cellular compartments detected by
Raman spectroscopy. Most of these, coexisted with results from fluorescence imaging, and most importantly
occurred earlier than the detection of increased ROS or markers of endothelial inflammation.

Raman imaging
Fluorescence imaging

pathophysiological state. An increased ROS content is observed in cells
inflammation and apoptosis, as well as in proliferation, migration, hy-

1. Introduction

Endothelial cells are involved at every stage of the development of
cardiovascular diseases, and their proper function is crucial for cardio-
vascular system homeostasis [1]. Oxidative stress (an imbalance be-
tween antioxidants and reactive oxygen species (ROS)), promotes
inflammation and endothelial dysfunction [2,3], which in turn initiates
and/or accelerates the progression of various cardiovascular diseases
[4]. The major source for intracellular ROS are enzymes produced by
endothelium, such as NO synthesis (eNOS), nicotinamide adenine
dinucleotide (NADPH) oxidases and xanthine oxidase, cyclooxygenases,
lipoxygenases, and products of mitochondrial respiration [5,6]. In the
vascular system, ROS not only lead to the cell damage, but also play a
physiological role in controlling endothelial function and

pertension, fibrosis or angiogenesis [7-9].

Menadione (a quinone precursor for vitamin K3 synthesis [10]) is a
well-known compound to induce oxidative stress, inflammation, and
apoptosis in endothelial cells [3,11-13]. In vitro ROS generation may
cause modifications and damage to almost all cellular chemical com-
ponents, including lipid peroxidation, as well as an aggregation and
denaturation of proteins. Free radicals also induce changes in DNA
leading to its mutations or cytotoxic effects [14,15]. It was suggested
that cytotoxicity triggered by menadione generates a production of ROS
through the redox cycling — an electron from NADPH is transferred to
menadione, which results in the formation of semiquinone containing
free radical, and subsequent reaction with oxygen [10].
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Raman imaging represents a useful label-free technique and is based
on unique and internal spectroscopic signature reflecting biochemical
cellular components. Obviously, a direct observation of ROS and
oxidative stress by means of label free Raman spectroscopy is not
possible, mainly because radicals are short lived and even if Raman
signal from radicals would be occasionally recorded, it would be too
weak and hidden in signal from cells since they. The reason is that
radicals possess smaller scattering cross section than biochemical com-
ponents of the cells. An alternative would be Raman spectroscopy with
the use of chemosensors (molecular and nanoscaled probes) dedicated
for detection of ROS in cells or ultra-fast Raman approaches [16].
However it can be investigated indirectly by analyzing the effects of ROS
on cellular biochemistry (proteins, nucleic acids and lipids). Oxidative
stress causes relatively strong biochemical changes at the subcellular
level. This technique can detect ROS-induced alterations in cellular
biochemical content. Furthermore, an imaging of a single cell with
micrometric resolution should provide information not only about
biochemical alterations resulting from the active action of ROS, but also
about the subcellular localization of these changes. Raman spectroscopic
techniques have already been applied to probe, for example, oxidatively
induced mitochondrial dysfunction in living cells [17] or changes in
mice skeletal muscles [18] and vascular inflammation [19]. In the pre-
vious work concerning a detection of nanoparticles induced oxidative
stress by means of Raman spectroscopy, an alterations in intensities of
doublet Raman bands around 785 (nuleic acids) and 810 cm ™~ (RNA) in
the cytoplasm area was indicated as the spectroscopic markers of
oxidative stress [20]. Authors have shown that different cellular re-
sponses and mechanisms leading to cell death between cancerous and
non-cancerous cell lines can be differentiated by using the spectral
markers of the cellular toxic events. The Raman bands at 785 and 810
em™!, were identified as a signature of ROS related changes in the
biochemical composition of the cell upon a toxicant exposure [20]. The
final effects of acute oxidative stress may lead to a cell death by
apoptosis and necrosis — both processes could be detected by Raman
spectroscopy [21]. However, Raman spectroscopy has not been widely
used as yet to detect cellular oxidative stress.

This paper evaluates the biochemical alterations in human aorta
endothelial cells (HAEC) caused by ROS-dependent inflammation
induced by menadione. We applied the complex approach including
fluorescence and Raman imaging with two excitation wavelengths (532
and 488 nm) in order to analysis in detail this in vitro endothelial model
of pharmacologically induced oxidative stress.

2. Materials and methods
2.1. Cell culture

Human aortic endothelial cells (HAEC; Lonza) were maintained in
supplemented endothelial growth media (EGM-2MV, Lonza) at 37 °C/
5% COs. Cells were regularly tested for Mycoplasma contamination
using the MycoAlert Mycoplasma DetectionKit (Lonza). HAEC at 2nd or
3rd passage were seeded at a concentration of 18 x 10* and rested for
24 h on calcium fluoride windows (CaFs, 25 x 2 mm, Crystran LTD) for
Raman measurements, 6-well plate for flow cytometry and 96-well plate
for fluorescence imaging. HAEC were treated with 0.1-70 pM mena-
dione sodium bisulfate (menadione, Sigma Aldrich) for 1, 3, 6, 24 h.

2.2. Raman measurements with data analysis and processing

Raman images were acquired using a confocal Raman microscope
(WITec alpha300, Ulm, Germany) supplied with air-cooled solid-state
lasers operating at 488 and 532 nm, coupled to the microscope through
an optical fiber. The scattered light was directed to the spectrometer
using a 50 pm core diameter multimode fiber. A water immersion
objective (60x/1.0 NA) was applied, and the power of the laser
measured in the air just after the objective was ca. 30 mW. Data were
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collected with the acquisition time per spectrum of 0.5 s, sampling
density of 2 pm and the spectral resolution of 3 cm™.

Recorded spectra were pre-processed according to the standard
protocol [22] - which includes cosmic spike removal and background
subtraction (polynomial 3rd order, separately adjusted into two spectral
windows — fingerprint and high wavenumber range for spectra obtained
with 488 and 532 nm lase lines. Next, cluster analysis (CA; k-means,
KMC; Manhattan distance) was performed with WITec Project Five 5.1
software. CA enabled to define major and spectroscopically character-
istic area of the cell (nucleus, lipid rich cytoplasmic area with strong
contribution of endoplasmic reticulum and protein-rich cytoplasmic
area). CA provides cluster maps and average spectra of defined classes,
which were further analyzed to provide information about the
biochemical changes between healthy and menadione-treated cells. The
further processing of spectral data was executed using OPUS (version
7.0, Bruker Optic, Ettingen, Germany) and Unscrambler X (version 10.3,
Camo Software, Oslo, Norway) software packages.

2.3. Fluorescence microscopy and image analysis

After incubation with menadione, cells were washed in PBS solution
and fixed with 4% buffered formalin for 10 min at room temperature.
Labeling procedure was started immediately after treatment. Before
staining HAEC were permeabilized with Triton X-100 (1:1000). Subse-
quently cells were washed and blocked for 15 min with 5% normal goat
serum (Jackson Immuno Research, Cambridgeshire, UK). HAEC were
incubated overnight with primary antibodies using rabbit-anti-mouse
von Willebrand factor (Abcam, Cambridge, UK; 1:100), mouse anti-
ICAM-1 (ThermoFisher, Waltham, MA,USA; 1:250) and rat anti-
VCAM-1 (ThermoFisher, Waltham, MA,USA; 1:200) in 4 °C. Next, cells
were washed and probed with secondary antibodies Alexa Fluor 488
goat-anti-rabbit, Cy3 goat-anti-rat, Biot SP-conjugated goat-antirat and
Alexa Fluor 594 streptavidin (Jackson Immuno Research, Cambridge-
shire, UK; 1:300), respectively. Lipids were visualized by LipidTOX Deep
Red staining (Invitrogen, Carlsbad, CA, USA; 1:200), and cell nuclei
were counterstained by Hoechst 33342 (Invitrogen, Carlsbad, CA, USA;
1:1000).

Images were acquired using 20x magnification objective on CQ1
Confocal Quantitative Image Cytometer (Yokogawa, Tokio, Japan). The
images analyses were carried out using Columbus 2.4.2 Software (Perkin
Elmer, Waltham, MS, USA).

2.4. ROS detection

For measurement of ROS, 2',7’-dichlorodihydrofluorescein diacetate
(H2DCFDA, DCF) and MitoTracker™ Orange CM-H>TMRos (MitoRos)
from Invitrogen, were applied. In DCF acetate groups are cleaved by
oxidation changing nonfluorescent form of probe to fluorescent one
[23]. MitoRos is reduced version of MitoTracker which stains mito-
chondria. However, MitoRos stains mitochondria well, only upon
oxidation conditions [24]. Cells were loaded with 10 pM of a DCF probe
in HBSS solution and incubated at 37 °C for 30 min. Then cells were
washed and immediately measured by plate reader (BioTek). On sepa-
rate plate, cells were immersed in HBSS solution and labeled with 500
nM of a MitoRos and Hoechst 33342 (1:2000) simultaneously and were
incubated at 37 °C for 30 min, then washed and measured immediately
by CQ1 Confocal Quantitative Image Cytometer.

2.5. Flow cytometry

To detect apoptotic and necrotic cells after 3 h exposure to mena-
dione, cells were labeled fluorescently with FITC Annexin V Apoptosis
Detection Kit I, according to the manufacturer’s instruction (BD Bio-
sciences, Franklin Lakes, NJ, USA). Briefly, HAEC cells were harvested
by Accutase solution (Sigma-Aldrich), washed twice with PBS and
resuspended in 100 pl of binding buffer. Then, 5 pl of annexin V-FITC
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and 5 pl of PI staining solution were added to the cell suspension and
cells were incubated in the dark for 15 min, at room temperature.
Following the incubation, 400 pl of binding buffer was added to each
tube. The labeled cells were immediately measured using a BD LSR II
flow cytometer. The frequency of viable cells, early apoptotic cells, late
apoptotic and necrotic cells, were determined using BD FACSDiva soft-
ware. The data were determined by three independent experiments.

2.6. MTT assay

For MTT test cells were grown in 96-well plates. After 24 h of in-
cubation, with or without menadione, to each well containing 200 pl of
media, 20 pl of 5 mg/ml 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-
tetrazolium bromide (MTT, PanReac AppliChem) were added immedi-
ately. Cells were incubated for the next 1.5 h at 37 °C and afterwards,
media was removed and plates were frozen at —20 °C for next 24 h. In
the further step 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 570 and 650 nm by a Synergy 4
plate reader (Biotek, VT, USA).

2.7. UV-Vis - data collection and analysis

Absorption spectra (UV-Vis) of cytochrome ¢ standard solutions at
0.025-0.4 pM concentration were recorded on a Perkin Elmer double
beam spectrophotometer Lambda 950 in the range of 250 to 600 nm in a
cuvette of 1 mm path length (results presented in Fig. SM1).

2.8. Statistical analysis

Statistical analyses were performed using OriginPro 2018 software.
All data are presented as mean + standard deviation. Statistical signif-
icance was calculated using one-way analysis of variance (ANOVA) with
post-hoc Tukey’s test. Statistical significance was defined as at least p <
0.05.

3. Results
3.1. Characterization of menadione-induced endothelial response

As shown in Fig. 1A (Hoescht) and Fig. 1G (MTT), menadione de-
creases the viability of HAEC line (Fig. 1A) in concentration- and time-
dependent manner as evidenced by MTT assay and counting of
Hoechst-stained cells. Menadione did not noticeably affect endothelial
cells viability up to the concentration of 50 pM after 3 h of incubation,
but after 6 and 24 h of a menadione treatment clearly affected cellular
viability is seen at a concentration of 10 pM or higher (Fig. 1A, G).

Short-term (3 h) endothelial cell response to the menadione at the
concentration in the range of 10-30 pM did not result in any appreciable
toxicity to endothelium in the short term as confirmed by flow cyto-
metry-based assessment of necrosis or apoptosis (1F) within the 3 h
timescale of measurement. However, short-term (3 h) endothelial cells
response to menadione was featured by an inflammation as evidenced
by increased expression of intercellular adhesive (ICAM-1), vascular cell
adhesion (VCAM-1) and von Willebrand factor (vWF) (Fig. 1B-D).
Simultaneously, increased number of lipid spots in the cytoplasm was
detected by LipidTox staining (Fig. 1E). It is worth to highlight that 1 h
of incubation did not result in noticeable endothelial inflammation
(results presented in Fig. SM2).

To confirm that menadione-induced endothelial inflammation was
linked to ROS generation, DCFDA dye and MitoRos were used. As shown
in Fig. 2, DCF and MitoRos-based fluorescence significantly increased
after 3 h incubation with menadione at a concentration of 30 or 50 pM,
but this effect was not seen for lower concentrations of menadione (1,
10 pM). Shorter incubation time of endothelial cell with menadione (1
h) was not associated with ROS generation (Fig. 2). Altogether, these
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results show that short-term incubation with menadione (30-50 pM)
resulted in ROS-dependent endothelial inflammation, but not in in any
appreciable endothelial toxicity and this model was used for the further
studies.

3.2. Raman imaging of live HAECs exposed to menadione

For all recorded Raman images k-means cluster analysis (KMC) was
applied, as described in [25-27], to obtain the average spectra of
selected cell areas: nucleus, cytoplasm and endoplasmic reticulum-rich
one (ER). Briefly, the main spectral features attributed to specific cell
regions, were the high intensities of: nucleic acids marker bands at 785
and 1092 cm™! (nucleus area), cytochrome bands at ca. 751, 1128, 1315
and 1585 cm™!, and phospholipid band, e.g. at 720 cm ™! (assigned to
mitochondria and phospholipid membranes in ER region). Within
cytoplasm region, Raman signal for cytochrome, phospholipids and
overall is rather low and reflects rather protein-rich content.

In Fig. 3A ER spectra of the control and menadione-treated cells
illustrate the most evident changes induced by menadione, ie. a
decrease in the intensity of the cytochrome marker bands at 604, 751,
1128, 1315 and 1585 cm™ . Even though, some of these bands overlap
with Raman signals from lipids and proteins (1128, 1315 cm’l), the
change in the intensity most probably comes from cytochrome bands.
The observed decrease of 1005 (Phe ring breathing mode [28]) and
1175 ecm™! (C—H in-plane bending vibrations in Phe and Tyr [29])
bands after 1 or 3 h indicated changes in a protein content in ER area.
Moreover, a decrease in 1336 cm~! band after 1 h was remarked. All
aforementioned changes became more evident after 3 h incubation, in
comparison to 1 h of incubation. The 1445 cm™! band assigned to
scissoring CHp/CH3 vibrations in lipids, increased in intensity, which
was a premise for the rise in lipid content in the ER-rich area and sug-
gested slight changes in unsaturation ratio of lipid profile in comparison
to control. This observation is in a good agreement with previously re-
ported results indicating that inflammation is manifested in Raman
spectra of endothelial cells by changes in the lipid profile of and the
presence of lipid droplets in perinuclear area [30].

In Fig. 3B an average value of integral intensity for marker bands of
proteins (Phe), nucleic acids and cytochrome are presented to illustrate
clearly changes in the intensity of discussed bands, despite possible
disruptions by resonance background of cytochrome (related to the
fluorescence), and hence, its nonlinear dependence on concentration
[31]. The decrease in cytochrome bands upon exposure to menadione,
and therefore to oxidative stress, is associated with its oxidation, but not
with changes in its distribution or concentration, similarly to [17]. The
integration of selected bands indicated their decrease in the intensity
(785 and 1005 cm ™! bands associated with nucleic acids and phenyl-
alanine (Phe), respectively), just after 1 h of incubation with menadione.
According to variance analysis results, changes of integral value for Phe
and cytochrome signal after 1 h were statistically significant and after 3
h of incubation this direction of changes was even deeper (ANOVA, p <
0.01).

Raman imaging with 488 nm line gave the spectra of cells free of the
dominating cytochrome bands due to resonance effect, hence the effect
of oxidative stress on protein-lipid content was exposed. Fig. 4 compares
the averaged spectra extracted from ER-rich area of control and
menadione-treated cells and clearly illustrates an increase in the in-
tensity of: phospholipids bands at 722 cm ™ (attributed to the symmetric
stretching vibrations of the choline (N"(CHs)s group [32]) and 1085
em ! (phosphodioxy groups [33]), carbon-carbon single bond vibra-
tions at 1303 and 1445 cm™' (CH, twisting and scissoring modes,
respectively [32]), and markers of double bond at ca. 1265 and 1660
em™! (due to C=C stretching and —CH deformation vibration, respec-
tively [32])). After 3 h of incubation, the spectral profile of the ER was
much more lipidic in comparison to the control cells. Narrowing of 1265
and 1305 cm™! bands together with an increase in their intensity re-
flected a higher cellular lipid content for incubated cells. Additionally,
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Fig. 1. Response of HAEC cells to menadione after 3, 6, 24 h of incubation: (A) Number of cells calculated based on Hoechst staining (% of control). Inflammatory
response to menadione was evaluated based on (B) ICAM-1, (C) VCAM-1, and (D) vWF expression together with (E) the amount of lipid spots in the cytoplasm. (F)
Detection of apoptosis and necrosis of cells after 3 h of incubation with menadione were evaluated with Annexin V-FITC Apoptosis Detection Kit and analyzed by flow

cytometry; (G) Cell viability based on MTT assay after 24 h incubation with menadione.

Raman bands that appeared at around 425 and 705 cm ™ * were implying
the presence of traces of cholesterol esters [34]. Such an observation,
along with the increased intensity of bands at 1265, 1303, and the ratio
of bands 1445/1660, indicates significant alterations in lipid profile of
cells upon oxidative stress. Moreover, a signal at 1005 em~! (Phe) has
also decreased.

To confirm and support changes observed directly in the Raman
spectra, a Principal Component Analysis (PCA) was performed on the
average spectra of the ER region of single cells. The results (Fig. 5)
confirmed all differences discussed. Generally, PCA revealed a decrease
in the intensity of cytochrome band (608, 750, 1128 and 1312 cm™ D),
when spectra were recorded with 532 nm excitation and indicated a
higher content of lipids (705, 811, 1256, 1309 and 1445 cm™ D) for
menadione-treated cells, when cells were measured with 488 nm laser.
In the spectra of pure menadione (both solid state and solution;
Fig. SM4) the most prominent Raman bands are 487 em! (pC-C), 1006
em ™! (¥C-C), 1042 ecm ™! (ring vC-C), 1607 cm ™! (vC=C) and 1695 cm™*
(vC=0) in quinone moiety, respectively [35-37]. PCA analyses for
control and menadione-treated cells were done in the 500-1500 cm™!
spectral window (Fig. 5) and only two bands (1006 and 1042 em™) can
be observed in this range, but it should be noticed that in cells those
bands are characteristic for phenylalanine and are markers of proteins
and glutaraldehyde-fixation. However, if menadione had accumulated
in cells or binds to cellular components, those bands would be prominent
in spectra and positive loadings for menadione treated cells rather than
for cells, while in Fig. 5B they are observed for control group indicating
higher protein content for this group of cells.

Fig. 6 demonstrates further noticeable differences in the Raman
profiles of treated and non-treated cells, within the cytoplasm region.
But, despite similarities to ER, cytoplasm spectra had lower signal-to-
noise ratio, which made them less reliable. What is more, Fig. SM3 il-
lustrates no differences in the intensity of the 785 cm™! band in the
spectra taken from nucleus. The slight changes were observed only at the
level of spectral noise and could not be considered as markers what
indicates that applied time of incubation does not result in oxidative
damage of this cellular structure. In addition, a decrease in intensity of
nucleic marker band in ER area could possibly reflect mitochondrial
DNA damage by ROS.

>

3.3. Raman imaging of glutaraldehyde fixed HAECs exposed on 50 uM
menadione for 3 h

In order to check applicability of described markers for proposed
oxidative stress model, next experiment based on fixed cells was per-
formed also on HAEC cells after 3 h exposure to 50 pM menadione. Cells
were fixed for 5 min with 2.5% glutaraldehyde and measured with 532
nm laser. Glutaraldehyde fixation considerably influenced Raman
spectra what is observed by a decrease of intensity of the cytochrome
bands. Additionally, 1039 cm™! band was the main one that differen-
tiated spectra from live cells vs. the fixed ones, as described elsewhere
[38]. Its occurrence was an effect of proteins-glutaraldehyde cross-
linking reaction and changes in the Phe conformation [39]. Fig. 7 il-
lustrates that the most of changes noticeable for live cells can be also
noticed for the fixed cells. Differences between those two approaches
were observed in the contrast of Raman signal and decreased resonance
background of cytochrome, which had a big impact on the Raman bands
intensities.

Fig. 7 manifests the most prominent alterations after incubation in
ER spectra: the cytochrome bands (751, 1128, 1315, 1585 em™) and
phenylalanine-tyrosine (1175 cm™!) have decreased in their intensity,
when both phenylalanine (1005 cm™!) and nucleic acid (785 cm™?)
bands only slightly changed, whereas Raman features for lipids (718,
1085, 1145 cm ') showed an increase in the intensity for menadione-
treated cells. PCA confirmed that changes in cytochrome signal were
consistent and observed both for live and fixed cells. Raman spectra of
glutaraldehyde fixed cells resulted in a decreased signal of cytochrome
upon its oxidation [38], but application of the same cells treatment (for
the control and menadione-treated group) provided an independent
comparison of changes in the analyzed model. Fixation of cells enabled
us to measure a higher number of cells with no biochemical changes
which could be linked to apoptosis.

4. Discussion

Results obtained from fluorescence staining showed that 3 h expo-
sure on menadione resulted in noticeable oxidative stress-mediated
inflammation (increased expression of ICAM-1, VCAM-1, vWF, Lip-
idTox and ROS), and it did not cause apoptosis or necrosis in endothelial
cells (Annexin V Apoptosis Detection Kit) within the 3 hour timescale of
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measurement.

Therefore, the biochemical changes revealed that oxidative stress-
mediated inflammation is linked to the panel of spectroscopic markers
of early oxidative stress-mediated inflammation in endothelial cells. As
mentioned in the previous studies, the application of 532 nm laser line
provided the characteristic signature for cytochrome (mitochondrial
heme-containing protein) [40], due to its resonance Raman effect
[17,41]. In turn, the excitation at 488 nm complements the spectro-
scopic characteristic of cells with detailed insight into lipids or proteins
alterations.

The main observation from Raman spectra obtained with 532 nm
laser was the decrease of cytochrome bands. This hemeprotein, found in
mitochondria, absorbs visible light at around 530 nm (Q band in UV-Vis
spectrum) (Fig. SM1). Thus, when exciting cells with a 532 nm laser,
intense bands from cytochrome ¢ and/or b were observed in Raman
spectra, directly related to the resonant signal. It is highly possible that
observed decrease of cytochrome marker bands intensities (751, 1130,
1315 and 1585 cm ™) reflected the cytochrome oxidation state due to

the excessive amount of ROS. The reduced form of cytochrome man-
ifested itself by Raman marker features mentioned above. Furthermore,
resonance Raman spectra of pure cytochrome in a certain range of
concentrations exhibit signal intensity-concentration dependence and
allow the concentration of cytochrome to be determined. Moreover, we
investigated the resonance Raman spectra of pure cytochrome c in so-
lution at 0.2 pM concentration after 5 min incubation with Hy0,
(0.1-0.8 pM) in order to measure a reference level of cytochrome
oxidative damage. As expected, the incubation of cytochrome c solution
with Hy0, caused a decrease in the intensity of its bands on Raman
spectra. This basic model imitates the oxidative pathways in vitro and,
despite some limitations, confirms a final conclusion for cytochrome
changes observed in response to menadione in HAECs.

In vitro oxidative stress alters the structure and composition of
proteins, nucleic acids and lipids, which was reflected by several dif-
ferences between the spectra collected from the control and menadione-
incubated cells. In ER-rich cellular area the decrease in the nucleic acid
band was observed, suggesting the damage of mitochondrial DNA.
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Nuclear areas after short-term (3 h) incubation were not characterized
by spectra alterations, which suggested the lack of apoptosis activation
and unaffected structure of the nucleus. Measurements carried out with
488 nm laser line demonstrated changes in spectral features originating
from lipids and proteins. The higher content of lipids was concluded
from increased intensities of lipid marker bands (722, 986, 1081, 1265,
1309, 1445 cm™!). This observation was consistent with LipidTox
fluorescence staining, where an increased number of lipid spot was
detected, what could be considered as a marker of inflammation induced
by oxidative stress. Even though, phosphatidylserine externalization is a
well-known marker of apoptosis, the change in the phospholipid band at
around 720 cm ! should not be considered as its unambiguous marker.
By comparing the Raman spectra of various pure phospholipid com-
pounds, a band around 720 cm™! can be seen only for phosphatidyl-
choline [42]. Changes related with the increased unsaturation level of
ER lipids for menadione-treated cells may be related to an increased
production of eicosanoids and inflammation mediators. Altogether,
these observations indicated an increased content of carbonyl-based
biochemical compounds (such as lipids and phospholipids) within the
cells after the exposure to menadione. In turn, a decrease in the intensity
of the 1005 cm™! (Phe) band, may suggest an oxidative damage of
proteins. Raman changes observed for live cells were also successfully
verified on fixed cells with 532 nm laser. Apart from the decrease in the
intensity of cytochrome bands, also changes in lipids (similar to 488 nm
laser line) were observed. This observation confirms that Raman spec-
troscopy can be used for detection of subtle biochemical changes due to
oxidative stress even for the fixed cells. The Raman imaging measure-
ment is time-consuming if a high spatial resolution is applied, therefore
work with a fixed material is preferable.

5. Conclusions

A comprehensive spectroscopic assessment of biochemical alter-
ations in endothelial cells triggered by menadione-induced oxidative
stress was performed. We demonstrated a panel of Raman markers
characteristic for an early oxidative stress-induced endothelial inflam-
mation in response to menadione, e.g. a decreased intensity of cyto-
chrome, nucleic acids and Phe-specific bands together with increased
lipid content and their higher unsaturation. Alterations in lipid contents
included also changes in cholesterol esters (425 and 705 cm’l) and
phospholipids (722 cm™!) bands.

In conclusion, menadione-induced endothelial oxidative stress
resulting in endothelial inflammation is featured by significant alter-
ations in number of biochemical changes in mitochondria and other
cellular compartments detected by Raman spectroscopy. Importantly
most of these features not only coexisted with, but also occurred before
the detection of increased ROS or biomarkers of endothelial inflamma-
tion by fluorescence spectroscopy. Thus, changes in Raman spectra may
be regarded as early features of menadione-induced endothelial
inflammation and their comparison to the well-established fluorescence
approach indicated the advantage of Raman-spectroscopy-based meth-
odology for early and complex detection of changes in lipids, proteins,
cytochrome and nucleic acids.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.bbamcr.2020.118911.
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