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HIGHLIGHTS

« Visualization of mitochondria and
tracking of functional changes in live
cells was shown.

Subcellular mitochondrial activity was
tested wusing labeled and unlabeled
Raman imaging, the latter improved
sensitivity.

* The MitoBADY Raman probe was used
to detect subtle changes in mitochon-
drial membrane potential as an indica-
tor of mitochondrial activity.

* A semi-quantitative approach was used

to estimate mitochondrial activity in

live cells.
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GRAPHICAL ABSTRACT

ABSTRACT

The role of mitochondria goes beyond their capacity to create molecular fuel and includes e.g. the production of
reactive oxygen species and the regulation of cell death. In endothelial cells, mitochondria have a significant
impact on cellular function under both healthy and pathological conditions. Endothelial dysfunction contributes
to the development of various lifestyle diseases and the key players in their pathogenesis are among others
vascular inflammation and oxidative stress. The latter is very closely related to mitochondrial dysfunction;
however, it is not straightforward. First, because mitochondria are small cellular structures, and second, it re-
quires a sensitive method to follow the subtle biochemical changes. For this purpose, Raman microscopy (RM)
was used here, which is considered a high-resolution method and can be applied in situ, usually as a non-labeled
technique. In this work, we show that RM can not only locate mitochondria in the cell but also track their
functional changes. Moreover, we test if labeling cells with Raman probes (Rp) can improve the specificity and
sensitivity of RM (compared to conventional labeled techniques such as fluorescence, and the non-labeled Raman
technique). MitoBADY Rp was used to detect changes in mitochondrial membrane potential as an indicator of
mitochondrial activity, e.g. hyperpolarization or distortion of the proton gradient in the intermembrane space
(depolarization). Thus, we show and compare RM, in the form of a label and non-labeled, to such a subtle cellular
analysis.
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1. Introduction

All of the arterial vasculature of the heart down to the level of the
capillary bed is lined with a monolayer of endothelial cells (EC), thus
endothelium is a spatially distributed organ, which plays a significant
role in many physiological functions [1]. The endothelium controls e.g.,
vasomotor tone, blood cell trafficking, hemostatic balance, inflamma-
tion, and angiogenesis. Endothelial dysfunction (ED) participates in the
development of vascular diseases [2]. Therefore, the ED is a hallmark of
atherosclerosis, diabetes mellitus, coronary artery disease, hyperten-
sion, and hypercholesterolemia. The special role in the above-mentioned
disorders plays the mitochondria-mediated ED. The role of mitochondria
goes beyond the production of adenosine-5'-triphosphate (ATP)
providing energy, but also is responsible for the regulation of ion ho-
meostasis, generation of reactive oxygen species (ROS), and the acti-
vation of programmed cell death [3-5]. Even though mitochondrial
content in ECs is modest compared to other cell types e.g. muscle cells
[6] mitochondrial dynamics act as a pivotal orchestrator of ECs ho-
meostasis, hence the disturbance of mitochondrial dynamics contributes
to ED [7]. Importantly, mitochondria in ECs serve as a sensor of the local
environment of the blood including damage signals, e.g. hyperglycemia,
aging, or smoking. Subsequently, it leads to oxidative stress, inflam-
mation, and cell senescence leading, e.g. to cardiovascular diseases
(CVD).

Although ECs obtain energy mostly from the process of glycolysis
[8], still the electron transport chain (ETC) plays a crucial role in the
generation of ROS, initiation of apoptosis, and maintenance of Ca2+
homeostasis. ETC is a set of protein complexes (I-1V) and electron
transporters (ubiquinone and cytochrome c), present in highly folded
inner mitochondrial membranes. Crucially, ETC activity is one of the
factors in ATP production efficiency. Therefore, observing the inequality
between ETC activity and the cell ATP requirement may lead to ATP
deficiency, inhibition of cell function, and subsequently to over-
production of ROS, development of oxidative stress, and apoptosis
dependent on cytochrome c release from the mitochondrial membrane.
[9,10].

Mitochondria are both targets and mediators of stress [11,12]. Due to
stress caused by various factors, the level of hormones in the body
changes [13]. It is known that chronic stress is a significant risk factor
for CVD, what is more, the endothelium emerges as a primary target for
excessive glucocorticoid and catecholamine action [14]. The mechanism
underlying the stress-induced ED is still elusive. It is described that
mitochondria sense changes in energy demand and rapidly respond to
energy-mobilizing glucocorticoids (e.g. cortisol) and catecholamines
(adrenaline and noradrenaline) [11]. Cortisol directly decreases nitric
oxide (NO) availability and potentially induces the production of
proinflammatory cytokines and adhesion molecules. Excessive cate-
cholamines in the bloodstream may induce ROS production and lipid
peroxidation as well as increased production of angiotensin Il [14].

The most widely used technique for imaging mitochondria is fluo-
rescence microscopy. This technique uses mostly organic fluorophores
and immunochemistry. The largest group of fluorescent dyes are small
fluorescent particles that accumulate in the mitochondrial space due to
the mitochondrial membrane potential (MMP) or interact with mole-
cules that build it, e.g. cardiolipin [15]. Marker-free imaging of mito-
chondria function in their native microenvironment is possible as a
result of the autofluorescence of NADH [16]. However, most staining
protocols are designed for live-cell imaging. Imaging of mitochondria in
fixed cells is limited to immunochemistry [15]. RM does not require
staining, and due to the unique spectral signature of the endogenous
heme group of cytochrome c obtained in Raman resonance conditions, it
allows the detection of these small organelles. It enables real-time
measurements and monitoring of physiological parameters for live
cells [17].

There are several methods to obtain information about a normal and
disturbed mitochondrial function, including an analysis of ATP

production, staining of changes in MMP (JC-1, MitoTracker), or mea-
surement of oxygen consumption rate. In turn, Raman microscopy al-
lows for tracking changes in cytochrome c redox state that can be
considered as a marker of mitochondrial activity. Cytochrome c is a
soluble hemoprotein present in mitochondria and acts as an electron
carrier from complex Il to complex IV in ETC. It has been shown that
monitoring the state of cytochrome ¢ using Raman microscopy is much
faster than the standard cell viability test (MTT), while comparing the
results for ATP measurements or JC-1 staining, they were very similar
[18]. Importantly, resonance Raman spectroscopy (rRS) is sensitive to
proteins containing heme groups. Based on the Raman spectrum, the
form of cytochrome c can be determined, i.e. oxidized vs reduced [19].
Like any other technique, RM has its limitations, e.g. in quantitative
analysis when the measurement is taken in resonance conditions and, in
some cases, limited identification of sample components resulting from
overlapping of Raman bands [20]. To overcome these and other limi-
tations, another approach in subcellular studies is the introduction of so-
called Raman probes (Rp), which stands as a labeled variant of RM [21].
It has been shown that it improves selectivity and sensitivity in some
subcellular analyses. The RM supported by Rp relies on the use of small
molecules that gives the characteristic signal in a biologically silent
region (i.e. 2800 - 1800 cm~1) of the Raman spectrum [22]. A careful
and well-thought-out design of the Rp allows the identification of many
cell organelles simultaneously [23,24].

Raman microscopy is becoming an attractive tool in cell biology for
visualization and monitoring intracellular processes, which can be an
alternative to standard fluorescence. Raman spectra are more informa-
tive than fluorescence because they provide information about changes
occurring throughout the cell, notjust in one organelle. A Raman image
shows how certain organic compounds are distributed in a cell,
including proteins, lipids, nucleic acids, and cytochrome c [25-27].
Furthermore, common fluorescent probes are relatively bulky and often
considerably alter biological activity when used to tag small bio-
molecules. In addition, fluorescent probes are not usually suitable for
multiplex detection of more than three targets because of their broad
spectrum [28], which is not a problem in Raman imaging utilizing
probes to visualize the cellular organelles, i.e. nucleus, mitochondria,
and endoplasmic reticulum [29]. Therefore, developing labels with
better information content, minor perturbation, high specificity, and
sensitivity is a critical subject in current biological research [28].

More and more research is being reported on Rp targeting numerous
compounds in the cell, e.g. DNA [30], RNA [31], proteins [31], lipids
[32], as well as whole organelles [24,29,33]. It is a very attractive and
future-oriented topic, that will allow expanding the knowledge of cell
biology. MitoBADY (Fig. 1) was the first Rp shown to accumulate in the
mitochondria of HelLa cells [33]. Targeting of mitochondria by Mito-
BADY is based on the presence in its structure of the lipid-soluble tri-
phenylphosphonium (TPP+),
electrophoretically to the mitochondria thanks to their polarized mem-
brane [34].

In this paper, we verify the hypothesis that MitoBADY can track
changes at the subcellular level associated with mitochondria dysfunc-
tion accompanying ED. The aim is, therefore, firstly, to optimize the
conditions for using MitoBADY for the detection of mitochondria, and
MMP, as an indicator of mitochondrial activity. For this, ECs were
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Fig. 1. The structure of MitoBADY.



incubated with MitoBADY and treated with various agents, i.e., FCCP,
rotenone, antimycin A, oligomycin, and sodium azide. Moreover, to
understand the effects of stress hormones on the ECs, several of them
were tested, including adrenaline, noradrenaline, cortisol, and an
equimolar mixture of hormones.

2. Materials and methods

2.1. Cells culture

Primary human aortic endothelial cells (HAEC) were cultured in
supplemented endothelial growth medium (EGM-2MV from Lonza). The
cell culture was incubated at 37 °C, 5% C0O2/95% in the air humidified
cell culture incubator. HAEC were seeded directly onto CaF2 windows,
in the amount of approximately 150 000 per slide, after time enough for
cells to proliferate and spread, enabling them to reach optimal conflu-
ence. Prior Raman imaging cells were treated depending on experi-
ments, with MitoBADY (50 - 400 nM, 15 - 60 min), FCCP (0.7 pM, 5
min), oligomycin (1 pM, 30 min), rotenone (1 pM, 30 min) with anti-
mycin A (1 pM, 30 min), adrenaline (5 pM, 30 min), noradrenaline (5
pM, 30 min), cortisol (5 nM, 30 min), and their equimolar mixture (5 pM
for adrenaline, noradrenaline and 5 nM for cortisol, 30 min) (Sigma-
Aldrich).

2.2. Raman measurement

Raman imaging was accomplished using WITec Confocal Raman
Microscope (WITec alpha 300), operated via WITec Control Software.
All spectra were collected with a laser excitation of 532 nm, a black-
illuminated CCD camera, and a 60x water immersion objective
(Nikon Fluor; NA = 1). All spectra were collected in the range 3670 - O
cm~1, with a spectral resolution of 3 cm~1 The spatial resolution
possible to achieve with this setup is approximately 0.36 pm. The size of
the mapped area was dependent on cell size and was adjusted individ-
ually. The sampling density for measured cells was 0.5 - 0.6 pm
depending on cell size and the integration time, i.e. 0.5 s and 0.1 s for
fixed and live cells, respectively. Analysis of Raman imaging data en-
ables the creation of Raman images based on the integral intensity of
selected bands, showing the distribution of cellular components, i.e.
organic matter (3015 - 2815 cm~1), lipids (2860 - 2840 cm~1), nucleic
acids (810 - 790 cm~1), cytochrome ¢ (750 cm~1) and MitoBADY Rp
(2220 cm~1). From each sample, 4 - 6 cells were imaged.

2.3. Measurement of the MMP

The MMP measurements were performed using a microplate reader
(BioTek). HAEC cells were cultured on 96-well cell culture plates. To
measure MMP JC-1 (5,5'6,6'-tetrachloro-1,1',3,3'- tetraethylbenzimi-
dazolylcarbocyanine iodide, InvitrogenTM) fluorescence probe was used.
The cells were treated with MitoBADY (100 - 400 nM), FCCP (0.1 - 5.0
pM), rotenone (1 pM) together with antimycin A (1 pM), oligomycin (1
pM), and stress hormones i.e., adrenaline (5 pM), noradrenaline (5 pM),
cortisol (5 nM) and their equimolar mixture (depicted as an EM). After
30 min of incubation with the tested compounds, the plates were washed
with warm PBS (with the addition of Ca2+ and Mg2+ ions) and JC-1 was
added for 30 min. After that, the cells were washed and imagined in a
preheated HBSS (Merck).

2.4. Data analysis

Raman data were analyzed using WITec Plus software (WITec
GmbH). Preprocessing of Raman spectra included Cosmic Ray Removal
(CRR; filter size: 4; dynamic factor: 4) and Background Subtraction (BG;
polynomial order: 3). The spectra prepared this way were analyzed by k-
Means Cluster Analysis (KMCA) in the range of 1800 - 500 cm~1. As a
result of cluster analysis, average spectra were obtained for various cell

components (i.e. cytoplasm, cell nucleus, lipids, and additionally cyto-
plasm region with a high content of cytochrome c in the case of live
cells). Average Raman spectra were obtained by averaging spectra from
individual classes from KMCA analysis (i.e., cytoplasm, nucleic acids,
lipids, and cytochrome c) for 5-6 cells. The Raman spectra presented
here are shown in the range of 3050 - 500 cm~1and were normalized
using the Opus software (Bruker). For data presentation Origin 2021
(OriginLab Corporation) and GraphPad Prism 9 (GraphPad Software)
were used.

3. Results and discussion

3.1. Visualization of mitochondria in endothelial cells

Detection of mitochondria in the ECs was performed in live and fixed
cells using the label-free RM approach. Raman spectra of live HAEC are
characterized by the intense resonance Raman bands at 1586, 1315,
1175, 1130, and 750 cm~1(Fig. 2A), which are markers of hemoproteins
[35], assigned mainly to cytochrome c in the reduced form [36]. Low
intensity of these bands in the Raman spectrum of fixed cells results from
its change into the oxidized form of cytochrome c (Fig. 2B) [18].

During the electron transport, cytochrome ¢ changes the oxidation
state of the iron located in the center of the heme group, from Fe3+ to
Fe2+ state, and after donating the electron to the next carrier, the iron
atom returns to the Fe3+ state [10]. The Raman spectrum of cytochrome
c depends on the oxidation state of the heme iron as well as the protein
concentration. The reduced cytochrome c is often considered as a
marker of mitochondrial activity [18] and its Raman signal is used for
imaging the distribution of mitochondria [25]. As can be seen (Fig. 2A-
B), live cells exhibit high mitochondrial activity, unlike the fixed ones.

One of the main goals of this work was to visualize the mitochondria
in the ECs. For this purpose, labeled Raman imaging was applied. It was
necessary to optimize MitoBADY concentrations and incubation time to
avoid its non-specific accumulation in cells. The analysis was performed
on live cells to ensure high mitochondrial activity. It was aimed to find
the minimal concentration and incubation time sufficient to detect the
probe in cells. First, the optimal concentration was defined, at which the
characteristic band of MitoBADY (2220 cm~1) was noticed in the Raman
spectrum of ECs. KMCA gave the image and average spectra of the
characterized classes (Fig. 3A-B), the most important of which was the
cytoplasm class (whole-cell without the nucleus), which was further
analyzed to provide information about the changes in the MitoBADY
band intensity. The tested concentrations of MitoBADY ranged from 50
to 400 nM, and the lowest one detected in ECs was determined based on
KMCA as 100 nM (Fig. 3C-D). After determining the optimal concen-
tration of MitoBADY, the effect of the incubation time was monitored,
after 15, 30, and 60 min. Already after 15 min of incubating cells with
MitoBADY, the spectra showed a band at 2220 cm~1, but its intensity
was so weak that 30 min of incubation was used for further analysis.
Moreover, 30 min of incubation gave the best co-localization with cy-
tochrome c¢ (Fig. 3C and 3E).

As with live cells, the same procedure was applied for fixed cells. In
this case, the optimal conditions to detect MitoBADY in ECs were esti-
mated as a concentration of 400 nM and a 60 min incubation time
(Fig. S1). Notably, the concentration and incubation time for live and
fixed cells differ from each other, i.e. to detect MitoBADY in fixed ECs
requires a higher concentration and a longer incubation time. However,
in the latter case, MitoBADY shows distribution not only of mitochon-
dria but also of other lipidic structures, to which it has an affinity.

3.2. Raman spectral signature of the membrane potential of mitochondria

One of the most important indicators of mitochondrial dysfunction is
the depolarization of the mitochondrial membrane. In this work, we
tested the effect of selected compounds that are known to alter the
membrane potential of mitochondria. FCCP (carbonyl cyanide 4-



Fig. 2. A. The averaged spectra of cytoplasm region of live (grey) and fixed (blue) HAEC. Bands characteristic of cytochrome c are in the red frame. B. Raman images
of live (grey) and fixed (blue) HAEC obtained by the integration of selected Raman bands: 2930 cm- 1 (organic matter), 780 cm- 1 (nucleic acids) 2950 cm- 1(lipids),
and 750 cm- 1 (cytochrome c). C. Standard curve for cytochrome c band at 750 cm-1. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

Fig. 3. A. KMCA-based average spectra of characteristic classes (a. nucleus, b. cytoplasm region with high content of lipids, c. organic matter, d. cytoplasm region
with high content of cytochrome c) and B. cluster maps, the most important of which was the cytoplasm class. Raman imaging of live HAEC cells incubated with
MitoBADY. C. Selected experimental conditions: 50 nM, 30 min; 100 nM, 15 min; 100 nM, 30 min, obtained by the integration of Raman bands over the selected
Raman bands at: 2930 cm '1 (organic matter), 2850 cm '1 (lipids), 750 cm '1(cytochrome c) and 2220 cm '1(MitoBADY). Average spectrum showing the differences
between the 2220 ¢m '1 band intensity for D. concentration and E. incubation time.

(trifluoromethoxy)phenylhydrazone) belongs to a group of compounds
called uncouplers, that transfer protons from the intermembrane space
to the mitochondrial matrix, which in turn reduces the MMP and reduces
the proton gradient in the inner mitochondrial membrane [37]. In
addition, several selected compounds were used that directly inhibit
electron transport in ETC and the synthesis of ATP. Rotenone is a highly
specific inhibitor of complex I, that blocks the accumulation of protons

in the intermembrane space [9]. In turn, antimycin A inhibits complex
111, distorting the proton gradient and hence the loss of the MMP [38].
Altogether, the use of rotenone and antimycin A inhibits electron
transport in mitochondria. Oligomycin, an inhibitor of the V complex,
contributes to the accumulation of protons in the mitochondrial inter-
membrane space, the hyperpolarization of the mitochondrial mem-

brane, and slowing down the electron transport chain [9,37]



subsequently, disturbing the synthesis of ATP. To inhibit complex IV of
the mitochondrial respiratory chain, sodium azide was used. It is a
commonly used compound that binds to the hem group in cytochrome ¢
(reduced electron carrier) stopping the redox reaction in the electron
transport chain. As a consequence, decreased ATP production, slow-
down of ETC, and accumulation of the reduced form of cytochrome ¢
and ROS are observed [39].

In order to establish the influence of the above-mentioned com-
pounds on the Raman signature of ECs, we decided to use a semi-
guantitative analysis based on the ratio of the selected Raman bands.
As reported [40,41], the intensity of resonance Raman bands is not
linearly correlated with the concentration of the observed specimen,
therefore the analysis of the relative spectral intensity must be carried
out with special care (Fig. 2C). The cytochrome c oxidation state,
together with changes in the conformational state [41] and the molec-
ular dynamics of apoptotic cells [42], can be determined with rRS. The
previously reported approach for quantification of relative cytochrome c
content was based on the normalized resonance Raman bands, with the
intensity of bands at 1004 cm '1 (protein) [43], 1450 cm '1(protein and
lipids) [43], and 1652 cm '1 (protein and lipids) [44]. In this work, for
normalization, we selected the Raman band at 1450 cm '1, which results
from CH2/CH3bending vibrations of lipids and proteins, and therefore
its intensity comes from the majority of cell components.

For the estimation of MMP, the fluorescence intensity of JC-1 dye
was analyzed. The relative MMP is expressed as the ratio of the fluo-
rescence at 590 nm (red), when the potential is high, to the fluorescence
at 527 nm (green), when the potential is low. Mitochondrial membrane
depolarization is demonstrated by a decrease in the red to green fluo-
rescence intensity ratio.

We applied FCCP to live HAEC at the concentration of 0.7 mM
(average Raman spectrum shown in Fig. 4A) to observe a decrease in
MMP. FCCP-induced uncoupling of the electron transport leads to a
decrease in the relative amount of reduced electron carriers, including
cytochrome c. As expected, we observed a decrease in the ratio of in-
tegral intensity cytochrome c bands at 750/1450 ¢m '1 under the FCCP
(0.7 pM, 15 min) treatment (Fig. 4B). The acquired results correspond to

those obtained for JC-1 staining (Fig. 4C).

In the next step, the action of inhibitors i.e. rotenone with antimycin
A, and oligomycin was evaluated in live HAEC using the same approach.
The concentration (1 pM) of inhibitors was set based on [45] and cells
were incubated for 30 min. The band at 750 cm '1 (to the band at 1450
cm 'l) experienced a slight decrease in intensity due to the action of
rotenone and antimycin A, and the increase after treatment with oli-
gomycin (Fig. 4B). Cytochrome ¢ was reported to be a reliable redox
indicator that reflects mitochondria activity [18]. Rotenone together
with antimycin A reduces mitochondrial activity caused by the slow-
down or inhibition of the electron transport chain, while oligomycin, by
inhibiting the synthesis of ATP, causes hyperpolarization. The Raman
data were compared with those obtained for JC-1 staining (Fig. 4C).
These results confirmed the action of the tested compounds, where
antimycin A and rotenone caused depolarization of the mitochondrial
membrane, and oligomycin showed an opposite effect leading to
membrane hyperpolarization. Average spectra are shown in Fig. 5A.

Here we also analyzed the Raman spectra of EC incubated with so-
dium azide (NaN3, 10 mM) (Fig. 4D) using the same approach i.e.
calculating the integral intensity ratio of bands at 750/1450 cm'1
(Fig. 4E). As the incubation time of the cells with the azide increases, an
increase in the ratio of the band at 750 cm '1 to the reference band is
observed. The inhibition of complex IV by NaN3leads to the increase in
the relative amount of reduced electron carrier, i.e. cytochrome c. Since
the redox reaction is stopped, it causes the accumulation of the reduced
form of cytochrome c. Subsequently, the longer the incubation time, the
longer the redox reaction is stopped and more cytochrome c accumulates
until the NaN3 causes cell death and loss of signal from cytochrome ¢
(approx. after 30 min).

To test whether the MitoBADY could be used as a probe to track
changes in the MMP, a number of compounds with different effects on
mitochondria were used.

The live cells were treated with 1 pM rotenone and antimycin A (30
min), or 1 pM oligomycin (30 min), or 0.7 pM FCCP (15 min), and their
average spectra are shown in Fig. 5A. Then, the medium was changed
and MitoBADY was added for the next 30 min. The results obtained for

Fig. 4. A. Averaged Raman spectra of cytoplasm region with standards deviation for oligomycin (a), rotenone and antimycin A (b), FCCP (c), and control (d). B. The
integral intensity ratio of bands at 750/1450 cm '1l. C. The JC-1 fluorescence intensity (ratio of 590 nm/527 nm). D. Average spectrum showing the differences

between the 750 cm '1band intensity after incubation with 10 mM NaN3(a. 20 min, b. 15 min, c¢. 10 min, d. 5 min, e. control). E. The integral intensity ratio of bands

at 750/1450 cm ‘1.



Fig. 5. A. Averaged Raman spectra of cytoplasm region with standards deviation for oligomycin + MitoBADY (a), rotenone and antimycin A + MitoBADY (b), FCCP
+ MitoBADY (c), MitoBADY (d) and control (e.). B. The integral intensity ratio of bands at 750/1450 cm-1. C. The integral intensity ratio of bands at 2220/

1450 cm 'L

samples that were incubated additionally with MitoBADY differ from
those where cells were incubated only with rotenone + antimycin A, or
oligomycin, or FCCP. The reverse relationship in the ratio 750/1450
cm 'l has been shown (Fig. 4C and 5C). By calculating the ratios of the
bands 2220/1450 cm '1 (Fig. 5C) and 750/1450 cm '1 (Fig. 5B), an in-
crease in these values can be seen for samples treated with the rotenone
and antimycin A, and with FCCP, and a decrease for oligomycin treated
cells, which corresponds to hyperpolarization and depolarization,
respectively. In its structure, MitoBADY contains a positively charged
TTP+ group through, which is a targeting group for the mitochondrial
membrane. When the mitochondrial membrane is depolarized, i.e. the
accumulation of protons is stopped (by adding rotenone + antimycin A,
or FCCP), we observed an increase in the Rp accumulation in the
membrane, which is manifested by the higher ratio of bands at 2220/
1450 cm '1, in respect to control. When the membrane is hyperpolarized
(by oligomycin), the accumulation of MitoBADY in the membrane is
reduced. Comparing the ratio of the bands at 750/1450 cm '1(Fig. 4C),
we observe the opposite relation than in the case of the ratio of the bands
at 2220/1450 cm '1(Fig. 5C). We hypothesize that the TPP+ present in
the molecular structure of MitoBADY may decrease the MMP. Changes
in ETC caused by FCCP, rotenone, antimycin A and oligomycin,
contribute to MMP, and membrane depolarization or hyperpolarization
has a significant impact on the accumulation of MitoBADY in the
mitochondria.

3.3. Do stress hormones affect the mitochondrial membrane potential in
EC?

It was reported that the secretion and turnover of stress hormones are
associated with mitochondria located in various tissues [12]. However,
their effect on endothelial mitochondria is still not well recognized.
Here, we attempt to understand the effect of stress hormones such as
adrenaline, noradrenaline, cortisol, and the equimolar mixture (EM) of
these three hormones on the MMP by looking at the cytochrome c¢
Raman signal. To understand the relation between the MMP (an indi-
cator of mitochondrial activity) and cytochrome c, we applied the same
approach as described above. The use of the JC-1 dye allowed us to

observe the change in MMP, while the intensity of the bands was
determined based on the integrated intensity ratio of bands at 750/1450
cm'lL

Adrenaline and noradrenaline affected the mitochondria, which can
be seen as an increase in the intensity of the cytochrome ¢ band. This
increased mitochondrial activity was observed also when cells were
treated with the EM. It was reported that adrenaline stimulates the
production of cyclic adenosine monophosphate (cAMP), which is con-
verted from ATP, while the other catecholamine hormone, i.e.
noradrenaline, was not that potent (data from HMEC-1 cells) [46]. The
need for more ATP, which is converted into cAMP is associated with a
more ETC activity. Furthermore, the increased level of cAMP causes the
activation of cAMP-dependent protein kinase, and stimulates the action
of ETC (complexes 1I-1V), increasing mitochondrial activity at the same
time [47]. In terms of cortisol, slight changes were seen compared to
control (Fig. 6A). The ratio of bands 750/1450 cm 'l experienced an
increase after treatment with remaining stress hormones (Fig. 6A).
Those results are similar to those obtained after incubation with oligo-
mycin, an antibiotic, that hyperpolarized MMP. The results correspond
to those obtained from the staining with JC-1 dye (Fig. 6B), in the case of
adrenaline, noradrenaline, and the EM, a higher ratio is observed than in
the case of the control, which indicates membrane hyperpolarization,
where it should be noted that with the sample incubated with all hor-
mones, hyperpolarization is the highest, which may indicate interde-
pendent effects of stress hormones. For the comparison, the Raman
spectra of cells treated with stress hormones are presented in Fig. 6C.

In addition, to better understand the effect of stress hormones on
mitochondrial activity, MitoBADY as a potential probe to detect changes
in MMP was used. Cells incubated with stress hormones and MitoBADY
(Fig. 7A) show an increased ratio of 750/1450 cm 'l for control
(Fig. 7B), which may indicate hyperpolarization of the membrane, but
the trend is parallel to that in the case of the hormones themselves
(Fig. 6A). We assume that since incubation with hormones alone causes
the membrane to hyperpolarize, adding a Rp would result in a lower
accumulation of MitoBADY, like in the case of oligomycin. But stress
hormones have a much more complex path of their action on mito-
chondria. The most prominent differences in ratios of 2220/1450 cm '1



Fig. 6. A. The integral intensity ratio of bands at 750/1450 cm 1. B. The JC-1 fluorescence intensity (ratio of 590 nm/527 nm). C. Averaged Raman spectra of
cytoplasm region with standards deviation for EM (a), adrenaline (b), noradrenaline (c) cortisol (d), and control (e.).

Fig. 7. A. Averaged Raman spectra of cytoplasm region with standards deviation for EM + MitoBADY (a), adrenaline + MitoBADY (b), noradrenaline + MitoBADY
(c), cortisol + MitoBADY (d), MitoBADY (e.) and control (f.). B. The integral intensity ratio of bands at 750/1450 cm '1. C. The integral intensity ratio of bands at

2220/1450 cm 'L

and 750/1450 cm ' after incubation with hormones and MitoBADY can
be observed in the case of cortisol. The inverse relationship can be
explained by the influence of the hormone on the electron transport
chain. It was reported, that cortisol increases the efficiency of the res-
piratory chain by influencing complex | in the mitochondria of the rat
brain [11]. Increasing the efficiency of ETC causes increased mito-
chondria activity, seen as an increase in the 750/1450 cm '1 (Fig. 7B)
band ratio. On the other hand, looking at the band ratio of 2220/1450

cm' (Fig. 7C) we can see that the dependence shows a different action
to the introduction of a hormone, e.g. a specific interaction with the
mitochondrial membrane. It can be postulated that the influence of
hormones on the potential of the mitochondrial membrane is much
weaker and more intricate than in the case of the other compounds
discussed in this paper (FCCP, rotenone, antimycin A and oligomycin).
That could explain the different trends for hormones and others dis-
cussed here agents, of the ratios 0f2220/1450 cm 'land 750/1450cm '1



incubation with MitoBADY. Further detailed
research is going to be carried out.

bands after additional

4. Conclusions

In this work, we examined the applicability of MitoBADY (Rp) as a
marker of mitochondrial activity and how to make reliable measure-
ments of mitochondrial activity using this Rp. We also determined that
MitoBADY provides information about MMP in ECs. We optimized the
conditions for using MitoBADY in live and fixed ECs. Notably, the con-
centration and incubation time for live and fixed cells vary from each
other, i.e. to measure MitoBADY in fixed EC a higher concentration and
longer incubation time are required. However, in that condition, Mito-
BADY distribution is not specific only to mitochondria but also to lipids
in general. Since the integrity of mitochondrial function is fundamental
to cells, such analysis should be performed on live cells, not fixed ones.
We used a quantitative approach based on the ratios of the bands at 750
cm- land 1450 cm- 1to estimate the relative amount of cytochrome c in
ECs, which is a known marker of mitochondria activity. This approach
was applied to live cells treated with mitochondria uncoupler and
compounds affecting electron transport in ETC. We observed changes
occurring in mitochondria as a slowdown of the ETC (hyperpolarization)
and distortion of the proton gradient in the intermembrane space (de-
polarization). For that purpose, FCCP, rotenone, antimycin A (depolar-
ization), and oligomycin (hyperpolarization) were used. Moreover,
changes in the MMP were recognized also by using Rp. The last but not
least, the effect of stress hormones on ECs was shown. The observed
changes suggest that hormones cause an increase in MMP, in particular,
when cells were treated with an equimolar mixture of them.
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