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ARTICLE INFO ABSTRACT

Keywords: Flavin adenine dinucleotide (FAD) autofluorescence from cells reports on the enzymatic activity which involves
FAD FAD as a cofactor. Most of the cellular FAD fluorescence comes from complex II of the electron transport chain in
Flavoproteins mitochondria and can be assessed with inhibitor analysis. The intensity of FAD autofluorescence is not homo-
Cell death . . . .

Neurons geneous and vary between cells in tissue and in cell culture types. Using primary co-culture of neurons and
Astrocytes astrocytes, and human skin fibroblasts we have found that very high FAD autofluorescence is a result of an
Fibroblasts overactivation of the mitochondrial complex II from ETC and from the activity of monoamine oxidases. Cells
Mitochondria with high FAD autofluorescence were mostly intact and were not co-labelled with indicators for necrosis or
MAO apoptosis. However, cells with high FAD fluorescence showed activation of apoptosis and necrosis within 24 h

after initial measurements. Thus, high level of FAD autofluorescence is an indicator of cell pathology and reveals
an upcoming apoptosis and necrosis.

1. Introduction

Autofluorescence of biological molecules is used in basic biological
and biomedical research and also in medicine as a potential diagnostic
tool [1]. In the 1950s, the laboratory of Britton Chance first identified
the autofluorescence of metabolic cofactors involved in the metabolism
of mitochondrial respiratory enzymes [2,3]. Along with NADH (nico-
tinamide adenine dinucleotide), FAD (flavin adenine dinucleotide) is a
metabolic electron carrier existing in a reduced (FADHj) and in an
oxidized (FAD) form that is cycling between these two states by
accepting or donating electrons. The oxidized form - FAD, is auto-
fluorescent and emits at a peak of 520-530nm when excited between
365 and 465nm.

FAD is a redox cofactor of several important reactions including the
formation of the riboflavin moiety (vitamin B2), glutathione synthesis,
cholesterol metabolism, etc. [4].

In the electron transport chain of mitochondria FAD plays a role of an
electron carrier and a donor of electrons mainly to complex II. FAD as a
cofactor has to be covalently bound to mitochondrial complex II of the
electron-transport chain for the conversion of FADH, into FAD, that

suggests that all FAD fluorescence related to mitochondrial respiration is
linked to the activity of complex II [5]. FAD is the predominant cofactor
for the succinate-ubiquinone oxidoreductase (SQR; Complex II), an
essential component of the aerobic electron transport, and for the
menaquinol-fumarate oxidoreductase (QFR)- the anaerobic counterpart,
although it is only present in approximately 10% of all known
flavoenzymes.

FAD is also covalently bound to other mitochondrially located en-
zymes — monoamine oxidase A and B [6]. Monoamine oxidases catalyse
monoamines to aldehydes and HyO,, using FAD as a cofactor, where
FADH, is formed and at the end of the reaction the reduced flavin is re-
oxidized back to FAD [7].

Alterations in energy metabolism or redox status may lead to
changes in the FAD level and thus FAD autofluorescence is used as a tool
for the assessment of complex II-dependent mitochondrial respiration
[8].

One of the forms of programmed type cell death — apoptosis is a
complex process which allows for the maintenance of tissue homeosta-
sis. However, induction of apoptosis is not always a process that plays
purely physiological role: overactivation of apoptosis in postmitotic cells

* Corresponding authors at: Department of Clinical and Movement Neurosciences, UCL Queen Square Institute of Neurology, Queen Square, London WC1N 3BG,

UK.

E-mail addresses: p.stroh@ucl.ac.uk (P.R. Angelova), a.abramov@ucl.ac.uk (A.Y. Abramov).

https://doi.org/10.1016/j.bbagen.2023.130520

Received 4 July 2023; Received in revised form 6 November 2023; Accepted 9 November 2023

Available online 11 November 2023
0304-4165/© 2023 Elsevier B.V. All rights reserved.


mailto:p.stroh@ucl.ac.uk
mailto:a.abramov@ucl.ac.uk
www.sciencedirect.com/science/journal/03044165
https://www.elsevier.com/locate/bbagen
https://doi.org/10.1016/j.bbagen.2023.130520
https://doi.org/10.1016/j.bbagen.2023.130520
https://doi.org/10.1016/j.bbagen.2023.130520

E.O. Bryanskaya et al.

such as neurons leads to cell death- a histopathological hallmark of
neurodegeneration. In some cases apoptosis maybe activated by
inflammation or ischaemic processes in the tissues [9].

Although necrosis is not a type of programmed cell death, induction
of this process can be triggered by chronic cellular pathology. It can also
be activated by metabolic changes that can be detected long before the
actual necrosis takes place. Here, using primary co-culture of neurons
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and astrocytes and human skin fibroblasts we study whether in cells
with very high FAD autofluorescence, this process is induced by changes
in mitochondrial FAD and whether this higher FAD fluorescence in-
tensity could be used as an indicator of cellular pathology and as a
predictor of cell death. We have found that a 3-4 -fold increase in FAD
fluorescence is induced by the increased pool of FAD in mitochondrial
complex II and monoamine oxidases. Cells with increased FAD
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Fig. 1. High level of FAD autofluorescence in neurons, astrocytes and skin fibroblasts. Ai-Aii representative images of cortical astrocytes after using Z-stack images,
3D (i) and 2.5D (ii) reconstructions. B-Images of FAD autofluorescence in cortical astrocytes. Red line depicts the trajectory of the profile taken in C. D and E are
representative images and profile of the FAD autofluorescence intensity in cortical neurons. F- Quantification bar chart showing the percentage of neurons and
astrocytes with high autofluorescence signal (3-fold and higher than basic) in different days in vitro (DIV). G-Difference in the level of autofluorescence intensity
between skin fibroblasts with low (taken as 100%) and high levels of FAD autofluorescence. Representative image (H) of different levels of FAD autofluorescence in
human skin fibroblasts from the same focal plane and the profile (J) of their FAD autofluorescence intensity. * p < 0.05, ** p < 0.001. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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autofluorescence were alive and did not show any co-localisation with
indicators of necrosis or apoptosis. However, measurement of apoptosis
and necrosis in cells with bright FAD fluorescence in the following 24 h
showed that in these cells cell death is already induced, and that cells
could at this stage be protected by the application of mitochondrial
substrate methyl succinate.

2. Methods
2.1. Cell cultures

Mixed neuroglial brain cultures were prepared from Sprague-Dawley
rat pups 0-3 days postpartum (UCL breeding colony). Animal husbandry
and experimental procedures were performed in full compliance with
the United Kingdom Animal (Scientific Procedures) Act of 1986. Sub-
jects were culled following the Schedule 1 procedure and the brain was
dissected in ice-cold HEPES buffered salt solution (Ca 2%, Mg 2t free;
Gibco-Invitrogen, Paisley, UK). The tissue was minced and trypsinized
(0.25% for 15 min at 37 °C), triturated and plated on poly-p-lysine-
coated glass coverslips and cultured in Neurobasal-A medium (Gibco-
Invitrogen) supplemented with B-27 (Gibco-Invitrogen) and 2 mM
GlutaMAX using routine protocol [9,10]. Cultures were maintained at
37 °Cin a humidified atmosphere of 5% CO» and 95% air, culture media
exchanged once a week and maintained for a minimum of 14 days before
experimental use. Neurons were easily distinguishable from glia: they
appeared bright using phase contrast, had smooth rounded somata and
distinct processes, and lay just above the focal plane of the glial layer.
Cells were used at 14-16 DIV.

Additionally, human skin fibroblasts [11] were used as a research
object. Skin fibroblasts were cultured in DMEM (Biological Industries,
Kibbutz Beit-Haemek, Israel), 10% FBS (Biological Industries, Kibbutz
Beit-Haemek, Israel), 1% GlutaMAX (Gibco, New York, USA) Cultures of
cells were maintained at 37 °C in a humidified atmosphere of 5% CO,
and 95% air. The confluence of cells during the studies was 40-50%
which was taken as a day 0 for some experiments.

2.2. Live cell imaging

2.2.1. FAD autofluorescence

FAD autofluorescence was monitored using a using a Zeiss 900 CLSM
detection system and a 63 x oil immersion objective. Excitation used was
the 454 nm Argon laser line and the emission fluorescence was measured
after 505-550 nm. Illumination intensity was kept to a minimum (at
0.1-0.2% of laser output) to avoid phototoxicity and the pinhole set to
give an optical slice of ~2 pm. FAD quantification has been performed
on Z-stack images (Fig. 1 Ai, Aii). FAD redox index and mitochondrial
pools were estimated according previously described 3.

2.2.2. Cell death

Necrosis: For assessment of necrotic cell death, cells were loaded
with propidium iodide (PI; 10 uM) and 300 nM Hoechst for 15 min,
washed 3x with PBS 1x and analysed using a cooled CCD camera.
Hoechst stains the total number of cell (nuclei, measured with excita-
tion/emission ~350/481 nm) while PI stains only cells with a disrupted
plasma membrane. Dead cells (PI positive, measured with excitation/
emission ~535/617 nm) were counted as a fraction of the total (Hoechst
positive). In each experiment, five random fields were examined, and
the mean is representative of three independent experiments for each
condition.

Apoptosis: NucView™ 488 Caspase-3 Substrate (Biotium) (excita-
tion/emission maxima ~488/515 nm) was applied for detection of
caspase-3/7 activity and visualization of morphological changes in the
nucleus during apoptosis. Cells were incubated with 5uM NucView™
488 Caspase-3 Substrate 30 min at room temperature.
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2.3. Statistical analysis

Data were analysed with Origin Pro 2019 (MicroCal, Oregon, USA)
and are expressed as mean + SEM. Man-Whitney test was used to esti-
mate the statistical significance between experimental groups. Signifi-
cance was accepted at a 95% confidence level (p < 0.05). * p < 0.05, **
p < 0.001, *** p < 0.0001.

3. Results
3.1. The level of FAD autofluorescence varies between cells in culture

To study the differences in the level of FAD autofluorescence we used
human fibroblasts and primary rat co-culture of cortical neurons and
astrocytes. FAD quantification has been performed on Z-stack images
(Fig. 1 Ai, Aii). Cells with FAD autofluorescence 3-10 times higher than
the mean basal level of FAD autofluorescence of cells in the culture were
attributed to the group corresponding to “cells with high FAD auto-
fluorescence” (Fig. 1B-J).

In primary co-culture of neurons and astrocytes the level of FAD
autofluorescence was different between neurons and astrocytes but
difference was observed also within the same cell type in the same im-
aging field (Fig. 1 B—C). Percentage of neurons and astrocytes with very
high (3-fold increase and higher) levels of FAD autofluorescence was
dependent on the age and culturing conditions of the primary co-culture
and in both preparations increased with age in culture (from 6.4 + 0.8%
at 7 DIV to 27.8 &+ 4% at 20 DIV; N = 11 experiments; Fig. 1 F).

The levels of FAD fluorescence in cultured human fibroblasts was
also different between cells despite the cell type homogeneity of the cell
line (Fig. 1 G, H, J). In a similar way as in primary co-culture the number
of fibroblasts with high FAD was dependent on the condition and age of
the cell culture.

Thus, we have suggested that the high level of FAD autofluorescence
could indicate cell pathology and, possibly cell death.

3.2. High levels of FAD are not associated with necrosis or apoptosis at the
time of measurement

In order to identify if cells exhibiting high levels of FAD auto-
fluorescence are damaged or dead, we loaded the fibroblasts with Pro-
pidium Iodide which is a fluorescent indicator, impermeable for plasma
membrane that becomes fluorescent only if the integrity of plasma
membrane is compromised; it binds to nuclear DNA and reports for
occurrence of necrosis [12]. We have found that the number of dead
fibroblasts with high FAD was even lower compared to cells with basal
level of autofluorescence (4 + 0.6% with High FAD, N = 4 experiments;
8 + 0.7% with basal levels of FAD, N = 4 experiments; Fig. 2 A, B).

In mixed cultures of primary neurons and astrocytes, loading of the
cells with PI was similar for cells with high or basal FAD levels (Fig. 2 C;
N = 5 experiments). Importantly, the level of dead cells with high FAD
was low in both neurons and astrocytes (Fig. 2C). Thus, high levels of
FAD is not a criterion for occurrence of necrosis in these cells.

In order to identify if high level of FAD is associated with the acti-
vation of apoptotic pathways we used fluorescent substrate for caspase-
3, NucView 488, which becomes fluorescent and binds to nuclear DNA
upon activation of the key apoptotic enzyme caspase-3 [12]. Despite the
difficulties because of the overlap of FAD and the NucView488 signals,
we found that activation of caspase-3 was easily detectable in the nu-
clear area while the FAD signal arose from different to the nuclear area
(Fig. 2 D). The number of cells with prevailing caspase-3 activation was
equally low in all cell types — fibroblasts (2%), neurons (7%) and as-
trocytes (4%). Furthermore, the percentage of cells with initiated
apoptosis was similar from cells with both, low or high FAD auto-
fluorescence (N = 6 experiments; Fig. 2E, F).

Hence, high levels of FAD does not indicate activation of apoptosis in
these cells. Nevertheless, we cannot exclude that high levels of FAD
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Fig. 2. High level of FAD autofluorescence is not associated with necrosis or apoptosis in the time of measurement. A -Image of the FAD autofluorescence and PI
fluorescence in human skin fibroblasts. Percentage of PI positive fibroblasts (B) and primary rat cortical neurons and astrocytes from the co-culture, 15 DIV (C). D-
Representative image of FAD autofluorescence of skin fibroblasts loaded with NucView488. Quantification bar chart depicting the percentage of NucView488-
positive fibroblasts (E) and primary rat cortical neurons and astrocytes from the co-culture with high or low FAD fluorescence, at 16 DIV (F). * p < 0.05.

autofluorescence may indicate cellular pathology which culminates in
necrotic or apoptotic cell death.

3.3. High levels of FAD lead to cell death in the following 24 h

To identify if high levels of FAD autofluorescence can lead to cell
death in the succeeding 24 h we used graded coverslips for the identi-
fication of the cells with high levels of FAD autofluorescence. On the first
day the FAD autofluorescence was measured, the coordinates were set
down and 24 h later the same culture of fibroblasts or neurons and as-
trocytes was labelled with PI or NucView488 for assessment of cell death
percentage (for PI measurements see Fig. 3 A -an image before and after
24 h).

Our measurements revealed high percentage of necrotic fibroblasts
(PI positive; Fig. 3 A, B) among cells that exhibited high levels of FAD
fluorescence 24 h in advance. It should be noted that not all of them kept
the same high levels of FAD and some cells could be detectable only by
the red signal from the nuclei. Additionally, about 30% of the cells with
high FAD autofluorescence could not be found to be attached to the
coverslip on the next day that could also indicate necrotic damage of the
cells followed by detachment and wash out (N = 5 experiments; Fig. 3C).
The percentage of necrotic cells in primary co-culture cortical neurons
(59 £ 7% of cells, N = 7) and astrocytes (56 + 5%, N = 7) 24 h after
initial measurements was also higher (Fig. 5 D).

Pathology, associated with high levels of FAD autofluorescence in
various cell types can also induce apoptosis within 24 h. Thus, the
number of neurons and astrocytes with activated caspase-3 (Nuc-
View488 positive; Fig. 3E) dramatically increased after 24 h (N = 6
experiments; Fig. 3 F). Importantly, neurons and astrocytes with high
FAD levels were often missing in the set coordinates on the next day that
indicates as well that the actual number of dead cells could be even
higher.

Considering the high percentage of cell death in cells with high FAD
we used inductor of apoptosis Staurosporine (0.5 pM) to test if targeted
activation of apoptosis induces faster changes in FAD autofluorescence.
We have found that application of Staurosporine had almost no effect on
the level of FAD in cells with high level of autofluorescence while it
increases the fluorescence of FAD in cells with lower FAD (Fig. 3 G, H).

Thus, high level of FAD autofluorescence does not correspond to cell
death rate at present but reports for a pathology that would lead to cell
death in the following 24 h.

3.4. High FAD signal is due to increased levels of FAD turnover in
mitochondrial complex II and increased MAO activity

High levels of FAD autofluorescence that lead to cell death may be
induced by changes of the activity or expression levels of various en-
zymes in the cell. In order to identify the cellular source of increased
FAD, we measured FAD autofluorescence levels in response to various
inhibitors.

Although FAD is involved in multiple processes in the cells, the most
abundant autofluorescence signal comes from mitochondrial complex II
[3]. FAD autofluorescence coming from the electron transport chain of
mitochondria could be subtracted from the total FAD autofluorescence
using the mitochondrial uncoupler FCCP (1 pM) that gives the maximal
rate of respiration and the corresponding maximum in FAD signal (and
lowest FADHj). On the other hand, inhibition of mitochondrial respi-
ration by NaCN (1 mM) which blocks the consumption of FADHy is
resulting in the lowest levels of mitochondrial FAD [13] (Fig. 4 A-B)
[10]. We have compared the levels of mitochondrial FAD in cells with
low and high levels of FAD and have found that, expectably, mito-
chondrial pool of FAD was ~2.5-fold higher in neurons, astrocytes and
fibroblasts with higher total FAD signal (Fig. 4C). The percentage of
mitochondrial FAD signal from the total cellular FAD was significantly
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p < 0.05, ** p < 0.001, *** p < 0.0001.

higher in cells with high level of total FAD in the cells (Fig. 4 B—C).
Additionally, the mitochondrial levels of FAD can also report for the
relative rate of complex Il-associated respiration (redox index). FAD
redox index indicates the balance between the consumption of FADH, in
complex II and FAD production, result of chemical reduction. Higher
levels of FAD redox index suggested faster consumption of FADH, and
faster complex II-related mitochondrial respiration. In the case of cells
with higher levels of cellular FAD, the elevated levels of FAD in mito-
chondria was not only associated with the increase in total mitochon-
drial FAD pool but was also linked to the increased consumption of
FADHj; in mitochondria and the increased redox index (Fig. 4C, D).

Another area with relatively high levels of FAD signal is also in
mitochondria from the enzyme monoamine oxidase (MAO), located on
the outer mitochondrial membrane [14]. To estimate the MAO-related
pool of FAD we used high concentrations of Adrenaline (1 pM for skin
fibroblasts) and 10 pM tyramine (to avoid receptor-dependent processes
in neurons and astrocyte) to maximally activate MAO to utilize FAD,
followed by inhibition of this enzyme (in both isoforms A and B) by 20
uM Selegiline (Fig. 4 E, F). Although MAO A and B activity should be
represented as biphasic response in FAD autofluorescence (reduced to
FADH; and oxidized to FAD in the later phase) we clearly observed only
a decrease in FAD autofluorescence levels in response to the addition of
monoamines followed by inhibition of MAOs by 20 pM Selegiline (Fig. E,
F). It should be noted that the MAO-related FAD pool (a decrease to the
application of monoamines) in cells with increased total FAD auto-
fluorescence was higher compared to cells with lower total FAD signal
(Fig. 4 G) and as a proportion of MAO-related FAD signal to the total
autofluorescence signal in these cells.

Thus, increased levels of FAD autofluorescence are induced by higher
levels of FAD turnover in MAOs, and the increased pool and redox index
of FAD - from the activity of the mitochondrial complex II.

3.5. Application of substrate for complex II partially decreases FAD and
protects neurons and astrocytes against cell death

High levels of FAD signal from mitochondria occur not only because
of the increased pool of FAD (flavoproteins) but also because of the
increased redox state of these cells (see Fig. 4C). Considering this,
application of mitochondrial substrates may reduce high levels of FAD
autofluorescence. Application of membrane permeable analogue of
succinate — methyl succinate (5 mM) decreased the levels of FAD in fi-
broblasts, neurons and astrocytes (Fig. 5 A). It should be noted that
methyl succinate did not change the total pool of FAD (flavoproteins)
but decreased the FAD redox index in these cells (Fig. 5A).

Incubation of neurons and astrocytes with 5 mM methyl succinate for
24 h significantly reduced the number of dead cells in the population of
cells with originally high FAD signal (Fig. 5A). Interestingly, although
monoamines (adrenaline, dopamine or tyramine) reduced FAD levels,
incubation of the neurons and astrocytes with dopamine did not change
the number of dead cells among the high FAD cell population (Fig. 5B).
Thus, the increased levels of FAD can be partially restored and more-
over, it protects cells against cell death.

4. Discussion

In this study, we found that high FAD autofluorescence in skin fi-
broblasts, primary neurons and astrocytes can be used as an indicator of
cell pathology which precedes the apoptotic or necrotic cell death. It
should be noted that high levels of FAD autofluorescence is not an in-
dicator of immediate cell death; cells with high levels of FAD did not
show co-localization with apoptotic or necrotic markers (Fig. 2). Higher
levels of FAD autofluorescence was previously shown in ethanol- and
heat-treated cells suggesting that an increase in autofluorescence is
associated with upcoming cell death [15,16]. However, our data are
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more in agreement with a study which shows that increased auto-
fluorescence in bacteria and human cells is a measure of cell struggle for
survival [17]. High levels of FAD autofluorescence was shown in pre-
apoptotic cells, insinuating that it is connected with the increase in
energy demand of these cells necessary for programmed cell death [18].
Our data confirms that high levels of FAD is a signal that communicates
cellular processes that may lead to cell death, and for some cells this
state could still be reversible (Fig. 5).

Although FAD is involved in multiple reactions in the cells, the major
source of FAD autofluorescence is from the mitochondrial complex II
that can be confirmed by application of the activator (uncoupler) and
inhibitor of mitochondrial respiration in live cells [19]. In cells with
higher FAD levels, most of the signal is also associated with mitochon-
drial flavoproteins (Fig. 4). Increased level of autofluorescence is a result
of the increased consumption of FADH, in mitochondrial respiration
that is confirmed by the higher FAD redox state (Fig. 4). The higher FAD
signal reflects generally increased mitochondrial FAD pool which is
more likely connected to higher expression levels of flavoproteins
(Fig. 4D). Interestingly, higher pool of mitochondrial FAD is connected
to compensatory mechanisms in mitochondria developed in cells with
mitochondrial complex I mutation [20], aged cells with pronounced
energy deprivation [13] and in cells with PINK1mutation - familial form
of Parkinson’s disease [21]. It should be noted that the difference in the
levels of FAD signal and mitochondrial complex II activity may reflect
the differences in the metabolic state of neurons and astrocytes from
different brain regions [22] or in cells with energy collapse subjected to
excitotoxicity [10]. High levels of mitochondrial FAD and high levels of
FAD redox index are suggesting limitation of substrates for complex II-
related respiration and was confirmed in our experiments (Fig. 5).
Importantly, Me-succinate not only reduced the FAD redox index but
also protected against upcoming cell death.

Another source of the increased pool of FAD in cells with high FAD
autofluorescence were monoamine oxidases. It should be noted that
monoamine oxidases reduce FAD to “FADH,” and in the second step of
the reaction FAD is oxidized back to “FAD” form [7]. However, in our
experiments application of catecholamines reduced the fluorescence
intensity of the FAD signal suggesting that the oxidation of FAD in MAO
is slower than the reduction of FAD to FADH, that explained the relative
difference in MAO FAD pools. Our results suggested that cells with high
FAD autofluorescence express more MAO or/and exhibit an increase
activity of these enzymes. Application of dopamine did not protect the
culture of neurons and astrocytes against cell death, but we should
consider the sophisticated responses of cell monoamines, including

receptor depending and receptor independent processes [23-25].

Altogether, high levels of FAD autofluorescence in cells could be used
as a marker of pathology which will inevitably lead to cell death in the
following 24 h.

Funding

Grant of the Russian Federation Government 348 (075-15-2022-
1095).

CRediT authorship contribution statement

Ekaterina O. Bryanskaya: Investigation, Data curation, Formal
analysis, Visualization, Writing — original draft, Writing — review &
editing. Andrey Y. Vinokurov: Conceptualization, Methodology,
Investigation, Data curation, Writing — review & editing. Angelina I.
Dolgikh: Investigation, Data curation, Formal analysis, Visualization.
Andrey V. Dunaev: Conceptualization, Methodology, Writing — review
& editing, Project administration, Supervision, Funding acquisition.
Plamena R. Angelova: Conceptualization, Methodology, Investigation,
Data curation, Formal analysis, Visualization, Writing — original draft,
Writing — review & editing, Project administration. Andrey Y. Abra-
mov: Conceptualization, Methodology, Investigation, Data curation,
Formal analysis, Visualization, Writing — original draft, Writing — review
& editing, Project administration, Supervision, Funding acquisition.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability

Data underlying the results may be obtained from the authors upon
reasonable request.

Acknowledgments

The work was supported by the grant of the Russian Federation
Government 348 (075-15-2022-1095).



E.O. Bryanskaya et al.

References

[1]

[2]
[3]

[4]

[5]

[6]

71

[8]

[91

[10]

[11]

[12]

[13]

E.A. Zherebtsov, E.V. Potapova, A.V. Mamoshin, V.V. Shupletsov, K.Y. Kandurova,
V.V. Dremin, A.Y. Abramov, A.V. Dunaev, Fluorescence lifetime needle optical
biopsy discriminates hepatocellular carcinoma, biomed, Opt. Express 13 (2022)
633-646, https://doi.org/10.1364/boe.447687.

B. Chance, Spectra and reaction kinetics of respiratory pigments of homogenized
and intact cells, Nature. 169 (1952) 215-221.

B. Chance, P. Cohen, F. Jobsis, B. Schoen, Intracellular oxidation-reduction states
in vivo, Science (80-.) 137 (1962) 499-508.

N. Suwannasom, I. Kao, A. PruB, R. Georgieva, H. Baumler, Riboflavin: the health
benefits of a forgotten natural vitamin, Int. J. Mol. Sci. 21 (2020) 950, https://doi.
org/10.3390/ijms21030950.

D.F.A.R. Dourado, M. Swart, A.T.P. Carvalho, Why the Flavin adenine dinucleotide
(FAD) cofactor needs to be covalently linked to complex II of the Electron-transport
chain for the conversion of FADH2 into FAD, Chem. - A Eur. J. 24 (2018)
5246-5252, https://doi.org/10.1002/chem.201704622.

D.E. Edmondson, P. Newton-Vinson, The covalent FAD of monoamine oxidase:
structural and functional role and mechanism of the Flavinylation reaction,
Antioxid. Redox Signal. 3 (2001) 789-806.

D.E. Edmondson, C. Binda, A. Mattevi, The FAD binding sites of human
monoamine oxidases a and B, Neurotoxicology. 25 (2004) 63-72, https://doi.org/
10.1016/50161-813X(03)00114-1 (PMID: 14697881).

A.Y. Abramov, T.K. Smulders-Srinivasan, D.M. Kirby, R. Acin-Perez, J.A. Enriquez,
R.N. Lightowlers, M.R. Duchen, D.M. Turnbull, Mechanism of neurodegeneration
of neurons with mitochondrial DNA mutations, Brain. 133 (2010) 797-807,
https://doi.org/10.1093/brain/awq015.

P.R. Angelova, I. Myers, A.Y. Abramov, Carbon monoxide neurotoxicity is triggered
by oxidative stress induced by ROS production from three distinct cellular sources,
Redox Biol. 60 (2023), 102598, https://doi.org/10.1016/j.redox.2022.102598.
A.Y. Abramov, M.R. Duchen, Impaired mitochondrial bioenergetics determines
glutamate-induced delayed calcium deregulation in neurons, Biochim. Biophys.
Acta 2010 (1800) 297-304, https://doi.org/10.1016/j.bbagen.2009.08.002.

N.R. Komilova, P.R. Angelova, A.V. Berezhnov, O.A. Stelmashchuk, U.

Z. Mirkhodjaev, H. Houlden, A.V. Gourine, N. Esteras, A.Y. Abramov,
Metabolically induced intracellular pH changes activate mitophagy, autophagy,
and cell protection in familial forms of Parkinson’s disease, FEBS J. 289 (2022)
699-711, https://doi.org/10.1111/febs.16198.

L.N. Novikova, E.V. Potapova, V.V. Dremin, A.V. Dunaev, A.Y. Abramov, Laser-
induced singlet oxygen selectively triggers oscillatory mitochondrial permeability
transition and apoptosis in melanoma cell lines, Life Sci. 304 (2022), 120720,
https://doi.org/10.1016/j.1fs.2022.120720.

M. Barilani, C. Lovejoy, R. Piras, A.Y. Abramov, L. Lazzari, P.R. Angelova, Age-
related changes in the energy of human mesenchymal stem cells, J. Cell. Physiol.
237 (2022) 1753-1767, https://doi.org/10.1002/jcp.30638.

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

BBA - General Subjects 1868 (2024) 130520

M. Bortolato, K. Chen, J.C. Shih, Monoamine oxidase inactivation: from
pathophysiology to therapeutics, Adv. Drug Deliv. Rev. 60 (2008) 1527-1533,
https://doi.org/10.1016/j.addr.2008.06.002.

A.A. Kozlova, R.A. Verkhovskii, A.V. Ermakov, D.N. Bratashov, Changes in
autofluorescence level of live and dead cells for mouse cell lines, J. Fluoresc. 30
(2020) 1483-1489, https://doi.org/10.1007/s10895-020-02611-1.

L. Hennings, Y. Kaufmann, R. Griffin, E. Siegel, P. Novak, P. Corry, E.G. Moros,
G. Shafirstein, Dead or alive autofluorescence distinguishes heat-fixed from viable
cells, Int. J. Hyperth. 25 (2009) 355-363, https://doi.org/10.1080/
02656730902964357.

J. Surre, C. Saint-Ruf, V. Collin, S. Orenga, M. Ramjeet, 1. Matic, Strong increase in
the autofluorescence of cells signals struggle for survival, Sci. Rep. 8 (2018) 1-14,
https://doi.org/10.1038/541598-018-30623-2.

J.M. Levitt, A. Baldwin, A. Papadakis, S. Puri, J. Xylas, K. Miinger, I. Georgakoudi,
Intrinsic fluorescence and redox changes associated with apoptosis of primary
human epithelial cells, J. Biomed. Opt. 11 (2006), 064012, https://doi.org/
10.1117/1.2401149.

S.G. Sokolovski, E.U. Rafailov, A.Y. Abramov, P.R. Angelova, Singlet oxygen
stimulates mitochondrial bioenergetics in brain cells, Free Radic. Biol. Med. 163
(2021) 306-313, https://doi.org/10.1016/j.freeradbiomed.2020.12.022.

A.Y. Abramov, P.R. Angelova, Cellular mechanisms of complex I-associated
pathology, Biochem. Soc. Trans. 47 (2019) 1963-1969, https://doi.org/10.1042/
BST20191042.

A.Y. Abramov, M. Gegg, A. Grunewald, N.W. Wood, C. Klein, A.H.V. Schapira,
Bioenergetic consequences of PINK1 mutations in parkinson disease, PLoS One 6
(2011), 25622, https://doi.org/10.1371/journal.pone.0025622.

X.P. Cheng, A.Y. Vinokurov, E.A. Zherebtsov, O.A. Stelmashchuk, P.R. Angelova,
N. Esteras, A.Y. Abramov, Variability of mitochondrial energy balance across brain
regions, J. Neurochem. 157 (2021) 1234-1243, https://doi.org/10.1111/
jnc.15239.

A. Vaarmann, S. Gandhi, A.Y. Abramov, Dopamine induces Ca2+ signaling in
astrocytes through reactive oxygen species generated by monoamine oxidase,

J. Biol. Chem. 285 (2010) 25018-25023, https://doi.org/10.1074/jbc.
M110.111450.

S. Gandhi, A. Vaarmann, Z. Yao, M.R. Duchen, N.W. Wood, A.Y. Abramov,
Dopamine induced neurodegeneration in a PINK1 model of Parkinson’s disease,
PLoS One 7 (2012) e37564, https://doi.org/10.1371/journal.pone.0037564.

LN. Novikova, A. Manole, E.A. Zherebtsov, D.D. Stavtsev, M.N. Vukolova, A.

V. Dunaev, P.R. Angelova, A.Y. Abramov, Adrenaline induces calcium signal in
astrocytes and vasoconstriction via activation of monoamine oxidase, Free Radic.
Biol. Med. 159 (2020) 15-22, https://doi.org/10.1016/j.
freeradbiomed.2020.07.011.


https://doi.org/10.1364/boe.447687
http://refhub.elsevier.com/S0304-4165(23)00218-0/rf0010
http://refhub.elsevier.com/S0304-4165(23)00218-0/rf0010
http://refhub.elsevier.com/S0304-4165(23)00218-0/rf0015
http://refhub.elsevier.com/S0304-4165(23)00218-0/rf0015
https://doi.org/10.3390/ijms21030950
https://doi.org/10.3390/ijms21030950
https://doi.org/10.1002/chem.201704622
http://refhub.elsevier.com/S0304-4165(23)00218-0/rf0030
http://refhub.elsevier.com/S0304-4165(23)00218-0/rf0030
http://refhub.elsevier.com/S0304-4165(23)00218-0/rf0030
https://doi.org/10.1016/S0161-813X(03)00114-1
https://doi.org/10.1016/S0161-813X(03)00114-1
https://doi.org/10.1093/brain/awq015
https://doi.org/10.1016/j.redox.2022.102598
https://doi.org/10.1016/j.bbagen.2009.08.002
https://doi.org/10.1111/febs.16198
https://doi.org/10.1016/j.lfs.2022.120720
https://doi.org/10.1002/jcp.30638
https://doi.org/10.1016/j.addr.2008.06.002
https://doi.org/10.1007/s10895-020-02611-1
https://doi.org/10.1080/02656730902964357
https://doi.org/10.1080/02656730902964357
https://doi.org/10.1038/s41598-018-30623-2
https://doi.org/10.1117/1.2401149
https://doi.org/10.1117/1.2401149
https://doi.org/10.1016/j.freeradbiomed.2020.12.022
https://doi.org/10.1042/BST20191042
https://doi.org/10.1042/BST20191042
https://doi.org/10.1371/journal.pone.0025622
https://doi.org/10.1111/jnc.15239
https://doi.org/10.1111/jnc.15239
https://doi.org/10.1074/jbc.M110.111450
https://doi.org/10.1074/jbc.M110.111450
https://doi.org/10.1371/journal.pone.0037564
https://doi.org/10.1016/j.freeradbiomed.2020.07.011
https://doi.org/10.1016/j.freeradbiomed.2020.07.011

	High levels of FAD autofluorescence indicate pathology preceding cell death
	1 Introduction
	2 Methods
	2.1 Cell cultures
	2.2 Live cell imaging
	2.2.1 FAD autofluorescence
	2.2.2 Cell death

	2.3 Statistical analysis

	3 Results
	3.1 The level of FAD autofluorescence varies between cells in culture
	3.2 High levels of FAD are not associated with necrosis or apoptosis at the time of measurement
	3.3 High levels of FAD lead to cell death in the following 24 ​h
	3.4 High FAD signal is due to increased levels of FAD turnover in mitochondrial complex II and increased MAO activity
	3.5 Application of substrate for complex II partially decreases FAD and protects neurons and astrocytes against cell death

	4 Discussion
	Funding
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data availability
	Acknowledgments
	References


