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ARTICLE INFO ABSTRACT
Keywords: The complex interplay between hydrogen peroxide (H202) and nitric oxide (NO) in endothelial cells presents
Genetically encoded biosensors challenges due to technical limitations in simultaneous measurement, hindering the elucidation of their direct
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relationship. Previous studies have yielded conflicting findings regarding the impact of H,05 on NO production.
To address this problem, we employed genetically encoded biosensors, HyPer7 for HoO, and geNOps for NO,
allowing simultaneous imaging in single endothelial cells. Optimization strategies were implemented to enhance
biosensor performance, including camera binning, temperature regulation, and environmental adjustments to
mimic physiological normoxia. Our results demonstrate that under ambient oxygen conditions, HoO5 exhibited
no significant influence on NO production. Subsequent exploration under physiological normoxia (5 kPa Og)
revealed distinct oxidative stress levels characterized by reduced basal HyPer7 signals, enhanced HyO2 scav-
enging kinetics, and altered responses to pharmacological treatment. Investigation of the relationship between
H,02 and NO under varying oxygen conditions revealed a lack of NO response to HyO, under hyperoxia (18 kPa
0O) but a modest NO response under physiological normoxia (5 kPa O). Importantly, the NO response was
attenuated by .-NAME, suggesting activation of eNOS by endogenous H,05 generation upon auranofin treatment.
Our study highlights the intricate interplay between H,0» and NO within the endothelial EA.hy926 cell line,
emphasizing the necessity for additional research within physiological contexts due to differential response
observed under physiological normoxia (5 kPa Oy). This further investigation is essential for a comprehensive
understanding of the H2O2 and NO signaling considering the physiological effects of ambient O, levels involved.

1. Introduction with their transient existence within biological systems, has historically
posed a challenge for researchers to understand their roles and regula-

In cellular redox biology, the intricate interplay between nitric oxide tory mechanisms [1,2]. Recent advances have been catalyzed by the
(NO) and hydrogen peroxide (H02) has remained a long-standing application of genetically encoded biosensors, which empower real-time
challenge. The elusive nature of these reactive molecules, coupled visualization of reactive oxygen and nitrogen species (ROS/RNS) in
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cellular models. These cutting-edge tools have brought us closer to un-
derstanding the dynamic behavior of NO and HyO,. However, unravel-
ing the relationship between these two signaling molecules is not
straightforward, as technical complexities inherent to in vitro systems
continue to pose challenges in interpreting the nuanced interactions
between these second messengers.

The introduction of HyPer biosensors in 2006 marked a significant
turning point in the field of redox biology, revolutionizing our ability to
unravel HpOy dynamics [3] and significantly advancing our under-
standing of HyO5 dynamics within cellular systems. These biosensors
have allowed us to define intricate processes governing the transport
and subcellular localization of HyO4 [4,5]. Furthermore, the ability to
visualize this reactive molecule has uncovered its characteristics as a
second messenger and its modulation of redox signaling [6]. This has
been instrumental in unraveling complex antioxidant response mecha-
nisms and shedding light on the pivotal role of H2O5 in cancer [2]. The
application of chemogenetic tools for manipulating the redox status of
cells has enabled researchers to precisely modulate cellular redox states
[7-11]. Thus, the utilization of HyPer biosensors has undeniably played
a pivotal role in understanding cellular HoO5 dynamics.

A decade after the introduction of HyPer biosensors, we developed a
biosensor for NO, geNOps, to monitor NO dynamics within subcellular
locales [12]. The distinctive spectral properties of geNOps biosensors
enabled multispectral imaging of subcellular NO levels [12-17]. We
have obtained critical insights, including the diffusion of NO across
biological membranes, the direct relationship between NO and calcium
ions (Ca2+), and the bioavailability of various NO donors and drugs
metabolized to NO within cellular environments [14,15,18-20].

More recently, we provided novel insights into geNOps signaling
under controlled pericellular oxygen (O3) conditions encountered by
cells in vivo [21]. We reported the first evidence that NO bioavailability
was significantly increased in cells adapted to physiological normoxia
(5 kPa O2) compared to standard cell culture under atmospheric Oz
levels. Notably, our findings provided novel and critical insights: firstly,
the susceptibility of fluorescent proteins to pericellular O levels
emerged, as FPs rely on O for the maturation of their chromophore
[21]. Under physiological normoxia, the significant increase in NO
bioavailability was paralleled by substantial alterations in redox
signaling and a dramatic disruption in ferrous iron uptake. Notably, the
influence of oxygen extends beyond its modulation of ROS and RNS
levels, as it exerts a key role in shaping the properties of the fluorescent
proteins themselves, a factor that warrants careful experimental design
[22]. Furthermore, we acknowledge that others have demonstrated the
profound impact of pericellular O, culture conditions on key cellular
parameters, including endothelial nitric oxide synthase (eNOS) levels
and activity, antioxidant defense proteins, and Ca®* signaling, all of
which are intrinsically linked with and substantially influence the roles
of HyO, and NO within cellular systems [23-26]. These findings
collectively emphasize the importance of the interplay between intra-
cellular O levels and the redox signaling landscape.

This study explores, for the first time, the direct relationship between
H202 and NO in endothelial cells utilizing genetically encoded bio-
sensors, within controlled atmospheric oxygen conditions with an
emphasis on the optimum experimental settings.

2. Materials and methods

Molecular Cloning and Lentivirus production. Cytosolic targeted
HyPer7 and O-geNOp constructs were subcloned into a 3rd generation
lentivirus shuttle vector pLenti-MP2 (Addgene #36097), and HEK293T
cells were used for lentivirus generation as described previously [27].

Cell Culture and Stable Cell Line Generation. The Human endo-
thelial EA.hy926 cell line was purchased from ATCC (CRL-2922, Man-
assas, VA, USA). As previously described [21], EA.hy926 cells were
maintained in Dulbecco’s minimal essential medium (DMEM) (Pan
Bio-tech, Aidenbach, Germany) supplemented with 10 % FBS (Pan
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Bio-tech, Aidenbach, Germany), 100 pg/mL Penicillin, 100 U/mL
Streptomycin, 100 pg/mL Normocin (InvivoGen, San Diego, CA, USA),
and 2 % HAT ((Sodium Hypoxanthine (5 mM), Aminopterin (20 pM),
and Thymidine (0.8 mM)) (ATCC, Manassas, VA, USA) in a humidified
CO4 chamber (37 °C, 5 % CO). EA.hy926 cells were seeded in 6-well
plates and upon achieving 50-60 % confluency, cells were transduced
with respective lentivirus HyPer7 and O-geNOp, using an antibiotic-free
transduction medium containing 10 % FBS and 10 pg/ml Polybrene for
48-72h. Cells expressing both Hyper7 and O-geNOp were selected using
a fluorescence-activated cell sorter (FACS). The top 30 % of the cells
expressing both HyPer7 and O-geNOp were sorted using a 488 nm laser
(Filter: 530/40 nm) and 561 nm laser (Filter: 593/40 nm) on a BD Influx
Cell Sorter. Sorted cells cultured using standard EA.hy926 culture pro-
tocols [20]. Before the day of an experiment, cells were seeded in a
6-well plates containing 30 mm coverslips (Glaswarenfabrik Karl Knecht
Sondheim, Sondheim vor der Rhon, Germany).

Long-term adaptation of EA.hy926 cells in an oxygen controlled
workstation. For oxygen controlled experiments, stably transfected EA.
hy926 cells were maintained for at least 5 days in monolayer culture
under 5 kPa (physiological normoxia) or 18 kPa (hyperoxia) O, in an
oxygen-controlled Scitive dual workstation (Baker, USA). Adapting cells
for 5 days ensures that physiological redox phenotype is achieved in the
absence of HIF1-a stabilization [22,23]. Moreover, maintaining cells
continuously within the workstation obviates the need for treatments of
cells in a laminar flow hood under atmospheric oxygen [26].

Oxygen Controlled Plate Reader. EA.hy926 cells were plated in
clear-bottom 96-well plates and pre-adapted for 5 days to either 18 kPa
or 5 kPa O in an oxygen-controlled Scitive dual workstation (Baker,
USA). A time-resolved fluorescence plate reader (CLARIOStar, BMG
Labtech) equipped with an atmospheric control unit was used for real-
time imaging of Hyper7 or O-geNOp. Pre-adapted cells were rapidly
transferred to the plate reader gassed with 18 or 5 kPa O, [25,28] to
mimic oxygen levels in the workstation during pre-adaptation of cells.
Excitation wavelengths were 420/20 nm (HyPer low) and 473/20 nm
(HyPer high), and emissions were collected at 521/25 nm. Acute
treatments of cells maintained under 18 or 5 kPa O, were applied using a
dual injection system within the plate reader at the stated times and
concentrations.

Iron Loading Procedure. Cells were pre-treated with Iron (II) sup-
plementation (300 pM FeSO4 and 500 uM ascorbate) for 15 min for full
activation of the geNOps biosensor prior to experiments, as described
previously [21].

Buffers and Solutions. All chemicals were purchased from Neo-
Froxx unless otherwise stated. To maintain cells outside of the cell cul-
ture incubator, a cell storage buffer containing 2 mM CaCly, 5 mM KCl,
138 mM NacCl, 1 mM MgCl,, 10 mM HEPES, 0.44 mM KH5POy, 2.6 mM
NaHCOs3, 0.34 mM NaHPO4, 10 mM bp-Glucose, 0.1 % MEM Vitamins
(Pan-Biotech, Aidenbach, Germany), 0.2 % essential amino acids (Pan-
Biotech, Aidenbach, Germany), 100 pg/mL Penicillin (Pan-Biotech,
Aidenbach, Germany), and 100 U/mL Streptomycin (Pan-Biotech,
Aidenbach, Germany) was used. The pH was adjusted to 7.42 using 1 M
NaOH. The cell storage buffer was sterile filtered with a 0.45 pm me-
dium filter (Isolab, Germany). For live-cell imaging experiments, a
HEPES-buffered solution was used consisting of 2 mM CaCl,, 5 mM KCl,
138 mM NaCl, 1 mM MgCl,, 10 mM HEPES, 10 mM p-Glucose, and pH
was adjusted to 7.42 using 1 M NaOH. Histamine (Sigma-Aldrich, MO,
USA) was prepared as 100 mM stock solution and diluted to 100 pM for
imaging experiments using HEPES-buffered solution. Auranofin (Sigma-
Aldrich, MO, USA) was prepared as 7.36 mM in DMSO for a stock so-
lution and diluted to 3 pM for imaging experiments using a HEPES-
buffered solution. NOC-7 (Sigma Aldrich, MO, USA) was prepared as
50 pM stock solution and diluted to 1-10 pM for imaging experiments
using HEPES-buffered solution. Final working concentrations of PEG-
CAT and PEG-SOD (Sigma-Aldrich, UK) were prepared in DMSO 200
U/ml and 20 U/ml, respectively.

Widefield epifluorescence microscopy. Widefield epifluorescence
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microscopy experiments were performed using a Zeiss Axio Observer
Z1.7 (Carl Zeiss AG, Oberkochen, Germany), Plan-Apochromat 20 x
/0.8 dry objective, Plan-Apochromat 40 x /1.4 oil immersion objective,
a monochrome CCD camera Axiocam 503, and a custom-made gravity-
based perfusion system. The optical path for HyPer7 starts with alter-
nating excitation by 423/44 nm and 469/38 nm LED lights using a
motorized filter wheel containing FT455 (HyPer low) and FT495 (HyPer
high) beamsplitters (BS). Emissions were collected using the same
emission filter (BP 525/50) in ratio imaging. For O-geNOp imaging, cells
were excited with 555/30 nm LED light, and the filter combination is
FT570 BS and 605/70 nm emission filter. The optical setup was the
same, either mono-imaging or dual imaging of two biosensors. Data
acquisition and control were set up using Zen Blue 3.1 Pro software (Carl
Zeiss AG, Oberkochen, Germany). Provision and withdrawal of chem-
icals were conducted using an in-house gravity-based perfusion system
connected to a perfusion chamber (NGFI, Graz, Austria).

Spinning Disk Microscopy. Spinning disk microscopy experiments
were performed on a Zeiss Axio Observer.Z1 equipped with both
Yokogawa CSU-X1 (Tokyo, Japan) confocal scanner unit and Colibri 2 as
light sources. This microscope is also equipped with LD A-plan 20x/0.3
dry objective and 2 different cameras, QuantEM:512SC (Teledyne
Photometrics, AZ, USA) and AxioHrm, for confocal mode measurements
and widefield measurements, respectively. HyPer7 signals were ob-
tained by exciting cells with a 488 nm laser, and emission was collected
at 509 nm in confocal mode. In widefield mode, cells were excited using
470/20 nm LED light, and the filter set contains FT495 BS, 525/25 nm
emission filter. O-geNOp measurements were performed by exciting
cells with a 558 nm laser, and emission was collected at 589 nm in
confocal mode. In widefield mode, cells were excited using 550/12 nm
LED light, and the filter set contains FT570 BS, 605/35 nm emission
filter. Chemicals were provided or withdrawn using a gravity-based
perfusion system connected to the perfusion chamber.

Point Scanning Confocal Microscopy. Temperature experiments
were performed on Zeiss AxioObserver equipped with LSM880 Confocal
Laser Scan. To maintain and control ambient temperature microscope
equipped with PeCon on-stage incubator (Erbach, Germany). For
HyPer7 excitation, 405 nm and 488 nm lasers were used, and for O-
geNOp excitation, a 543 nm laser was used with a multibeamsplitter
(MBS). The microscope is also equipped with 32 channel GaAsp detector
to collect emissions. Cells were imaged using Plan-Apochromat 20x/0.8
M27 objective.

Data Analysis. For O-geNOp signals, background subtraction was
performed using Microsoft Excel. Basal fluorescence intensities were
analyzed employing a one-phase decay function in GraphPad Prism
software to normalize O-geNOp signals to 100 %. Raw fluorescence in-
tensity is denoted as F, and normalized fluorescence intensity is denoted
as Fy. To obtain normalized signal curves formula used below:

dF = (1—(F / Fo)) * 100

For HyPer7 signals, background subtraction was performed using
Microsoft Excel. HyPer7 has two excitation and single emission termed
HyPer low and HyPer high. The HyPer7 ratio was obtained by dividing
HyPer high by HyPer low. Normalized HyPer ratios were obtained by
normalizing HyPer ratios to their basal levels.

Statistical Analysis. All imaging data were analyzed using Graph-
Pad Prism Software version 9 (GraphPad Software, San Diego, CA, USA).
All experiments were performed at least three times and indicated as N/
n where N represents the number of different experimental cultures and
n represents the number of cells. All data denote mean + S.E.M. unless
stated otherwise. Statistical analysis of multiple groups was performed
using one-way ANOVA with Tukey’s posttest (Comparison of all pairs of
columns). P-values are indicated as numerical values. For the compari-
son of multiple groups, the P-value was not indicated if the P-value was
higher than 0.05. In order to compare two experimental conditions, an
unpaired Student’s t-test was performed. Statistical analysis of two
groups was performed using unpaired Student’s t-test or Welch’s
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Student’s t-test, as indicated in the figures.
3. Results

In order to simultaneously monitor intracellular levels of HyO9 and
NO in endothelial cells, we established a transgenic cell line expressing
the biosensors HyPer7 and O-geNOp through lentiviral transduction in
EA hy926 immortalized endothelial cells (Fig. 1A). Employing
fluorescence-assisted cell sorting (FACS), we successfully enriched a cell
population expressing both biosensors, achieving robust expression
levels in 100 % of the cells (Fig. 1B). Subsequently, we rigorously
assessed the functionality of these biosensors within the double-stable
cell line by introducing controlled amounts of exogenous HyO2 or NO,
enabling individual imaging of each biosensor (Fig. 1C and D).

We next conducted technical experiments to fine-tune multispectral
imaging settings, enabling simultaneous measurement of these two
different biosensors with high spatio-temporal resolution. First, we
adjusted the camera binning settings to improve the signal-to-noise ratio
(Supplementary Note 1). Increased pixel binning levels enhanced the
HyPer7 response to HoO5 and altered the kinetics. Despite heightened
background fluorescence, adjustments in excitation light intensity pre-
served unaffected background fluorescence. Notably, the 4 x 4 config-
uration resulted in the highest signal for accelerated HyO2 response
(Figs. S1 and S2). In contrast, geNOp responses (both, O-geNOps and G-
geNOps) to NOC-7 remained consistent across different binning settings,
indicating minimal impact on geNOp’s measurements (Figs. S1 and S4).
However, when G-geNOp was measured with the same settings used for
HyPer7, we observed a clear binning-dependent effect on the G-geNOps
response (Fig. S4). Systematic testing revealed that both spinning disk
(SD) and widefield (WF) microscopy are suitable for employing HyPer7
and O-geNOp biosensors. While SD microscopy provides higher
contrast, maximum biosensor responses remained consistent between
the two techniques, ensuring comparable performance for high-
resolution live-cell imaging (Fig. S5 and Supplementary Note 2). Also,
the impact of incubation temperature on biosensors, showed consistent
behavior at both room temperature (RT) and physiological temperature
(37 °C), with no significant effect on basal activity, response dynamics,
or key parameters (Fig. S6 and Supplementary Note 3). Notably, these
technical characterizations are crucial for accurately visualizing the
precise relationship between H204 and NO signals in biological systems.

Building upon the outcomes of our prior optimization protocols, we
proceeded to co-image both biosensors at room temperature (RT) under
atmospheric (~18 kPa) O, employing a 4 x 4 camera binning setting on
a conventional widefield microscope. Upon application of NOC-7, the O-
geNOp signal reached a plateau, while the corresponding HyPer7 signal
remained unaltered, signifying that exogenous NO does not acutely
impact intracellular HoO5 levels (Fig. 2A and B). Subsequent exposure to
extracellular HyO5 similarly failed to induce acute NO formation, as
evidenced by O-geNOp signals (Fig. 2A and B). The alteration of the
order of exogenous application, first HyOy and then NOC-7, yielded
comparable outcomes (Fig. S7), reinforcing that neither of these re-
actants triggers the immediate generation of the other molecule within
the cell.

To assess endogenously generated NO and Hy05, we employed his-
tamine, a G-protein-coupled receptor agonist, and Auranofin, a thio-
redoxin reductase inhibitor known to induce intracellular H5O,
accumulation [29]. Stimulation of NO production with histamine eli-
cited an increase in O-geNOp signals but left HyPer7 signals unaffected
(Fig. 2C and D). In contrast, Auranofin robustly elevated HyPer7 signals
while leaving O-geNOp signals unaltered (Fig. 2C and D), indicating that
under these optimized conditions, low levels of both reactive species can
be accurately and dynamically detected.

We next investigated the impact of pericellular O, levels on cellular
HyPer7 responses. Cells adapted to physiological normoxia (5 kPa O3)
for 5 days displayed distinct differences in NO signals, as detected by
geNOps and reported in our previous study [21]. When incubated for 24
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Fig. 1. Schematic overview and workflow for developing endothelial cells stably co-expressing HyPer7 and O-geNOp (A) Native endothelial cells (EA.hy926) at low
passage were transduced with lentivirus containing ORFs of HyPer7 and O-geNOp, respectively. HyPer7 and O-geNOp expressing cells were sorted using FACS
48-72h after transduction. (B) Representative widefield images of endothelial cells after FACS. The first three panels show images of cells under different optical
setups according to the optical properties of the biosensors HyPer low (Ex/Em: 430 nm/525 nm) (first image), HyPer high (Ex/Em: 475 nm/525 nm) (second image),
0-geNOp (Ex/Em: 555 nm/605 nm) (third image) and fourth image shows merged channels. The scale bar represents 20 pm. (C) The representative green curve
shows HyPer7 signals upon administration of 50 pM H,0,. The scatter dot plot shows basal levels (black dots, n = 3 cultures/57 cells) and maximum HyPer7 re-
sponses (green dots, n = 3/57) of individual cells. (D) Representative orange curve shows O-geNOp signals after the provision of 10 pM NOC-7. The scatter dot plot
shows O-geNOp responses under basal levels (black dots, n = 3/57) and maximum responses upon administration of 10 pM NOC-7 (orange dots, n = 3/57), P <
0.0001, Student’s t-test. (E) Schematics illustrate the working principle of HyPer7 and O-geNOp biosensors, respectively.

h and challenged with Auranofin, we observed a significant and robust
HyPer7 signal (Fig. 3A-B). Intriguingly, cells adapted to physiological
normoxia for 5 days (Supplementary Note 4) exhibited a diminished
H,0, response to the same agonist, initially raising concerns about
biosensor functionality (Fig. 3A-B). However, control experiments
applying low levels of exogenous HyOy revealed that the biosensor
functioned equally well under both O, conditions (Fig. 3C-D). Notably,
cells adapted to atmospheric O, (18 kPa) maintained stable HyPer7
signals over time, while in cells adapted to 5 kPa O signals rapidly
returned to baseline (Fig. 3C-D). These findings suggest that cells
maintained under atmospheric Oy conditions have higher basal oxida-
tive stress levels and a potentially lower antioxidant capacity compared
to cells under physiological normoxia (5 kPa Og).

To support these findings, we further examined the potential influ-
ence of varying O3 levels on basal intracellular antioxidant enzymes. EA.
hy296 cells were adapted to physiological normoxia (5 kPa Oz) and then
challenged with Auranofin alone or in the presence of PEG-Catalase or
PEG-SOD to scavenge HyO; or superoxide anions, respectively (Fig. 4A).
Notably, there were no discernible differences between control and PEG-
SOD-treated cells. However, PEG-Catalase treated cells exhibited
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reduced HyPer7 signals, indicating an accumulation of HO3 in response
to Auranofin, rather than O5. We repeated this experimental setup with
cells adapted to 18 kPa O, (Fig. 4B) and noted that HoO generation in
response to Auranofin was significantly faster with a higher amplitude
(Fig. 4C-D). These findings establish a critical role of pericellular O
levels in modulating cellular redox responses, as highlighted by the use
of genetically encoded biosensors. These observations provide critical
insights into the dynamic interplay between oxidative stress and cellular
antioxidant defenses under defined O, conditions and may have wide-
reaching implications for other cell types [30].

We next investigated the relationship between HoO5 and NO under
varying O levels. Endothelial cells expressing both HyPer7 and O-
geNOp were maintained under 18 kPa or 5 kPa O, for at least 5 days.
During the imaging experiments, cells were briefly exposed to HyO4
under 5 and 18 kPa O3 conditions (Fig. 5A-B). Notably, basal HyPer7
ratios were lower in 5 kPa consistent with previous experiments
(Figs. 3C and 5C, left panel). Similar to the results shown above
(Fig. 3D), the administration of 25 pM H,0- elicited robust HyPer7 re-
sponses (Fig. 5C, middle panel). Notably, under these conditions, HyO5
treatment in endothelial cells did not yield an O-geNOp response,



H.Y. Altun et al. Free Radical Biology and Medicine 221 (2024) 89-97

-geNOp R
A _ NOC7  H,0, ) B  0-geNOp Response HyPer Response
107 7 - 3 12, 0.0118 " 0.0090
z 9 S Q 10 e
< : z =
X 61 oF: = 8 8;25'
Z 4 T = 6l <
- g 2 % 2.0
w2 g £ 4 2
= o 18 & 5 £ 1.5
—0-geNOp 2
r T T y — Hyper7 (0 R e 1.01 mm
0 10 20 30 =z T 5
Time (min o ~ o
(min) v g s 5
o T o T
z =
c ; D  0O-geNOp Response HyPer Response
His Auranofin
1 — - [ g7 4308 2.0, 0.0423
Z I o= [
=8 1.6 3 & < 1.84
< - - 5
& o o o
24 4% s :EA.G-
i3 @ 4. L
2 P £ & 1.41
Tk H1.2 8 £ s
< g % 2 £ 1.2
0 1.0 —0-geNOp CPA -
: J 3 T y J - HyPer7 o = = :
5 10 15 20 25 £ = T e
Time (min) 5,_:; 32 % 3

Fig. 2. Simultaneous imaging of exogenously and endogenously induced H,0, and NO. (A) Average curves represent simultaneous measurements of exogenously
induced NO and H,0, detected by O-geNOp (red curve) and HyPer7 (green curve) biosensors, respectively. Cells expressing both O-geNOp and HyPer7 biosensors
were stimulated with 1 pyM NOC-7 and 25 pM H;0,, respectively (n = 3/30). (B) The bar plot indicates the maximum responses of O-geNOp signal (red bar, left) and
the maximum responses of HyPer7 signal (green bar, right) when cells were stimulated by 1 pM NOC-7 and 25 pM H,0,. (C) Average curves represent simultaneous
measurements of endogenously induced NO and H,0, detected by O-geNOp (red curve) and HyPer7 (green curve) biosensors, respectively. Cells expressing both O-
geNOp and HyPer7 biosensors were stimulated with 30 pM histamine or 3 pM Auranofin, respectively (n = 3/38). (D) The bar plot indicates the maximum responses
of O-geNOp signal (red bar, left) and the maximum responses of HyPer7 signal (green bar, right) in response to 30 M histamine and 3 pM Auranofin. Data denote
mean + S.E.M. Statistical significance was obtained using Student’s t-test, and P-values are indicated in bar plots.

>
o}

147  Auranofin 1.0 1.57 0.0257 <0.0001
<0.0001 -

012 <0.0001 = g £0.020
= . K Py © £
Dagl = & 1,04 b
10 g & 5 L0015
o} © 0.59 > 14
08 2 I 5 0.010
T o %0.5 <

06 = £0.005

Adapted [ 24h [24n E [b24h
0.4 -
. . i . 24|h 0.0 [ Adapted 0.0 [ Adapted 0.000 [] Adapted
0 15 30 45 60
Time (min)

C D

2,51 H,0, 25 25 1.0

o _ 0.0007
020 20 £20 £08
515 x 151 0.0123 2t 706
a S I > x
s @ 1.0 T10 5 0.4
[1e] X
1.0 g q
—18kPa 99 D BiskPa ~ 05 Biskpa 02 B18kPa
0.5 5kPa (4 05 kPa 0.0 05 kPa 0.0 [05kPa

0 20 40 60 80
Time (min)

Fig. 3. Long-term adaptation to physiological normoxia affects intracellular H,O, levels. (A) HyPer7.expressing EA.hy926 cells were adapted to 5 kPa O, for 5 days
(adapted, light green line) or 24 h (24h, grey line). Cells were injected with 1 pM Auranofin using a microinjector in a CLARIOstar plate reader and HyPer7 ratios
monitored (n = 3/25). (B) The left panel shows basal HyPer7 ratios. The middle panel shows maximum ratio amplitudes in cells in response to 1 uM auranofin. The
right panel shows the H,O, generation rate when cells were challenged with 1 pM auranofin. (C) Representative curves show HyPer7 expressing EA.hy926 cells that
were adapted to either 18 kPa O, (dark green) or 5 kPa O, (light green) for 5 days. Cells were acutely treated with 10 pM H,O, using a microinjector in a CLARIOstar
plate reader and HyPer7 responses were measured under 18 or 5 kPa O, environment (n = 3/10). (D) The left panel shows basal HyPer7 ratios. The middle panel
indicates maximum responses of cells to 10 pM exogenous H,O,. The right panel represents H,O, scavenging rate expressed as a decrease in the HyPer7 ratio over
time. Data denote mean + S.E.M. Statistical significance using Student’s t-test, and P-values are indicated in bar plots.

indicating that the treatment of endothelial cells with exogenous Hy02 levels in cells adapted to different Oy levels. Following 5 days of adap-

has marginal effects on NO production (Fig. 5C, right panel). tation under 18 kPa or 5 kPa Oy, cells were acutely exposed to auranofin
We then explored whether endogenous HyO, formation affects NO while simultaneously recording HyPer and geNOps signals (Fig. 5D-E).
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Fig. 4. Catalase but not SOD attenuates Auranofin-mediated HyPer7 signals under atmospheric O, (18 kPa) and physiological Oy (5 kPa). (A) EA.hy926 cells
expressing HyPer7 were adapted for 5 days to 5 kPa O, levels and 2 h prior to an experiment were treated with 200 U/ml PEG-CAT (grey line) or 20 U/ml PEG-SOD
(black line). Cells were challenged with 1 pM Auranofin using the microinjector system in the oxygen controlled plate reader. (B) The same experimental setup and
treatments were used as in panel A, but cells were adapted to 18 kPa O,. (C) Bars represent the statistical analysis of the maximum HyPer7 ratio in response to acute
1 pM Auranofin in cells adapted to either 5 or 18 kPa O, and treated with PEG-CAT (grey bars) or PEG-SOD (black bars). The green bars represent control cells in the
absence of either PEG-CAT or PEG-SOD. (D) Bars indicate the rate of HyPer7 ratio change in response to acute 1 pM Auranofin in cells adapted to either 5 or 18 kPa
O, and treated with PEG-CAT (grey bars) or PEG-SOD (black bars). The green bars represent control cells in the absence of either PEG-CAT or PEG-SOD. Repeats for
all experiments: n = 3/14. Data denote mean +S.E.M. and 2-way ANOVA multiple comparison test used to determine significance.
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Fig. 5. Simultaneous imaging of exogenously and endogenously induced H,O, and NO in cells adapted to either atmospheric O, (18 kPa) or physiological O (5 kPa).
(A) EA.hy926 cells expressing both HyPer7 and O-geNOp adapted 18 kPa O level were perfused with 25 pM H;02, and HyPer7 (dark green) and O-geNOp (dark red)
signals were traced using fluorescence microscopy (n = 3/45). (B) The same experimental setup was used as in panel A, but cells were adapted to 5 kPa O, for 5 days,
and HyPer7 (light green) and O-geNOp (light red) signals were monitored (n = 3/43). (C) The left panel shows basal HyPer7 ratios in cells adapted to 5 kPa (light
green) and 18 kPa (dark green). The middle panel shows maximum HyPer7 ratio amplitudes in cells in response to 25 pM H30,. The right panel indicates NO
production upon 25 pM H,0, stimulation in cells adapted to 5 kPa (light red) and 18 kPa (dark red). (D) EA.hy926 cells expressing both HyPer7 and O-geNOp
adapted 18 kPa O, level were perfused with 3 pM Auranofin, and HyPer7 (dark green) and O-geNOp (dark red) signals were traced using fluorescence microscopy (n
= 3/45). (E) The same experimental setup was used as in panel D, but cells were adapted to 5 kPa O, for 5 days, and HyPer7 (light green) and O-geNOp (light red)
signals were traced (n = 3/40). (F) The left panel shows basal HyPer7 ratios in cells adapted to 5 kPa (light green) and 18 kPa (dark green). The middle panel shows
maximum HyPer7 ratio amplitudes in cells in response to 3 pM Auranofin. The right panel shows NO production upon 3 pM Auranofin stimulation in cells adapted to
5 kPa (light red) and 18 kPa (dark red). Data denote mean + S.E.M. Statistical significance was obtained using Student’s t-test, and P-values are indicated in bar plots.

Auranofin treatment induced a strong HyPer7 signal under both Oy
conditions, yet the response was marginally delayed under 5 kPa O,
(Fig. 5E). Additionally, basal HyPer7 ratios were lower under 5 kPa O,
(Fig. 5F, left panel). The magnitude of auranofin-induced H3O,

production differed significantly, as observed previously (Fig. 5F, mid-
dle panel). Intriguingly, after the auranofin challenge, NO signals
gradually increased in cells cultured under 5 kPa O, but not in cells
cultured under 18 kPa O, (Fig. 5F, right panel). To validate the origin of
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NO signals, experiments were conducted using .-NAME, an inhibitor for
eNOS that prevents NO production. The diminished NO response implies
that NO levels may be derived from eNOS (Fig. S8).

Since eNOS activity relies on calcium, it is surprising that auranofin
treatment did not trigger any Ca®* changes in endothelial cells under
these experimental conditions (Fig. S9).

4. Discussion

In this study, we employed multispectral imaging techniques to
simultaneously measure HyPer7 and O-geNOp signals in endothelial
cells stably expressing both biosensors, aiming to investigate the impact
of HyO049 on NO levels. Our approach involved (i) establishing double
stable EA.hy926 cells expressing the biosensors, (ii) optimizing micro-
scopic and environmental parameters to optimize multispectral signal
acquisition, (iii) exploring the influence of pericellular O; levels (phys-
iological normoxia vs. hyperoxia) on biosensor functionality and un-
derstanding cellular responses to exogenous and endogenous HyOq
challenges. Our optimization of experimental protocols enabled us to
further elucidate the relationship between H,05 and NO in endothelial
cells.

The spectral distance between fluorescent biosensors HyPer7 and O-
geNOp allows independent measurements of both analytes. Hence,
multispectral imaging is an excellent method for studying the direct
interaction between HoO5 and NO in single endothelial cells. However,
transient transfection methods are inefficient in the endothelial cell line
EA.hy926 [31,32]. Hence, a transgenic methodology via viral trans-
duction was used to generate cell lines expressing both HyPer7 and
0-geNOp simultaneously (Fig. 1). Functionality tests have shown that
the probes are fully functional. Even though lentiviral vectors readily
integrate into the host genome, their integration sites tend to be random
[33]. Random integration of the open reading frame of a genetically
encoded biosensor bears the risk of non-functional genetically encoded
biosensors and may destroy endogenous gene expression patterns
essential for cell function [34,35]. To limit these risks, instead of
generating single double-stable clones of EA.hy926 cells, we used pol-
yclones to obtain a mixed cell population. One of the significant benefits
of stable cell lines is that biosensor integration remains stable over long
passages. Thus, future studies might employ gene editing approaches to
selectively integrate the biosensors to so-called safe-harbor locations
[36] to ensure that the physiological state of cells is not altered.

We employed optimized parameters to simultaneously measure the
effects of exogenous and endogenous generated H,05 and NO in human
endothelial cells. We selected a conventional widefield microscope and
successfully monitored exogenous and endogenous induced changes in
H20, and NO biosensor signals (Fig. 2), with negligible influence of
H20;2 on NO. In a recent study, we demonstrated that pericellular O,
levels have a significant impact on NO bioavailability in endothelial cells
under physiological normoxia [21,23].

To our knowledge, the HyPer7 biosensor has not been tested sys-
tematically under different Oy conditions. To address this knowledge
gap, we compared the functionality of HyPer7 under atmospheric (18
kPa) and normoxic (5 kPa) O, levels. Intriguingly, we observed signifi-
cant disparities in HyPer7 signals in cells adapted to 5 kPa O, for du-
rations of 24 h and 5 days. We have previously established that cells
require adaptation to normoxic O3 levels encountered in vivo for at least
5 days to obtain a physiological redox phenotype in the absence of HIF-
la stabilization [22,26]. In Fig. 3, we established for the first time that
basal HyPer7 ratio levels were increased in cells adapted to hyperoxic Oy
levels, indicating an elevated baseline of reactive oxygen species gen-
eration. Furthermore, the decay in the HyPer7 signal in
hyperoxia-adapted cells was delayed, whereas the signal in cells adapted
to physiological normoxia (5 kPa O,) rapidly returned to baseline. These
observations raise important concerns about disrupted antioxidant
levels in cells cultured under standard atmospheric O conditions [26].
These data suggest that intracellular antioxidant defenses may be
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dysregulated or overwhelmed by the redox distress experienced by cells
adapted to hyperoxia (Fig. 4) [23,30]. Previous research has indicated
an attenuated induction of antioxidant defense enzymes regulated by
NFR2 in cells adapted to physiological normoxia in mouse brain
microvascular and human coronary artery and umbilical vein endothe-
lial cells [25,26,37].

When we examined the relationship between H,O5 and NO under
physiological normoxia and hyperoxia, we noted that a brief exposure to
H20; did not trigger NO production in either O, environment. However,
upon endogenous HyO generation via auranofin, a substantial increase
in NO levels was observed under physiological normoxia, a response
that was validated using the eNOS inhibitor .-NAME. Although eNOS is a
cytoplasmic Ca?*-dependent enzyme, surprisingly, Ca®" imaging using
Fura-2 AM in response to auranofin did not reveal any calcium fluctu-
ations. Similar findings were reported in HUVEC, where treatment with
oleanolic acid elevated NO without affecting Ca®" levels [38].
Calcium-independent eNOS activation via eNOS phosphorylation at
Serine 1177 is well-established yet controversially discussed [20]. A
recent study investigating the relationship between H;0, and eNOS
using chemogenetic tools showed a clear time concentration-dependent
relationship between Hy0, and eNOS phosphorylation [9]. Moreover,
this study demonstrates that intracellularly generated H,O5 had a
greater phosphorylation effect on eNOS!!77 compared to exogenously
applied Hy05 [9]. Additionally, previous studies in HUVEC suggested
that the rate of eNOSS1!”7 phosphorylation under physiological nor-
moxia declines over time following histamine stimulation [22]. Histor-
ically, scientists have regarded eNOSS!'”” phosphorylation as an
indicator of eNOS activity. However, a more recent study challenges this
phenomenon, suggesting that eNOS3!177 phosphorylation per se does
not affect eNOS activation and NO production in endothelial cells [20].

5. Conclusions

To our knowledge, our study is the first to investigate the relation-
ship between H30, and NO signals under varying oxygen levels in
endothelial cells. Under standard, hyperoxic cell culture conditions, we
found no evidence supporting the notion that either intracellular or
extracellular HyO, significantly affects intracellular NO generation.
Importantly, basal and auranofin-stimulated intracellular HyO5 levels
were significantly lower in endothelial cells adapted to physiological O,
levels compared to cells cultured under atmospheric oxygen, which is
well-known to upregulate NRF2-targeted cellular antioxidant defenses
[22,25,26,37]. Under physiological, normoxic oxygen levels, we
observed only little increases in NO signals upon auranofin-mediated
H,0, increase in the absence of intracellular calcium activation.
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