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ABSTRACT

Oxygen is a key molecule for cell metabolism. Eukaryotic cells sense the reduction in oxygen availability
(hypoxia) and trigger a series of cellular and systemic responses to adapt to hypoxia, including the
optimization of oxygen consumption. Many of these responses are mediated by a genetic program
induced by the hypoxia-inducible transcription factors (HIFs), regulated by a family of prolyl hydro-
xylases (PHD or EGLN) that use oxygen as a substrate producing HIF hydroxylation. In parallel to these
oxygen sensors modulating gene expression within hours, acute modulation of protein function in
response to hypoxia is known to occur within minutes. Free radicals acting as second messengers, and
oxidative posttranslational modifications, have been implied in both groups of responses. Localization
and speciation of the paradoxical increase in reactive oxygen species production in hypoxia remain
debatable. We have observed that several cell types respond to acute hypoxia with a transient increase in
superoxide production for about 10 min, probably originating in the mitochondria. This may explain in
part the apparently divergent results found by various groups that have not taken into account the time
frame of hypoxic ROS production. We propose that this acute and transient hypoxia-induced superoxide
burst may be translated into oxidative signals contributing to hypoxic adaptation and preconditioning.

© 2014 Elsevier Inc. All rights reserved.

In most metazoans, oxygen has to be distributed through the
organism to be used by cells within various organs. In several
physiological and pathophysiological scenarios, cells undergo a
decrease in the amount of available oxygen, known as hypoxia,
which induces acute and long-term cellular, local, and systemic
responses [1]. Most of the long-term responses are mediated
by the induction of over 100 genes by the hypoxia-inducible
factors (HIFs), heterodimeric transcription factors composed of a
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constitutively expressed subunit (HIF-B) and an O,-dependent
HIF-o« subunit. In normoxia the latter subunit is continuously
degraded through a mechanism mediated by a family of HIF prolyl
hydroxylases (EGLNs or PHDs), which carry out an O,-dependent
hydroxylation that is suppressed when oxygen concentration
decreases, allowing HIF-« stabilization [2]. Some studies revealed
that HIF-a stabilization was associated with an acute increase in
reactive oxygen species (ROS) production in hypoxia [3,4].

It has been shown that acute responses to hypoxia involve local
temporal changes in redox state due to the alterations in production
of short-lived reactive oxygen species [5-8]. However, the nature of
oxygen-sensing free radical generators, the targets of these radicals,
and the resulting changes in enzyme activity and, finally, whether
hypoxia causes a decrease or an increase in ROS production remain
a matter of debate. Hypoxia-induced ROS production has been
attributed mainly to the mitochondrial oxidative phosphorylation
system (OXPHOS) and has been proposed to contribute to PHD
inhibition and HIF-o stabilization [9-12] (reviewed in [13,14]).
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This posed a paradox, as superoxide is directly produced from
oxygen so its production rate should decrease with a decrease in
oxygen availability [13,15]. Indeed, some of these findings and
methodological approaches have been questioned [16,17] (reviewed
in [18]). However, detailed investigations confirmed that increased
ROS production occurred under conditions of mild hypoxia (1-3%
0;), but not during severe hypoxia or anoxia [13,19,20].

ROS production in hypoxia has often been measured with
fluorescent probes that are oxidized by different species. The main
limitation of some (if not most) of these studies is that the
fluorescence measurements were performed outside the hypoxia
chamber with reoxygenation occurring during the measurements.
Several recent reports have confirmed hypoxic ROS production in
cells exposed to hypoxia while recording the fluorescent signal
from HSP-FRET or roGFP [5,9,21-23] (reviewed in [13,24]). Both
thiol-based protein sensors are oxidized by H,0,, although oxida-
tion by other intracellular oxidants cannot be ruled out. Super-
oxide anion is the primary ROS produced by the OXPHOS.
However, there are few reports using a specific probe for direct
measurement of this species in hypoxic cells [17,20,25] and we are
not aware of any study showing the dynamics of superoxide
production upon deoxygenation. Understanding the time course
of superoxide production will help us approach the mechanisms
underlying that response.

By using a novel proteomic method for detecting reversible
thiol oxidation (redox fluorescence switch), we have recently
shown a specific pattern of proteins in which cysteine thiol
residues are reversibly oxidized when endothelial cells are sub-
jected to acute hypoxia for 2 h [8]. This suggests a role for hypoxia-
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induced ROS production in cell signaling: the increased ROS levels
can produce specific oxidative posttranslational modifications that
may regulate the HIF pathway or promote other acute responses
[8]. We herein present the data on superoxide production directly
assessed in the cytosol and in the mitochondria of cells exposed to
acute hypoxic challenge, combining different techniques to avoid
potential artifacts.

Materials and methods
Cell culture

Bovine aortic endothelial cells (BAECs) were obtained from
aortas donated by a local slaughterhouse and isolated as pre-
viously described [26]. BAECs were cultured at 37 °C in RPMI 1640
supplemented with 15% heat-inactivated fetal bovine serum (FBS),
100 U/ml penicillin, and 100 pg/ml streptomycin. They were used
between passages 3 and 9; endothelial morphology was assessed
by visual inspection and by Western blot for endothelial nitric
oxide synthase.

EA.hy926 cells (kindly provided by Dr. Cora-Jean S. Edgell,
University of North Carolina, NC, USA) were cultured at 37 °C in
Dulbecco's modified Eagle medium (DMEM) supplemented with
HAT, 10% heat-inactivated FBS, 100 U/ml penicillin, and 100 pg/ml
streptomycin

HeLa cells were cultured at 37 °C in DMEM supplemented with
10% heat-inactivated FBS, 100 U/ml penicillin, and 100 pg/ml
streptomycin.
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Fig. 1. Superoxide detection by DHE and fluorescence microscopy in fixed endothelial cells. (A, B) BAECs and (C, D) EA.hy926 cells were incubated for 60 min in normoxia
(Nx) or in normoxia with antimycin A (AA, 10 uM for 30 min) or incubated in a hypoxia chamber at 1% O, with medium preequilibrated in the hypoxic condition (Hp) for O,
15, 30, 45, or 60 min. 5 uM DHE was added for 10 min more, and the cells were fixed in the hypoxia chamber. (A, C) Representative images showing DHE fluorescence. (B, D)
Quantification of images from four (B) or three (D) independent experiments. Data are presented as the mean + SEM. *p < 0.05, & = 0.0495 versus Nx.
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p°L929 cells (mitochondrial DNA-less cells derived from L929
cells) and their control p* transmitochondrial cybrids, TmC57BL/
6] (generated by transferring functional mitochondria from plate-
lets to p°L929 cells), were generated [27] and kindly provided by
the group of Dr. José Antonio Enriquez (CNIC, Spain). They were
cultured at 37 °C in DMEM supplemented with 5% heat-inactivated
FBS, 100 U/ml penicillin, and 100 pg/ml streptomycin. p°L929 cells
were also supplemented with 50 pg/ml uridine.

HK-2 cells (kindly provided by Dr. Maria José Calzada, UAM and
Instituto de Investigacién Sanitaria Princesa, Madrid, Spain) were
cultured at 37 °C in DMEM F-12-GlutaMAX supplemented with
10% heat-inactivated FBS, 100 U/ml penicillin and 100 pg/ml
streptomycin, and 0.1% insulin-transferrin-selenium-X solution.

Cardiomyocytes were isolated from rat pups 2-3 days after
birth as previously described [28]. The cells were seeded on
collagen-coated six-well plates, supplemented with maintenance
medium containing 1 part M199 medium and 4 parts medium
containing (in mM) 116 NaCl, 32.1 NaHCOs, 1 NaH,PO4 (pH 7.2),
0.8 MgS0,4, 5.5 glucose, 1.8 CaCl,, supplemented with 1% horse
serum, penicillin, streptomycin, and 2% glutamine. Cells were
maintained in cell culture incubators (95% air, 5% CO- in gas phase,
37 °C) and used within 5 days of isolation.

Fluorescence microscopy in fixed cells and quantification

Cells were seeded a day before experimentation on glass cover-
slips. For treatments in hypoxia, all the solutions were preequili-
brated to hypoxic conditions before use; in some experiments,
1 mM Tiron (4,5-dihydroxy-1,3-benzene disulfonic acid) was added
30 min before experimentation and maintained during the rest of
the experiment. Plated cells were introduced in an Invivo2 400
workstation (Ruskinn) set at 1% O, (2% O, when stated), 5% CO,,
37 °C, and incubated for the indicated times (0, 15, 30, 45, and
60 min) in new medium, washed three times with Hanks’ balanced
salt solution with Ca?*/Mg?* (HBSS + Ca/Mg) and incubated
with 5uM mito-hydroethidine (Mito-HE; 3.33 or 10 uM when
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Fig. 2. Superoxide detection by DHE and HPLC in endothelial cells. BAECs were
treated as in Fig. 1. After DHE incubation (5 uM DHE, 10 min) cells were lysed in the
hypoxia chamber and frozen, and 2-OH-E amount was analyzed by HPLC with
fluorescence detection. Data are presented as the mean + SEM of four indepen-
dent experiments. *p < 0.05, “*p < 0.01 versus Nx.

stated) or 5 uM dihydroethidium (DHE) for 10 min, or with 10 pM
5(6)-carboxy-2',7’-dichlorofluorescein  diacetate (CDCFDA) for
15 min (all probes in HBSS + Ca/Mg), in darkness. After incubation,
excess probe was washed away three times with HBSS + Ca/Mg,
and the cells were fixed by adding 4% paraformaldehyde and
incubated in darkness at 4 °C for 15 min. After fixation, wells were
again washed three times with HBSS + Ca/Mg and coverslips
placed on slides. In normoxic cells, medium was also changed for
new normoxic medium and treated as hypoxic cells, but in a
standard cell incubator. When normoxia was set at 7% O,, the cells
were placed in an Invivo2 200 workstation (Ruskinn) at 7% O,, 5%
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Fig. 3. Superoxide detection by DHE and fluorescence microscopy in fixed
endothelial cells treated with 1 mM Tiron. (A) Control BAECs and (B) BAECs
incubated with 1 mM Tiron were treated as in Fig. 1. (A, B) Representative images
showing DHE fluorescence. (C) Quantification of images from three independent
experiments. Data are presented as the mean + SEM. **p < 0.01 versus Nx.
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CO,, 37 °C, incubated overnight, and treated in the same chamber or
transferred to the Invivo2 400 chamber for 1% O, hypoxia as above.
Antimycin A was added to a final concentration of 10 uM onto
normoxic cells 30 min before and during incubation with the probe.
Three images per coverslip were taken in a Leica DMR fluorescence
microscope with a 63 x objective, using the following excitation/
emission filter pairs: 546-12/560 for DHE and Mito-HE, 480-40/505
for CDCFDA. The images (three images per coverslip; the number of
independent experiments is described in the figure legends) were
quantified using Image] software. The same threshold was set for all
the images and the mean value from the histogram was averaged
for the three images of each coverslip.

Significance of the hypoxia-induced changes was analyzed
using analysis of variance (ANOVA) for normoxic and all the
hypoxic time groups, and intergroup comparison was done by
the multiple comparison test (Dunnett posteriori test with respect
to the normoxia group). The change in fluorescence with the time
in hypoxia was evaluated by linear trend test of all the hypoxia
groups [29]. Homoscedasticity was tested with Levene's test
and normality with the Shapiro-Wilk test. Appropriate transfor-
mation was done to perform the analysis in the case of no normal
distribution. When no transformation gave normal distribut-
ion (Figs. 1D and 6D), nonparametric tests were used: differences
among normoxic and all the hypoxic time groups were analyzed
with the Kruskal-Wallis test and intergroup comparison was
done with the Mann-Whitney test with respect to the normoxia
group; the change in fluorescence with the time in hypoxia
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was evaluated by nonlinear trend test of all the hypoxia groups.
All analyses were performed using Stata version 11 software
and R version 2.15.2, with the help of the Methodology
Unit of the Instituto de Investigacion Sanitaria Princesa (Madrid,
Spain).

Colocalization analysis of Mito-HE by confocal microscopy

Cells were seeded a day before experimentation on glass
coverslips. Plated cells were washed three times with HBSS +
Ca/Mg and incubated with 5 pM Mito-HE for 10 min in darkness.
After incubation, excess probe was washed away three times with
HBSS + Ca/Mg, and the cells were fixed by adding 4% parafor-
maldehyde and incubated in darkness at room temperature (RT)
for 10 min. After fixation, wells were again washed with HBSS +
Ca/Mg and cells permeabilized with 0.5% Triton in phosphate-
buffered saline (PBS) for 10 min at RT. Blocking solution, consisting
in 5-thio-2-nitrobenzoic acid in PBS, was added for 20 min at
37 °C, and antibody against prohibitin-1 C-term (AJ1656a; Abgent)
was incubated for 1 h at 37 °C. Coverslips were washed three times
with 0.1% Tween 20 in PBS (PBS-T) and incubated with DyLight-
488-labeled goat anti-rabbit secondary antibody for 30 min at
37 °C. Cells were washed three times with PBS-T and once with
distilled water and coverslips mounted in slides. Tri-color Z stacks
were generated using a Leica SP-5 confocal microscope. Samples
were excited with an Ar/Kr laser using the 488 nm line and a
second diode laser fitted with a 561 nm line. Fluorescence
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Fig. 4. Superoxide detection by DHE in endothelial cells at different concentrations of O, in normoxia and hypoxia. (A, B) BAECs were treated as in Fig. 1, but normoxia was
set at 7% O,. (C, D) BAECs were treated as in Fig. 1, but the hypoxia chamber was set at 2% O, and normoxia performed at atmospheric O, concentration. (A, C) Representative
images showing DHE fluorescence. (B, D) Quantification of images from three independent experiments. Data are presented as the mean + SEM. ***p < 0.001 versus Nx,

**p < 0.01 versus Nx, *p < 0.05 versus Nx.
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emission was taken using the spectral capability of the SP-5
according to the manufacturer's instructions. For three-
dimensional analysis, stacks were processed using Image]
software.

High-performance liquid chromatography (HPLC) analysis

Cells were seeded a day before experimentation in 60-mm-
diameter plates. For hypoxia treatments, plated cells were introduced
into an Invivo2 400 workstation (Ruskinn) set at 1% O, 5% CO,, 37 °C,
and incubated for the indicated times (0O, 15, 30, 45, and 60 min)
in prehypoxic medium, washed three times with prehypoxic HBSS +
Ca/Mg and incubated with 5 uM DHE for 10 min (in prehypoxic HBSS
+ Ca/Mg solution), in the darkness. After incubation, excess probe was
washed away once with prehypoxic PBS and cells were lysed with
0.1% Triton X-100 and frozen overnight at — 80 °C. Homogenates were
thawed on ice and 100 pl was transferred into a new tube. 1-butanol
(250 pl) was added to the lysate, vortexed for 1 min, and centrifuged
for 3 min at maximum speed and the upper alcoholic phase was
recovered and dried. The desiccated fraction was resuspended in
100 ul HPLC-grade water and vortexed. An HPLC 2695 separation
module from Waters was used to load and separate 50 ul of the
samples in a Mediterranean Sea C18 column using acetonitrile 10%-
trifluoroacetic acid (TFA) 0.1% and acetonitrile 100%-TFA 0.1% as
mobile phases. Fluorescence of the samples was detected by a W474
module at 490 nm excitation wavelength and 560 nm emission
wavelength. The peak area corresponding to hydroxyethidium forma-
tion was quantified and corrected with the protein concentration of
the sample (determined by the BCA assay). Statistical analysis was
performed as for fluorescence microscopy in fixed cells (see above).

Live imaging fluorescence microscopy and quantification

Cells were seeded in six-well plates a day before experimenta-
tion. Plated cells were washed three times with HBSS + Ca/Mg and
incubated with 5 pM Mito-HE, 10 uM DHE, 30 nM tetramethylrho-
damine methyl ester (TMRM), or 10 uM CDCFDA for 20 min at 37 °C
in darkness. After that the plate was placed in a Leica DM 16000B
fluorescence microscope equipped with a Leica DFC360FX camera,
an automated stage for live imaging, and a thermostated hypoxic
cabinet. The planes were focused for image capture, and images
were taken with a 20 x objective every 2 min for 40 min, providing
a total of 20 cycles. Normoxia experiments started and ended at 20%
0, and 5% CO,, whereas hypoxia experiments started at 20% O, and
5% CO, and were switched to 2% O, and 5% CO, in cycle 2. The
excitation/emission filter pairs used were 546-12/560 for DHE,
Mito-HE, and TMRM, 480-40/505 for CDCFDA.

For mitochondrial membrane potential controls, 12.5 uM oligo-
mycin or 1uM carbonyl cyanide-4-(trifluoromethoxy)phenylhy-
drazone (FCCP) were added before focusing the planes.

Images were quantified with Leica Las-AF software. Three
independent experiments were performed for each condition. For
each experiment and condition, four identical linear regions of
interest (ROIs) were created on nonnuclear regions of different cells
(to avoid measuring nuclear binding of Mito-HE and DHE). The
maximum peak value of cycles 0, 5, 10, 15, and 20 was collected for
each ROL The oxidation rate for each replicate was estimated by
linear regression of the data for all the ROIs and time points. The
differences in the means of the replicate oxidation rates were
analyzed by the Student t test. Homoscedasticity was tested with
Levene's test and normality with the Shapiro-Wilk test. Appro-
priate transformation was done to perform the analysis in the case
of no homoscedasticity or no normal distribution. These statistical
analyses were performed using G-Stat version 2.0.1 software.

Treatment effect was analyzed with GEE (generalized estimat-
ing equations method) with Gaussian family and identity link

function [30]. Variability of statistics derived from time observa-
tions was analyzed with independent and autoregressive of
order 1 (AR1)—correlation structures [30]. However, only the
independent correlation structure is shown for the within-
subject correlation, because it was the most parsimonious model
(p value and coefficient were similar between the two structures,
therefore the statistical independence of observations could be
assumed). This independent correlation structure is equal to
simple regression models. When the response variables were not
normally distributed appropriate transformations were used.
These analyses were performed using Stata version 12 software
with the help of the Methodology Unit of the Instituto de
Investigacién Sanitaria Princesa (Madrid, Spain).

Western blot analysis

Protein extracts were run on 10% standard polyacrylamide gel
electrophoresis and transferred to nitrocellulose membranes.
Monoclonal anti-HIF-1o antibody (MAB1536; R&D Systems) and
monoclonal anti-a-tubulin antibody (T6199; Sigma) were used.
Antibody binding was detected by chemiluminescence with
species-specific secondary antibodies labeled with horseradish
peroxidase and visualized on a digital luminescence image analy-
zer (Fujifilm LAS-4000).
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Fig. 5. ROS detection by CDCFDA and fluorescence microscopy in fixed endothelial
cells. BAECs were treated as in Fig. 1. CDCFDA 10 uM was added for 15 min more,
and cells were fixed in the hypoxia chamber. (A) Representative images showing
CDCFDA fluorescence. (B) Quantification of images from four independent experi-
ments. Data are presented as the mean + SEM. ***p < 0.001 versus Nx.
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Results and discussion

Hypoxia induces a superoxide burst in the first minutes of hypoxia in
endothelial cells

We aimed to determine whether reduction in oxygen concen-
tration was able to induce the production of superoxide (037)
at different times. DHE reacts with superoxide to produce 2-
hydroxyethidium (2-OH-E), which can be detected by fluorescence
microscopy. As a positive control we used antimycin A, which
inhibits complex Il of the OXPHOS system, increasing superoxide
production [31]. Primary BAECs were subjected to hypoxia for
various times, ranging from 10 to 70 min. DHE was added over the
last 10 min of hypoxic exposure, and after that, the cells were fixed
in the hypoxia chamber. The amount of 2-OH-E produced was
assessed in a fluorescence microscope (Fig. 1A and B). Compared to
the measure in normoxia, a significant increase in superoxide
production was observed within the first minutes of hypoxia. An
additional analysis of the linear trend (p trend [29]) among the
measures at various times in hypoxia showed that superoxide
production was progressively diminished over the following hour.
Similar results were obtained with a cell line derived from human
endothelial cells, EA.hy926 [32] (Fig. 1C and D).

DHE oxidation measurement by fluorescence microscopy is not
completely specific for superoxide detection, as there are other
reactions that can also give fluorescent products, but 2-OH-E can
be differentiated from ethidium and other products by HPLC
analysis with fluorescence detection [33]. To confirm the results
from microscopy and to unambiguously detect the production of
superoxide, we performed HPLC analysis of cell lysates from BAECs
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subjected to hypoxia, incubated with DHE, and extracted in the
hypoxia chamber. The peak of 2-OH-E was clearly separated from
the peak of ethidium, both in control experiments with cyclos-
porin A treatment [34] and in hypoxia treatments (Supplementary
Fig. 1). With this methodology we also observed a transient burst
of superoxide production during the first minutes of hypoxia
(Fig. 2). Superoxide signal thereafter decreased and did not differ
from normoxic values after 45-60 min in hypoxia. These findings
correlated with the results obtained by fluorescence microscopy
(Fig. 1), confirming the specific detection of superoxide in our
setting.

To further confirm the superoxide burst, we aimed to inhibit it
with specific reagents, so we treated BAECs with Tiron before and
during the hypoxic incubation in microscopy experiments. Tiron
reacts with superoxide, and clearly abolished the signal from the
superoxide burst in hypoxia (Fig. 3).

To assess if this superoxide burst is specific for the change in
oxygen concentrations we have used in the experimental setting,
we performed similar experiments with different initial and final
oxygen concentrations. First, we used a lower initial "normoxic"
reference concentration, 7% O,, which could be more physiologi-
cally relevant for endothelial cells, maintaining the hypoxia at 1%
0,. We observed a similar superoxide burst (Fig. 4A and B). A
similar increase in superoxide production was observed when 2%
0, was used as hypoxia and ambient air was used as normoxia. In
fact the amplitude of the superoxide burst at 2% O, exceeded that
observed at 1% O, (Fig. 4C and D).

To determine the production of H,0, (along with ONOO~ and
other ROS [35]) that could be derived from the superoxide burst
we used CDCFDA. BAECs incubated in hypoxia showed a burst in
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Fig. 6. Mitochondrial superoxide detection by Mito-HE and fluorescence microscopy in fixed endothelial cells. (A, B) EA.hy926 cells and (C, D) BAECs were treated as in Fig. 1.
Mito-HE 5 uM was added for 10 min more, and the cells were fixed in the hypoxia chamber. (A, C) Representative images showing Mito-HE fluorescence. (B, D) Quantification
of images from three independent experiments. Data are presented as the mean + SEM. *p < 0.05, *p < 0.01, & = 0.0495 versus NXx.
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CDCFDA oxidation, which peaks at 15-30 min (Fig. 5), suggesting
that the superoxide burst is translated into a burst of other ROS
such as H,0, with a slight delay. A similar kinetics has been
described for CDCFDA oxidation after VEGF addition, increased
under hypoxic conditions [36].

Superoxide is produced in mitochondria

We next wanted to explore the role of mitochondria in
hypoxia-induced superoxide production. To this end, we used
the mitochondria-targeted probe Mito-HE, in which a triphenyl-
phosphonium (TPP*) group is linked to DHE. Mito-HE accumu-
lates within active mitochondria because positively charged TPP*
drives the compound to the negatively charged mitochondrial
matrix. EA.hy926 cells incubated with Mito-HE during the last
10 min of exposure to 1% O, showed a similar acute transient rise
in superoxide production in response to hypoxia (Fig. 6A and B),
suggesting mitochondrial localization of superoxide production.
Again, similar results were obtained in BAECs, in which superoxide
production in hypoxia could be even higher (Fig. 6C and D).

We confirmed mitochondrial targeting of Mito-HE by assessing
colocalization with prohibitin-1, a mitochondrial protein
(Supplementary Fig. 2A) [37]. To additionally control that the
Mito-HE signal was actually related to increases in superoxide
production and there was no saturation effect in the signal, we
tested different concentrations of Mito-HE, observing that there is
a clear increase with the Mito-HE concentration (Supplementary
Fig. 2B).

A complementary approach to analyzing the mitochondrial
origin of the superoxide production came from the study of the
hypoxia response in p° cells, which do not have a functional
OXPHOS owing to mitochondrial DNA damage. p° cells (p°L929)
and their control cybrids with undamaged mitochondria
(TmC57BL/6], from now on called C57) [27] were subjected to
hypoxia and DHE fluorescence was measured under the same
conditions as with endothelial cells. C57 cells also showed a
superoxide burst in the first minutes of hypoxia (Fig. 7). However,
p°L929 cells showed much lower DHE signal, which did not
increase with antimycin A treatment (owing to the lack of
OXPHOS); hypoxic exposure of p°L929 cells also did not signifi-
cantly affect the DHE (Fig. 7). In line with the previous data these
findings point also to the mitochondrial origin of the superoxide
burst that we observe in the first minutes of hypoxia.

Early hypoxic superoxide production is confirmed in living cells

In the previous experiments the accumulation of ROS was
detected over the 10 or 15 min after 0-60 min of incubation under
hypoxic or normoxic conditions. To get a complementary measure
of ROS production in hypoxia, we monitored the rates of oxidation
of the ROS-sensitive probes using live imaging under normoxic or
hypoxic conditions. Under normoxic conditions a gradual sus-
tained increase in the oxidation signal was detected in BAECs
using DHE, Mito-HE, and CDCFDA (Fig. 8A-C). In these experi-
ments, the fluorescent signal accumulated over time because of
the irreversible oxidative modification of the probes. Thus, this
method allowed assessing only the change in the rate of oxidation,
which reflects the relative changes in differences in ROS produc-
tion, and not the differences between the time points. We
confirmed a significant increase in the rate of ROS production in
BAECs for all the three probes when cells were subjected to
hypoxia (Fig. 8A-C).

Using live imaging we also explored the oxygen-dependent
changes in the mitochondrial membrane potential. Mitochondrial
targeting of Mito-HE is driven by mitochondrial membrane
potential. Thus, hyperpolarization is associated with greater

accumulation of Mito-HE within mitochondria and a concomitant
increase in fluorescence, which is not caused by increased super-
oxide formation. We measured the mitochondrial membrane
potential in BAECs using TMRM in nonquenching mode [38],
confirmed by the clear and immediate decrease in the signal
when FCCP (which depolarizes the membrane by uncoupling
OXPHOS) was added and the increase after addition of oligomycin
(which inhibits ATPase, increasing the potential) (Supplementary
Fig. 3). Hypoxic treatment of BAECs was associated with mito-
chondrial depolarization, whereas the potential was maintained in
BAECs in normoxia (Fig. 8D). Thus, superoxide production in the
mitochondria of hypoxic BAECs could be underestimated using
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Fig. 7. Superoxide detection by DHE and fluorescence microscopy in fixed C57 and
p°L929 cells. (A) C57 and (B) p°L929 cells were treated as in Fig. 1. (A, B)
Representative images showing DHE fluorescence. (C) Quantification of images
from three independent experiments. Data are presented as the mean + SEM. **p
< 0.05, *p < 0.01 versus Nx.
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Mito-HE, as the dye levels in depolarized hypoxic mitochondria
would be lower than in the mitochondria of normoxic cells.

Live imaging also confirmed the mitochondrial implication in
the increased superoxide production in hypoxia. Whereas C57
cells exhibit a clear increase in the DHE and CDCFDA signals when
they are subjected to hypoxia, p°L929 cells do not show these
changes when subjected to hypoxia (Fig. 9).

Superoxide burst and ROS formation in hypoxia are not specific solely
to endothelial cells

We wondered whether the hypoxia-induced superoxide burst
and the increase in ROS production were specific to endothelial
cells or a common feature for several cell types, in addition to the
fibroblasts previously shown (Figs. 7 and 9). We carried out live
imaging experiments with cultured neonatal rat cardiomyocytes.
In line with the results obtained in endothelial cells, hypoxia
triggered a significant increase in the rate of oxidation of DHE,
Mito-HE, and CDCFDA, indicating an increased production of ROS
(Fig. 10A-C). Furthermore, depolarization of the mitochondrial
membrane in hypoxic cardiomyocytes was confirmed when mon-
itoring signal intensity of TMRM (Fig. 10D), suggesting that super-
oxide production within mitochondria could be underestimated.

We also assessed whether tumor cells could exhibit a similar
response to hypoxia. HeLa and HK2 cells were exposed to acute
hypoxia and incubated with Mito-HE at different times

(Supplementary Figs. 4 and 5). The response was similar to that
of endothelial cells, thus reinforcing the involvement of mitochon-
dria in hypoxic superoxide production and suggesting that this
could represent a general mechanism for various cell types.

Superoxide burst as a regulator of HIF-1a stability

As previously stated, hypoxic ROS production has been impli-
cated in triggering hypoxia adaptation signals through the HIF
pathway, mediated by HIF-o¢ subunit stabilization [13,14]. Addi-
tionally, we have recently shown that in endothelial cells there is a
reversible oxidation in certain proteins after 2 h of hypoxia, which
could be implied in acute responses to hypoxia [8]. Thus, the
superoxide burst we observe could take part in hypoxic signals at
longer times, related to the different kinetics of accumulation of
different oxidized species.

To test this, we studied HIF-1a stabilization in the systems in
which we have been able to abolish the superoxide burst in
hypoxia, namely p° cells and treatment with Tiron. In accordance
with results published elsewhere for other p° cells [3,9,10],
p°L929 cells did not stabilize HIF-1« in hypoxia as happened in
the control C57 cells (Fig. 11A). Contrary to our hypothesis,
Tiron treatment in BAECs did not abolish HIF-1a stabilization in
hypoxia and even increased it, both in normoxia and in hypoxia
(Fig. 11B). Measurement of CDCFDA oxidation showed that cells
with Tiron produced equal or slightly higher signals than cells
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Fig. 9. Superoxide and ROS measurement by fluorescence microscopy in live C57
and p°L929 cells. C57 and p°L929 cells were incubated with (A) 10 M DHE and
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without treatment (Supplementary Fig. 6); this can be related to
the reduction of superoxide due to the reaction with Tiron,
producing mainly H,0,, which can explain increased HIF-1a
stabilization.

Conclusions and future directions

Using several converging methodologies that avoid reoxygena-
tion we have demonstrated that exposure of cells to acute
mild hypoxia (1-2% O, under our culture conditions) was asso-
ciated with a burst in superoxide production within the first
minutes. Thereafter the levels of superoxide production in hypoxic
cells reduced gradually over time. In 1 h no difference in super-
oxide production could be detected between hypoxic (1% O) and
normoxic cells. Our results comparing different hypoxic O, con-
centrations in the same experimental setting (Figs. 1, 4C, and 4D)
show that at 2% O, the superoxide burst can be slower and more
sustained than at 1% O,. These observations resolve the seeming
contradiction in the findings reported earlier. For example,

Quintero et al. [20] analyzed superoxide production by incubating
endothelial cells with DHE for the first 60 min of hypoxia (3% O;),
showing a clear increase in the fluorescence signal; under these
conditions, DHE would be oxidized by the superoxide burst that
we have seen in our experiments. On the other hand, Chua et al.
[17] saw no increase in DHE fluorescence when HEK293 cells were
exposed to 1% hypoxia; but in this case DHE was added for 30 min
after 3 h of incubation of the cells in hypoxia, which would not
allow the detection of the initial superoxide burst.

Other studies have also shown an increase in DHE oxidation in
cardiomyocytes in a model of acute ischemia for up to 60 min, in
which, in addition to hypoxia, nutrients were removed from the cell
culture medium [39]. Further studies would be interesting to evaluate
the relative role of oxygen and nutrient depletion, as well as the
putative significance of this mechanism in ischemic preconditioning.

We have seen a similar superoxide burst in different types of
cells exposed to hypoxia and using either a probe distributed
throughout the cell or a mitochondria-targeted probe. When we
used p° cells, lacking a functional OXPHOS, the superoxide burst
was abolished. Although we cannot rule out that other mechan-
isms of superoxide production could be implicated, this strongly
suggests that the superoxide burst in the first minutes of hypoxia
comes from the mitochondrial OXPHOS system, and it could be
related to an early rearrangement of oxygen distribution and the
electron transport chain throughout the system. The fact that at 2%
0O, the superoxide production seems to be more intense and
prolonged than at 1% O, allows speculation that the decrease in
superoxide production after some time of hypoxia could be related
to a decrease in the O, availability inside the mitochondria, which
could be delayed with respect to the O, reduction outside the cells.

The fact that DCF oxidation was maximal after 15 min of
hypoxic exposure suggests that the superoxide burst during the
first minutes of hypoxia translates into an increase in H,O, or
other ROS with a certain delay in time. This could be related to the
different kinetics of accumulation of the diverse ROS, although it
can be also an effect of the different probes used or even that the
superoxide burst could trigger peroxide generation by other
pathways; a more detailed evaluation of this relationship would
deserve further investigation. The increase in protein modification
by thiol oxidation occurs later on and was observed after 2 h of
hypoxia in endothelial cells [8]; in further experiments, we have
observed protein thiol oxidation initiating after 30 min of hypoxia
in the same setting (unpublished results). If this signal takes part
in the stabilization of a transcription factor such as HIF-a, and
accumulation of target mRNAs, this could happen at even longer
times. Our experiments studying the functional consequences of
ablating the superoxide burst on HIF-1« stabilization (Fig. 11) are
not fully conclusive. On one hand, although both the superoxide
burst and the HIF-1a stabilization were ablated in p° cells, there
could be many other effects related to OXPHOS impairment that
could be taking part. On the other hand, Tiron was effective in
scavenging superoxide, but probably increased H,0, levels, which
correlated with equal or increased HIF-1a stabilization. Thus,
further experiments would be needed to assess this, probably
with more specific interventions to inhibit the superoxide burst.

We propose that a superoxide production burst in the first
minutes, which is translated into cell signals mediated by redox
posttranslational modifications, may result in complex responses
of the cells to hypoxia (and maybe ischemia) such as adaptation
and preconditioning. This may include the activation of the HIF
pathway and the concomitant modification of gene expression,
although other HIF-independent responses could be triggered by
such redox-based signal. Further research in this area should take
into account not only the intensity of the hypoxic stimulus and the
cell type and context, but also the time frame of the stimuli and of
ROS production and signaling.



P. Hernansanz-Agustin et al. / Free Radical Biology and Medicine 71 (2014) 146-156 155

DHE

(a.u./min)

250 A

Oxidation rate

o N N O N

200 { Nx
150
100 Nx

50 4

Fluorescence intensity (arbitrary units)

p (Hp vs Nx) < 0.001

0 10 20 30 40
Time (min)

O

CDCFDA

300 -

oOaNWh OO
Oxidation rate
(a.u./min)

200

Fluorescence intensity (arbitrary units)

100 Nx
F——!———‘r”“’/‘
o p (Hp vs Nx) < 0.001

(0] 10 20 30 40

Time (min)

Mito-HE
CANEF
oo Al 502
g 45§
S 135
g 283 Hp
= — DE
5 2001 e 50
E Nx
2 150 A
o
£
g 100 -
3
8
S 50
w
5 p (Hp vs Nx) < 0.001
0 10 20 30 40
Time (min)
TMRM
3000
z
E 2500
=
=
s
S 2000 -
s
z Nx
§ 1500 1
£
8
§ 1000 1
g
(= -
S 500 Hp
0 T T T T T
0 10 20 30 40

Time (min)

Fig. 10. Superoxide, ROS, and mitochondrial membrane potential measurement by fluorescence microscopy in live cardiomyocytes. Primary cardiomyocytes were treated

and data obtained and plotted as in Fig. 8.
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Fig. 11. Immunoblot analysis of HIF-1« in C57 and p°L929 cells and endothelial cells
untreated or treated with 1 mM Tiron. (A) C57 and p°L929 cells were exposed for
6h to normoxia (Nx), normoxia with 1 mM dimethyloxalylglycine (DMOG; a
positive control for PHD inhibition and HIF-1a stabilization), or hypoxia (1% O,
Hp). Proteins were extracted and blotted against HIF-1a protein. Representative
image of five independent experiments. (B) BAECs were exposed for 4h to
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Supplementary Figure 1. A. Chromatograms from control experiments showing the separation
of the peaks corresponding to 2-hyroxyethidium (2-OH-Et, the specific product of superoxide
reaction with DHE) and ethidium (Et). Treatment of BAECs with cyclosporin A (CsA) induced
superoxide anion production (Redondo-Horcajo et al., ref. [34]), which was abolished by
treatment with 1 mM Tiron.
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Supplementary Figure 1. B. Chromatograms from a representative experiment included in
Figure 2. Exposure of BAECs to hypoxia increased the area of 2-OH-Et peak in the first minutes,
decreasing to normoxic values thereafter (quantified in Figure 2), independently of the Et peak.
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Supplementary Figure 2

(A) Colocalization of Mito-HE and the mitochondrial marker prohibitin in fixed
endothelial cells BAEC were incubated with 5 uM Mito-HE for 10 min, fixed and
immunostained with anti-prohibitin (PHB) antibody. Representative images show
mitochondrial localization of Mito-HE.

(B) Mitochondrial superoxide detection by Mito-HE at different concentrations.
BAECs were treated as in Figure 1, but incubated with different Mito-HE concentrations.
Quantification of images from three independent experiments. The concentration used in the

rest of experiments is 5 puM Mito-HE.
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Supplementary Figure 3

Mitochondrial membrane potential measurement by fluorescence microscopy in live
untreated endothelial cells and treated with oligomycin or FCCP. BAECs were treated as
in Figure 8D, but with addition of oligomycin or FCCP prior to normoxic or hypoxic (2% O,)
incubation Quantification of four regions for three independent experiments is plotted for each
time as mean s.e.m. Black circles: control; white circles: FCCP treatment; black inverted

triangles: oligomycin treatment.



vy}

N
o

Fluorescence (arbitrary units)

w
o

30 1

25 1

20

AA10uM ' Hp 45-55 min Hp 60-70 min AA10uM Hp 45-55 min Hp 60-70 min

Nx Hp 0-10 min Hp 15-25min Hp 30-40 min C Hp 30-40 min
.

A .

i A L

ANOVA p < 0.05 )
\ D ]
‘ p trend < 0.005 ‘ ANOVA p = 0.001
* — \
2 20 - p trend < 0.001
5 — \ |
g *%*
£ 151 T
& o
Q 1
2
8 10
o
o
=}
[
‘ ‘ ‘ ‘ ‘ ‘ : 0 ; ; ; ; ; ; ‘
Y, % °., 7s. % s . A Y 0, 7s. . 7. %.
5 5 7 7 S
ay Ty, T, %n, T, Yy T

Hypoxia Hypoxia

Supplementary Figure 4

Mitochondrial superoxide detection by Mito-HE and fluorescence microscopy in fixed
tumor cells. HeLa (A, B) and HK2 cells (C, D) were treated as in Figure 1. 5 uM Mito-HE was
added for 10 min more, and cells were fixed in the hypoxia chamber. (A, C) Representative
images showing Mito-HE fluorescence. (B, D) Quantification of images from three

independent experiments. Data are presented as mean s.e.m. *p<0.05, ** p<0.01 versus Nx.
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Supplementary Figure 5

Superoxide detection by DHE and HPLC in HeLa. HeL a cells were treated as in Figure 1.
After DHE incubation (5 uM DHE, 10 min) cells were lysed in the hypoxia chamber, frozen
and 2-OH-E amount was analyzed by HPLC with fluorescent detection. Data are presented as

mean s.e.m. of three independent experiments. ** p <0.01 versus Nx, * p <0.05 versus Nx.
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Supplementary Figure 6

ROS detection by CDCFDA and fluorescence microscopy in fixed endothelial cells
treated with 1 mM Tiron. Control BAECs (A) and BAECs incubated with 1 mM Tiron (B)
were treated as in Figure 1. 10 uM CDCFDA was added for 15 min more, and cells were
fixed in the hypoxia chamber. (A, B) Representative images showing CDCFDA
fluorescence. (C) Quantification of images from three independent experiments. Data are
presented as mean s.e.m. ***p <(.001 versus Nx, ** p<0.01 versus Nx, * p<0.05 versus

Nx of each condition.
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