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Abstract

Energy for life is produced inside the internal human energy factory, the mitochondrion, where low oxygen levels are
ikely to be correlated with stressful behaviors. These include thriving for performance, competition and perfection. One way
o build a sustainable society is to reduce the daily stress, allowing human energy to target the control of energy resources and
nvironmental safeguarding. So, it is important to assess the impact of decreased oxygen (hypoxia) in the body, especially in
he brain, as a small imbalance in brain activity can affect vital energy production essential for sustainable life activities.

This work addressed fluorescence changes associated with the formation of FAD and of reactive oxygen species (ROS),
voked by different levels of hypoxia. Exposing the slices to 0% and 21% O2, caused an increase in FAD autofluorescence.
pon reoxygenation (95% O2) the 0% O2 trace did not recover, while the 21% O2 signal decreased reaching the baseline. In

ontrast, at 40% and 65% O2 the FAD fluorescence decreased reversibly. Regarding ROS fluorescence, no significant changes
ere observed during the application of 0% and 21% O2. However, at 40% and 65% O2, the signals were enhanced recovering
artially when the initial oxygen level (95% O2) was reintroduced.
c 2020 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
http://creativecommons.org/licenses/by-nc-nd/4.0/).

eer-review under responsibility of the scientific committee of the 7th International Conference on Energy and Environment Research, ICEER 2020.

eywords: Flavin adenine dinucleotide (FAD); H2DCFDA fluorescent indicator; Hippocampal slices; Hypoxia; Reactive oxygen species (ROS);
tress

1. Introduction

Living demands energy production in the body within sustainable constraints regarding oxygen availability for
ellular electron transfer chain mechanisms in mitochondria. This is likely associated with hypoxia events evoked
y stress. The Institute for Sustainable Communities (ISC), in 1995, defined essential elements for a sustainable
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community: leadership, civic engagement and responsibility, ecological integrity, economic security and social well-
being [1]. But the stress, concerns and anxiety that the majority of society often face in the workplace, school and
family environments are one of the greatest threats to building strong and sustainable communities. Due to record
levels of stress and anxiety around the world, many people are not living their lives in a healthy way, since the
respiratory activity becomes ineffective and very superficial. As a consequence, the production of mitochondrial
energy may be compromised. There is evidence that the lifestyle of people in the “blue zones” contributes to
longevity, being low stress levels one of the main reasons [2].

Breathing is essential and has beneficial effects on health, well-being, stress reduction, and energy production.
ut in the most critical situations of anxiety or stress, loss of breath control is inevitable [3]. Low levels of oxygen

n the tissues, called hypoxia, are associated with several diseases such as cancer, diabetes, heart and degenerative
iseases [4].

Recently, the work that won the Nobel Prize for Medicine and Physiology in 2019, reveals the molecular
echanisms that explain physiological adaptations in situations of hypoxia. Most genes activated during hypoxia

re regulated by the hypoxia inducible factor (HIF) [5,6]. This factor binds to fragments of DNA, activating the
ranscription of more than two hundred genes that allow cells to adapt to the hypoxia environment [7,8]. But the
bility to adapt during deprivation of normal concentrations of oxygen, does not guarantee that human health remains
nharmed in the long term. The brain is the most susceptible organ to hypoxia, since it is a major consumer of
nergy [9]. Recent studies report damage causing special memory and learning deficits and increased oxidative
tress, evoked by hypoxia, in various areas of the brain, such as the hippocampus, which is involved in cognition
nd memory processes [10].

In the cellular respiratory process, HIF directly affects mitochondrial function, as it modulates components
nvolved in the electron transport chain (ETC) inducing major changes in structure, function and dynamics, namely
n the production of energy in the form of ATP [8,11,12]. In addition, HIF also promotes anaerobic glucose

etabolism, which is necessary to produce energy when low oxygen does not support oxidative phosphorylation
n mitochondria [3,4,13]. When the oxygen supply is not enough, ETC’s activity is decreased and reactive oxygen
pecies (ROS), such as superoxide (O2

−) and hydrogen peroxide (H2O2), are produced in excess [14,15]. The
ncrease in ROS leads to oxidative stress that is associated with the development of CNS diseases involving cognitive
unction and memory processes [10]. HIF is degraded under normoxic conditions, existing evidence that ROS
roduced in mitochondria are responsible for HIF stabilization [16].

Mitochondrial function and oxygen metabolism are strongly involved in the progression of brain disorders,
ncluding Parkinson’s and Alzheimer’s disease and schizophrenia [17]. The number of people with these diseases is
apidly increasing [18], being necessary to stop this growth in order to move towards a sustainable society. For this
eason, it is essential to understand the mitochondrial changes induced by different concentrations of oxygen. The
ims of the present study, performed in rat hippocampal slices, were to study autofluorescence and ROS associated
uorescence changes, under hypoxic conditions (0%; 21%; 40% and 65% of oxygen, for 30 min). The first type
f traces originated from the intracellular coenzyme flavin adenine dinucleotide (FAD), which is one of the main
lectron donors involved in the production of energy in the ETC. The ROS signals were obtained, after correction for
he autofluorescence, from the traces recorded from slices incubated with the fluorescent ROS indicator H2DCFDA.

. Materials and methods

.1. Hippocampal slices preparation

The fluorescence studies were performed in hippocampal slices from female Wistar rats (8 to 13 weeks, some with
6 to 18 days of gestation). Females were anesthetized with isoflurane, and after cervical dislocation were sacrificed
y decapitation. The brain was rapidly removed and the hippocampus was isolated to make slices (400 µm thick)
sing a set of parallel blades. The hippocampal slices were placed in an oxygenated (95% O2/ 5% CO2), solution of
xtracellular artificial cerebrospinal fluid (ACSF), at room temperature. This solution was prepared with ultrapure
ater (18.2 M� cm) (Interlab Direct — Pure water system) and had the following composition (in mM): 124.0

aCl, 3.5 KCl, 24.0 NaHCO3, 1.25 NaH2PO4, 2.0 CaCl2, 2.0 MgCl2, 10.0 D-glucose.
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2.2. Optical measurements

After an hour at rest some slices were incubated with the ROS indicator H2DCFDA (10 nM), for 1h. These slices
llowed the detection of total fluorescence, i.e., the sum of the FAD autofluorescence, recorded from unincubated
lices, with the ROS associated fluorescence. For the measurements the slices were transferred to the perfusion
hamber of a non-inverted microscope (Zeiss Axioskop), with a perfusion rate of 1.5–2 mL/min determined by a
eristaltic pump (GILSON-MINI PLUS-3). The microscope was equipped with a silicon photodiode (Hamamatsu-
1226-Series, 1 mm2) and a xenon lamp (XBO 75 W/2). The light was focused to the CA3 mossy fiber region
f the slice, by means of a water immersion lens (40x N.A. 0.75; 1.6 mm working distance) and collected via a
imilar lens.

In the present work, the autofluorescence changes had origin in the reduced/oxidized state transitions of the
ntrinsic protein FADH2 / FAD. A 480 ± 10 nm excitation filter and a 500 nm high-pass emission filter were used.
n all experiments the protocol was the following: 10 min of normoxia (95% O2/ 5% CO2), 30 min of hypoxia and
0 min of reoxygenation (normoxia). The gas mixtures used to simulate the hypoxic conditions were: 0% O2/ 95%
2/ 5% CO2; 21% O2/ 74% N2/ 5% CO2; 40% O2/ 55% N2/ 5% CO2; 65% O2/ 30% N2/ 5% CO2.
Fluorescence signals were converted using a 16-bit I/V converter and processed using the National Instruments

ignal Express 2013 software. Data were recorded at 0.6 s intervals, being the sets of consecutive 100 points
eplaced by their average, i.e., by points that were plotted at 1 min intervals. The normalized fluorescence signals
rom the incubated slices were corrected for autofluorescence subtracting, point by point, the corresponding FAD
ignals. Traces were normalized calculating the ratio between each fluorescence point and the average of the first
0 points, which form the baseline. Data are reported as mean ± S.E.M. Statistical significance was evaluated using
he Mann–Whitney U-test (p < 0.05).

The drugs used were NaCl (José Manuel Gomes dos Santos, Lda, Odivelas, Portugal) (purity ≥ 99.7%), MgCl2
Merck, Lisbon, Portugal), NaHCO3 (purity ≥ 99.7%), KCl (purity ≥ 99.0%), NaH2PO4 (purity ≥ 99.0%), CaCl2
purity ≥ 99.0%) and D- Glucose (purity ≥ 99.5%) (Sigma-Aldrich, Sintra, Portugal). H2DCFDA (Invitrogen by
hermo Fisher Scientific, USA).

. Results and discussion

Hippocampal slices were exposed to various hypoxic conditions, for 30 min, as shown in Fig. 1. The results in
ig. 1a reveal the different profiles associated with FAD fluorescence. When the hippocampal slices were exposed to

he more intense hypoxic situations, 0% and 21% O2, the FAD signals increased, by 14.0 ± 4.0% and 6.1 ± 1.1%, at
5–40 min (n = 3), respectively. During the reoxygenation period, the changes in FAD fluorescence were irreversible
or 0% O2 and reversible in the cases with 21% O2.

Fig. 1. Fluorescence signals obtained in normoxic (95% O2, 0 to 10 min), hypoxic (0%–65% O2, 10 to 40 min) and normoxic (95% O2,
40 to 70 min) conditions. (a) Changes in FAD autofluorescence (FA) (n = 3). (b) Total fluorescence signals (FT) from slices incubated with
the ROS indicator H2DCFDA (n = 3). The points represent the mean ± S.E.M.

On the other hand, under less hypoxic conditions, 40% and 65% O2, the intensity of the signals decreased by
5.7 ± 1.9% and 9.6 ± 2.5%, at 35–40 min (n = 3), respectively. This change can compromise energy production.
During reoxygenation (40–70 min) the signals increased slowly towards the baseline values, without reaching it,
suggesting that the changes in question are only partially reversible.
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Fig. 2. ROS signals obtained with the indicator H2DCFDA, corrected by the FAD autofluorescence. (a) 0% O2 (n = 3). (b) 21% O2 (n =
3). (c) 40% O2 (n = 3). (d) 65% O2 (n = 3). F – ROS fluorescence; F0 - Baseline ROS fluorescence.

The imbalance between the production and the elimination of ROS is an important indicator of mitochondrial
oxidative stress. To investigate this ROS imbalance, some slices were incubated with the H2DCFDA indicator
that makes fluorescent complexes with ROS. Fig. 1b shows the total fluorescence traces, which correspond to the
combined FAD and ROS fluorescence. When the slices were exposed to the hypoxic mixtures of 0%, 21% and
40% O2 (10–40 min) there was a partially reversible increase in total fluorescence. On the other hand, at 65%
O2 no significant changes were observed. Removing the contribution of FAD fluorescence (Fig. 1a) from the total
fluorescence records (Fig. 1b), gives the true ROS fluorescence signals, which can be observed in Fig. 2.

The slices exposed to 0% O2 (Fig. 2a) do not show significant changes in ROS fluorescence. This result is
in accordance with the studies by Clanton (2007) and Schumaker (2002), which state that during severe hypoxic
conditions (95% N2 and 5% CO2), the absence of O2 limits the production of mitochondrial ROS due to the lack of
O2 as a substrate for electrons. This form of ROS is essential to trigger HIF stabilization, but under the mentioned
conditions it is not generated [7,19]. In the 21% O2 experiment (Fig. 2b), there are also no clear ROS changes.

On the other hand, the application of 40% O2 (Fig. 2c) caused a 12.0 ± 2.7% increase in ROS fluorescence, at
35–40 min (n = 3). In the case of 65% O2(Fig. 2d), there was an enhancement of 8.7 ± 4.5%, at 35–40 min (n =
3). This increase can cause changes in energy production in the form of ATP. However, in both cases, during the
reoxygenation period (40–70 min), the ROS signal recovered only slightly.

The results in Fig. 1a suggest that the hypoxic states induced by 0% and 21% O2 initiated a cellular adaptive
esponse that can be mediated by HIF. Fuhrmann and Brüne (2017) [11], Papandreou et al. (2006) [13], Semenza
t al. (1991) [6] reported that activation of HIF decreases the activity of the TCA (tricarboxylic acid) cycle by
nducing PDK (pyruvate dehydrogenase kinase) which inhibits the activity of the enzyme pyruvate dehydrogenase.
s a consequence, the reduction of FAD to FADH2 (Fig. 3) decreases in agreement with the results of Fig. 1a, that

how an enhancement in FAD fluorescence under severe hypoxia (0% and 21% O2).
On the contrary, in the he experiments with 40% and 65% O2, the same intrinsic fluorescence was reduced.

his behavior may be a consequence of the decrease in ETC activity, since 90% of oxygen that reaches the
itochondria is consumed by the IV complex (Fig. 3). A smaller activity of this complex decreases the transfer of

lectrons throughout the ETC and, consequently, the activity of the other complexes is altered [20]. Thomas and
shcroft (2019) found that in the CA1 area of hippocampal slices, a 50% decrease in O2 caused a reduction in

omplex I activity, which translated into a prolonged increase in NADH [21]. Sasaki et al. (2018) simulated hypoxic
ituations (95% N2, 5% CO2) in slices of cerebral cortex, for 15 min and concluded that the oxidation of NADH
as inhibited [22].
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Fig. 3. Mechanism by which HIF triggers the shift to anaerobic glucose metabolism. The activity of the TCA cycle is decreased by inducing
PDK which inhibits the activity of pyruvate dehydrogenase. HIF — hypoxia-inducible factor. PDK — pyruvate dehydrogenase kinase. TCA
— tricarboxylic acid cycle. ROS — reactive oxygen species.

According to Thomas and Ashcroft (2019) the decrease in ETC activity causes an increase in the probability
of unwanted transfer of electrons to oxygen, leading to arise in ROS production [22]. This idea is in line with the
increase in ROS observed with 40% and 65% O2 (Fig. 2c, d). In addition, Coimbra-Costa et al. (2017) [16] and Lages
et al. (2015) [17] state that, under hypoxic conditions, antioxidant defense systems, such as superoxide dismutase
(SOD) and glutathione peroxidase (GPx), significantly decrease in the brain. The consequent ROS overload is a
major concern, since these species are highly reactive and capable of oxidizing lipids, proteins and DNA, leading
to structural and functional cellular changes that can cause oxidative damage, apoptosis, necrosis in neurons and
decreased energy production.

4. Conclusions

Energy is the utmost factor supporting life that cannot exist without proper cellular oxygenation. Therefore,
oxygen is vitally important for life and specially for the brain, which coordinates and controls body functions.
Brain tissue is particularly susceptible to changes in oxygen supply and this work supports the idea that short
periods of hypoxia can alter the cellular redox state that leads to oxidative stress and neuronal damage.

The results suggest that strong hypoxic situations (0% and 21% O2) modify the mitochondrial tricarboxylic acid
cycle, resulting in an increase in FAD fluorescence. It is also considered that due to the lack of oxygen, there were
no significant changes in ROS fluorescence. On the other hand, it is possible that during milder hypoxia states (40%
and 65% O2) modified FADH2 oxidation activity caused a decrease in FAD fluorescence and induced an irreversible
ncrease in ROS fluorescence. In these cases, the production of mitochondrial energy may be compromised, thus
imiting human activities aimed to manage energy and also the environment envisioning a sustainable future.

The brain is particularly vulnerable to the effects of ROS and to changes in mitochondrial activity, because it is
he biggest energy consumer. For this reason, it is important that society has this knowledge and practices breathing
ontrol in life’s most challenging situations. It is important to promote social well-being, in order to reduce the
mount of stress experienced at all levels, including in the family, school and work environments. This is essential
o build a healthy and sustainable community able to safeguard energy and environment resources.
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