Heinrich Heine
Universitat
Dusseldorf .

Systemic and strict regulation of the glutathione redox state in mitochondria and cytosol is
needed for zebrafish ontogeny

Kristin Hamre, Wuxiao Zhang, Maren Hoff Austgulen, Eva Mykkeltvedt, Peng Yin, Marc Berntssen, Marit
Espe, Carsten Berndt

Article - Version of Record

Suggested Citation:

Hamre, K., Zhang, W., Austgulen, M. H., Mykkeltvedt, E., Yin, P., Berntssen, M., Espe, M., & Berndt, C.
(2024). Systemic and strict regulation of the glutathione redox state in mitochondria and cytosol is needed
for zebrafish ontogeny. Biochimica et Biophysica Actai BBA, 1868(6), Article 130603.
https://doi.org/10.1016/j.bbagen.2024.130603

UNIVERSITATS- UND

Wissen, wo das Wissen ist. LANDESBIBLIOTHEK
DUSSELDORF

This version is available at:
URN: https://nbn-resolving.org/urn:nbn:de:hbz:061-20250107-104249-6
Terms of Use:

This work is licensed under the Creative Commons Attribution 4.0 International License.

For more information see: https://creativecommons.org/licenses/by/4.0



BBA - General Subjects 1868 (2024) 130603

Contents lists available at ScienceDirect

BBA - General Subjects

journal homepage: www.elsevier.com/locate/bbagen

ELSEVIER

Check for

Systemic and strict regulation of the glutathione redox state in e
mitochondria and cytosol is needed for zebrafish ontogeny

Kristin Hamre ", Wuxiao Zhang *°, Maren Hoff Austgulen®, Eva Mykkeltvedt®, Peng Yin al
Marc Berntssen “, Marit Espe , Carsten Berndt ™"

& Department of Feed and Nutrition, The Institute of Marine Research, Bergen, Norway

b Department of Neurology, Medical Faculty, Heinrich-Heine-Universitaet, Duesseldorf, Germarny

¢ College of Marine and Biology Engineering, Yancheng Institute of Technology, Yancheng 224051, China
4 Hamre Aquatic Nutrition, Breiviken 8, 5042 Bergen, Norway

ARTICLE INFO ABSTRACT

Keywords:

roGFP probe

Zebrafish model
Embryonic development
Glutathione metabolism
PFOS

Background: Redox control seems to be indispensable for proper embryonic development. The ratio between
glutathione (GSH) and its oxidized disulfide (GSSG) is the most abundant cellular redox circuit.

Methods: We used zebrafish harboring the glutaredoxin 1-redox sensitive green fluorescent protein (Grx1-roGFP)
probe either in mitochondria or cytosol to test the hypothesis that the GSH:GSSG ratio is strictly regulated
through zebrafish embryogenesis to sustain the different developmental processes of the embryo.

Results: Following the GSSG:GSH ratio as a proxy for the GSH-dependent reduction potential (Epgsy) revealed
increasing mitochondrial and cytosolic Exgsy during cleavage and gastrulation. During organogenesis, cytosolic
Engsu decreased, while that of mitochondria remained high. The similarity between Epggy in brain and muscle
suggests a central regulation. Modulation of GSH metabolism had only modest effects on the GSSG:GSH ratios of
newly hatched larvae. However, inhibition of GSH reductase directly after fertilization led to dead embryos
already 10 h later. Exposure to the emerging environmental pollutant Perfluorooctane Sulfonate (PFOS)
disturbed the apparent regulated Epgsy as well.

Conclusions: Mitochondrial and cytosolic GSSG:GSH ratios are almost identical in different organs during
zebrafish development indicating that the Exgsy might follow HoO4 levels and rather indirectly affect specific
enzymatic activities needed for proper embryogenesis.

General significance: Our data confirm that vertebrate embryogenesis depends on strictly regulated redox ho-
meostasis. Disturbance of the GSSG:GSH circuit, e.g. induced by environmental pollution, leads to malformation
and death.

1. Introduction

Oxidative distress is a pathophysiological situation causing disturbed
redox signaling and cellular damage, whereas oxidative eustress estab-
lishes the redox homeostasis of organelles to regulate metabolism [1,2]
and is indispensable for various processes including embryonic devel-
opment [3-5]. Hydrogen peroxide (H305) is the major oxidizing second
messenger with an intracellular concentration range between 10 and

1000 nM [6]. Glutathione (GSH) scavenges H,0, and is oxidized to
glutathione disulfide (GSSG). GSSG is reduced back by NADPH-
dependent GSH reductase (GR). Although not a single biological func-
tion is described as solely GSH-dependent so far, GSH is an important
cofactor for several enzymes and regulates enzymatic activity via post-
translational modifications of redox switches and thereby the direction
of metabolism [6-8]. The GSH/GSSG couple is the most abundant redox
buffer, but reversibility of thiol redox switches is mostly guaranteed by
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thioredoxins and glutaredoxins [9,10]. The GSH-dependent reduction
potential (Epgsy) for all tissues and cell compartments is in the range of
—350 to —150 mV [11,12]. In zebrafish, an established model for
(redox-dependent) vertebrate development [13,14] the Epgsy ranges
between —230 mV at fertilization and hatching to approximately —175
mV at gastrulation [15,16]. The total GSH (GSH") increased from
fertilization until 30 hpf and was then stable until hatching allowing
enzymatic activities of GSH-dependent proteins such as glutaredoxins
that are essential for the formation of the nervous and vascular systems
during zebrafish development [17-19]. In cod larvae the concentration
of GSSG increased around the growth burst between 20 and 40 days
after first-feeding that happens in well-nourished larvae [20], indicating
that high growth rates and related metabolic changes coincide with
more oxidized tissues. This was confirmed in Atlantic salmon that
developed oxidized tissues and cataract during growth-stimulation in
spring, when photoperiod and temperature increase [21,22]. It was also
shown that tissues of Atlantic salmon implanted with growth hormone
became more oxidized [23]. On the other hand, the Epgsy of Atlantic
salmon in a steady grow-out period did not differ during several months
upon diets with wide variations of pro-and antioxidant nutrients at
constant environmental conditions [24]. In the embryo, which develops
from one cell to an organism with multiple events on the way, orches-
tration is necessary and redox signaling plays an important part in the
organization of events in embryogenesis. Beside GSH and other mole-
cules, this includes highly dynamic HyO, levels, which have been
monitored during zebrafish development using the genetically encoded
probe HyPer [25,26].

In this study, we used two transgenic zebrafish lines with the
glutaredoxinl-redox sensitive green fluorescent protein (Grx1-roGFP)
probe implanted either in mitochondria (mito-line) or cytosol (cyto-line)
[27]. This second generation ratiometric probe undergoes conforma-
tional changes dependent on the redox state of the coupled Grx1 leading
to a change in absorbance at 510-525 nm after excitation at 405 or 488
nm [28].

Using this tool, we investigated the hypothesis that Epggy is strictly
regulated in organelles through embryogenesis of zebrafish, to sustain
the different developmental processes via promoting (in-)activation of
metabolic redox switches. We followed the GSSG:GSH ratio during
development and in addition the embryos were subjected to several
modulators of glutathione metabolism and the environmental pollutant
perfluorooctane sulfonate (PFOS), which is known to induce oxidative
damage in zebrafish larvae [29].

2. Materials and methods
2.1. Ethical statement

The experiments complied with the guidelines of the Norwegian
Regulation on Animal Experimentation and European Community
Directive 86/609/EEC. The zebrafish facility of IMR has approval to
work with transgene organisms according to the Regulation of
21.12.2001 no 1602. The approval was given by the Norwegian Ministry
of Health 03.07.19.

2.2. Origin of zebrafish lines

The zebrafish lines expressing redox sensitive green fluorescent
protein either in mitochondria (Tg:actin-mroGFP) or cytosol (Tg_actin-
croGFP), were obtained from Karolinska Institutet and constructed as
described in Brautigam et al. [27].

2.3. Rearing and mating of FO zebrafish and incubation of F(1-n) from
fertilization until exogenous feeding

New generations of both lines of roGFP transgene zebrafish were
made 1-2 times a year and the fish were ready for mating at
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approximately 3 months after hatching.

Zebrafish were held in a ZebTec Active Blue - Stand Alone system
(Techniplast, Italy) at a temperature of 28.5 °C, conductivity 550 uS and
pH 7.5. These parameters were monitored continuously. NHs/NH4, NO,
and NO3 were measured weekly to monitor biofilter function. The light
regime was set at 14 h light and 10 h dark and the tank sizes used were
1.1, 3.5 and 8 L. The maximum density was 80 larvae, 15 adult fish or 40
adult fish per tank, respectively. The fish were fed the Gemma micro
formulated diet (Skretting, Stavanger, Norway) three times a day at
08-10:00, 11:30-13:00 and 14-16:00 at a total of 3% biomass. The
water treatment system (TYP ZERO 2000F (2015), Callidus, Sweeden)
consisted of a cartridge filter (Cartucc A 20" PA 5 MIC) a carbon filter
(Harmsco HAC-BB-20-W, 10 pm) and a reverse osmosis unit (Axeon,
model HF4-2540, Klart vann, Sandnes, Norway). System software by
Tecniplast was used for continuous monitoring of water parameters.

Parental fish were separated by sex one week before mating and
feeding was increased to approximately 5% of biomass to provide more
nutrients for egg production. A total of 48 fish were separated for group
matings with a ratio of 4 females to 2 males, placed in 1.7-L breeding
tanks (Tecniplast, Italy) after final feeding. The following morning the
water was exchanged, and the dividing wall was removed allowing for
spawning for approximately 1 h. Fertilized embryos were incubated
(Constant climate chamber HPP400, AtmoSAFE Memmert, Heidelberg
Germany, 28.5 °C) in E3 embryo medium (stock solution: 17.2 g NaCl,
4.9 g MgS04*7H,0, 2.9 g CaCl,*2H,0, 0.76 g KCI + 1 L dH,0, used
solution: 16.5 mL L1 RO-water). The number of dishes corresponded to
what was needed in the different experiments. For the ontogeny ex-
periments, the density was 50 embryos / petridish, whereas the incu-
bation experiments were performed with 20 embryo/petri dish (9 cm).
At 1 dpf dead embryos were removed and fresh E3 medium was added to
all dishes. After approximately 2 dpf in the incubation experiments, the
embryos hatched naturally, and 10 larvae were transferred to 10 mL of
E3 embryo medium for incubation with different chemicals (see below).

2.4. Development stages

Ontogeny of the zebrafish embryo is described by Kimmel et al. [30]
(Table 1) and can grossly be divided into the following stages; zygote (1
cell), cleavage (2-128 cells), blastula 128 cells to 50% epiboly), gastrula
(50% epiboly-somitogenesis). Somitogenesis, pharyngula, and hatching
periods belong to the period of differentiation and organogenesis which
continues through hatching. The period from zygote to the gastrula

Table 1

Sampling at developmental stages/time points (hours post fertilization hpf) in
embryos held at 28.5 °C, as described by Kimmel (1995) with indication of
measured tissues.

Sample Stage Hpf Cells/tissue
no measured
Fertilization 0

1 2 cell/fertilization 0,75 cells

2 Blastula 256 stage 2,50  cells

3 Blastusla MBT 2,75  cells

4 Blastula Dome stage - before epiboly 4,3 cells

5 Gastrula 50% epiboly 5,25  cells
Trunk, neural plate,

6 Gastrula Bud stage (100% epiboly) 10 tail”
Somite, neural plate,

7 Segmentation four somite stage 11,3 tail”

Period of enhanced lengthening (tail Somite, midbrain,

8 morphogenesis) 25 tail”
Myotomes,

9 Myotomes from first 3 somites 30 midbrain, tail*
Myotomes,

10 Before hatching 48 midbrain, tail*
Myotomes,

11 After hatching 50 midbrain, tail*

" Tail measured in cyto-line only.
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stage takes 10.33 h at 28.5 °C, while organogenesis starts at the end of
gastrulation. The embryos hatch at 48-72 h post fertilization (hpf).

2.5. Confocal microscopy

The larvae were immobilized in 200 mg/L MS-222 (Scan Aqua,
Arnes, Norway), before they were placed in a glass bottomed petridish
suitable for confocal microscopy (3-4 larvae per dish). They were
mounted in three drops of 0,1% low melt agarose (A4018, Sigma
Aldrich, St. Louis, MO, USA) in E3, containing 200 mg/L MS-222. After
solidification, 3 mL of medium with chemical in the case of exposure
experiments, was added to prevent the gel from drying out during mi-
croscopy. The larvae were photographed at 405 and 488 nm using a 3
step Z stack with a 20 pm range on a Nikon Eclipse Ti confocal micro-
scope. The reduction potential was measured as the ratio of emission at
510 nm when the sample was excited at 405 or 488 nm. Different areas
in the cell disc or embryo/larva organ had different intensities, but the
ratio 405/488 was not affected by the intensity and measuring area.
Nevertheless, a standardized measuring area and depth of the z-stack
were used.

To check that the embryos were in good condition and responding to
oxidative and reductive conditions, the 405/488 ratio in muscle of three
newly hatched zebrafish mito- and cyto-line larvae held in E3 medium,
was measured during 60 min while placed under the microscope. The
405/488 ratio of the fish stayed stable for this period of time (Fig. S1).

To follow time- and concentration-dependent activity of the probe,
40 mM of DTT or H205 or 0-100/500 mM of DTT or HyO, were added to
triplicate dishes 20 mins after the larvae were placed under the micro-
scope and the 405/488 ratios were measured 20 mins after addition or
for 60 mins (Fig. S1).

2.6. Generation of ratiometric pictures using ImageJ

A threshold was set for every pair of pictures taken at 405 and 488
nm and the background was removed. The intensity at 405 nm was
divided by the intensity at 488 nm and the ratio is shown by the LTU fire
as previously described by Fujikawa et al. [31].

2.7. Ontogeny of 405/488 ratio in mitochondria and cytosol of zebrafish
embryo and yolk sac larvae

Zebrafish embryos were held under the conditions described above
and sampled for Confocal microscopy at the stages given in Table 1 [30].
From the two-cell stage (2 hpf) until 50% epiboly (5.25 hpf) the 405/488
ratio was measured only in the cell disc. Depending on the develop-
mental stage from 100% epiboly (10 hpf) until after hatching (50 hpf)
the 405/488 ratio was measured in the trunk/ 4th somite/ 4th myotome
(muscle), the neural plate/ midbrain (brain), and in in the cyto-line,
only, the tail region. The embryos and larvae were immobilized as
described above and subjected to microscopy. Four larvae were
measured per developmental stage and the experiment was repeated
three times.

2.8. Determination of GSH and GSSG

Zebrafish were spawned and the embryos incubated in 12 x 2 pet-
ridishes for the mito and cyto-line, respectively. Embryos from 3 dishes
for each line were collected at 0, 11, 30 and 48 hpf and analyzed for
GSH:GSSG using a commercial kit (Prod. No. GT40, Oxford Biomedical
Research, Oxford, UK).

2.9. Incubation of zebrafish embryos and yolk sac larvae with modulators
of glutathione metabolism and with the contaminant Perfluorooctane

Sulfonate (PFOS)

Modulators of GSH metabolism used for the incubations were:
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200 pM Carmustine/BCNU (C0400 Sigma Aldrich, St. Louis, MO,
USA), an inhibitor of glutathione reductase (GR), 250 pM N-acetyl-L-
cysteine (NAC, A9165, Sigma Aldrich, St. Louis, MO, USA), a precursor
of cysteine which stimulates GSH synthesis, 15 pM L-Buthionine-(S,R)-
sulfoximine (BSO, BML-FR117-0500, Enzo Life Sciences, Ann Harbour,
MI, USA), an inhibitor of GSH synthesis, 40 pM trans-polydatin
(PHL89312, Sigma Aldrich, St. Louis, MO, USA), an inhibitor of the
pentose phosphate cycle which delivers NADPH for reduction reactions.
We found that the chorion had low permeability to some of the chem-
icals, de-coronated embryos did not perform well in our hands. Newly
hatched larvae were therefore used for most of these experiments,
except carmustine, for which the chorion was permeable at the 2-cell
stage. Embryos from both the cyto- and the mito-lines were first incu-
bated until after hatching (50 hpf) under standard conditions, in tripli-
cate petridishes for each chemical. The chemicals were then added, and
larvae were incubated further until 74 hpf (24 h), 3 larvae per Petridish
were immobilized and the 405/488 ratio was measured by confocal
microscopy. Larvae in three Petridishes without addition of chemicals
served as control.

In another experiment, newly hatched larvae (50 hpf) were incu-
bated with 16, 32 and 64 pM PFOS (77,282, Sigma Aldrich, St. Louis,
MO, USA) in triplicate until 74 hpf and then subjected to confocal mi-
croscopy, using the same procedures as for GSH modulators. Since PFOS
is lipid soluble and had to be solubilized in DMSO (D8418, Sigma
Aldrich, St. Louis, MO, USA) [32], the control in this experiment was
added 0,01%DMSO, the same as the PFOS treatments.

For the carmustine experiments, newly fertilized embryos were
incubated for 1-2, 6 and 10 h, in pertidishes with E3 embryo medium
added carmustine to 200 pM. The carmustine stock solution was freshly
prepared for each experiment. Eighteen petridishes were used, three for
the carmustine treatment and three for the control at each sampling
point. The petridishes with embryos were photographed and later the
number of normal, deformed (arrest of cell division and development)
and dead embryos were counted. Minimum three embryos (n = 9-16 per
treatment) from each dish were taken for confocal microscopy, by the
procedure described above.

2.10. Calculations and statistics

A stack with three images of emissions at 405 and 488 nm was
recorded for each fish and organ. The ratio of emission at 405/488 of
every individual measuring point was calculated and the mean of the
three images in the stack was used as one datapoint (n).

The software Statistica (TIBCO software Inc.) was used for the sta-
tistical analyses. In the experiment describing ontogeny of the 405/488
ratio in embryos, data on 405/488 ratio in the cell disc from the 2-cell to
the 50% epiboly stage was subjected to factorial repeated measurement
ANOVA with zebrafish line (cyto, mito) and stage/time as design vari-
ables. Thereafter, the mito-line and then the cyto-line were subjected to
the same analyses, only the design variables were organ and stage/time.
Possible differences between organs were tested using one-way ANOVA
at the different stages. In experiments where larvae were exposed to
chemicals, data were subjected to nested ANOVA, individual fish nested
in replicate dishes. Nonparametric tests were used when the data had in-
homogenous variances. Differences and effects were considered signif-
icant at p < 0.05.

3. Results

The GSSG:GSH ratios measured via the roGFP probe were stable in
muscles of larvae harboring the probe either in mitochondria (mito-line)
or cytosol (cyto-line) for 60 min under the microscope with blanc in-
cubations at 405 nm (GSSG):488 nm (GSH) ratios of 0.72 + 0.01 and
0.16 + 0.03 (n = 3), respectively (Fig. S1A). The reactivity of the probe
was confirmed by Hy0, (oxidant) or DTT (reductant) treatments (Fig.
S1B,C). Hy0, or DTT were added to microscope dishes with mito- or
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cyto-larvae in increasing concentrations from 0 to 500 mM. The ratio in
muscles of the mito-line increased upon addition of HyO2 from 0.75 +
0.05 to 1.33 £ 0.22 and decreased in response to DTT from 0.78 + 0.16
to 0.23 £ 0.02. In the cyto-line the ratio changed in response to
increasing concentrations of HyO5 from 0.21 + 0.04 to 1.18 + 0.01 and
to increasing concentrations of DTT from 0.24 + 0.04 to 0.17 + 0.01
(Fig.S1B). In addition to concentration-dependency, the probe also
showed time-dependency in different areas of the larvae following the
405 nm:488 nm ratios in the mito-line for 60 min (Fig. S1C).The GSSG:
GSH ratio in the muscle increased from 0.81 + 0.13 to 1.46 + 0.35 with
H505 or decreased from 0.76 + 0.03 to 0.22 + 0.02 with DTT. Sur-
prisingly, in the brain the GSSG:GSH ratio was almost unchanged upon
H50, treatment. DTT decreased the ratio from 0.64 + 0.11 to 0.18 &
0.04.

3.1. The GSSG:GSH ratio in mitochondria and cytosol of developing
zebrafish embryos

The different investigated stages of the zebrafish development are
shown in Table 1 and partly in Fig. 1A. The 405:488 nm ratio of the
Grx1-roGFP probe was measured between 0 and 50 h post fertilization
(hpf, Fig. 1B,C). During the cleavage, blastula, and gastrula stages
fluorescence was measured in the cell disk. In both the mito- and cyto-
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lines we observed a similar increase in the 405:488 nm ratio from the
2-cell stage until 50% epiboly from 0.40 + 0.09 to 0.56 + 0.04 (p <
107%) and 0.43 + 0.1 to 0.56 & 0.17 (p < 10~*), respectively (Fig. 1B
and C). Between 100% epiboly and after hatching, the GSSG:GSH ratio
was stable in mitochondria in brain and muscle precursors (0.62 + 0.03
and 0.64 + 0.06, respectively), whereas it decreased in the cytosol of
brain and muscle precursors as well as the tip of the tail, from 0.47 +
0.02 to 0.29 + 0.04 on average for the investigated organs (p < 107,
Fig. 1B and C). However, compared to the other organs, the cytosolic
GSSG:GSH ratio was slightly higher at the tip of the tail during the stage
“enhanced lengthening” (25 hpf, 0.49 + 0.14 vs. 0.32 + 0.05, p = 0.02)
(Fig. 1Q).

In addition, GSH and GSSG concentrations were measured chemi-
cally in whole embryos at 0, 11, 30, and 48 hpf. The results show that
GSH concentrations were approximately 100 fold higher than GSSG
concentrations throughout development (Fig. S2).

3.2. Effects of modulators of GSH metabolism and the toxicant PFOS on
the GSSG:GSH ratio in muscles of zebrafish larvae after hatching

We tested whether different modulators of GSH with established or
suggested clinical use affect the GSSG:GSH ratio in newly hatched larvae
(50 hpf). N-acetyl-L-cysteine (NAC) is assumed to supply cysteine and
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Fig. 1. The GSSG:GSH ratio in cytosol and mitochondria in the developing zebrafish is strictly regulated.

A) Bright field and ratiometric images of zebrafish harboring a mitochondrial (Mito) or a cytosolic localized Grx1-roGFP2 variant (Cyto) at indicated times after
fertilization. Oxidized probe: excitation 405 nm, emission 510 nm, reduced probe: excitation 488 nm, emission 510 nm. B) The emission ratio of oxidized/reduced
Grx1-roGFP signal was calculated for selected stages (see Tab. 1) and organs in mito- (B) and cyto- zebrafish lines (C) (mean + SEM, four larvae per stage per
experiment, 3 experiments, n=12). Arrows indicate the significance of repeated measurements ANOVA of the redox potential measured in the cell disc between the 2-
cell stage and 50% epiboly, and from 100% epiboly until after hatching, in brain, muscle and tip of the tail (cyto-line only, C). Difference in redox potential between
organs are shown with asterixes (one way ANOVA at single stages). * = p < 0.05, *** = p < 0.001.
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Fig. 2. Modulation of GSH metabolism at 50 hpf has only moderate impact on
the GSSG:GSH ratio.

A) 405:488 nm ratios detected by the Grx1-roGFP probe in muscles of newly
hatched zebrafish larvae, mito- and cyto-lines, after 24 hours of incubation with
250 pM N-acetyl-L-cysteine (NAC), 15 pM L-Buthionine-(S,R)-sulfoximine
(BSO) or 40 pM trans-polydatin, mean + SEM, three larvae per treatment per
experiment, 3 experiments, n = 9, ** = p < 0.01. B) 405:488 nm ratios in
muscles of newly hatched zebrafish larvae incubated for 24 hours with
increasing concentrations of Perfluorooctane Sulfonate (PFOS), mean + SEM,
three larvae per treatment per experiment, 3 experiments, n = 9, * = p < 0.05,
** =p < 0.01.

thereby to increase GSH levels, since cysteine availability is rate limiting
for GSH synthesis [33]. Cysteine arrives from either feed consumption,
protein degradation, or through transsulfuration of homocysteine pro-
duced in the 1C metabolism [34-36]. NAC is generally used as dietary
supplement, since it is more stable than cysteine [37]. Since >50 years,
NAC is in clinical use against a variety of diseases in different organs
including brain, lung, and liver [38]. After incubation of newly hatched
larvae with NAC, the cytosolic and mitochondrial ratios were stable
around 0.24 + 0.03 and 0.61 + 0.13, respectively (Fig. 2A). Buthionine
sulphoximine (BSO) enhances the therapeutic effect of several anti-
cancer drugs in cells resistant by increased GSH levels (e.g. [39]). BSO
inhibits y-glutamylcysteine synthetase, the rate limiting enzyme of GSH
synthesis [40]. BSO did not change the GSSG:GSH ratio in the cytosol
but led to a more oxidized ratio in mitochondria compared to control
(0.88 £ 0.19 vs. 0.62 £+ 0.13, p = 0.007, Fig. 2A). trans-Polydatin, the 3-
B-D-glucoside of resveratrol, decreased endiometriosis-related pain in
small patient samples [41] and is discussed as promising therapeutic
strategy against metabolic diseases such as atherosclerosis, diabetes, or
non-alcoholic steatohepatitis [42]. This compound blocks the penthose
phosphate cycle and therefore limits the production of NADPH, inhib-
iting several redox reactions, including reduction of GSSG by GSH
reductase [43], but did also not affect cytosolic or mitochondrial GSSG:
GSH ratios (Fig. 2A).

Incubation with 16, 32, and 64 pM PFOS modulated both cytosolic
and mitochondrial GSSG:GSH ratios in zebrafish larvae (Fig. 2B). In the
mitochondria, the ratio decreased anti-parallel to PFOS concentrations
from 0.82 + 0.11 to 0.62 + 0.09 (p < 0.03), whereas the ratio in the
cytosol dropped from 0.29 + 0.04 to 0.23 &+ 0.04 (p < 0.01) already at
16 pM PFOS and remained constant.

All above mentioned measurements were performed after 24 h of
treatment with the respecive compounds.

3.3. Early modulation of GSH metabolism by carmustine leads to
malformation and death of zebrafish embryos

Newly fertilized eggs/embryos were incubated with 200 pM car-
mustine for 10 h. Whereas the 405:488 nm ratio increased moderately in
mitochondria of control fish between 1 hpf (0.68 + 0.06) and 10 hpf
(0.77 + 0.06), carmustine treatment increased the ratio significantly
from 0.68 + 0.06 to 1.01 + 0.09 (p < 107°) (Fig. 3A and B). In the
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Fig. 3. Disturbed GSSG:GSH ratio affect proper zebrafish ontogeny.

A) Bright field and ratiometric (based on oxidized (excitation 405 nm, emission
510 nm) and reduced Grx1- roGFP2 (excitation 488 nm, emission 510 nm))
images of zebrafish embryos harboring a mitochondrial (Mito) or a cytosolic
localized Grx1-roGFP2 variant (Cyto) 10 hpf with and without treatment with
200 uM carmustine. B) The emission ratio of oxidized/reduced Grx1-roGFP
signal was calculated for zebrafish with and without carmustine treatment at 1,
6, and 10 hpf in Mito and Cyto embryos, mean of all fish with an emission signal
> 100 + SD, 3 experiments, n = 7-16, * = p < 0.05, *** = p < 0.001. C) All
zebrafish of the three independent experiments were checked for malformation
or death. The percentage of healhty, malformed, and dead embryos are shown
for all carmustine-treated (red) and untreated zebrafish (Mito and Cyto, black)
zit 1, 6, and 10 hpf, mean + SD, 3 experiments, n = 232-449, *** = p < 0.001.

cytosol of control embryos the ratio changed from 0.63 + 0.08 to 0.5 +
0.07 (Fig. 3A and B). In presence of carmustine the ratio increased from
0.65 + 0.1 to 1.07 = 0.11 at 10 hpf (p (10719 (Fig. 3A and B). At this
time point nearly all zebrafish embryos (99.47%) were already dead
(compared to 43.37 + 6.1% in control embryos, p < 10~, Fig. 3A and
C). The slight increase in the GSSG:GSH ratio after 6 hpf (0.64 4+ 0.16 vs.
0.51 + 0.04 in cytosol (p < 0.03) and 0.71 + 0.14 vs. 0.69 £ 0.07 in
mitochondria, Fig. 3B) induced malformation (arrest of cell division and
development) in 81.58 + 4.9% of carmustine treated zebrafish
compared to 8.95 =+ 6.07% in control fish (p < 10~°, Fig. 3C).

4. Discussion

With this study we investigated whether the GSSG:GSH ratio is
strictly regulated during embryonic development and the importance of
this regulation using zebrafish, the most prominent vertebrate model for
this process. Therefore, we followed the GSSG:GSH ratio in different
organelles and organs during development and manipulated the GSH
metabolism with various compounds at different time points. The GSSG:
GSH ratio represents the most abundant cellular redox circuit. There-
fore, the GSH-dependent reduction potential (Epgsy) is thought to
determine biological processes [44]. As several times before [7,45] this
view is questioned by this study. A reducing Exgsy seems to be important
for cell survival and function but specific processes do not depend on the
overall redox state. Because of the low abundance of GSSG compared to
GSH, just some molecules of GSSG are able to heavily change the Epgsy
[46]. Fig. S2 shows that also during different stages of zebrafish devel-
opment the concentration of GSSG is quite low. Spatiotemporal enzy-
matic activities regulating redox signaling events essential for proper
embryonic development may not depend directly or exclusively on the
cellular Epgsy but on local changes or indirectly via specific modifica-
tions such as S-glutathionylation or S-nitrosation by nitrosoglutathione
[47]. To follow the GSSG:GSH ratio we confirmed that the Grx1-roGFP2
probe works in mitochondria and the cytosol in brain and muscles (Fig.
S1). In contrast to muscles and DTT, the probe in the brain did react on
H,0; treatment only with small changes in the GSSG:GSH ratio although
external HoO5 reaches the zebrafish brain [48]. It was shown that su-
peroxide dismutase as well as catalase activity was stronger upregulated
in the brain than in other organs of adult zebrafish upon HoO, formation
inducing treatments [49], however, if these findings are related to ours
needs further research. Without treatment, different organs had largely
similar GSSG:GSH ratios in both mitochondria and cytosol indicating
that the enzymes controlling the organellar Epgsy of zebrafish embryos
and yolk sac larvae are centrally regulated similar to the master clock
regulating all organellar circadian rhythm systems [50]. Nevertheless,
our study revealed an exception with a more pronounced shift to cyto-
solic GSSG compared to other organs in the tip of the tail at the enhanced
lengthening stage. Since this stage is characterized by tail growth, the
higher GSSG:GSH ratio is in agreement with findings demonstrating that
cell growth is accompanied by a more oxidized intracellular environ-
ment [51]. Moreover, increasing growth coincides with more oxidized
tissue Epgsy in both Atlantic cod and Atlantic salmon [20-23].
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As described before, the average Epgsy in whole zebrafish during
embryogenesis is reduced at fertilization, reaches a peak of oxidation at
the gastrula stage and is gradually reduced during organogenesis,
reaching a similar level at hatching as at fertilization [15,16]. Assuming
that the cytosol represents a relatively large fraction of the cell, this is in
line with our present study where the cytosolic GSSG:GSH ratio
increased between fertilization and gastrulation and then decreased
between gastrulation and hatching.

Transient elevation of H,O, concentration is involved in processes
such as regeneration, wound healing, growth of peripheral sensory
axons and enhancing cell plasticity [25,52]. In embryogenesis of
zebrafish, HyO, concentrations measured by the ratiometric probe
HyPer showed a highly spatiotemporal variation, with average whole-
body concentrations increasing from fertilization until the 20-somite
stage. The concentrations stayed high until hatching (48 hpf) but
decreased afterwards to a level at 72 hpf approximately 4-fold lower
than that at hatching [25]. As suggested by the presented data, the
measured GSSG:GSH ratios might reflect the capacity to adapt to these
H0, concentrations. The adaption capacity seems to be higher in
cytosol than in mitochondria and in differentiated neurons than in stem
cells as shown with pluripotent mouse embryonal cells (P19) [53]. Based
on that publication, early embryonic stages are not as efficient as later
stages in facing increasing HyO5 levels. In line, the GSSG:GSH ratio
becomes more oxidized upon increasing HoO3 levels within the first 5-6
hpf in both cytosol and mitochondria (Fig. 1B,C). Whith the growing
number of differentiated cells, the higher adaption ability in the cytosol
might lead to a re-reduction of the GSSG:GSH ratio, whereas mito-
chondria keep it at least constant. To study further the ability to keep
Engsy constant under stress conditions, newly hatched larvae were
exposed to modulators of the GSH metabolism, namely NAC, BSO, or
trans-polydatine, (Fig. 2A). NAC showed no influence on the GSSG:GSH
ratio in mitochondria and cytosol of muscles indicating that our data
resemble the results in mammals and patients showing that NAC in-
creases GSH levels only under conditions of GSH deficiency (summa-
rized in [54]). As indicated by the here provided data and earlier studies,
fish share obviously an effective negative feedback regulation with
higher vertebrates [24]. Moreover, NAC functions are not always con-
nected to the formation of elevated GSH levels. A new mechanism
suggests that instead of elevated GSH levels, the increased formation of
H,S and sulfane sulfur are responsible for the protective functions of
NAC [55]. These sulfur species should be checked in NAC-treated
zebrafish as well.

BSO did not change the GSSG:GSH ratio in the cytosol but led to a
more oxidized ratio in mitochondria compared to control. This result
could be explained by the finding that in contrast to the cytosol, mito-
chondria are not able to export GSSG [56]. Under conditions of
decreased levels of total GSH, the remaining GSSG could increase the
GSSG:GSH ratio. Moreover, as described before, mitochondria adapt not
as good as the cytosol to oxidation. The treatment with 40 uM trans-
polydatin did also not affect cytosolic or mitochondrial GSSG:GSH ra-
tios, although lower concentrations between 10 and 20 pM showed ef-
fects in zebrafish such as protection against EtOH [57]. trans-Polydatin
is suggested to affect GSH concentrations via diminished NADPH levels.
Unfortunately, there is no direct proof for this mechanism in zebrafish.
However, the finding that trans-polydatin inhibits formation of zebra-
fish vasculature [58], a pentose phosphate pathway-dependent process
[59], provides indirect evidence for this mode of action. A direct proof is
now possible by the recently established zebrafish line harboring the
NADPH sensor NERNST [60]. Of course the limited effects of these three
modulators might be also related to the time point and the time span of
treatment. NAC, BSO, and trans-polydatin, were doubted to pass
through the chorion, therefore, these treatments were done for 24 h after
hatching when many developmental processes were already finished
and the zebrafish had time to compensate potential changes in the GSSG:
GSH ratio. Zebrafish larvae exposed to tert-Butyl hydroperoxide or yeast
cells treated with HoO5 become more oxidized during the first 10 min,
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but the Epgsy was already restored after 30 min [46,61], representing a
fast adaption to the changed conditions. Therefore, we tested the
importance of strict control of the Epgsy during embryogenesis by in-
cubation of newly fertilized eggs with carmustine, an inhibitor of GSH
reductase. The measured 405:488 nm ratio increased over time and led
to malformed and dead embryos.

In addition, we tested whether environmental pollution impacts the
Epgsu. PFOS is a persistent environmental contaminant and is one of the
most dominant chemical forms of the group of per- and polyfluoroalkyl
substances (PFAS), which have been used in many different industrial
applications such as fire extinguishing foam or Teflon. PFOS exposure
has recently been risk assessed for humans [62] and maximum levels
have been set for food products, including seafood [63]. It was previ-
ously shown that PFOS induce oxidative damage in zebrafish embryos
[29,64]. Incubation with PFOS lowered both cytosolic and mitochon-
drial GSSG:GSH ratios in zebrafish larvae after 24 h of treatment. This
indicates that we see only the result of over compensation of the
oxidative challenge induced by PFOS. Previous results have indicated
that increased production of oxidants stimulates GSH synthesis leading
to a lowered Epgsy, a protective mechanism that has been indicated in
several other studies [21,23]. Studies on molecular mechanisms of PFOS
showed an activation of the NrF2 signaling, leading to an upregulation
of the antioxidative response [65]. The NrF2 mediation of the GSH redox
system plays a mitigating role in PFOS embryonic responses through
NrF2 and PPAR nuclear factor cross talking [66]. Therefore, it is
tempting to speculate that PFOS-induced oxidative challenge might
activate the GSH antioxidant response to combat oxidative damage.

The provided data clearly confirm that disturbances of the GSSG:
GSH ratio affect proper ontogeny. The GSSG:GSH ratio seems to follow/
compensate the HyO, levels that drives the differentiation program.
Thereby, oxidative damage is prevented which leads otherwise to mal-
formation or even death. However, not only an increased/oxidized ratio,
but also a decreased/reduced ratio which leads to reductive stress, affect
embryogenesis as shown for mammals [67]. Therefore, PFOS or other
environmental pollutants disturbing the Epgsy are a risk for proper
development of embryos of zebrafish and other vertebrates.

5. Conclusion

In summary, the Epggy of different cells and organs may be strictly
and centrally regulated, since brain and muscle had similar GSSG:GSH
ratios in mitochondria and cytosol throughout zebrafish embryogenesis.
Modulation of the GSSG:GSH ratio during embryogenesis leads to mal-
formation and death. The environmental pollutant PFOS changed the
GSSG:GSH ratio and could thereby affect proper development.
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