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ARTICLE INFO ABSTRACT

Glutathione (GSH), the most abundant vertebrate endogenous redox bulffer, plays key roles in organogenesis and
embryonic development, however, organ-specific GSH utilization during development remains understudied.
Monochlorobimane (MCB), a dye conjugated with GSH by glutathione-s-transferase (GST) to form a fluorescent
adduct, was used to visualize organ-specific GSH utilization in live developing zebrafish (Danio rerio) embryos.
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X:;t::r;tiahn Embryos were incubated in 20 pM MCB for 1 h and imaged on an epifluorescence microscope. GSH conjugation
Spatiote]f‘lporalg with MCB was high during early organogenesis, decreasing as embryos aged. The heart had fluorescence 21-fold

above autofluorescence at 24 hpf, dropping to 8.5-fold by 48 hpf; this increased again by 72 hpf to 23.5-fold, and
stayed high till 96 hpf (18-fold). The brain had lower fluorescence (10-fold) at 24 and 48 hpf, steadily increasing
to 30-fold by 96 hpf. The sensitivity and specificity of MCB staining was then tested with known GSH mod-
ulators. A 10-min treatment at 48 hpf with 750 uM tert-butylhydroperoxide, caused organ-specific reductions in
staining, with the heart losing 30% fluorescence, and, the brain ventricle losing 47% fluorescence. A 24h
treatment from 24-48 hpf with 100 uM of N-Acetylcysteine (NAC) resulted in significantly increased fluores-
cence, with the brain ventricle and heart showing 312% and 240% increases respectively, these were abolished
upon co-treatment with 5puM BSO, an inhibitor of the enzyme that utilizes NAC to synthesize GSH. A 60 min
100 uM treatment with ethacrynic acid, a specific GST inhibitor, caused 30% reduction in fluorescence across all
measured structures. MCB staining was then applied to test for GSH disruptions caused by the toxicants per-
fluorooctanesulfonic acid and mono-(2-ethyl-hexyl)phthalate; MCB fluorescence responded in a dose, structure
and age-dependent manner. MCB staining is a robust, sensitive method to detect spatiotemporal changes in GSH
utilization, and, can be applied to identify sensitive target tissues of toxicants.

1. Introduction ([GSSG1/[GSH]) can be incorporated into the Nernst equation to arrive

at the cellular redox potential (Ey), reported in mV [9]. The GSH Ej, of

Endogenous redox signaling has important ramifications for cell fate
decisions and organogenesis during embryonic development, with
precise regulatory mechanisms having evolved to permit redox sig-
naling pathways to proceed; a loss of control over these pathways re-
sults in oxidative stress [1-5]. The most abundant endogenous redox
buffer in vertebrates is the small thiol, glutathione — a tripeptide of
glutamate, cysteine and glycine. Reduced glutathione (GSH) can neu-
tralize redox disruptors by serving as an electron donor and forming a
disulfide bond either with itself, or, with other molecules. Oxidized
glutathione (GSSG), a homodimer of GSH can be recycled back to its
reduced form in a reaction catalyzed by glutathione reductase (GR)
[6-8]. The ratio of oxidized to reduced glutathione concentrations

the developing embryo is highly dynamic, yet tightly regulated, with
interruptions leading to early differentiation, altered cell migration
patterns, apoptosis and changes in embryo polarity [10-12].
Relatively small changes in the GSH E,;, can have significant biolo-
gical consequences. For example, a 12-16 mV oxidation of the total
cellular GSH pool is sufficient to increase GST activity 2-3 fold, re-
sulting in increased differentiation of human adenocarcinoma cells into
enterocytes [13]. In general, the GSH Ej, becomes increasingly oxidized
as cells grow and differentiate. CaCo-2 cells show a 40 mV oxidation in
the GSH E,, as they approach contact inhibition; this change is restricted
to the GSH redox couple, with no observable change in the thioredoxin
system — another key vertebrate redox buffer [14]. Typically, the GSH/
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Abbreviations

BSO L-Buthionine-(S,R)-sulfoximine
DMSO  Dimethyl sulfoxide

Ex Redox Potential

ETA Ethacrynic Acid

GSH Glutathione

GSSG Glutathione-disulfide

GR Glutathione-disulfide Reductase

GST Glutathione S-transferase

HPLC High Performance Liquid Chromatography
MCB Monochlorobimane

MEHP  Mono(2-ethylhexyl) phthalate

NAC N-acetyl-L-cysteine

PFOS Perfluorooctane Sulfonic Acid
ROS Reactive Oxygen Species
tBOOH tert-Butylhydroperoxide

GSSH couple Ej, ranges from -260 to -150 mV in living systems, with
disruptions in the Ej, impacting signal transduction, protein function,
and cell cycle regulation [9,15].

Many environmental toxicants are potent exogenous disruptors of
the GSH Ej, [16]. This disruption can be a direct result of GSH depletion
as part of the Phase II metabolism of these xenobiotics; alternately,
these chemicals can undergo a reduction to generate a product that can
react with oxygen to regenerate the parent compound, thereby entering
a redox cycle. These reactions consume cellular reducing agents like
NADPH and produce large amounts of reactive oxygen species (ROS) as
byproducts, shifting the GSH Ej, from being largely reducing to more
oxidizing [17]. Xenobiotics can also activate the Nuclear Factor Ery-
throid-2 (Nrf2) transcription factor, which coordinates cellular

N-AcetylCysteine
BSO oA

HO.
O SH

Cysteine

v-Glutamylcysteine

antioxidant defense machinery [18-22]. This can be through direct
interactions with Nrf2, or, due to changes in the GSH E;. Nrf2 trans-
locates to the nucleus and activates the transcription of the Nrf2 gene
battery, which include GSH synthesis genes, and, the Glutathione-S-
Transferase (GST) enzyme superfamily [23]. GSTs conjugate GSH to
xenobiotics; these GS-conjugates can often be readily excreted, pro-
viding living systems with an efficient method to combat toxic insults.
GST expression however, is highly spatiotemporally divergent in ver-
tebrates, leading to differential susceptibilities and sensitivities of organ
systems during development [24-27]. Furthermore, disruptions in the
GSH Ej, during organogenesis cause altered glutathionylation of spli-
ceosome related proteins leading to dysregulation of normal signaling
in rat fetuses; these alterations occur to different degrees in different
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Fig. 1. The glutathione cycle and modulating factors. The glutathione cycle. Grey italicized text represents names of enzymes involved in the pathway. All the
treatments done are highlighted in red. The fluorescent GS-MCB adduct is highlighted in white. (For interpretation of the references to colour in this figure legend,
the reader is referred to the Web version of this article.)
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embryonic compartments, underscoring the need to better characterize
spatiotemporal glutathione redox dynamics during embryogenesis [28].

Zebrafish are a widely used model for embryonic development,
owing to their low cost, external development, transparent embryos,
high fecundity and accelerated growth when contrasted with conven-
tional mammalian models [29,30]. The zebrafish model is also finding
broad application in the field of developmental toxicology, with a
steady increase in the number of studies utilizing zebrafish for the risk
and safety assessment of chemical exposures [31,32]. In zebrafish em-
bryos, the GSH E,;, changes specifically and directionally during devel-
opment, in a pattern similar to that seen in developing mouse embryos
[33,34].

The ability of the GSH system to respond and recover from oxidizing
conditions changes with developmental stage. Zebrafish embryos are
increasingly resistant to oxidizing exposures from 18 h post fertilization
(hpf) (when the majority of the endoderm derived organs start devel-
oping) —72 hpf (most major endoderm-derived organs have developed
and the embryo hatches); after hatching, embryos become much more
sensitive to pro-oxidant exposures [35]. This is in keeping with changes
in the concentration of GSH in zebrafish embryos during development,
which nearly doubles between 24 to 36 hpf [33]. A similar trajectory
for the GSH Ej, has been reported in cultured mouse embryos [28]. GSH
synthesis has also been demonstrated to be essential for mammalian
embryonic development, with mouse embryos lacking a functional
enzyme to synthesize GSH failing to gastrulate and aborting before
reaching the 8-12 somite stage [36,37].

Although total GSH concentrations and overall GSH E}, during early
embryogenesis are well reported, data regarding the spatial distribution
of GSH during embryonic development are limited. This is a critical gap
in knowledge, since different organs develop in their own redox mi-
croenvironment, and hypothetically, are differentially affected by the
aforementioned redox disruptions. This gap has arisen, in part, due to
few suitable methods for the visualization of GSH redox dynamics in
live animals. The use of genetically encoded fluorescent redox sensors,
especially roGFP to monitor physiological GSH E;, has been steadily
increasing [38]. In the zebrafish, roGFP has been used to monitor the
effects of biliary toxins on the GSH concentration of the developing
liver, and, GSH E, responses of developing cardiomyocytes and en-
terocytes to prooxidant challenges [39,40]. Although these transgenic
models provide a useful tool to test a priori hypotheses regarding the
organ-specific toxicity of xenobiotics, there is a need for unbiased,
whole organism-level data about GSH redox dynamics, particularly in
the context of the identifying sensitive target organs in developmental
toxicity studies. Fluorescent dyes are amongst the most feasible options
to measure redox dynamics at a whole-organism level. These primarily
include dyes that label ROS like dichlorofluorescein diacetate (DCF-
DA), or, dyes that label GSH like halogenated bimanes [41,42].

Monochlorobimane (MCB), a cell-permeable non fluorescent bi-
mane dye, is conjugated to GSH by GST forming a fluorescent adduct in
living systems [43]. Thus, fluorescence intensity of MCB serves as a
good proxy for the rate of glutathione utilization [42]. Historically,
MCB has been used predominantly in cell culture studies to determine
glutathione compartmentalization and changes associated with diverse
processes including but not limited to cell growth, differentiation, xe-
nobiotic metabolism and, oocyte maturation [44-46]. Previous studies
have compared various small thiol dyes and found that MCB displays
greater specificity for GSH than other thiol dyes [47,48]. In the zeb-
rafish, the Gst isozyme superfamily has been well-characterized both
during development and in adult fish [24]. MCB is known to be a
substrate for all the known zebrafish GST isozymes, with Gstrla having
the lowest affinity and Gstrl having the highest affinity [49].

In this study, we investigate the suitability in vivo staining of zeb-
rafish embryos with MCB to visualize tissue-specific glutathione utili-
zation. We confirm the specificity and sensitivity of MCB as a reliable
tool to measure changes in glutathione utilization using well-char-
acterized modulators of the glutathione pathway in a live animal
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(Fig. 1). Finally, we applied this method to detect spatial changes in
GSH homeostasis upon exposure to the environmental contaminants
perfluorooctanesulfonic acid (PFOS) and mono(2-ethylhexyl) phthalate
(MEHP), as an illustration of its application potential.

2. Material and methods
2.1. Chemicals and reagents

Monochlorobimane (Catalog #M13813MP) was purchased from
Molecular Probes (Eugene, OR, USA). Dimethyl Sulfoxide (DMSO;
Catalog #BP231-1) was purchased from Fisher Scientific (Pittsburgh,
PA, USA). Tert-Butyl hydroperoxide (tBOOH; Catalog #A13926AP) and
N-acetyl-L-cysteine (NAC; Catalog #A1540914) were purchased from
Alfa Aesar (Ward Hill, MA, USA). Ethacrynic Acid (ETA; Catalog
#BMLEI1280001) and L-Buthionine-(S,R)-sulfoximine (BSO; Catalog
#BML-FR117-0500) were purchased from Enzo Life Sciences
(Farmingdale, NY, USA). Potassium perfluorooctane sulfonate (PFOS;
Catalog #33829) was purchased from Millipore-Sigma (Burlington,
MA, USA). Mono(2-ethylhexyl) phthalate (MEHP; Catalog #ALR-
138S-CN) was purchased from AccuStandard (New Haven, CT, USA).

2.2. Fish husbandry and embryo sampling

Homozygous mitfa(bﬁ%/ b692) mutant zebrafish (Danio rerio) crossed
on the AB wild type strain were used for all experiments. This line was
chosen as these mutants fail to develop melanocytes and display an
albinism phenotype thereby eliminating pigment that would otherwise
occlude imaging. Adult fish were maintained on an automated
Aquaneering (San Diego, CA, USA) system in accordance with the
Guide for the Care and the Use of Laboratory Animals of the National
Institutes of Health and with approval from the University of
Massachusetts Amherst Institutional Animal Care and Use Committee
(Animal Welfare Assurance Number A3551-01). The fish were housed
at 28.5°C on a 14 h light, 10 hdark cycle in, and fed GEMMA Micro 300
(Skretting, Westbrook, ME, USA) twice daily. Large breeding tanks were
setup with approximately 20 adult female and 10 adult male fish.
Embryos were collected 1 h post fertilization, washed and screened for
fertilization status and staged according to Kimmel et al. [50]. The
embryos were dechorionated at 24 hpf and reared in borosilicate glass
scintillation vials with 1 ml 0.3x Danieau's per embryo.

2.3. Glutathione modulating exposures

Embryos aged 48 hpf were exposed to 750 uM tBOOH, stock pre-
pared in water, for 10 or 30 min, the tBOOH was washed out im-
mediately prior to MCB staining. Embryos were exposed to either
100 uM NAGC, 5 pM BSO, or, a combination of the two from 24 to 48 hpf.
These concentrations were chosen based on previous studies in zebra-
fish embryos [51,52]. The NAC and BSO stocks were prepared in 0.3x
Danieau's. The embryos were MCB stained and imaged at 48 hpf. Em-
bryos aged 48 hpf were exposed to 100 uM ETA (0.1% DMSO) for
30 min or 1 h immediately prior to MCB staining and imaging. Embryos
aged 48 hpf were exposed to 10 uM Menadione (0.01% DMSO) for 1 h
immediately prior to MCB staining and imaging. All embryos were
manually dechorionated at 24 hpf using fine watchmaker's forceps and
reared, exposed and stained in 20 ml borosilicate glass scintillation vials
with 1 ml 0.3x Danieau's per embryo.

2.4. Toxicant exposures

Embryos were exposed to 3.2 uM or 32 uM PFOS (0.01% DMSO),or,
200 pg/L MEHP (0.01% DMSO) starting at 3 hpf. The PFOS and MEHP
concentrations were chosen based on previous studies which estab-
lished that these doses produce sub-lethal effects in zebrafish embryos,
with no gross malformations [18,53-55]. The dosing solutions were
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refreshed daily; embryos were manually dechorionated at 24 hpf and
reared, exposed and stained in 20 ml borosilicate glass scintillation vials
with 1 ml 0.3x Danieau's per embryo. The embryos were imaged at 48
hpf and 72 hpf, with exposures terminated immediately prior to MCB
staining and imaging.

2.5. Monochlorobimane staining, imaging and data analysis

Pools of ten dechorionated embryos were placed in 3ml 0.3x
Danieau's in glass scintillation vials and stained with 20 pM MCB (final
DMSO conc. 0.1%) for 1 h. The embryos were then immobilized on ice
for 2 min, washed with fresh Danieau's for 2 min and imaged using an
inverted fluorescence microscope (EVOS FL Auto, Life Technologies,
Pittsburgh, PA, USA) equipped with a DAPI filter set. In our hands,
anaesthetizing embryos with MS-222 produced inconsistent, irrepro-
ducible staining patterns. This could be due to MS-222's action on Ca®*
release channels, and, the many interactions between Ca®>* and the
GSH system [56]. Embryos were mounted in drops of 3% methylcel-
lulose on glass slides and oriented laterally; we found that MCB stained
plastic dishes and pipettes, causing increased levels of background
fluorescence. To account for the inverted microscopy, all images pre-
sented here are mirror flipped to represent the actual orientation of the
embryos. Heat-maps were generated using the 16Colors LUT in ImageJ.
All image analysis was done using the EVOS FL Auto software. Briefly,
freehand outlines of the specific structures were traced, and, their mean
fluorescence intensity recorded, all images were blinded before ana-
lysis. All images were corrected for background and auto fluorescence.

2.6. Statistical analysis

All experiments were carried out to conform to OECD guidelines,
with a minimum of two independent experimental repeats [57]. A one-
way ANOVA followed by a Tukey-Kramer post-hoc test with a con-
fidence interval of 95% was used to determine statistically significant
differences between treatment groups and structures; the statistical
software JMP Pro 13 was used for all analyses. We attributed the slight
differences staining in control embryos to inter-clutch variability. To
better control for this, a DMSO treated or untreated control group was
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used in every single experimental repeat; all structures were normalized
to the mean yolk fluorescence of this group within each experimental
repeat before the data were combined for statistical analyses.

3. Results

3.1. Glutathione utilization is highly spatiotemporal in the developing
zebrafish embryo

To determine the suitability of in vivo MCB staining to identify
spatiotemporal changes in GSH utilization in the developing embryo,
zebrafish embryos were stained with MCB for 1 h and imaged at 24, 48,
72 and 96 hpf. These timepoints were chosen because they correspond
to organogenesis, pharyngulation, hatching and larval stages; they have
also been identified as important timepoints for investigating devel-
opmental toxicity in the zebrafish model by the OECD [57]. By 96 hpf
most organs have developed and the eleutheroembryos are free-swim-
ming; zebrafish embryos exhaust their yolk and start feeding at 7 dpf,
and, are considered larvae at this age.

Fluorescence patterns in embryonic structures differed significantly
at each timepoint (Fig. 2), with the gut, heart and brain demonstrating
the highest fluorescence. Of the structures measured, the heart and the
brain had the most dynamic fluorescence patterns. The heart had a
fluorescence that was 21-fold above autofluorescence (p < 0.0001) at
24 hpf, dropping to 8.5-fold by 48 hpf (p < 0.0001); the fluorescence
increased again by 72 hpf to 23.5-fold (p < 0.0001), and stayed high
till 96 hpf (18-fold; p). The values are expressed as fold auto-
fluorescence to account for the inherently high autofluorescence seen in
certain structures in the zebrafish embryo (Supp. Fig. S1). The brain
had lower fluorescence (10-fold, p < 0.0001) at 24 and 48 hpf, this
steadily increased, doubling to 20-fold (p < 0.0001) at 72 hpf and
increasing to 30-fold (p < 0.0001) at 96 hpf. The other structures
measured showed higher fluorescence levels of 10-fold (p < 0.0001) at
24 hpf, with these levels decreasing as the embryos got older. Raw
fluorescence values are tabulated in Supplementary Table T1 (Supp.
Table T1).
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Fig. 2. Glutathione utilization is highly spatiotemporal during embryonic development. Zebrafish embryos aged 24 (n = 16), 48 (n = 27), 72 (n = 29) and 96
(n = 27) hpf were stained with MCB and imaged. Values are mean + SEM fluorescence intensities normalized to the autofluorescence intensity of the specified
structure in unstained embryos. Different letters indicate statistically significant differences (p < 0.05), as determined by a one-way ANOVA followed by a Tukey-
Kramer post-hoc. Right: Heatmaps of MCB fluorescence at the specified ages. For raw, unprocessed images and autofluorescence images, please refer to Supp. Fig. 1.
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3.2. MCB conjugation is glutathione-s-transferase mediated in live,
developing zebrafish embryos

To determine that MCB conjugation was Gst mediated in zebrafish
embryos, and consequently, representative of the glutathione utiliza-
tion, we treated 48 hpf embryos with 100 uM ethacrynic acid (ETA) for
30 min or 1 h prior to MCB staining and imaging. ETA is a specific Gstrt
inhibitor; Gstr is the predominant isozyme in zebrafish at these early
embryonic stages, with two paralogs Gstnl & Gstn2 [24,49]. A 30-min
treatment with ETA was insufficient to cause any significant changes in
glutathione utilization across all measured structures (Supp. Fig. S2.);
however a 1 h ETA treatment caused a significant decrease compared to
DMSO controls of approximately 30% (p < 0.0001) in MCB fluores-
cence in all structures measured, with exception of the brain ventricle
and the 12" somite which did not change (Fig. 3); the 12 somite was
chosen as being representative of the muscular tissue. An important
thing to note here is that these control embryos were treated with 0.1%
DMSO, which caused a significant decrease in glutathione utilization as
compared to untreated embryos and embryos treated with 0.01%
DMSO (Supp. Fig. S3). Owing to ETA's inherent physical properties and
low solubility in DMSO, we were unable to lower the final DMSO
concentration below 0.1% in these experiments.

3.3. Monochlorobimane responds robustly to GSH modulation in the
zebrafish embryo

In order to establish the sensitivity of MCB to changes in glutathione
concentration, we employed the glutathione modulators NAC and BSO.
NAC readily enters living cells and is deacetylated by cellular esterases
thereby generating cysteine, the rate-limiting constituent of glu-
tathione. BSO is an irreversible inhibitor of y-glutamylcysteine syn-
thetase, the enzyme that catalyzes the conjugation of cysteine and
glutamate to generate y-glutamylcysteine, a precursor of glutathione
(Fig. 4). We treated zebrafish embryos for 24 h with either 100 pM NAC,
5 uM BSO, or, a combination of the two from 24 to 48 hpf, followed by
MCB staining and imaging. 100 pM NAC significantly increased fluor-
escence levels across all the structures measured when compared to
controls, with the greatest increases observed in the brain ventricle
(812%; p < 0.0001) and the heart (240%; p < 0.0001) and the lowest
increase in the yolk (52%; p < 0.0001). We chose to measure MCB
fluorescence in the brain ventricle instead of the brain, due to the dif-
ficulty in distinguishing brain tissue from ventricular tissue at these
earlier developmental timepoints when observed laterally [58]. Fur-
thermore, the ventricular system is full of cerebrospinal fluid and pro-
vides the brain with all its nutrients and growth factors, along with
GSH, thereby serving as a good proxy for redox changes in the brain
[59]. In the zebrafish, the blood-brain barrier develops and matures
only between 3 to 10 days post fertilization, and thus, compartmenta-
lization effects were not an immediate concern for our experiments
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[60].

A co-treatment with 5uM BSO abolished NAC-induced increases
almost completely with all the structures showing only about a 15%
increase, and the yolk showing a 6% decrease as compared to the
control embryos, however, these were not significantly different from
the untreated controls (Fig. 4). These data indicate a preference for
glutathione as the primary thiol substrate for MCB in zebrafish em-
bryos, as opposed to NAC. Exposure to 5 uM BSO by itself was unable to
induce any statistically significant differences in fluorescence across the
structures measured, but, the values showed a trend towards increased
fluorescence. These data are consistent with prior studies in zebrafish
embryos showing that a 24 h pretreatment with BSO is insufficient to
cause glutathione depletion [52]. This could possibly be due to in-
creased Gst expression levels following a BSO exposure. Raw fluores-
cence intensity values are provided in Supplementary Table T2 (Supp.
Table T2).

3.4. Differential GSH depletion in the zebrafish embryo evokes
commensurate responses in MCB fluorescence

We next tested the robustness of MCB staining to glutathione de-
pletion utilizing two glutathione depleting agents — tBOOH and mena-
dione. We treated 48 hpf zebrafish embryos with 750 uM tBOOH for 10-
min or 30-min immediately prior to MCB staining. Following an acute,
sub-lethal 10-min exposure to 750 uM tBOOH, zebrafish embryos
showed a significant reduction in MCB fluorescence across all the
structures measured (Fig. 5). Of the structures measured, the heart had
the smallest decrease with only a 28% (p = 0.001) reduction and the
brain ventricle had the greatest decrease with 47% (p < 0.0001) re-
duction in fluorescence when compared to untreated control embryos.
Following a longer 30-min exposure to 750 uM tBOOH, the embryos
started to return to near homeostatic conditions. All the structures
measured showed an increase in MCB fluorescence. The yolk showed
the greatest increase in fluorescence, gaining 45% (p < 0.0001)
fluorescence followed by the brain ventricle, which gained 38%
(p = 0.0028) fluorescence when compared to the 10-min exposure
group. The heart, which showed the least loss of fluorescence following
a 10-min exposure, also showed the smallest increase in fluorescence
increasing by only 14%. All the structures returned to within 20% of
their fluorescence when compared to the untreated condition.

We treated 48 hpf zebrafish embryos with 10 uM menadione for 1h
immediately prior to MCB staining and imaging. A significant decrease
was measured across all structures measured; however, the fluorescence
of the embryo overall did not show a significant change (Fig. 6). The
brain ventricle showed the greatest reduction in fluorescence, losing
around 46% (p < 0.0001) fluorescence, all the other structures
showed a drop of around 30% (p < 0.0001) when compared to DMSO
controls. Notably, this was different from embryos treated with tBOOH,
which saw a slightly more pronounced drop in fluorescence across all

Fig. 3. GST inhibition elicits a reduction
in MCB fluorescence. Zebrafish embryos
aged 48 hpf were exposed to 100uM

16365 Ethacrynic Acid for 1 h (n = 21 fish) im-
0.1% DMSO 7, mediately prior to MCB staining and ima-
ging. The fluorescence intensity was com-
pared to 0.1% DMSO treated controls
(n = 24 fish). Values are mean +SEM
fluorescence intensities normalized to the
mean fluorescence intensity of yolk of un-
treated controls, combined from at least 2
independent experimental runs. Stars in-
dicate statistically significant differences
(p < 0.05), as determined by a t-test across
the indicated structure. Right: Heatmaps of
MCB fluorescence observed in embryos ex-
posed to the stated treatment.

100 uM ETA 60 min
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-— Fig. 4. GSH modulation elicits a robust

¥ ’ = MCB response. Zebrafish embryos aged 48
@;wrem 3 hpf were exposed to 100uM N-

o AcetylCysteine (NAC; n = 21 fish) or 5uM

Buthionine Sulfoximine (BSO; n = 28 fish),
or a combination of the two (n = 40 fish)
for 24 h prior to MCB staining and imaging.
The fluorescence intensity was compared to
untreated controls (n = 35 fish). Values are
mean +SEM fluorescence intensities nor-
malized to the mean fluorescence intensity
of yolk of untreated controls, combined
from at least 2 independent experimental
runs. Different letters indicate statistically
significant differences (p < 0.05), as de-
termined by a one-way ANOVA followed by

100 uM NAC

5uM BSO

BSO+NAC

a Tukey-Kramer post-hoc, across the indicated structure. Right: Heatmaps of monochlorobimane fluorescence observed in embryos exposed to the stated treatment.

structures following a 10 min exposure; the embryos were however able
to recover fluorescence following a longer, 1 h exposure. This was in
stark contrast with embryos exposed to menadione, which showed a
decrease in MCB fluorescence following a 1h exposure. This is con-
sistent with the different mechanisms of GSH depletion employed by
the two compounds: tBOOH depletes GSH by utilizing it as an electron
donor during its reduction, whereas menadione directly conjugates
GSH and also enters a redox cycle which continuously generates ROS
leading to even greater consumption of GSH. MCB fluorescence patterns
confirm this, tBOOH caused a sharp, but short-lived decrease in MCB
fluorescence, whereas menadione caused a sustained decrease in MCB
fluorescence.

3.5. PFOS and MEHP cause dose-specific, spatiotemporal changes in GSH
utilization

In order to assess the potential of MCB as a method for detecting
tissue-specific changes in GSH utilization and thus potential target or-
gans in zebrafish embryos, we used the environmental toxicants PFOS
and MEHP; we have previously characterized the effects of these che-
micals on the GSH E;, in zebrafish embryos [18,54]. Embryos were
exposed to either 3.2 or 32 uM PFOS from 3 hpf until either 48 or 72
hpf. At these timepoints, the embryos were stained with MCB and im-
aged. We saw both dose and age specific effects of PFOS exposure. At 48
hpf, a 3.2 uM exposure resulted in a significant increase of about 80%
(p < 0.0001) fluorescence nearly across all structures when compared
to control embryos, with the exception of the yolk, which only showed
a 28% (p < 0.0001) increase. The increased fluorescence persisted at
72 hpf, with embryos showing greater nearly 150% (p < 0.0001) in-
crease across all structures except the yolk and the gut, which showed
only a 50% (p < 0.0001) increase in fluorescence (Fig. 7). In stark
contrast to this, the 32uM dose induced a decrease in fluorescence
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across all the structures measured, with the most drastic decrease in the
yolk and gut showing a 45% (p < 0.0001) and 60% (p < 0.0001)
decrease respectively at both 48 and 72 hpf, with no overtly discernible
phenotypic abnormalities (Fig. 7). These responses mirror our previous
U-shaped dose response curve findings in zebrafish embryos [18,53].

Following an exposure paradigm similar to PFOS, we exposed zeb-
rafish embryos to 200 pg/L MEHP from 3 hpf until either 48 or 72 hpf.
At these timepoints, the embryos were stained with MCB and imaged.
We found greater a disruption in GSH homeostasis in 48 hpf embryos,
with these effects lessening by 72 hpf. At 48 hpf, the embryos showed
significantly decreased MCB fluorescence; 42% (p < 0.0001) in the
myotome tissue, 15% (p < 0.002) in the heart, and, 21%
(p < 0.0001) in the brain ventricle (Fig. 8). These structures main-
tained significantly decreased fluorescence until 72 hpf, however, the
fluorescence started trending towards homeostasis, with the myotome
tissue showing a decrease of 24% (p < 0.0001) and the heart showing
a decrease of 12% (p < 0.0001). MCB fluorescence in the brain ven-
tricle remained low, displaying a 24% (p < 0.0001) decrease (Fig. 8).
At 72 hpf, the gut showed an 18% increase in fluorescence, however,
this was not statistically significant due to high variability; this varia-
bility was due to significant inter-individual differences in the auto-
fluorescence values of the gut (Supp. Fig. S4).

4. Discussion

In this study, we present MCB staining of live zebrafish embryos as a
technique to monitor glutathione redox dynamics during vertebrate
embryonic development. We validated the responsiveness of MCB using
well-characterized GSH modulators, and found it to be suitably sensi-
tive to detect changes in GSH localization in vivo. During development,
GSH utilization hotspots correlated closely with regions of high differ-
entiation; these hotspots were differentially affected by GSH

Fig. 5. MCB responds robustly to per-
oxide mediated GSH depletion. Zebrafish
embryos aged 48 hpf were exposed to
750 uM  tert-Butylhydroperoxide for 10
(n = 26 fish) or 30 (n = 25 fish) minutes
immediately prior to MCB staining and
imaging. The fluorescence intensity was
compared to untreated controls (n = 27
fish). Values are mean +SEM fluorescence
intensities normalized to the mean fluores-
cence intensity of yolk of untreated con-
trols, combined from at least 2 independent
experimental runs. Different letters indicate
statistically significant differences
(p = 0.05), as determined by a one-way

ANOVA followed by a Tukey-Kramer post-hoc, across the indicated structure. Right: Heatmaps of MCB fluorescence observed in embryos exposed to the stated

treatment.
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modulation. Some organs like the heart and brain displayed a greater
resiliency against GSH depletion, while the gut was especially vulner-
able to GSH modulation. When applied to test the effects of PFOS ex-
posure on embryonic GSH homeostasis, MCB was able to discern bi-
directional changes in GSH utilization effected by different doses of
PFOS at distinct developmental timepoints, corroborating experimen-
tally determined GSH concentrations and the GSH E,, in the zebrafish
embryo [18].

4.1. Changes in GSH utilization correspond to key developmental events

The Gst superfamily enzymes primarily function as detoxification
enzymes, and are highly evolutionarily conserved [25,61]. In the zeb-
rafish, Gst enzymes follow expression patterns similar to those seen in
humans; this is true at both transcriptomic and proteomic levels
[24,49,62,63]. MCB fluorescence patterns during embryonic develop-
ment mirror Gst expression and embryonic GSH levels, and, correlate
with key developmental events. At 24 hpf, during early organogenesis,
the fluorescence levels across all structures measured were high, with
the heart showing the highest fluorescence (Fig. 2). The zebrafish heart
is the first mesoderm-derived organ to form, it starts differentiating and
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Fig. 6. MCB responds robustly to mena-
dione induced GSH depletion. Zebrafish
embryos aged 48 hpf were exposed to
10 uM Menadione for 1 h (n = 35 fish)
immediately prior to MCB staining and
imaging. The fluorescence intensity was
compared to 0.01% DMSO controls (n = 24
fish). Values are mean +SEM fluorescence
intensities normalized to the mean fluores-
cence intensity of yolk of untreated con-
trols, combined from at least 2 independent
experimental runs. Stars indicate statisti-
cally significant differences (p < 0.05), as
determined by a two-tailed t-test, across the
indicated structure. Right: Heatmaps of
monochlorobimane fluorescence observed
in embryos exposed to the stated treatment.

e
= 32730
16365

0.01% DMSQ .

3 10 uM Menadione

is a linear cardiac tube at 24 hpf; by 48 hpf the heart has formed the
atrium and ventricle, and, heart differentiation is complete by 72 hpf
[64,65]. The heart displayed its lowest fluorescence at 48 hpf, we also
saw a decrease in fluorescence across all structures measured at this
developmental timepoint (Fig. 2). Of the timepoints we studied, 48 hpf
is known to have the most oxidized GSH Ej, and, it is also when many of
the Gst isozyme expression levels are at their lowest [24,33].

The heart and brain displayed significantly higher fluorescence le-
vels at later timepoints, with the brain displaying the highest fluores-
cence at 96 hpf (Fig. 2). Of the 17 characterized zebrafish Gst isoforms
the zebrafish brain predominantly expresses Gstul and 2, Gstn2 and
Gstol [24]. With the exception of Gstol, all these isoforms are known
to be highly expressed during zebrafish embryonic development at both
the protein [24] and the mRNA level [33,62,63]. Gstul and 2 and Gstrl
and 2 especially show significantly increased protein expression levels
at 72 and 96 hpf, likely causing the sustained fluorescence increase in
the brain [24]. Worth noting here — the heart, brain and brainstem of a
13 week old human fetus have also been reported to have high levels of
cytosolic GSH, and, high Gstrrl and Gstul activities [66]. While it is
difficult to make a direct comparison, at 13 weeks, most of the en-
doderm derived organs have patterned and differentiated,

Fig. 7. Developmental PFOS exposure
induces dose and structure dependent
changes in MCB fluorescence. (A)
Zebrafish embryos aged 48 hpf were ex-
posed to 3.2uM (n = 31 fish) or 32uM
(n = 31 fish) Perfluorooctane sulfonic acid
(PFOS) from 3 hpf until MCB staining and
imaging. The fluorescence intensity was
compared to 0.01% DMSO treated controls
(n = 35 fish). (B) Zebrafish embryos aged
72 hpf were exposed to 3.2uM (n = 32) or

0.01% DMSO 32uM PFOS (n =d35 fish) fr0m13 hpf until
MCB staining and imaging. Fluorescence

3.2 pM PFOS intensity was compared to 0.01% DMSO
H 32 uM PFOS treated controls (n = 35 fish). Values are

mean +SEM fluorescence intensities nor-
malized to the mean fluorescence intensity
of yolk of untreated controls, combined
from at least 2 independent experimental
runs. Different letters indicate statistically
significant differences (p < 0.05), as de-
termined by a one-way ANOVA followed by
a Tukey-Kramer post-hoc, across the in-
dicated structure. Right: Heatmaps of MCB
fluorescence observed in embryos exposed
to the stated treatment.

0.01% DMSO

3.2 uM PFOS

32 uM PFOS
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Fig. 8. Developmental MEHP exposure
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approximately corresponding to 96 hpf zebrafish embryos.

The zebrafish liver bud is formed around 48 hpf, with the liver lobes
growing completely by 120 hpf [67,68]. The zebrafish liver, being the
primary site of Phase II metabolism, has a very high expression of all
the Gst isoforms [24]. Additionally, the liver is also a major site of
glutathione biosynthesis, and, is reported to have high levels of GSH in
adult zebrafish [24,33]. Unsurprisingly, we found high MCB fluores-
cence in the developing liver at both 72 and 96 hpf, the only organs
with higher levels of fluorescence were the heart and brain (Fig. 2).
These data reflect reported GSH levels in human embryos and fetuses
[66]. The consonance of our results with reported GSH measures across
multiple vertebrate embryos (Fig. 9) confirm the high degree of evo-
lutionary conservation of the GSH system in zebrafish, and, indicate the
suitability of MCB staining to study GSH redox dynamics in zebrafish
embryos [33,34,66,69-71].

4.2. GSH modulation elicits divergent responses in different organ systems
during vertebrate organogenesis

The glutathione pathway has been well-studied, with the rate-lim-
iting steps and many small-molecule inhibitors & activators well-

characterized (Fig. 1) [7]. MCB shows a robust response to modulation
of the GSH pathway in zebrafish embryos. For instance, 48 hpf zebra-
fish embryos exposed to 750 uM tBOOH showed a reduction in MCB
fluorescence following a 10min exposure, but returned to near
homeostatic conditions following a longer, 30 min exposure. These data
were concordant with previous glutathione measures done using re-
verse-phase HPLC, where we found that 48 hpf embryos experienced a
decrease in GSH and an increase in GSSG 10-min post exposure with the
embryos returning to nearly homeostatic conditions after about 60 min
[35]. This likely occurs due to the way living systems combat peroxide
ROS, and, the short biological half-life of tBOOH [72]. Peroxides can
directly oxidize sulfhydryl groups in biomolecules, however, they are
quickly decomposed by cellular catalases. Given that following our
tBOOH treatments, the embryos were stained for 1 h with MCB in the
absence of the peroxide, the higher MCB fluorescence is potentially
reflective of the ability of the embryos to buffer against, and, recover
following a brief short-lived pro-oxidant insult. The additional 20 min
prior to MCB exposure may have provided the embryos ample time to
completely neutralize cellular tBOOH levels, and, allowed for the GSH
system to start recovering. The fluorescence patterns in the gut support
this interpretation, as the gut, a site of very high Gst expression does not

180 30 Fig. 9. MCB fluorescence patterns in the zebrafish
m Human Fetus' 0 Zebrafish Eleutheroembryo* eleutheroembryo aged 96 hpf align with known reduced

Alﬁo 25 GSH concentrations in a 13-week old human fetus.
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recover as well as some of the other structures which have lower Gst
expression levels.

In contrast menadione, a quinone that depletes reduced glutathione
directly by conjugating GSH, and indirectly by producing ROS, caused a
decrease in MCB fluorescence across the entire embryo [73,74]. While
the % change is significant, this decrease is especially apparent when
comparing the heatmaps of DMSO treated embryos with menadione
treated embryos (Fig. 5). We observed near complete ablation of
fluorescence intensity in most embryonic structures upon menadione
treatment. Previously, an exposure to 10 uM menadione has been re-
ported to significantly increase ROS levels in developing zebrafish
embryos, with perturbations in endogenous ROS levels persisting at
least 24 h after the menadione exposure is terminated [75].

Ethacrynic acid (ETA), a specific inhibitor of the Gst isozyme family,
caused a more subtle reduction in fluorescence when compared to
tBOOH and menadione, which directly deplete cellular levels of GSH
(Figs. 4 and 5) [76-78]. ETA is known to be a highly effective inhibitor
of multiple zebrafish Gst isozymes, with the greatest reduction of Gstx
activity [49]. The gut, a site of high GSH utilization and Gst expression,
was especially sensitive to an ETA exposure, showing the greatest de-
crease in MCB fluorescence (Fig. 3). This is consistent with what is
known about Gst expression profiles in zebrafish embryos; Gstrr and
Gstp are the most highly expressed isozymes at the 48 hpf timepoint,
with the intestine being the highest site of expression for these isozymes
within the animal [24]. Confirming previous findings, our data indicate
the GSH specificity of MCB, and, suggest that MCB fluorescence is a
valid biological reflection of changes in GSH concentration and the rate
of GSH utilization in zebrafish embryos.

In literature, MCB has been reported to react with small molecular
thiols other than GSH, though this arises from the divergent substrate
preferences of the Gst family present in different species [79-81]. Given
the high affinity for MCB observed for the zebrafish Gst isozyme family,
and the overabundance of GSH in the cellular pool of reduced thiols,
this was not an immediate concern for our experiments [49]. The
specificity of MCB for GSH as opposed to other thiols in zebrafish is
further evidenced by the fact that exposure to BSO along with NAC
completely abolished the increases in fluorescence seen when the em-
bryos were exposed to NAC alone (Fig. 6). Since NAC boosts the cellular
GSH pool and BSO inhibits the synthesis of de novo GSH synthesis, if the
increase in MCB fluorescence upon exposure to NAC was merely due to
MCB binding to NAC, the co-exposure with BSO would have failed to
eliminate these gains. Collectively, the robust response of MCB to glu-
tathione modulation in zebrafish embryos points to its suitability as a
method for detecting perturbations of the GSH homeostasis during
embryonic development in this model system.

4.3. Monochlorobimane provides a powerful tool to observe organism level
glutathione redox dynamics

Existing literature has established that the developing vertebrate
embryo uses highly specific glutathione redox signaling for spatio-
temporal control and organogenesis [1,28,33,34]. Utilizing reverse-
phase HPLC, accurate measures of glutathione concentrations in living
systems have further bolstered the hypothesis that disruptions of the
glutathione potential during development can lead to adverse health
outcomes later in life [21,27,82-84]. Due to its inherent nature, HPLC
requires samples to be suspended in a solvent, making it impossible to
glean any spatial information regarding organism level glutathione
dynamics in a live embryo. MCB has previously been employed to vi-
sualize changes in glutathione utilization in early mouse embryos,
however, these experiments had to be terminated well before organo-
genesis began [85]. By using MCB in zebrafish embryos, we were able
to reliably measure changes in glutathione utilization in situ, in vivo
with little to no disruptions of normal embryogenetic processes like
organogenesis.

Given the highly specific changes seen in MCB fluorescence patterns
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in different organs during development (Fig. 2), the application of MCB
to identify target tissues of toxicants becomes readily apparent. To il-
lustrate this, we exposed zebrafish embryos to PFOS and MEHP, known
exogenous GSH E,;, disruptors. A 200 ug/L MEHP exposure caused a
reduction in MCB fluorescence in all structures measured except the
yolk and gut, at both 48 hpf and 96 hpf. The decrease in fluorescence
was greater at 48 hpf than at 72 hpf, with the exception of the brain
ventricle, which demonstrated a sustained decrease (Fig. 8). These data
are consistent with prior studies that found MEHP induces ROS and
disrupts GSH homeostasis [54,86,87].

The gut showed an interesting trend, with no observable change at
48 hpf, but, an 18% increase fluorescence at 72 hpf (Fig. 8). However,
this was found to be statistically insignificant due to high inter-in-
dividual variability. This variability was caused, in part, due to incon-
sistent autofluorescence patterns in the gut at 72 hpf, despite all the
embryos being matched for age (Supp. Fig. S4). A possible reason for
these inherent differences could be the development of the gut micro-
biome, which is known to be present and highly variable by this stage in
zebrafish embryos [88,89].

The trend towards recovery as the embryos age is likely reflective of
the changes in GSH related gene expression induced by MEHP;
Glutathione-disulfide reductase (Gsr), the enzyme that recycles GSSG to
GSH is known to be significantly upregulated by MEHP at 72 hpf, while
Gstrt expression is downregulated [54]. Furthermore, the overall GSH
E;, of embryos exposed to MEHP was found to be uninterrupted by
MEHP at 96 hpf [54]. Thus, one possible interpretation of these data is
that MEHP induces structure-specific redox disruptions that biological
antioxidant defenses are able to overcome given time. This also pro-
vides an example of the need for tools to better interrogate GSH redox
dynamics during different stages of embryonic development; given the
highly specific GSH E;, patterns during embryogenesis, it is not hard to
imagine that a disruption of redox homeostasis during critical devel-
opmental events may make an individual more susceptible to disease
later in life.

We found that the developing gut and yolk, sites of high glutathione
utilization, showed a reduction in fluorescence upon treatment with
32uM PFOS. (Fig. 7). Previously, we have shown that exposure to
32uM PFOS leads to a more oxidized glutathione pool in zebrafish
embryos, with increased GSSG concentrations; we also found reduced
expression of Keapla and Keaplb, cytosolic repressors of Nrf2 [18]. We
observed accelerated yolk consumption, and, aberrant pancreatic de-
velopment upon PFOS exposure [18,53].

Worth noting here is that the lower dose of PFOS induced an in-
crease in MCB fluorescence, resulting in a non-monotonic inverted “U-
shaped” dose response curve. This trend has been observed previously
with PFOS, and is likely owing to an adaptive response in embryos at
the lower dose [18,53]. We found that a 3.2 pM PFOS exposure resulted
in the brain ventricle gaining the greatest MCB fluorescence at both 48
hpf (72%) and 72 hpf (158%; Fig. 7), however, this was not accom-
panied by any adverse phenotypic outcomes. In the zebrafish model, a
chronic larval 0.5puM exposure to PFOS has been reported to induce
later-life behavioral effects in exposed fish, and, morphological ab-
normalities in their offspring [90]. Furthermore, a single static exposure
to 2uM PFOS during early development (3 hpf to 120 hpf) has been
reported to cause behavioral changes that persist well into adulthood,
despite no apparent morphological defects; tgfbla expression was found
to be significantly upregulated in animals exposed to 2 uM PFOS [91].

The Tgfbl pathway and the Keapl-Nrf2 pathway have been well-
studied to identify potential crosstalk, with divergent effects seen in
different cell lineages. In renal cells, overexpression of Tgfbl has been
shown to induce ROS formation, and, decrease the expression of Nrf2
and GSH synthesis genes, leading to malignant transformation; in
human pancreatic ductal cells, Tgb1l was found to activate Nrf2 and
GSH synthesis genes, leading to malignant transformation [92,93].
Tgfb1 is a good representative example of a transcription factor affected
by disrupted GSH homeostasis, and, these data indicate the predictive
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power of MCB as a technique to identify potential PFOS target organs.

The increases in MCB could arise due to increases in GSH con-
centrations, or, increases in GST activity. While the determination of
the exact molecular mechanisms underlying PFOS toxicity, as they re-
late to GSH homeostasis, is outside the scope of this study, MCB could
be employed in conjunction with ETA to tease apart changes in GSH
concentration vs GST activity. Additionally, GSH modulators like NAC
and BSO could be employed to better understand the contribution of
GSH perturbations to PFOS toxicity. Thus, experiments with MCB could
serve as an initial screening tool, helping discern embryonic structures
adversely affected by xenobiotics; further studies could then be carried
out to pinpoint exact molecular targets mediating xenobiotic toxicity.

While MCB cannot easily differentiate between changes in GSH
concentration vs GSH utilization, it does provide an indiscriminate,
unbiased method to investigate the differential sensitivity of organs to
xenobiotic induced GSH disruptions; furthermore, it presents organ
specific GSH disruptions in the context of the entire organism, as op-
posed to genetically encoded fluorescent redox biosensors like Grx1-
roGFP2 and the RedoxFluor that look at GSH changes in a specific organ
structure Ej,.

A key shortcoming of MCB staining is the inability to directly
translate fluorescence levels to GSH concentrations or the GSH Ej.
However, this could be overcome by coupling MCB staining with redox
biosensors, which can equilibrate with the intracellular pools of GSH
and give a more precise quantitative estimate of the GSH E;, [94,95].
Furthermore, MCB is susceptible to some of the same challenges as
other chemical GSH probes [96]. It is capable of binding to other bio-
logical thiols, albeit with less specificity than its specificity for GSH; the
responsiveness of MCB is also greatly impacted by the inherent GSH
concentrations and Gst expression profiles of the cell type being in-
vestigated.

Both the intracellular GSH concentrations and Gst expression pro-
files are known to be highly divergent across different organs, and,
organisms. For instance, MCB is known to be a poor substrate for a
majority of primate GST isozymes [81]. Therefore, it is necessary to
characterize these factors in any model system before the application of
MCB as a GSH detection tool. In the zebrafish, GSH levels are known to
be in the mM range, higher than other thiols like cysteine, and, the Gst
isozymes are known to utilize MCB efficiently, hence, it is well-suited
for this technique [33,49]. Caution must be exercised when translating
changes in MCB fluorescence to biological outcomes. Unlike more ad-
vanced imaging techniques like MALDI imaging of GSH, MCB is in-
capable of distinguishing between GSH and GSH conjugates derived in
a thiol independent manner. MCB's utility derives from its ability to be
quickly and inexpensively employed to screen perturbations in the GSH
system across a whole embryo upon xenobiotic exposure.

The developing embryo is a highly organized collection of diverse
populations of cells & biological matrices, all of which have divergent
redox potentials [97]. This, coupled with the ever increasing number of
environmental toxicants underscore the need for techniques to accu-
rately, affordably and quickly assess interruptions in the redox micro-
environment during development with minimal disruptions to normal
biology. MCB staining could help bridge a gap in developmental redox
biology by facilitating visualization of tissue specific changes in GSH
during normal embryonic development. By enabling us to observe or-
ganism level changes in glutathione redox dynamics upon chemical
exposure, it can find broad application as a tool to gauge the safety of
chemicals.

5. Conclusions

This study presents a novel application of MCB as a tool to visualize
glutathione redox dynamics in vivo during vertebrate embryonic de-
velopment using the zebrafish model. GSH localization was found to be
highly spatiotemporal in the developing embryo, corresponding to Gst
expression patterns. MCB responded robustly to GSH modulation, with
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different organs displaying different sensitivities to GSH modulation.
The heart and brain were found to be especially resilient to oxidizing
redox disruptions. The highly specific and reproducible spatiotemporal
patterns of GSH utilization are indicative of there being potential bio-
logical consequences of developmental GSH disruptions. The environ-
mental toxicants PFOS and MEHP, exogenous disruptors of the GSH Ej
induced dose-dependent, age and structure specific changes in MCB
fluorescence. Our data indicate the broad application potential of MCB
as an unbiased method to assess GSH interruptions arising from che-
mical exposures in live embryos.
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