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Abstract

Bromopyrroles (BrPyr) are synthesized naturally by marine sponge symbionts and produced
anthropogenically as byproducts of wastewater treatment. BrPyr interact with ryanodine receptors
(RYRs) and sarco/endoplasmic reticulum (SR/ER) Ca2*-ATPase (SERCA). Influences of BrPyr on
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the neuronal network activity remain uncharted. BrPyr analogues with differing spectra of RYR/
SERCA activities were tested using RYR-null or RYR1-expressing HEK293 and murine cortical
neuronal/glial cocultures (NGCs) loaded with Fluo-4 to elucidate their mechanisms altering

Ca2* dynamics. The NGC electrical spike activity (ESA) was measured from NGCs plated on
multielectrode arrays. Nanomolar tetrabromopyrrole (TBP, 1) potentiated caffeine-triggered Ca?*
release independent of extracellular [Ca?*] in RYR1-HEK293, whereas higher concentrations
produce slow and sustained rise in cytoplasmic [Ca2*] independent of RYR1 expression. TBP,
2,3,5-tribromopyrrole (2), pyrrole (3), 2,3,4-tribromopyrrole (4), and ethyl 4-bromopyrrole-2-
carboxylate (5) added acutely to NGC showed differential potency; rank order TBP (ICsq =~ 220
nM) > 2 > 5, whereas 3 and 4 were inactive at 10 zM. TBP >2 /M elicited sustained elevation
of cytoplasmic [Ca2*] and loss of neuronal viability. TBP did not alter network ESA. BrPyr from
marine and anthropogenic sources are ecological signaling molecules and emerging anthropogenic
pollutants of concern to environmental and human health that potently alter ER Ca2* dynamics
and warrant further investigation /n vivo.
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INTRODUCTION

Thousands of naturally synthesized marine organohalogens (MOHSs) have been identified in
microbes and algae,12 many of which resemble anthropogenic persistent organic pollutants
(POPs) known to harm human health.3# Biosynthetic gene clusters expressed within
marine bacteria and sponge-microbiome-associated cyanobacterial endosymbionts produce
polybrominated diphenyl ethers (PBDEs), bromopyrroles (BrPyr), and their derivatives.>=°
As demonstrated with anthropogenic POPs such as polychlorinated biphenyls (PCBs) and
PBDEs, recent research with MOHs has shown that they target and alter the function of
proteins broadly expressed within animal and plant cells known to regulate calcium (Ca2*)
dynamics across the sarcoplasmic/endoplasmic reticulum (SR/ER).410.11 Ca2+ accumulated
and stored within the SR/ER compartment represents the major intracellular source of Ca2*
used for properly shaping responses to physiological and pathophysiological signals.34
Such mechanisms have been postulated to regulate important bacteria—animal interactions
significant to the marine ecology of benthic ecosystems,2 as well as produce toxicological
sequelae when exposure to anthropogenic BrPyr congeners occurs at higher concentrations
and without an ecological context,1011,13-15

Biomonitoring studies have identified MOHSs similar in the chemical structure to their
anthropogenic counterparts in marine mammals,16-20 commercially important fish,2!
Antarctic air,22 and seabirds and their eggs.123 MOHs have also been detected in human
tissue samples, although the health impacts of such exposures are unknown.24 The
increasingly wide distribution of MOHs, including elevated levels of volatile brominated
alkanes such as bromoform, is likely to be driven by climate change along with increased
anthropogenic sources, increasing the risk of negative impacts on global food webs, as well
as humans and wildlife health.2

Several reports strongly suggest that BrPyr, exemplified by tetrabromopyrrole (TBP, 1)
produced by the marine bacterium Pseudoalteromonas, serve as chemical cues for inducing
larval metamorphosis of acroporid coral larvae26:27 and complete settlement (attachment
and metamorphosis) of Caribbean coral larvae.28 Remarkably, several halogenated pyrroles,
including TBP and 2,3,5-tribromopyrrole (2), are being identified as disinfection byproducts
during the processing of drinking water!3 and more recently detected in chlorinated

toilet flushing waterl® and the membrane bioreactor cleaning process during wastewater
treatment;2? TBP and 2 were shown to have potent cytotoxicity, genotoxicity, and
developmental toxicity.13:15 Exposure to nanomolar TBP for 24 h resulted in mortality

of a number of phytoplankton species possibly related to increased oxidative stress and
abnormal intracellular Ca2* release, possibly mediated by the activity on IPsR.11 Recently,
nanomolar TBP was shown to reduce larval urchin development and survival following
short exposures.30 Taken together, BrPyr as a group should be considered as emerging
environmental pollutants with risks to both environmental and human health due to their
increasing anthropogenic sources.3!

Our previous study showed that nanomolar to low micromolar TBP and 2 promoted
Ca?* release from ER/SR vesicles isolated from mammalian skeletal muscle by promoting
the activation of ryanodine receptors (RYRs) and inhibiting sarco/endoplasmic reticulum
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(SERCA).10 Nevertheless, there remains a significant knowledge gap in understanding how
these molecular mechanisms of BrPyr influence cellular signaling and their potential as
neurotoxicants. Herein, we tested five pyrroles and analogues for altering intracellular Ca2*
dynamics using a RYR1 heterologous expression model in human embryonic kidney 293
(HEK 293) cells and a primary cortical neuronal/glial cocultures (NGCs) model from mice.

MATERIALS AND METHODS

Materials.

Figure 1 summarizes the pyrrole structures used in this study. TBP (1) and 2,3,5-
tribromopyrrole (2) were chosen for the study based on their direct potency on RYR and
SERCA activity and their ability to alter SR/ER Ca2* dynamics, whereas pyrrole (3), 2,3,4-
tribromopyrrole (4), and ethyl 4-bromopyrrole-2-carboxylate (5) were predicted as negative
controls.19 Ryanodine (6) was used as a positive control. Details for all the chemicals and
reagents used in this study are listed in Table S1 of the Supporting Information.

HEK 293 Cell Culture and Validation of RYR1 Expression.

The HEK 293 cell line (CRL-1573) obtained from ATCC (Manassas, VA) was transfected
with RYR1 as previously reported.32:33 Cryopreserved RYR-null HEK 293 and RYR1-
expressing HEK 293 cell lines were quickly thawed, diluted, plated, and expanded on

75 cm? flasks in supplemented Dulbecco’s modified Eagle’s medium, followed by being
verified for RyR1 expression using three approaches, as described in the Supporting
Information. After verification and second passage, RYR-null HEK 293 and RYR1-
expressing HEK 293 cells were plated onto a 96-well plate and acutely exposed to caffeine
(100 pM)/Locke’s buffer in the absence or presence of TBP (0.1-2.0 1M) to measure the
intracellular Ca* simultaneously across multiple wells. See the Supporting Information
for more details on the HEK 293 cell lines culture, validation by western blotting (WB)
and immunocytochemistry (ICC), measurements of intracellular Ca2*, and the analysis of
responses of HEK 293 cell lines.

Primary Cortical NGCs.

Animal-related experiments were conducted in accordance with the guidelines of Animal
Use and Care of the National Institutes of Health and approved by the University of
California Davis Animal Use and Care Committee. The dissection procedures of cortical
neurons from postnatal day 0-1 (male and female brains were pooled) C57BL/6J mice

pups are detailed in the Supporting Information and as previously described.34 Briefly, the
dissociated cells were suspended in the Neurobasal complete (NBC) medium (NBC medium
supplemented with GS21 at 2% v/v, Gluta-Max at 1% v/v), (10 mM HEPES) with 5% fetal
bovine serum. Then, the suspended cells were plated onto a poly-L-lysine (0.5 mg/mL in
borate buffer) precoated 96-well imaging plate (BD, Franklin Lakes, NJ) and maintained

at 37 °C with 5% CO, and 95% humidity. A final concentration of 5 M of cytosine
B-p-arabinofuranoside was added at 24 to 30 h after plating to limit the growth of astrocyte.
The presence and proportion of astrocyte and neuronal cells in the cultures at 7 days /n vitro
(DIV) were verified by ICC described in the Supporting Information.

Environ Sci Technol. Author manuscript; available in PMC 2022 February 03.
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Measurements of Intracellular Ca2* Dynamics of NGCs.

At 7 DIV, NGCs were incubated for 1 h with 4 ¢M Fluo-4 plus 0.5 mg/mL bovine serum
albumin in Locke’s buffer as previously described;3®> NGCs were then gently rinsed, loaded
to an imaging chamber, and recorded for spontaneous Ca2* oscillations (SCOs) with the
acute addition of the vehicle [0.1% dimethyl sulfoxide (DMSO)] or series concentrations of
testing compounds. See the Supporting Information for more details of the measurements
and SCO analyses.

NGCs Electrical Spike Activity Measurement.

Neuronal network field electrical spike activity (ESA), an aggregate measure of extracellular
field potentials spontaneously produced by the neuronal networks, was recorded using
NGCs cultured on 12-well microelectrode array (MEA) plates (Axion BioSystems, Atlanta,
GA), as detailed in the Supporting Information and previously described.3° Briefly, the ESA
was measured from 7 DIV NGCs with the acute addition of the vehicle or the indicated
concentrations of TBP using the Axis software (Mersion 2.4, Axion BioSystems), with
specific settings and data analysis software described in the Supporting Information.

Measurement of Neuronal Viability.

NGCs were exposed to the vehicle, TBP, or compound 2 at 7 DIV for 24 h, and the MTT
assay was used to evaluate the neuronal toxicity as described in the Supporting Information
and closely followed that published previously.3®

Data Analysis.

For HEK 293 cell lines results, the curves of the initial rate and amplitude as a function of
test concentration were fitted by nonlinear regression with the four-parameter equation using
Prism GraphPad (Version 7.03; GraphPad Software Inc., San Diego, CA), as described in the
Supporting Information, unpaired #test assuming that a Gaussian distribution was used to
compare the rates and amplitudes between TBP and TBP plus caffeine treatments.

The number of astrocytes and neurons was quantified using Image J (version 1.49s; U.S.
National Institutes of Health), as detailed in the Supporting Information. SCO data from
primary cultured NGCs were fitted by nonlinear curve fitting using Graph Pad Prism
software. Potency/efficacy values were obtained by the nonlinear regression with the three-
parameter or four-parameter equation detailed in the Supporting Information. One-way
analysis of variance (ANOVA) followed by the post hoc Bonferroni’s multiple comparison
test was used to compare differences between compounds (3, 4, and 5) and Veh (0.1%
DMSO).

RESULTS AND DISCUSSION
Influence of TBP on Ca2* Homeostasis in Null and RYR1-Expressing HEK 293 Cells.

Of the pyrroles tested to date, TBP and compound 2 were the most potent toward modifying
RyR1 and SERCA.10 Considering their prevalence in environmental samples, 1529 their
potential for producing developmental and genotoxicity,13:1%:30 and related implications
toward ecological systems,26-28 we focused initial cellular experiments on TBP.

Environ Sci Technol. Author manuscript; available in PMC 2022 February 03.
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Using RYR-null HEK 293 cells and a heterologous expression model that stably expressed
RYR1, the exemplary BrPyr TBP was tested for its ability to modify SR/ER Ca2* dynamics.
First, HEK 293 cell lines were verified for their genotype with respect to RYR expression by
WB and ICC approaches. Results showed that a high-molecular-weight monomeric subunit
of RYR1 was detected at an extrapolated mass of ~565 kDa only in the RYR1-expressing
HEK 293 line (Figures 2A and S1), results corroborated by intense staining detected using
ICC with RYRL1 antibody 34C (Figure 2B,C). Although the monoclonal antibody 34C has
been shown to selectively detect RYR1 over RYR2 and RYR3 at the low titer used in the
previous study,3’ at the high titers used for ICC here (1:25 dilution), it loses specificity

and detects all three. Nevertheless, repeated attempts with 34C using ICC failed to detect
RYR expression in the null line regardless of the passage number (Figure 2B), whereas the
line stably transduced consistently showed a high level of RYR1 expression (Figure 2C).
Importantly, cells having either genotype expressed SERCA (Figure 2A).

For the functional validation of RYR1 expression, HEK 293 cells were loaded with the
intracellular Ca?* indicator Fluo-4 to measure responses in cytoplasmic intracellular free
Ca?* ([Ca%*]i) concentration and tested for responses to 100 1M caffeine in the presence of
a physiological level of extracellular [Ca?*]e (2.3 mM) or with the cell in a depleted [Ca2*]e
buffer (0.3 mM). Regardless of [Ca2*]e, RYR1-expressing cells responded to 100 xM
caffeine with a rapid rise in [CaZ*]i whose peak amplitude (initial amplitude) subsequently
decayed back to the initial baseline (Table 1; “vehicle”, Figure 3B,C), whereas RYR-null
cells did not respond to caffeine (Table 1; “vehicle”, Figure 4B,C). The first 3 s following
the addition of the test compound were defined and used to calculate the “initial rate” of

the rapid rise in [Ca2*]i (Figure S2, Supporting Information). Regardless of [Ca?*]e, RYR1-
expressing or RYR-null cells exposed to TBP (0.1-2 4M) alone failed to elicit the initial
rapid rise in [Ca2*]i seen with the addition of caffeine (Table 1 and Figures 3A,C; 4A,C; and
S2). Rather, TBP produced a much slower rise in [Ca%*]i that was sustained over the length
of the experiment and whose amplitude, defined as “secondary peak amplitude”, exhibited a
similar concentration dependence in both RYR1-expressing and RYR-null lines (Table 1 and
Figures 3A,C and 4A, C). TBP was previously shown to alter the binding of [3H]-ryanodine
to RYR1 in a biphasic manner, increasing binding at a concentration <30 M and sharply
inhibiting binding at higher concentrations. In addition, TBP was shown to have a potent
inhibitory activity toward SERCA, with 10 £M producing a near-complete inhibition of
thapsigargin-sensitive SERCA.19 The slow rise of [Ca2*]i leading to a sustained secondary
amplitude seen in RYR-null and RYR1-expressing cells could be fully explained by SERCA
pump inhibition that led to the leak of CaZ* from SR/ER stores into the cytoplasm. However,
the lack of an initial rapid RYR1-dependent [CaZ*]i rise, as seen with caffeine challenge,
was unexpected.

We posited that quiescent HEK 293 maintained its [Ca2*]i well below the threshold needed
for TBP to elicit a caffeine-like activation of RYRL. In this regard, [3H]ryanodine-binding
experiments with a number of BrPyr previously reported were performed in the presence
of 2 1M free Ca?*10 a concentration known to partially activate RYR1 in biochemical
experiments and well above those maintained in resting HEK 293 cells (<100 nM).38

Environ Sci Technol. Author manuscript; available in PMC 2022 February 03.
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Since caffeine has long been known to shift the Ca*-dependence of RYR1 channel
activation to the left, thereby sensitizing the channels to other modulators,3° RYR-null
and RYR1-expressing cells were exposed to caffeine (100 ¢M) in combination with TBP
(0.1-2 pM). With these experimental conditions, TBP potentiated the caffeine-triggered
rapid rise in [Ca2*]i, significantly increasing both the rate of initial rise measured over
the first 3 s after addition and the amplitude of the initial peak in a manner dependent on
the concentration of TBP, regardless of whether the measurements were made in replete
(2.3 mM) or depleted (0.3 mM) [Ca2*]e (Table 1 and Figures 3B,C and S2). Compared
to caffeine alone measured in replete [Ca?*]e, the presence of 2 M TBP enhanced the
initial rate by 3.50-fold (from 0.05202 to 0.1822 AF /At p= 0.0023) and the respective
normalized initial amplitude by 3.62-fold (from 0.2729 to 1.011 AH Fy; p=0.0021). By
comparison, TBP in the presence of caffeine tested on cells in depleted [Ca?*]e increased
the initial rate by 4.44-fold (from 0.04029 to 0.1759 AA Fy/At, p= 0.0314) and the

initial amplitude by 4.78-fold (from 0.2652 to 1.267 AF Fy; p=0.0084). Thus, TBP
greatly potentiated rapid responses to caffeine by a mechanism independent of Ca2* entry,
presumably by directly sensitizing RYRL.

The observation that exposure of RYR-null cells to TBP and caffeine failed to elicit a rapid
response strongly supported our conclusion (Figures 4B,C and S2). Moreover, the slower
secondary response attributed to the SERCA pump inhibition by TBP was unresponsive to
the presence of caffeine, [Ca2*]i, or RYR-expression.

Collectively, the results observed in a reduced heterologous expression cell model further
support the fact that TBP selectively targets two intracellular molecular targets that work in
an opposing manner to shape intracellular Ca2* signals. We proceeded to test whether TBP
and four additional BrPyr or analogues disrupt Ca2*-signaling dynamics in a more complex
primary NGCs model.

BrPyr Alter Ca2* Dynamics and Are Toxic to Murine NGCs.

Considering two actions of TBP observed in the HEK 293 cell model, (1) amplification
of rapid caffeine-triggered Ca?* release observed only in RYR1-expressing cells and (2)
sustained elevation of cytoplasmic Ca?* at higher concentrations observed in both RYR1-
expressing and RYR-null cells, we proceeded to compare the influences of ryanodine and
five pyrroles (Figure 1) for their ability to modify SCO in a mature cortical NGCs model
described previously.3540 We and others have shown the importance of glial cells in the
developmental trajectory of neurons in the culture as their responsiveness to chemical
agents.3° ICC was therefore performed at 7 DIV and indicated that glial fibrillary acidic
protein (GFAP) positive glial cells constituted 3-4% of the total cell population with

the remainder being microtubule-associated protein 2B (MAP2B) positive neurons (Figure
5A,B). In order to verify that this culture model was responsive to ryanodine and establish
face validity, the cocultures were acutely exposed to ryanodine ranging from 1 to 300 zM
(Figure 5C,D).

Acute exposure of cultures at 7 DIV to ryanodine inhibits both neuronal SCO frequency and
amplitude in a concentration-dependent manner (ICsq of 36.8 M; 95% CI: 18.7-71.0 u/M
and 470.8 uM; 95% ClI: 191.1-3853.0 1M, respectively) (Figure 5C,D). Complete inhibition

Environ Sci Technol. Author manuscript; available in PMC 2022 February 03.
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of the SCO activity was achieved with 300 £M ryanodine within 10 s of exposure (Figure
5D). Considering the high specificity of ryanodine for RYRs, these results underscore

the importance of ryanodine-sensitive ER Ca2* channels in regulating the SCO activity
within cortical neuronal networks. Importantly, ryanodine did not alter baseline cytoplasmic
Ca?* even at the highest concentration tested (300 M), a finding consistent with its RYR
specificity and lack of direct SERCA pump inhibition.

In contrast to ryanodine, TBP showed more than 10-fold greater potency toward inhibiting
SCO frequency and reducing SCO amplitude (ICsq = 0.22 tM; 95% ClI: 0.19-0.25 and

0.39 uM; 95% ClI: 0.34-0.44, respectively) (Figure 6A,B). The complete inhibition of

the SCO activity was achieved with 1 M TBP within the first 100 s of exposure. A

similar inhibitory profile was observed with the acute exposure of the cultures to 2,3,5-
tribromopyrrole (compound 2), albeit with significantly lower potency than TBP (p < 0.001
for both frequency and amplitude) with ICsq values of 0.88 (95% CI: 0.79-0.97) and 1.13
UM (95% ClI: 1.07-1.20) for frequency and amplitude, respectively (Figure 6C,D). The SCO
inhibitory actions of TBP occurred in the absence of any measurable alteration in neuronal
network ESA measured using MEA (Figure S3).

Unlike TBP, 2 M compound 2 did not fully inhibit SCO events, suggesting lower

efficacy. Interestingly, 10 /M compound 5 (ethyl 4-bromopyrrole-2-carboxylate) transiently
eliminated the SCO activity for the first 600 s, although SCO frequency recovered to
68.59% (p < 0.001 vsVeh) and as did SCO amplitude to 32.13% (0 < 0.05 vsVeh) by

the end of the exposure period (Figure 6E,F). Two additional pyrroles, pyrrole (3) and
2,3,4-tribromopyrrole (4), were tested and found to lack activity at the highest concentration
tested (10 xM) (Figure 6E,F).

Collectively, these results indicate that two ortho-bromine substituents are necessary for
BrPyr to confer effects on SCO activity, with meta-bromine substituents further enhancing
the effects, consistent with the SAR found in the previous receptor and Ca2* flux studies
with BrPyr.10 However, compound 5 was previously shown to have negligible impact toward
RYR and SERCA, 10 suggesting that its activity at the cellular level is likely to have distinct
mechanisms.

Nevertheless, four of the BrPyr tested for the SCO activity closely follow the SAR
previously reported using [3H]-ryanodine-binding analysis, 10 suggesting that they were
mediated by selective interaction with RYRs when tested at submicromolar concentrations.
The inhibition of SCO events seen with exposure to ryanodine, TBP, or compound 2 in the
coculture model adds further support that these compounds share a common mechanism
of ER Ca?* dysregulation. Indeed, TBP amplifies caffeine-triggered Ca2* only in RYR1-
expressing HEK 293 cells but not in their RYR-null counterpart. Although neither TBP
nor compound 2 at <14M produced a measurable elevation in baseline resting Ca2* in the
cortical NGCs, exposure to >1 1M TBP revealed a gradual rise in resting Ca2*, especially
evident in the presence of cells exposed to 2 4/M (Figure 6A, top trace). We posited that such
an effect could stem from the inhibition of SERCA pumps as predicted from results from
RYR-null HEK 293 cells (Figure 4) and previous biochemical studies.10

Environ Sci Technol. Author manuscript; available in PMC 2022 February 03.
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To further test this hypothesis, cortical NGCs were exposed to >1.0 1M of TBP or
compound 2. Both TBP and compound 2 caused persistent elevation in intracellular baseline
Ca?* in cortical neurons whose onset was concentration-dependent (Figure 7A,B). The ECsx
measured from area under the curves (AUCSs) as described in the Materials and Methods part
of the Supporting Information indicates that TBP was significantly more potent at producing
a sustained elevation than compound 2 did (ECsg = 7.7 1M, 95% CI: 3.8-15.9 v517.3 1M,
95% CI: 14.1-21.9), respectively (p < 0.0001).

TBP and compound 2 have also been identified as cytotoxic disinfectant byproducts, with
both cytotoxic and genotoxic activities in Chinese Hamster Ovary (CHO) cells! and
developmental toxicity in a marine invertebrate polychaete.1® In addition, TBP was recently
reported to induce mortality of various phytoplankton species!! and reduce the survivorship
and development of larval urchin at nanomolar concentrations.3% We therefore assessed
whether exposure to TBP or compound 2 was subacutely (24 h) toxic to mammalian cortical
NGCs. Figure 7C shows that both BrPyr were neurotoxic in the low @M concentrations

with TBP being significantly more potent (p < 0.0001) than compound 2 [halfmaximal toxic
concentrations TCgq = 12.6 1M (95% ClI: 12.0-13.1) and 32.8 M (95% ClI: 31.7-33.5),
respectively]. It is worth noting that compared to previous findings reporting a TCsq of 60.6
LM at 72 h exposure of CHO cells, compound 2 was a more potent neurotoxicant in the
cortical NGC model, implying that neuronal networks might be especially sensitive to these
compounds and similar BrPyr of marine and anthropogenic origin.

The present results provide the first evidence that acute exposure to exemplary BrPyr of
potential concern to environmental and human health elicits two neurotoxic actions in a
mammalian NGCs model, (i) inhibition of SCO activities at submicromolar concentrations
that mimic those seen with acute exposure to ryanodine and (ii) at higher concentrations,
persistently elevate cytoplasmic Ca2* consistent with the inhibition of SERCA pumps

that prevents resequestration of Ca2* into the ER lumen. Evidence for both of these
mechanisms was previously provided in biochemical studies and is likely working

in a feedforward manner to promote acute neurotoxicity.1? The neurodevelopmental
ramifications of RYR-mediated disruption of neuronal network activity by POPs, including
PCBs and PBDEs, and their potential contribution to neurodevelopmental deficits have been
recently reviewed.*#1:42 The added risk contributed by current levels of RYR-active PCB
congeners found in aquatic ecosystems was recently calculated and a multiple mechanistic
neurotoxic equivalency scheme was proposed to better predict risk.43 Evidence for the
additivity of the PCBs, PBDEs, and related halogenated organics has been demonstrated.*4
Whether BrPyr interact with distinct or overlapping binding sites to these POPs remains

to be determined. It should be noted, however, that the pyrrole moiety of ryanodine is a
major factor in orienting ryanodine within its binding pockets on RYR14° and defining its
biological activity and selectivity amongst target species.4®

Although BrPyr, regardless of their origin, are more chemically labile than PCBs and
PBDEs in the environment to qualify classification as POPs, the two exemplary examples
TBP and 2 investigated here have indeed been detected in waste and drinking water
treatment streams and the membrane bioreactor cleaning process during wastewater
treatment.1315.29 Thys, BrPyr should be considered emerging pollutants with the potential
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of contributing genotoxic, carcinogenic, and neurotoxic risk not only to animal cells13
(including mammalian cells shown in this paper) but also capable of a broad-spectrum
cytotoxicity to phytoplankton species!! and other marine species.1%:30

Notably, the usage of seawater as toilet flushing water has increased with increasing
demand along coastal areas currently approximated at 50% of the world population.3147
As a result, substantial amounts of TBP, tribromopyrroles, tribromochloropyrroles, and
tribromoiodopyrroles are anticipated to be produced as a result of incorporating seawater in
wastewater treatment processes. BrPyr have been estimated to have a concentration ranging
from nanogram/liter to microgram/liter,® concentrations equivalent to those capable of
altering Ca%*-signaling dynamics shown in the current study.

Finally, new sources of anthropogenic halopyrroles are emerging as potential insecticides
that target invertebrate RYRs. For example, pyrrole-2-carboxamides are being considered for
insecticidal development and recently shown to a share a binding domain with widely used
anthranilic diamide insecticides.*? Notably, anthranilic diamides have recently been shown
to interact with mammalian RYRs.%0:51

Taken together, BrPyr and related halopyrroles may have broader ramifications to ecological
and environmental health. The disruption of RYR-regulated signaling pathways has also
been implicated in the induction and progression of idiopathic neurodegenerative diseases,
such as Alzheimer’s disease.?2-55

One limitation of the present work is that the experiments were conducted /n vitro and await
verification that the predicted outcomes can be demonstrated in vertebrates /n vivo. What is
also not clear is the role that astrocyte plays in response to BrPyr exposures. Additionally,
our current neuronal model, which pooled male and female brains for preparing the NGC
model, does not address potential differences in susceptibility between males and females.
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Figure 1.

Structures of pyrroles selected for testing. A total of five pyrroles and ryanodine were
selected for testing in either or both (TBP) cellular models: null/RYR1-expressing HEK 293
cell lines and primary murine cortical NGCs.
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Figure 2.
WB and ICC images showing the expression of RYR1 and SERCA in null and RYR1-

transfected HEK 293 cell lines. (A) Representative image of a WB showing a prominent
immunoreactive band of RYR1 (upper panel) at an extrapolated mass of 565 kDa in
RYR1-expressing but not RYR1-null HEK 293 and SERCA (lower panel) at 110 kDa

in both RYR1-expressing and RYR1-null HEK 293. (B,C) ICC images showing RyR1
expression in the RYR1-transfected HEK 293 cell line but not in the null line. These data
are representative of at least three replicate determinations performed during the initial
establishment of the cell lines. An example of an original (uncropped) RYR blot is shown in
Figure S1 in the Supporting Information.
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Figure 3.

Effects of TBP exposure on resting intracellular Ca2* in RYR1-expressing HEK 293 cell
lines. Under two extracellular Ca?* conditions (i.e., 2.3 vs0.3 mM), the representative
intracellular Ca2* traces of RYR1-expressing HEK 293 cells in response to the addition

of Veh or TBP without caffeine (A, green) and with 100 ¢M caffeine (B, red). The red
arrows indicate timepoints when the compound was added. Summary data for initial rates
and amplitudes shown in (C) were derived from 3 separate culture days with four replicates
each and expressed as mean + SEM. Calculation details of the initial rate are shown in
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Figure S2A-C. When appropriate, data were fitted with four-parameter nonlinear regression
with GraphPad 7.03. Veh denotes 0.1% DMSO.

Environ Sci Technol. Author manuscript; available in PMC 2022 February 03.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Zheng et al.

A

(o]

Page 18

RyR1-Null HEK293

[Ca?*],=2.3 mM [Ca?*], = 0.3 mM
Secondary amplitude Secondary amplitude -
H = M
= 0BM .
gl Veh or TBP Singly
- 1.0
! \1 — s
- . - —_ 20
' Initial rate il Initial rate
oy
=1 Initial Amplitude 5e [ Initial Amplitude
§ 30 sec
Secondary amplitude Secondary amplitude B
f  iEEE—
— 02M Veh or TBP
- 0.3 M
— 06 M +
e Caffeine (100 pM)
- Yy - 15 M
T — 20M
! Initial rate J! Initial rate
0.251
:; 0.20
e ¢
% 0.159 + TBP Singly
E 0.10] - TBP + Caffeine (100 uM)
g 0,05
0.004 o=, + i——t — gty
Veh -7.0 65 6.0 5.5 Veh -7.0 65 5.0 55
TBP, M TBP, M
& 15
b 39 + TBP Singly
3 -~ TBP + Caffeine (100 pM)
£ 0.5
. g et ) A o |
0.04 « R -
el —_—
Veh -7.0 6.5 6.0 5.5 Veh -1.0 £5 6.0 5.5
e TBP, M TBP, M
«
= 1.5
& 14 + TBP Singly
- TBP + Caffeine (100 pM)
0.5
004 ,
S— ——
Veh -7.0 £5 £.0 55 Veh -7.0 6.5 6.0 55
TBP, M TBP, M
Figure 4.

Effects of TBP exposure on resting intracellular Ca2* in RYR-null HEK 293 cell lines.
Under two external Ca%* conditions (i.e., 2.3 vs0.3 mM), the representative intracellular
Ca?* traces of RYR1-expressing HEK 293 cells in response to the addition of Veh or TBP
without caffeine (A, green) and with 100 ¢M caffeine (B, red). The red arrows indicate
timepoints when the compound was added. The initial rates and normalized initial and
secondary amplitudes are summarized in (C), and data expressed as mean + standard error
of mean (SEM) were derived from 3 separate culture days, with four replicates each culture.
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Calculation details of initial rate are shown in Figure S2D-F. When appropriate, data were
fitted with four-parameter nonlinear regression with GraphPad 7.03. Veh denotes 0.1%
DMSO.
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Figure 5.
Cellular composition and functional responses to ryanodine of the cortical NGCs model.

(A) Representative ICC image showing the presence and proportion of GFAP-positive glia
and MAP2B-positive neurons (green: astrocytes and red: neurons). (B) Quantification of
the number of astrocytes and neurons to determine the ratio at 7 DIV. Data expressed as
mean + SEM from two independent cultures with three replicate wells for each culture,

and each date point represents the average of three randomly selected positions in each
well. (C) SCOs obtained from representative wells in the same 96-well plate in the presence
or absence of ryanodine exposure. The red arrow together with the dotted red line at 120

s indicates the timepoint when Veh or ryanodine was added. The data bracketed by two
additional dashed lines were analyzed and are summarized in (D). (D) SCO data presented
as normalized frequency (left Y-axis) and amplitude (right Y-axis), respectively. The dotted
black line parallel to the X-axis in (E) indicates 100% of \eh. Data expressed as mean

+ SEM were from three independent cultures, with six replicates for each culture. Three-
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parameter nonlinear regression was used to fit the curves with GraphPad 7.03. Veh denotes
0.1% DMSO.
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Figure 6.
Structure—activity relationship of pyrrole congeners toward inhibiting the SCO activity in

cortical neuronal networks. (A,C,E) show the representative traces of SCO patterns in

the presence of Veh or compounds 1-5. The red arrows together with the dotted red

lines indicate when Veh or the test compound was added. The data bracketed by the

two additional dotted red lines were then analyzed and correspondingly summarized in
(B,D,F) as shown in frequency and amplitude, respectively. The black dotted lines parallel
to the X-axis in the right panels indicate 100% of Veh. Data expressed as mean = SEM
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were from three independent cultures, with six replicates each. Four-parameter nonlinear
regression was used to fit the curves. One-way ANOVA followed by the Bonferroni’s
multiple comparison test was used to determine the statistical difference of mean between
Veh- and test compound-treated groups with GraphPad 7.03, as indicated by **p < 0.01 vs
Veh. Veh denotes 0.1% DMSO.
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Figure 7.
Influence of two exemplary BrPyrs on the elevation of intracellular Ca2* and neurotoxicity

in cortical neuronal networks. Cells were exposed to BrPyr congeners TBP and 2 at
concentrations higher than those needed to fully inhibit the SCO activity. (A) Typical traces
of sustained intracellular Ca2* elevation in the presence of Veh (black), TBP (green), or
compound 2 (purple). The red arrow and dotted line indicate the timing when the test
compound or Veh was introduced. AUCs between two red broken lines from 120 to 1200 s
were analyzed, summarized, and fitted in (B) as a function of the log value of concentrations
tested. (C) Neuronal viability curves when subchronically exposed to TBP (green) or 2
(purple) for 24 h. The black dotted line parallel to the X-axis indicates 100% of \eh. All
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the data expressed as mean + SEM were from three independent cultures, with six replicates
each. Four-parameter nonlinear regression was used to fit the curves with GraphPad 7.03.
Veh denotes 0.1% DMSO.
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