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Since the surge of microbiome research in
the last decade, many studies have
provided insight into the causes and
consequences of changes in the gut
microbiota. Among the multiple factors
involved in regulating the microbiome,
exogenous factors such as diet and
environmental chemicals have been
shown to alter the gut microbiome
significantly. Although diet substantially
contributes to changes in the gut
microbiome, environmental chemicals are
major contaminants in our food and are
often overlooked. Herein, we summarize
the current knowledge on major classes of
environmental chemicals (bisphenols,
phthalates, persistent organic pollutants,
heavy metals, and pesticides) and their
impact on the gut microbiome, which
includes alterations in microbial
composition, gene expression, function,
and health effects in the host. We then
discuss health-related implications of gut
microbial changes, which include changes
in metabolism, immunity, and

neurological function.
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pCresol 1s a uremic toxin that is formed
by intestinal microbiota and extensively
conjugated by first-pass metabolism.
pCresol glucuronide exerts various
forms of cellular toxicity in vitro and is
accumulated in the plasma of subjects
with kidney disease, where associations
with adverse cardiovascular and renal
outcomes are evident. The objective of
this study was to determine the
contributions of human
UDP-glucuronosyltransferase (UGT)
enzymes in the formation of p-cresol
glucuronide. Utilizing commonly
expressed hepatic or renal human
recombinant UGTs (e, hrUGT1A1, 1A3,
1A4, 1A6, 1A7, 1A8, 1A9, 1A10, 2B4,
2B7, 2B10, 2B15, and 2B17), hrUGT1A6
and hrUGT1A9 exhibited the highest
catalytic activities in the generation of
pcresol glucuronide. The kinetics of
prcresol glucuronide formation in
hrUGT1A6 and pooled human liver
microsomes were best described by the
Hill equation and in hrUGT1A9 and
pooled human kidney microsomes by

substrate inhibition. Using inhibitory
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and selective UGT inhibitors (e,
acetaminophen or amentoflavone for
UGT1A6 and niflumic acid for UGT1A9),
UGT1A6 was identified the predominant
enzyme responsible for p-cresol
glucuronide production in pooled human
liver (78.4%-81.3% contribution) and
kidney (54.3%—62.9%) microsomes,
whereas UGT1A9 provided minor
contributions (2.8% and 35.5%,
respectively). The relative contributions
of UGT1A6 (72.6 + 11.3%, mean + SD)
and UGT1A9 (5.7 + 4.1%) in individual
human liver microsomes from 12 adult
donors were highly variable, where an
inverse association (R=-.784, p = .003)
between UGT1A6 contribution and
UGT1A9 probe substrate activity (e,
mycophenolic acid) was evident. Our
novel findings provide valuable tools for
conducting further mechanistic studies
and for designing clinical interventions to
mitigate the toxicities associated with

prcresol glucuronide.
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Multiple molecular initiating events exist

that disrupt male sexual differentiation



https://academic.oup.com/toxsci/article/176/2/297/5839756
https://academic.oup.com/toxsci/article/176/2/297/5839756
https://academic.oup.com/toxsci/article/176/2/297/5839756

Google Translaion] AETC Tial

in uteroincluding androgen receptor (AR)
antagonism and inhibition of synthesis,
and metabolism of fetal testosterone.
Disruption of androgen signaling by AR
antagonists in utero reduces anogenital
distance (AGD) and induces
malformations in F'1 male rat offspring.
We are developing a quantitative
network of adverse outcome pathways
that includes multiple molecular
Initiating events and key events linking
anti-AR activities to permanent
reproductive abnormalities. Here, our
objective was to determine how
accurately the ECsos for AR antagonism
1n vitro or EDsos for reduced tissue
growth in the Hershberger assay (HA)
(key events in the adverse outcome
pathway) predict the EDsos for reduced
AGD in male rats exposed in uteroto AR
antagonists. This effort included in-house
data and published studies from the last
60 years on AR antagonism 1n vitro and
in vivo effects in the HA and on AGD
after in utero exposure. In total, more
than 250 studies were selected and
included in the analysis with data from
about 60 potentially antiandrogenic
chemicals. The ability to predict EDsos for
key events and adverse developmental
effects from the in vitro ECsos displays
considerable uncertainty with /2 values
for HA and AGD of < 6%. In contrast,
there is considerably less uncertainty in
extrapolating from the EDsos in the HA to
the EDsos for AGD (&2 value of about
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85%). In summary, the current results
suggest that the key events measured in
the HA can be extrapolated with
reasonable certainty to predict the EDsos
for the adverse in utero effects of
antiandrogenic chemicals on male rat

offspring.
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Arsenic exposure via drinking water is a
serious environmental health concern.
Epidemiological studies suggest a strong
association between prenatal arsenic
exposure and subsequent childhood
respiratory infections, as well as
morbidity from respiratory diseases in
adulthood, long after systemic clearance
of arsenic. We investigated the impact of
exclusive prenatal arsenic exposure on
the inflammatory immune response and
respiratory health after an adult
influenza A virus (IAV) lung infection.
C57BL/6J mice were exposed to 100 ppb
sodium arsenite in utero, and
subsequently infected with IAV (H1N1)
after maturation to adulthood.
Assessment of lung tissue and

bronchoalveolar lavage fluid at various
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time points post-TAV infection reveals
greater lung damage and inflammation
in arsenic-exposed mice versus control
mice. Single-cell RNA sequencing
analysis of immune cells harvested from
IAV-infected lungs suggests that the
enhanced inflammatory response is
mediated by dysregulation of innate
immune function of monocyte-derived
macrophages, neutrophils, natural killer
cells, and alveolar macrophages. Our
results suggest that prenatal arsenic
exposure results in lasting effects on the
adult host innate immune response to
TAV infection, long after exposure to
arsenic, leading to greater
immunopathology. This study provides
the first direct evidence that exclusive
prenatal exposure to arsenic in drinking
water causes predisposition to a
hyperinflammatory response to TAV
infection in adult mice, which is

associated with significant lung damage.
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Basimglurant (RG7090), a small
molecule under development to treat

certain forms of depression,
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demonstrated foci of altered hepatocytes
in a long-term rodent-toxicity study.
Additional evidence pointed toward the
activation of the constitutive androstane
receptor (CAR), an established promoter
of nongenotoxic and rodent-specific
hepatic tumors. This mode of action and
the potential human relevance was
explored in vivo using rodent and
cynomolgus monkey models and in vitro
using murine and human liver spheroids.
Wild type (WT) and CAR/pregnane X
receptor (PXR) knockout mice (CAR/PXR
KO) were exposed to RG7090 for 8
consecutive days. Analysis of liver lysates
revealed induction of Cyp2b mRNA and
enzyme activity, a known activation
marker of CAR, in WT but not in
CAR/PXR KO animals. A series of
proliferative genes were upregulated in
WT mice only, and
immunohistochemistry data showed
increased cell proliferation exclusively in
WT mice. In addition, primary mouse
liver spheroids were challenged with
RG7090 in the presence or absence of
modified antisense oligonucleotides
inhibiting CAR and/or PXR mRNA,
showing a concentration-dependent
Cyp2b mRNA induction only if CAR was
not repressed. On the contrary, neither
human liver spheroids nor cynomolgus
monkeys exposed to RG7090 triggered
CYP2B mRNA upregulation. Our data
suggested RG7090 to be a rodent-specific
CAR activator, and that CAR activation
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and its downstream processes were
involved in the foci of altered hepatocytes
formation detected in vivo. Furthermore,
we demonstrated the potential of a new
in vitro approach using liver spheroids
and antisense oligonucleotides for CAR
knockdown experiments, which could
eventually replace in vivo investigations
using CAR/PXR KO mice.
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A 5-day in vivo rat model was evaluated
as an approach to estimate chemical
exposures that may pose minimal risk by
comparing benchmark dose (BMD)
values for transcriptional changes in the
liver and kidney to BMD values for
toxicological endpoints from traditional
toxicity studies. Eighteen chemicals,
most having been tested by the National
Toxicology Program in 2-year bioassays,
were evaluated. Some of these chemicals
are potent hepatotoxicants (eg, DE71,
PFOA, and furan) in rodents, some
exhibit toxicity but have minimal hepatic
effects (eg, acrylamide and a,8-thujone),
and some exhibit little overt toxicity (eg,

ginseng and milk thistle extract) based
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on traditional toxicological evaluations.
Male Sprague Dawley rats were exposed
once daily for 5 consecutive days by oral
gavage to 8-10 dose levels for each
chemical. Liver and kidney were collected
24 h after the final exposure and total
RNA was assayed using high-throughput
transcriptomics (HTT) with the rat
S1500* platform. HTT data were
analyzed using BMD Express 2 to
determine transcriptional gene set BMD
values. BMDS was used to determine
BMD values for histopathological effects
from chronic or subchronic toxicity
studies. For many of the chemicals, the
lowest transcriptional BMDs from the
5-day assays were within a factor of 5 of
the lowest histopathological BMDs from
the toxicity studies. These data suggest
that using HTT in a 5-day in vivo rat
model provides reasonable estimates of
BMD values for traditional apical
endpoints. This approach may be useful
to prioritize chemicals for further testing
while providing actionable data in a

timely and cost-effective manner.
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Zebrafish (Danio rerio) early life stages
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offer a versatile model system to study
the efficacy and safety of drugs or other
chemicals with regard to human and
environmental health. This is because,
aside from the well-characterized genome
of zebrafish and the availability of a
broad range of experimental and
computational research tools, they are
exceptionally well suited for
high-throughput approaches. Yet, one
important pharmacokinetic aspect is thus
far only poorly understood in zebrafish
embryo and early larvae: their
biotransformation capacity. Especially,
biotransformation of electrophilic
compounds is a critical pathway because
they easily react with nucleophile
molecules, such as DNA or proteins,
potentially inducing adverse health
effects. To combat such adverse effects,
conjugation reactions with glutathione
and further processing within the
mercapturic acid pathway have evolved.
We here explore the functionality of this
pathway in zebrafish early life stages
using a reference substrate
(1-chloro-2,4-dinitrobenzene, CDNB).
With this work, we show that zebrafish
embryos can biotransform CDNB to the
respective glutathione conjugate as early
as 4 h postfertilization. At all examined
life stages, the glutathione conjugate is
further biotransformed to the last
metabolite of the mercapturic acid
pathway, the mercapturate, which is

slowly excreted. Being able to
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biotransform electrophiles within the
mercapturic acid pathway shows that
zebrafish early life stages possess the
potential to process xenobiotic
compounds through glutathione
conjugation and the formation of
mercapturates. The presence of this
chemical biotransformation and
clearance route in zebrafish early life
stages supports the application of this
model in toxicology and chemical hazard

assessment.
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Organochlorine pesticides, once widely
used, are extremely persistent and
bio-accumulative in the environment.
Epidemiological studies have implicated
that environmental exposure to
organochlorine pesticides including
dieldrin is a risk factor for the
development of Parkinson’s disease.
However, the pertinent mechanisms of
action remain poorly understood. In this
study, we carried out a genome-wide
(Brunello library, 19 114 genes, 76 411
sgRNAs) CRISPR/Cas9 screen in human
dopaminergic SH-SY5Y neuronal cells
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exposed to a chronic treatment (30 days)
with dieldrin to identify cellular
pathways that are functionally related to
the chronic cellular toxicity. Our results
indicate that dieldrin toxicity was
enhanced by gene disruption of specific
components of the ubiquitin proteasome
system as well as, surprisingly, the
protein degradation pathways previously
implicated in inherited forms of
Parkinson’s disease, centered on Parkin.
In addition, disruption of regulatory
components of the mTOR pathway which
integrates cellular responses to both
intra- and extracellular signals and is a
central regulator for cell metabolism,
growth, proliferation, and survival, led to
increased sensitivity to dieldrin-induced
cellular toxicity. This study is one of the
first to apply a genome-wide
CRISPR/Cas9-based functional gene
disruption screening approach in an
adherent neuronal cell line to globally
decipher cellular mechanisms that
contribute to environmental
toxicant-induced neurotoxicity and
provides novel insight into the
dopaminergic neurotoxicity associated

with chronic exposure to dieldrin.
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Genetic and Epigenetic Toxicology

Genetic Determinants of Reduced Arsenic Metabolism Efficiency

10g24.32 Reqgion Are Associated With Reduced AS3MT Expression in Multiple

Human Tissue Types

Meytal Chernoff, Lin Tong, Kathryn Demanelis, Donald VVander Griend, Habib Ahsan ...

in the
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Approximately 140 million people
worldwide are exposed to inorganic
arsenic through contaminated drinking
water. Chronic exposure increases risk
for cancers as well as cardiovascular,
respiratory, and neurologic diseases.
Arsenic metabolism involves the ASSMT
(arsenic methyltransferase) gene, and
arsenic metabolism efficiency (AME,
measured as relative concentrations of
arsenic metabolites in urine) varies
among individuals. Inherited genetic
variation in the 10q24.32 region,
containing AS3MT, influences AME, but
the mechanisms remain unclear. To
better understand these mechanisms, we
use tissue-specific expression data from
GTEx (Genotype-tissue Expression
project) to identify ciseQTLs (expression
quantitative trait loci) for AS3M7T and
other nearby genes. We combined these
data with results from a genome-wide
association study of AME using
“colocalization analysis,” to determine if
10q24.32 SNPs (single nucleotide
polymorphisms) that affect AME also
affect expression of AS3MT or nearby
genes. These analyses identified
cis-eQTLs for AS3MTin 38 tissue types.
Colocalization results suggest that the
casual variant represented by AME lead
SNP rs4919690 impacts expression of
AS3MTin 13 tissue types (> 80%
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probability). Our results suggest this
causal SNP also regulates/coregulates
expression of nearby genes: BORCS7 (43
tissues), NT5C2 (2 tissues),
CYP17A1-ASI (1 tissue), and
RP11-724N1.1 (1 tissue). The rs4919690
allele associated with decreased AME is
associated with decreased expression of
AS3MT (and other coregulated genes).
Our study provides a potential biological
mechanism for the association between
10924.32 variation and AME and
suggests that the causal variant,
represented by rs4919690, may impact
AME (as measured in urine) through its
effects on arsenic metabolism occurring

in multiple tissue types.
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Single-Cell Analysis of the Gene Expression Effects of Developmental Lead (Pb)

Exposure on the Mouse Hippocampus
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Lead (Pb) exposure is ubiquitous with
permanent neurodevelopmental effects.
The hippocampus brain region is involved
in learning and memory with
heterogeneous cellular composition. The
hippocampus cell type-specific responses
to Pb are unknown. The objective of this
study is to examine perinatal Pb
treatment effects on adult hippocampus

gene expression, at the level of individual
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cells. In mice perinatally exposed to
control water or a human physiologically
relevant level (32 ppm in maternal
drinking water) of Pb, 2 weeks prior to
mating through weaning, we tested for
hippocampus gene expression and
cellular differences at 5 months of age.
We sequenced RNA from 5258
hippocampal cells to (1) test for
treatment gene expression differences
averaged across all cells, (2) compare cell
cluster composition by treatment, and (3)
test for treatment gene expression and
pathway differences within cell clusters.
Gene expression patterns revealed 12
hippocampus cell clusters, mapping to
major expected cell types (eg, microglia,
astrocytes, neurons, and
oligodendrocytes). Perinatal Pb
treatment was associated with 12.4%
more oligodendrocytes (p = 4.4 X 10-21)
in adult mice. Across all cells, Pb
treatment was associated with
expression of cell cluster marker genes.
Within cell clusters, Pb treatment (¢ <
0.05) caused differential gene expression
in endothelial, microglial, pericyte, and
astrocyte cells. Pb treatment upregulated
protein folding pathways in microglia (p
= 3.4 x 1079 and stress response in
oligodendrocytes (p = 3.2 x 10-5). Bulk
tissue analysis may be influenced by
changes in cell type composition,
obscuring effects within vulnerable cell
types. This study serves as a biological

reference for future single-cell toxicant
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studies, to ultimately characterize
molecular effects on cognition and

behavior.

Immunotoxicology

Lead Impairs the Development of Innate Lymphoid Cells by Impeding the

Differentiation of Their Progenitors
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Lead (Pb) is a heavy metal toxic to the
immune system, yet the influence of Pb
on innate lymphoid cells (ILC) remains to
be defined. In this study, we found that
occupationally relevant level of Pb
exposure impaired ILC development at
the progenitor level by activating Janus
Kinasel. C57BL/6 mice treated with 1250
ppm, but not 125 ppm Pb acetic via
drinking water for 8 weeks had reduced
number of mature ILC, which was not
caused by increased apoptosis or
suppressed proliferation. Conversely, Pb
increased the number of innate lymphoid
cell progenitors (ILCP) in the bone
marrow. The discordant observation
indicated that an obstruction of ILCP
differentiation into mature ILC during
Pb exposure existed. Pb directly acted on
ILCP to suppress their proliferation,
indicating that ILCP were less activated
during Pb exposure. Reciprocal ILCP
transplantation assay confirmed that Pb

impeded the differentiation of ILCP into
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mature ILC, as ILCP gave rise to fewer
mature ILC in Pb-treated recipients
compared with control recipients. In vitro
assays suggested that the obstruction of
ILCP differentiation by Pb exposure was
due to increased activation of Janus
Kinasel. Thus, Pb impeded ILCP
differentiation into mature ILC to result
in an accumulation of ILCP in the bone
marrow and the resultant decreased
number of mature ILC in lymphoid and
nonlymphoid tissues in mice. Moreover,
by analyses of ILC and ILCP in
peripheral blood mononuclear cells of
human subjects occupationally exposed
to Pb, we revealed that Pb might also
impede the development of ILC in

human.
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The GARDpotency Assay for Potency-Associated Subclassification of Chemical

Skin Sensitizers—Rationale, Method Development, and Ring Trial Results of

Predictive Performance and Reproducibility
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Proactive identification and
characterization of hazards attributable
to chemicals are central aspects of risk
assessments. Current legislations and
trends in predictive toxicology advocate a
transition from in vivo methods to
nonanimal alternatives. For skin

sensitization assessment, several OECD
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validated alternatives exist for hazard
identification, but nonanimal methods
capable of accurately characterizing the
risks associated with sensitizing potency
are still lacking. The GARD (Genomic
Allergen Rapid Detection) platform
utilizes exposure-induced gene
expression profiles of a dendritic-like cell
line in combination with machine
learning to provide hazard classifications
for different immunotoxicity endpoints.
Recently, a novel genomic biomarker
signature displaying promising
potency-associated discrimination
between weak and strong skin sensitizers
was proposed. Here, we present the
adaptation of the defined biomarker
signature on a gene expression analysis
platform suited for routine acquisition,
confirm the validity of the proposed
biomarkers, and define the GARDpotency
assay for prediction of skin sensitizer
potency. The performance of
GARDpotency was validated in a blinded
ring trial, in accordance with OECD
guidance documents. The cumulative
accuracy was estimated to 88.0% across 3
laboratories and 9 independent
experiments. The within-laboratory
reproducibility measures ranged between
62.5% and 88.9%, and the
between-laboratory reproducibility was
estimated to 61.1%. Currently, no direct
or systematic cause for the observed
inconsistencies between the laboratories

has been identified. Further
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investigations into the sources of
introduced variability will potentially
allow for increased reproducibility. In
conclusion, the in vitro GARDpotency
assay constitutes a step forward for
development of nonanimal alternatives
for hazard characterization of skin

sensitizers.

Neurotoxicology

Coordinated Action of miR-146a and Parkin Gene Requlate Rotenone-induced

Neurodegeneration
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Mitochondrial dysfunction is a common
cause in pathophysiology of different
neurodegenerative diseases. Elimination
of dysfunctional and damaged
mitochondria is a key requirement for
maintaining homeostasis and
bioenergetics of degenerating neurons.
Using global microRNA (miRNA)
profiling in a systemic rotenone model of
Parkinson’s disease, we have identified
miR-146a as upmost-regulated miRNA,
which is known as inflammation
regulatory miRNA. Here, we report the
role of activated nuclear factor kappa
beta (NF-kB) in miR-146a-mediated
downregulation of Parkin protein, which
inhibits clearance of damaged
mitochondria and induces

neurodegeneration. Our studies have
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shown that 4-week rotenone exposure
(2.5 mg/kg b.wt) induced oxidative
imbalance-mediated NF-kB activation in
1 - year - old rat’s brain. Activated NF-kB
binds in promoter region of miR-146a
gene and induces its transcription, which
downregulates levels of Parkin protein.
Decreased amount of Parkin protein
results in accumulation of damaged and
dysfunctional mitochondria, which
further promotes the generation of
reactive oxygen species in degenerating
neurons. In conclusion, our studies have
identified direct role of NF-kB-mediated
upregulation of miR-146a in regulating
mitophagy through inhibition of the

Parkin gene.

L7z, IEMEL S 472 NF-k 81X, miR-146a
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Manganese-induced Mitochondrial Dysfunction Is Not Detectable at Exposures

Below the Acute Cytotoxic Threshold in Neuronal Cell Types
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Manganese (Mn) is an essential metal,
but excessive exposures have been
well-documented to culminate in
neurotoxicity. Curiously, the precise
mechanisms of Mn neurotoxicity are still
unknown. One hypothesis suggests that
Mn exerts its toxicity by inhibiting
mitochondrial function, which then Gf
exposure levels are high and long

enough) leads to cell death. Here, we
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used a Huntington’s disease cell model
with known differential sensitivities to
manganese—ST HdhQ"Q7 and

ST HdhQ111/Q111 cells—to examine the
effects of acute Mn exposure on
mitochondrial function. We determined
toxicity thresholds for each cell line using
both changes in cell number and
caspase-3/7 activation. We used a range
of acute Mn exposures (0-300 pM), both
above and below the cytotoxic threshold,
to evaluate mitochondria-associated
metabolic balance, mitochondrial
respiration, and substrate dependence. In
both cell lines, we observed no effect on
markers of mitochondrial function at
subtoxic Mn exposures (below detectable
levels of cell death), yet at supratoxic
exposures (above detectable levels of cell
death) mitochondrial function
significantly declined. We validated these
findings in primary striatal neurons. In
cell lines, we further observed that
subtoxic Mn concentrations do not affect
glycolytic function or major intracellular
metabolite quantities. These data
suggest that in this system, Mn exposure
impairs mitochondrial function only at
concentrations coincident with or above
the initiation of cell death and is not
consistent with the hypothesis that
mitochondrial dysfunction precedes or

induces Mn cytotoxicity.
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Study With Pyrethroids
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The assessment of potentially sensitive
populations is an important application
of risk assessment. To address the
concern for age-related sensitivity to
pyrethroid insecticides, life-stage
physiologically based pharmacokinetic
(PBPK) modeling supported by in vitro to
in vivo extrapolation was conducted to
predict age-dependent changes in target
tissue exposure to 8 pyrethroids. The
purpose of this age-dependent dosimetry
was to calculate a Data-derived
Extrapolation Factor (DDEF) to address
age-related pharmacokinetic differences
for pyrethroids in humans. We developed
a generic human PBPK model for
pyrethroids based on our previously
published rat model that was developed
with in vivo rat data. The results
demonstrated that the age-related
differences in internal exposure to
pyrethroids in the brain are largely
determined by the differences in
metabolic capacity and in physiology for
pyrethroids between children and adults.
The most important conclusion from our
research 1s that, given an identical
external exposure, the internal (target
tissue) concentration is equal or lower in

children than in adults in response to the
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same level of exposure to a pyrethroid.
Our results show that, based on the use
of the life-stage PBPK models with 8
pyrethroids, DDEF values are essentially
close to 1, resulting in a DDEF for
age-related pharmacokinetic differences
of 1. For risk assessment purposes, this
indicates that no additional adjustment
factor is necessary to account for
age-related pharmacokinetic differences

for these pyrethroids.
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