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ABSTRACT: Mercury is a global contaminant, which may be micro-
bially transformed into methylmercury (MeHg), which bioaccumulates.
This results in potentially toxic body burdens in high trophic level
organisms in aquatic ecosystems and maternal transfer to offspring. We
previously demonstrated effects on developing fish including hyper-
activity, altered time-to-hatch, reduced survival, and dysregulation of the
dopaminergic system. A link between gut microbiota and central nervous
system function in teleosts has been established with implications for
behavior. We sequenced gut microbiomes of fathead minnows exposed to
dietary MeHg to determine microbiome effects. Dietary exposures were
repeated with adult CD-1 mice. Metabolomics was used to screen for
metabolome changes in mouse brain and larval fish, and results indicate
effects on lipid metabolism and neurotransmission, supported by
microbiome data. Findings suggest environmentally relevant exposure scenarios may cause xenobiotic-mediated dysbiosis of
the gut microbiome, contributing to neurotoxicity. Furthermore, small-bodied teleosts may be a useful model species for
studying certain types of neurodegenerative diseases, in lieu of higher vertebrates.

■ INTRODUCTION

Elemental mercury is released into the atmosphere through
anthropogenic and natural processes and can undergo global
transport before oxidation into its inorganic form by
atmospheric components.1 Inorganic mercury can then be
introduced into aquatic ecosystems via wet or dry deposition.
In sediment, inorganic forms of mercury may be transformed
by bacteria into methylmercury (MeHg), a highly bioavailable
form which bioaccumulates and biomagnifies.2 The primary
route of MeHg exposure for adult life stages of aquatic
organisms is through diet resulting in potentially high body
burdens in organisms at high trophic levels.3 Methylmercury
forms conjugates with biomolecules containing sulfur,
providing a mechanism of transport across the blood brain
barrier and from maternal diet to developing offspring.4−6

Consequently, the primary exposure route for early life stage
(ELS) fish is via maternal transfer.5

A national data set of Hg concentrations from adult
freshwater fish in Canada reported mean wet weight (WW)
axial muscle concentrations ranging from 0.28 to 0.41 μg/g Hg
in sport fish, with maximum concentrations exceeding 10 μg/
g.7 Similarly, WW yellow perch muscle concentrations
reported from over 2000 sampling sites (Great Lakes region)

ranged from 0.01 to 2.6 μg/g Hg.8 The concentrations
reported in wild fish in North America are of concern, as
current estimates suggest sublethal effects on adult individual
fish health begin to occur at WW concentrations as low as 0.2
μg/g, while toxicity in early life stage fish occurs at much lower
concentrations.3,5,9,10 Concentrations of Hg in walleye (Sander
vitreus) eggs in North American lakes ranged from 0.002 to
0.27 μg/g (WW),11 with a separate study reporting
concentrations ranging from 0.004 to 0.104 μg/g Hg (WW)
in yellow perch (Perca f lavescens) eggs.9 We previously
published companion studies showing a range of devel-
opmental effects in ELS fathead minnows (FHM) exposed
to maternally transferred MeHg. Results showed WW egg Hg
concentrations at the lower end of the reported range of
concentrations (low treatment mean: 0.04−0.06 μg/g Hg)
were sufficient to induce neurological effects.10,12

Numerous studies exist, which link exposure to metals to
neurodegenerative diseases in vertebrates.13−18 Parkinson’s
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disease (PD) is characterized by dopaminergic neuron loss in
the midbrain from mitochondria-initiated oxidative stress,
leading to changes in motor activity.19−27 Similarly, MeHg has
also been shown to preferentially accumulate in the
mitochondria of neurons within the CNS, leading to a cascade
of biochemical changes which culminate in oxidative stress,
neuronal degeneration, and altered neurotransmis-
sion.22,23,25,26,28,29 Changes in motor activity were observed
in embryonic FHM following developmental exposure to
maternally transferred MeHg.10,12 Though studies on neuro-
degeneration have typically focused on the CNS, there is an
emerging link between nervous system function and gut
microbiota.24 Interestingly, intestinal microbes produce almost
half of the body’s dopamine (DA) from dietary substrates,
forming the basis for bidirectional communication between
intestinal microbes and the CNS.30,31 This relationship is
known as the microbiome−gut−brain axis implying a role for
enteric microbiota in brain function and neurodevelop-
ment.24,30,32 Recently, a link between altered gut microbiome
and Parkinson’s disease (PD) has been established in humans.
Transplants of fecal microbiota from PD patients to germ-free
mice induced PD associated motor impairments24 suggesting
that the gut microbiome plays an important role in the
pathology of some neurological diseases and that these effects
are not species-specific.
To investigate the role of the gut−brain axis in dietary

MeHg-mediated neurotoxicity, we fed adult FHM diets with
environmentally relevant concentrations of MeHg (0.87 and
5.5 μg/g Hg DW) and characterized the composition of the
intestinal microbiome. We previously reported significant
decreases in DA concentrations in brains of FHM fed a
comparable low-MeHg diet (0.72 μg/g Hg DW). This effect
on DA was also seen in the offspring of these animals along
with motor-activity abnormalities, both hallmarks of dopami-
nergic neuron degeneration.12,24 Another goal of this study was
to add to the growing body of evidence suggesting small-
bodied teleosts and their offspring may serve as surrogates for
higher-vertebrate model species typically used to study
neurodegenerative diseases in humans. To that end, we
replicated the experiment using male CD-1 mice (Mus
musculus) and performed metabolomics on the midbrains
and gut microbiome analyses of sacrificed animals to compare
with fish data.12 Finally, to further investigate mechanisms
driving neurodevelopmental toxicity of MeHg, we performed
metabolomics on newly hatched larvae to screen for changes in
a range of low molecular weight metabolites and used the data
to generate hypotheses regarding genes that may be differ-
entially expressed. These were subsequently verified using
qPCR.12

■ MATERIALS AND METHODS
Animal Care Methods. ELS fish used in the present study

were produced by two cohorts of adult FHM, both of which
were maintained using the methods described in Bridges et
al.10,12 (Figure S1). The University of North Texas Institu-
tional Animal Care and Use Committee (IACUC) approved
all FHM protocols (#1303-3). Male CD-1 mice were
maintained at the University of North Texas Health Science
in Fort Worth, TX under IACUC protocol #2014/15-36-A04
(Figure S2).
Experimental Design: Fish. Fish received assigned diets

twice daily (n = 5 tanks/treatment), for 30 days. Diets included
a control (0.02 μg/g Hg dry weight (DW)) and low treatment

(0.72 ± 0.01 μg/g Hg DW in tanks used for metabolomics12 or
0.87 ± 0.08 μg/g Hg DW in tanks used for microbiome
sequencing10), with an additional high treatment (5.50 ± 0.6
μg/g Hg DW) in the cohort used for microbiome sequencing
(n = 5 tanks).10 Diets were prepared using the methods
described in Bridges et al.10 and analyzed for Hg. The low
treatment concentrations were selected to represent Hg
exposure from a diet composed of benthic invertebrates and
zooplankton in some North American lakes, while the high diet
represents those of fish at high trophic levels or in polluted
systems.7,8,10,33 Exposure routes for adult and developing fish
were selected to mimic the primary route of environmental
exposure.5,33,34 Waterborne MeHg from unconsumed food
pellets was not considered a significant route of Hg exposure
for adult or larval fish based on MeHg dissociation values
reported in the literature, waste/unconsumed food removal
practices, and the transfer of embryos to clean water shortly
after spawn.10,12,33

Individual clutches of eggs were removed from breeding tiles
in exposure tanks each morning and transferred to a
crystallizing dish containing reconstituted-moderately hard
water and methylene blue. Dishes were aerated and covered
with parafilm to help prevent evaporation, and water levels
were checked twice daily. Clutches were cultured at 23 °C in
an environmental chamber on a 16:8 photoperiod (Table
S1).35 ELS fish used for further analyses were frozen at −80 °C
until further use. Adult fish were sacrificed in buffered MS-222
(Sigma-Aldrich, St. Louis, MO) at the conclusion of the study
and rapidly dissected on ice. All tissues were immediately
frozen at −80 °C until further analyses were performed.

Experimental Design: Mice. Dietary exposure is the
primary route of MeHg exposure for humans and was therefore
deemed the most appropriate route of exposure for mice. Diets
made from standard pelleted mouse chow (LabDiet, USA)
were prepared using the methods described in Bridges et al.10

and analyzed for Hg. Mice (n = 7 mice/treatment) were fed a
control (0.02 μg/g Hg DW), low (0.43 μg/g ± 0.009 Hg
DW), or high diet (4.39 ± 0.57 μg/g Hg DW), twice daily for
30 days. Concentrations of Hg in fecal pellets were monitored
throughout the study (Table S1).
At the conclusion of the study, mice were sedated using a 2−

2−2 tribromoethanol solution and perfused with physiological
saline to remove excess blood. Brain tissue was quickly
removed from skulls, sectioned on ice, and immediately frozen
at −80 °C. Mouse brains from the high treatment had obvious
differences in tissue integrity, making rapid dissections more
difficult. Therefore, we only performed metabolomics on
midbrains from control and low diet animals, as we were able
to dissect and freeze these samples within a similar time frame.

Mercury Determination. All biological samples, food, and
fecal pellets were analyzed for Hg using a DMA-80 Direct
Mercury Analyzer (Milestone Inc., Monroe, Connecticut)
according to USEPA Method 7473 (see Supporting
Information for details).35

DNA Extraction and Preparation for Sequencing.
Gastrointestinal tissue samples (n = 20) were thawed on ice
and pulverized with a sterilized pestle in a 1.5 mL
microcentrifuge tube. Genomic DNA was extracted using the
Qiagen DNeasy Blood & Tissue Kit (Qiagen, Valencia, CA)
following the manufacturer’s instructions with minor mod-
ifications. 16S rRNA was amplified using universal bacterial
primers, which target the V4 hypervariable region,36 with each
sample prepared for PCR in duplicate. Purified PCR products
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were combined in equimolar ratios and diluted according to
the manufacturer’s recommendation for emulsion PCR on the
Ion OneTouch 2 instrument (Life Technologies; refer to
Supporting Information for details).
Ion Torrent Sequencing. An Ion OneTouch 2 instrument

was used to prepare template-positive ion sphere particles
(ISPs) from amplicon libraries, using the Ion OneTouch 400
Template Kit (catalog #4479878) per the manufacturer’s
specifications. Enrichment was performed with the OneTouch
ES instrument (Life Technologies), followed by quantification
of the enriched, template positive ISPs. Quantification was
performed using a Qubit 2.0 Fluorometer (Life Technologies)
with the Ion Sphere Quality Control Kit (catalog #4468656).
Enriched ISPs were loaded onto 316 v2 chips (catalog
#4483324) and sequenced on an Ion Torrent Personal
Genome Machine (PGM) using the Ion Sequencing 400 Kit
(catalog #4482002) per the manufacturer’s instructions.
Sequence Analysis. Sequencing reads generated by the

Ion Torrent PGM were processed using mothur v.1.36.1.37

Identification of DNA sequences between samples was
accomplished using sample-specific barcodes. Primers and
barcode sequences were trimmed, and low-quality reads
(homopolymers >8, length <100 bp, average <30) were
removed from the data set. Sequences were then aligned
against the SILVA reference database and trimmed to cover
the same region. Redundant sequences were reduced using
unique.seqs and precluster (diffs = 2) commands, and
chimeras were identified and removed with UCHIME.38

Unknown sequences, as well as those from mitochondria,
chloroplasts, archaea, and eukarya were also excluded from the
data set. Remaining sequences with >97% similarity were
grouped into operational taxonomic units (OTUs). The
Greengenes database was used for taxonomic assignment
using an 80% confidence cutoff.39

Metabolomics. Metabolite extraction was performed by
homogenizing tissue samples (n ≥ 5 for all sample types,
details in Tables S2 and S3) in a 2:5:2 chloroform/methanol/
Milli-Q water solution. Supernatant was spiked with D-27
myristate internal standard (IS) before evaporation under a
gentle stream of nitrogen. Samples were subjected to two
separate derivatization steps and analyzed via gas chromatog-
raphy−mass spectrometry (GC-MS). The Agilent Fiehn
Retention Time Locking Library was used to identify
metabololites and generate semiquantitative relative response
factors, which were ratioed against the IS (see Supporting
Information for details).
qPCR Gene Expression Analysis. RNA was isolated from

entire clutches of just-hatched larvae (n = 5 clutches/
treatment) using a Promega Maxwell 16 Automated Nucleic
Acid Extraction system (Madison, WI) with a Promega
Maxwell 16 Total RNA Purification Kit. First-strand cDNA
was synthesized using an iScript Reverse Transcription
Supermix for RT-qPCR (Bio-Rad, Hercules, CA) and a
Biometra Thermocycler (LABREPCO, Göttingen, Germany),
following the manufacturer’s instructions.
Genes chosen for qPCR analysis were selected on the basis

of literature availability and their relevance to the metab-
olomics data set.40−43 Primers were made by Integrated DNA
Technologies (Coralville, IA; Table S4). Reactions were
prepared using a QuantiTect SYBR Green PCR Kit (Qiagen,
Louisville, KY) according to the manufacturer’s guidelines. A
Rotor-Gene (Corbett Research, Mortlake, Australia) was used
for qPCR analysis. Differences in gene expression between

treatments were evaluated via statistical analysis of ΔΔCt
values (see Supporting Information for details).

Statistical Analyses. UniFrac distances and principle
coordinate analysis (PCoA) were used to compare differences
in microbial communities between samples.44 Differences in
microbial communities within and among treatments were
determined using an Analysis of Molecular Variance
(AMOVA). Overall similarities between treatments were
determined using an ANalysis Of SIMilarities (ANOSIM).45

A nonparametric comparison of relative bacterial abundance
between treatments was performed using a Kruskal−Wallis
test, with a Tukey’s post hoc (p < 0.05 with 1000 Monte Carlo
permutations), performed using the multcomp and coin
packages in R (R Development Core Team, 2012). The false
positive discovery rate (FDR) for multiple hypothesis testing
was controlled for using the Benjamini-Hochberg method.46

Reports generated by AMDIS using the Agilent Fiehn
Retention Time Locking Library were filtered using an in-
house R (v. 2.15.2) program that determined acceptable
metabolite identification based on similarity between sample
retention indices and library retention indices and a net mass
spectral quality score of 70% or greater as calculated by
AMDIS. Metabolite results, which met all filtration criteria,
were included in a two-tailed Welch’s t test to determine
statistically significant differences (p < 0.05) between treat-
ments.
All other data were analyzed using JMP 11.1 (Cary, NC).

Normality of all data was determined using the Shapiro-Wilk
test. Mercury concentrations in larvae were determined using a
single factor ANOVA, by adult dietary Hg concentration. The
ΔΔCt values from qPCR analysis were analyzed using a single
factor ANOVA, by treatment. An α of 0.05 was used to
determine statistical significance for all tests.

■ RESULTS AND DISCUSSION
The adult muscle Hg concentrations achieved in both cohorts
of fish are reported in previous publications (available in Table
S1).10,12 However, it is important to reiterate that these
concentrations are representative of fish muscle concentrations
found in freshwater ecosystems in North America.3,5,34,47 The
amount of dietary Hg female FHM transfer to eggs is small and
resulted in WW Hg concentrations in exposed larvae that were
roughly 0.04 μg/g higher than those of controls (n = 7
clutches/treatment, Table S1).5,9,48 Nevertheless, the results
reported herein add to the body of evidence indicating this rate
of transfer is sufficient to induce developmental toxicity in
several species of teleosts.10,12,49−51

Though MeHg-mediated effects were observed across all life
stages and species, early life stages demonstrated greater
sensitivity to Hg exposure. In larval fish, 35 common
metabolites were included in our statistical analysis (Table
S2), 6 of which were significantly (p < 0.05) altered by
maternally transferred MeHg exposure (Table 1). These
included increased relative abundances of putrescine, L-serine,
and glycerol. Conversely, significant decreases were observed
in the relative abundance of several long chain fatty acids
(FAs), including stearic, palmitic, and oleic acids.
Twenty-two of the common metabolites detected in whole

larval fish were also detected in the midbrains of mice from the
control and low Hg treatments (Tables S2 and S3). The WW
Hg concentrations measured in mouse midbrains were as
follows: control, 0.002; low, 0.24; high, 1.69 μg/g Hg (n = 5
for all treatments, Table S1). In total, 71 common metabolites
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(Table S3) were detected in samples of midbrains, 8 of which
had significantly decreased (p < 0.05) abundances (Table 1).
These included L-glutamine, O-phosphatidylcholine, dopa-
mine, tagatose, hydroquinone, L-ascorbic acid, inosine 5′-
monophosphate, and uracil. The abundance of stearic acid
(significant in FHM larvae) in midbrains of mice was just
above the cutoff for statistical significance (p = 0.06). However,
when differences in tissue type are considered, in conjunction
with the extremely similar abundance ratio (Hg/control;
Tables 1, S2, and S3) in that of whole larvae, this change may
still have biological significance. None of the significantly
altered metabolites in mouse midbrains were also significant in
the metabolomes of whole FHM larvae, which we attribute to
tissue dilution (whole larvae were used), as many metabolites
concentrated in the CNS did not have large enough responses
to be detected via GC-MS screening. Fortunately, we
previously performed targeted analysis of DA via HPLC-MS/
MS, in subsamples of larvae used for metabolomics and brain
tissue of adults.12 Decreased DA concentrations in that study
mirror those in the midbrains of mice.
In spite of the status of Hg as a contaminant of global

concern, its effects on the microbiome are largely unknown.52

Most human exposure to MeHg occurs through diet, and
exposure has been linked to a number of neurodegenerative
diseases.19,22,23,25 The role of the gut−brain axis in the
progression of neurodegenerative diseases is just now receiving
attention, in spite of the clear role of environmental factors in
some of these diseases.53−55 Little is known about the effects of
mercury exposure on the teleost gut microbiome. As a whole,
our results reveal exposure to MeHg can evoke effects on
several important pathways including immune function and
detoxification, metabolism/energetics, and nervous system
structure/function. These effects may occur through a variety
of mechanisms, some of which may be mediated by the gut
microbiome through either direct or indirect processes.
Furthermore, it is unknown whether neurotoxicity precedes
microbiome changes, or vice versa, as communication of the
gut−brain axis is bidirectional.32,56

The results of the present study indicate significant
treatment differences in gut microbial communities (based
on an AMOVA of unweighted UniFrac distances, p < 0.002).
As seen in the PCoA of unweighted UniFrac distances (Figure
1A), different microbial species were present in the high MeHg

samples, relative to those from the control and/or low.
Unsurprisingly, the low and control treatments were more
similar (based on an ANOSIM of unweighted UniFrac
distances, R = 0.18, p = 0.001), with both treatments showing
significant differences from the high treatment (control: R =
0.42, p < 0.0001; low: R = 0.34, p < 0.0001). These results
were mirrored in the PCoA of weighted UniFrac distances
(Figure 1B). Seven phyla showed significant (p < 0.05)
differences between treatments (Figure 2A). To further
investigate the bacterial community differences, genera with
relatively high abundances (with at least one sample >5%)
were identified for multiple comparisons (Figure 2B), with 18
out of 31 selected genera showing significant treatment
differences (Figure S3).
Proteobacteria and Bacteroidetes were the dominant phyla

in guts of fish fed the high MeHg diet (Figure 2A). Bacteria
from the Bacteroidetes were further identified at the genus
level as Cloacibacterium. While Bacteroidetes did not comprise
a dominant portion of the microbiome in fish from the control
or low treatments, Proteobacteria remained dominant across
treatments (Figure 2A). This is consistent with the findings of
other studies which also identified Proteobacteria to be the
predominant bacterial phylum in the guts of FHM.57−59

However, within the Proteobacteria, there were a number of

Table 1. Metabolites with Significantly Altered Relative
Abundances Detected in (A) Fathead Minnow (FHM)
Larvae Exposed to Maternally Transferred Dietary MeHg
and (B) Midbrains of Male CD-1 Mice Fed a Diet Spiked
with Low Concentrations of MeHg, When Compared with
Controlsa

Hg/control p-value

(A) putrescine 1.99 0.001
L-serine 2.08 0.02
glycerol 1.6 0.02
stearic acid 0.68 0.04
palmitic acid 0.72 0.04
oleic acid 0.55 0.04

(B) L-glutamine 0.41 0.01
O-phosphocolamine 0.67 0.02
dopamine 0.29 0.03
tagatose 0.42 0.04
hydroquinone 0.62 0.04
L-ascorbic acid 0.19 0.04
inosine 5′-monophosphate 0.62 0.04
uracil 0.61 0.04

aDetails and full metabolite list in Tables S2 and S3.

Figure 1. Dietary MeHg shifted the gut microbial communities of
fathead minnow, as seen in the (A) principle coordinates analysis of
unweighted UniFrac distances and (B) principle coordinates analysis
of weighted UniFrac distances.
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significant treatment differences (p < 0.05) using deeper
taxonomic classifications (Figures 2B and S3), including
Gammaproteobacteria (predominant in controls), Xanthomo-
nadaceae, and Rhodobacter (both predominant in the high
treatment). Other dominant phyla in samples from the low
MeHg include Planctomycetes and Fusobacteria (Figure 2B).
Planctomycetes were significantly (p < 0.01) higher in the low
treatment than in the high and were further classified into
genera Pirellula and Planctomyces. Fusobacteria was further
classified as Cetobacterium, which was significantly (p < 0.01)
decreased in the high MeHg treatment relative to controls
(Figure S3).
Changes in composition of the fish gut microbiome suggest

an adaptive response to increase MeHg detoxification.
Available evidence suggests methylation/demethylation of
MeHg by gut microbes and/or microbiome-mediated changes
in intestinal permeability influence the bioavailability of MeHg
to the body.53,60 Additionally, increased intestinal permeability
may contribute to the progression of PD-associated neuro-
degeneration.53,54 Several genera implicated in xenobiotic
metabolism and metal removal were significantly increased
(p < 0.05, Figure S3) in one or more of the MeHg exposed
treatments. These include Xanthomonadaceae,61 Cloacibacte-
rium,62 members of the Deltaproteobacteria FAC8763 and
Comamonadaceae64 families, and Pirellula65 (which produces a
mercury reductase). These results are in agreement with a
study by Hill-Burns et al.,54 which reported increased

abundances of bacteria associated with xenobiotic metabolism
in the stool of PD patients. It is worth noting that stool
samples do not necessarily accurately reflect the microbiome in
the GI tract (which were sequenced in the present study).53

Some members of the Verrucomicrobiaceae family are also
involved in metabolism of PD associated xenobiotics, and a
member of this family identified as Candidatus Xiphinemato-
bacter was significantly increased (p < 0.05, Figure S3) in the
MeHg exposed fish, though it is unknown if this particular
genus functions in this capacity.54 Pseudomonas, an opportun-
istic pathogen, was also significantly increased (p < 0.05, Figure
S3) in MeHg exposed fish. However, it is worth noting that
some members of this genus are also capable of producing
siderophores, the primary function of which is iron chelation
but which may also participate in the chelation of other cations
(such as Hg2+).66,67

Other suspected pathogens that were significantly (p < 0.05)
increased (or present only in the high treatment) included
Aeromonas, Acinteobacter, and an unclassified member of the
Neisseriaceae family (Figures 2 and S3). The presence of these
bacteria may indicate suppression of immune function, which
is also indicated by altered abundances of other bacteria and
supported by the metabolomics data. The abundance of the
nucleotides uracil and inosine-5′-monophosphate (I5MP)
were significantly decreased (p < 0.05) in the midbrains of
MeHg exposed mice (Table 1).68 I5MP is a precursor to
guanine, both of which have important immunomodulatory

Figure 2. Composition of FHM gut microbial communities by diet, classified by (A) phyla with relative abundances >1% and (B) genera with
relative abundances >5%.
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effects and play a fundamental role in nervous system
development and function. Abnormal metabolism of nucleo-
tides leads to severe neurological disorders associated with
failure of dopaminergic neurons to properly develop or
differentiate, which may result from impaired mitochondrial
function.69

Other bacteria which produce a variety of compounds with
biological functions that influence immunomodulation, anti-
microbial properties, and intestinal barrier fortification (with
implications for MeHg bioavailability) were significantly
decreased in one or more groups of MeHg exposed fish
(Figure S3, p < 0.05), including Nocardia and an unidentified
member of the Bacteroidales family.54,70−72 Mazmanian et al.73

demonstrated that immunomodulatory compounds produced
by some members of the Bacteroidales family are required for
immune system maturation in mammals. The vertebrate brain
also depends on environmental factors for proper develop-
ment, and interestingly, altered abundances of both Nocardia55

and Bacteroidales54,74 have been associated with neuro-
degeneration, including PD. The significantly increased relative
abundance of putrescine (p < 0.05, Table 1) in MeHg exposed
larvae (double that of controls) is almost certainly an
indication of CNS injury and neurodegeneration.75,76

Putrescine is upregulated in response to CNS damage, as it
is a precursor to higher polyamines with powerful antioxidant/
neuroprotective functions.76,77 Because the generation of
putrescine via ornithine decarboxylase (ODC) is the rate
limiting step in PA synthesis and no other PAs were present in
the larvae at high enough abundances to be detected by the
GC-MS, we sought to rule out increased odc expression as a
possible explanation for elevated putrescine in Hg exposed
larvae.75 No significant changes (p = 0.42, DF = 1, F = 0.79) in
expression were observed between treatments (Figure S4),
supporting the hypothesis that inhibition of downstream
production of higher PAs (due to binding of S-containing
cofactors/enzymes by MeHg) is responsible for the elevated
levels of putrescine. Furthermore, ornithine was present in the
metabolome of mouse midbrains at detectible levels (Table
S3), and no significant differences were observed between
treatments (p = 0.97).
PAs also serve a multitude of other important functions

(when present in ideal concentrations). They participate in
maintenance/maturation of the intestinal mucosal barrier
(which may also indirectly influence MeHg bioavailability53),
inflammation responses, and cell growth/differentiation signal-
ing and provide an energy source absorbed by the intestinal
lumen.78 However, an overabundance of PAs is inherently
toxic as they become oxidized and produce reactive oxygen
species (ROS), which can lead to additional CNS damage and
chronic inflammatory conditions in the gastrointestinal
system.76,78 Inflammation and associated damage to intestinal
mucosa are probable, given the significant increases in the
abundance of Rhodobacter (p < 0.05, Figure S3), a genus with
members capable of deconjugating primary and secondary bile
acids.79 Bile acids primarily function as surfactants which
facilitate the absorption of dietary lipids.80 They perform
additional secondary functions, including elimination of
cholesterol and bilirubin, emulsification of fat-soluble vitamins
(to permit absorption),80 and regulation of the gut microbiome
motility and abundance, and promote absorption of polyvalent
metals (e.g., Ca and Fe ions) by increasing solubility. It is
possible the increase in Rhodobacter may be a response to the

presence of Hg2+ (produced by gut microbes), to reduce Hg
absorption.
Bile acids also function as hormones with metabolic and

neuroendocrine targets, catalyzing steps necessary for the
generation of bioactive lipids. These molecules participate in
growth and development cell-signaling cascades and are critical
for proper CNS function.81−83 Generation of bioactive lipids
also requires serine and phosphocholine precursors, which
were significantly altered in the metabolomes of MeHg
exposed animals (p < 0.05, Table 1).84 This pathway requires
vitamin B-12 as a cofactor, which can be produced by
Cetobacteria, a genus which was significantly reduced (p <
0.05) in MeHg exposed fish (Figure S3).58 Vitamin B12
concentrations were not measured in the present study.
However, behavioral abnormalities and decreased growth in
teleosts are symptoms of a deficiency,85 both of which were
observed in the siblings of larvae used in the present study.10,12

The gut microbiome has recently been identified as a key
modifier of nutrient absorption, energy/lipid metabolism, and
growth.86 Microbiota act on these processes through direct
mechanisms or by modulating gene expression.86 Changes in
expression of the fas and acox1 genes, the metabolome, and the
composition of the microbiome indicate that many of these
pathways are affected in MeHg exposed animals, particularly
lipid metabolism. This is unsurprising, given the primary mode
of toxic action exerted by MeHg is generation of reactive
oxygen species, which can lead to oxidation of biomolecules
(including FAs).87 MeHg-exposed mice and fish both exhibited
decreased relative abundances of several key FAs (palmitic,
oleic, and stearic acids), as well as overabundance of glycerol, a
backbone molecule for triglycerides.
Palmitic acid is elongated into oleic and stearic acids via

FAS, which facilitates the thioester linkage necessary for FA
chain elongation.87,88 To account for decreased elongation as a
possible explanation for the metabolomics results, the
expression of fas was measured via qPCR analysis. Consistent
with the findings of Klaper et al.,89 expression of fas in Hg
exposed larvae was significantly decreased (p < 0.05, DF = 1, F
= 9.7; Figure S4). To determine if increased enzymatic
oxidation of FAs was contributing to the decrease in FAs, we
analyzed expression of peroxisomal acyl-coenzyme A oxidase 1
(acox1), which is the first enzyme and rate limiting step of
peroxisomal FA oxidation. Results of the qPCR analysis
indicate significantly upregulated expression (p < 0.05, DF = 1,
F = 6.2) of acox1 in larvae exposed to maternally transferred
Hg (Figure S4).90,91 Therefore, it would appear that MeHg-
mediated changes in gene expression are also contributing to
FA dyshomeostasis, in addition to lipid peroxidation by ROS.
The maintenance of the proper ratios of these particular FA are
important for cell growth and differentiation as they participate
in cell membrane fluidity and cell signaling.91 Furthermore, a
pathway analysis of the microbiomes of PD patients indicate
fatty acid biosynthesis is significantly altered in these patients
relative to healthy individuals.54

The response factors of tagatose and glutamine were
significantly reduced (p < 0.05) in MeHg exposed mouse
midbrains (Table 1). Given that the tissue used for
metabolomics was midbrain in mice, the decrease in glutamine
is almost certainly related to its function as a neurotransmitter,
rather than an indication of altered protein metabolism/
energetics. Tagatose is present as an intermediate in galactose
metabolism, and the decreased abundance indicates disruption
of this pathway, as tagatose is a rare monosaccharide with no
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nutritive value in higher vertebrates.92 In whole larvae, serine
was significantly (p < 0.05) increased (Table 1). Given that
metabolomics was performed immediately posthatch and
dietary sources could not influence serine concentrations,
these results indicate dysregulation of biochemical pathways
for which serine is a substrate. These include gluconeogenesis,
trans-sulfuration pathways, and lipid synthesis.93 Interestingly,
the aforementioned pathway analysis of PD microbiomes also
indicated effects on both galactose and serine metabolism.54

The trans-sulfuration pathways using L-serine as a precursor
include those by which taurine, sulfate, cystathionine, and
cysteine are generated.93 Cysteine is a precursor for the
synthesis of glutathione, the most abundant low molecular
weight thiol containing antioxidant in the CNS.93 Glutathione
is a known molecular target of MeHg and, therefore, plays an
important role in the mediation of neurotoxicity.87 The
abundances of several bacteria with roles in sulfur metabolism
were also altered in the guts of adult fish exposed to MeHg,
including Cetobacterium and a member of the Gammaproteo-
bacteria family, which were both significantly higher (p < 0.05)
in control fish (Figure S3). Pirellula65 and Deltaproteobacteria
FAC8763 are also implicated in sulfur metabolism; however,
these bacteria were slightly increased in the low MeHg
treatment relative to the control and high treatments, making
conclusions about their role in this model unclear.
Serine and palmitic acid are involved in synthesis of some

glycerophospholipids and sphingolipids, which are important
constituents of cell membranes and myelin sheaths.83 The
relative abundances of both these metabolites were signifi-
cantly altered (p < 0.05) in MeHg-exposed whole larvae, and
palmitic acid was significantly altered (p < 0.05) in MeHg
exposed mouse midbrains (Table 1). Phosphorylation and/or
dephosphorylation of sphingolipids leads to the generation of
second messengers that participate in cell differentiation,
proliferation, and apoptotic signaling cascades.82,93,94 Disrupt-
ing these cascades leads to cognitive defects and neuro-
degenerative diseases, including PD.82

Our data indicates that many of the neurotoxic effects from
MeHg exposure are a result of disrupted cell signaling cascades,
including the altered abundances of some gut bacteria that
produce short chain fatty acids (SCFAs). Cloacibacterium,
Rhodobacter, and Acinetobacter are all capable of producing
SCFAs,62,95,96 and the relative abundances of these genera
were significantly increased (p < 0.05) in MeHg exposed fish
(Figure S3), though Acinetobacter can be an opportunistic
pathogen. SCFAs function as microbial signals to the host that
participate in signaling cascades affecting the structure and
function of the gut epithelium, lymphatic system, and
neuroendocrine system.97 When the integrity of the intestinal
mucosa is compromised due to toxicant mediated changes to
the microbiome, the host−microbiome signals may be
amplified, leading to a variety of downstream effects on the
aforementioned systems.97

Glycerophospholipid metabolic pathways are often catalyzed
by phosphoethanolamine methyltransferase (PMT), the tran-
scription of which was shown to be significantly downregulated
in adult FHM exposed to 3.93 μg/g dietary MeHg.98 One
pathway involving PMT is the biosynthesis of phosphatidyl-
cholines, which were significantly reduced (p < 0.05) in the
midbrains of mice in the present study (Table 1).
Phosphatidylcholines are precursors to other types of
glycerophospholipids, including phosphatidylserine, which
has particularly important neuroprotective and antioxidant

functions.99−101 The role of antioxidants in MeHg mediated
neurotoxicity is of paramount importance, as the primary
mechanism by which MeHg leads to CNS damage is through
generation of ROS and oxidation of biomolecules.21 MeHg
preferentially accumulates in the mitochondria of astrocytes,
where it exacerbates ROS formation and uncouples oxidative
phosphorylation.21

These sustained cellular changes eventually lead to neuron
death via induction of apoptotic pathways or necrosis.102 As
such, there is a high abundance of antioxidants in the CNS,
including ascorbic acid. Concentrations of ascorbic acid in the
CNS are generally among the highest in the bodies of higher
vertebrates, performing various functions which include
peptide amidation, myelin formation, synaptic potentiation,
and protection against glutamate toxicity in addition to
antioxidant activity.103 Ascorbic acid may help prevent ROS
associated neurodegenerative diseases such as Alzheimer’s,
Parkinson’s, and Huntington’s.103 Concentrations of ascorbic
acid were significantly depleted (p < 0.05) in the midbrains of
MeHg exposed mice in the present study, as were
concentrations of glutamine (Table 1). Together, these data
suggest the antioxidant pool in the CNS was overwhelmed,
with implications for glutamatergic neurotransmission.
Glutamatergic neurotransmission and neuronal metabolic

dysfunction appear to be central to the pathophysiology of
Parkinson’s disease (PD).104 Glutamate becomes neurotoxic
when energy production is impaired by loss of mitochondrial
function.105 The substantia nigra pars compacta in the
midbrain is particularly affected by glutamate dyshomeostasis,
leading to degeneration of the dopaminergic neurons in this
region and symptoms of PD.104,105 Interestingly, dietary stearic
acid rescued the Parkinson’s phenotype in mutant Parkin
flies.106 Stearic acid is a regulator of mitochondrial function,
and it was significantly (p < 0.05) decreased in MeHg exposed
larvae (Table 1). A similar trend was seen in the midbrains of
mice, though the decrease did not show statistical significance
(p = 0.06). Stearic acid is an inhibitor of the JNK pathway,
which is upregulated when several mitochondrial proteins are
oxidized by an increasing ROS. When stearic acid is depleted,
activation of the JNK pathway leads to mitochondrial
fragmentation, neurodegeneration, inflammatory conditions,
and impaired motor control, all hallmarks of PD.106

The Parkinson’s phenotype has been experimentally
observed in a variety of animal models,18,29,55,106 and
transplants of fecal microbiota from PD patients to germ-free
mice were capable of producing motor impairments typical of
PD.24 In the present study, the abundance of DA in the
midbrains of mice was reduced to approximately 1/3 of that
present in controls. Though metabolomics data from newly
hatched whole larvae did not detect DA at high enough
abundances on the GC-MS to be included in the profile, we
previously performed targeted HPLC-MS/MS analysis of DA
concentrations in embryonic siblings of these larvae, which
were also reduced to approximately 1/3 that of the controls.12

Concentrations of DA in forebrains of adult FHM (also
measured via targeted HPLC-MS/MS analysis) were also
significantly reduced, although not to the same extent as those
detected in mouse midbrain in the present study.12 This is
likely due to signal dilution from the addition of brain tissue
that does not contain concentrated regions of dopaminergic
neurons (like the midbrain). When combined with the results
of the present study, these data indicate significant
degeneration of dopaminergic neurons in multiple life stages
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of a model teleost, which agrees with results seen in mice
following a similar exposure. The dopaminergic system of
neurotransmission is highly conserved among taxa, and
therefore, toxicant-mediated dysfunction of this system also
has implications for a wide range of species.107 Here, we show
that pathways affected by MeHg exposure in ELS teleosts
parallel those observed in adults, as well as in a higher
vertebrate (Mus musculus). This study provides further
evidence that xenobiotic-mediated dysbiosis of the gut
microbiome contributes to the manifestation and progression
of neurodegenerative diseases. Furthermore, the results of this
and our previous studies add to the growing body of evidence
that suggests small-bodied teleosts may be useful model species
for studying certain types of neurodegenerative diseases, in lieu
of higher vertebrates.
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