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Abstract

We have shown that zebrafish (Danio rerio) are an excellent model for evaluating the link between early life stage
exposure to environmental chemicals and disease in adulthood and subsequent unexposed generations. Previously,
we used this model to identify transgenerational effects of dioxin (2,3,7,8-tetrachlorodibenzo-p-dioxin [TCDD]) on
skeletal development, sex ratio, and reproductive capacity. Transgenerational inheritance of TCDD toxicity, notably
decreased reproductive capacity, appears to be mediated through the male germ line. Thus, we examine testicular
tissue for structural and gene expression changes using histology, microarray, and quantitative reverse transcription
polymerase chain reaction (QRT-PCR). Histological analysis revealed decreased spermatozoa with concurrent
increase in spermatogonia, and decreased germinal epithelium thickness in TCDD-exposed males compared with
controls. We also identified altered expression of genes associated with testis development, steroidogenesis, sper-
matogenesis, hormone metabolism, and xenobiotic response. Altered genes are in pathways involving lipid me-
tabolism, molecular transport, small molecule biochemistry, cell morphology, and metabolism of vitamins and
minerals. These data will inform future investigations to elucidate the mechanism of adult-onset and transgenera-

tional infertility due to TCDD exposure in zebrafish.

Introduction

OXICANT EXPOSURE DURING development can affect

health outcomes in the adult and subsequent generations.
In humans, the developmental basis for adult-onset and
transgenerational disease is difficult to study due to the time
frame between cause and effect. Such studies in wild fish
populations are complicated by the complexity of aquatic
environments.' Zebrafish are an excellent model system be-
cause they are vertebrates with short generation times, ho-
mogeneous genetic backgrounds, and modest housing needs
that stabilize biotic and abiotic factors, thus facilitating single
and multigenerational studies with minimal time, expense,
and confounding variables.

Research using the zebrafish model has shown that expo-
sure to low level dioxin (2,3,7,8-tetrachlorodibenzo-p-dioxin
[TCDD]) causes toxic endpoints in multiple organs, includ-
ing skeletal (spinal and craniofacial deformities), hydrostatic
(uninflated swim bladders), respiratory/osmoregulatory (un-
derdeveloped gills), cardiac (decreased output, ventricular

hypertrophy, and pericardial edema), and reproductive
(skewed sex ratios, body plan—gonadal mismatch, decreased
egg release, decreased egg fertilization rates, and abnormal
spawning behavior) systems.>> Exposures to low level
TCDD at early life stages produce skeletal abnormalities and
decreased reproductive capacity that persist for multiple,
unexposed generations of zebrafish.*

TCDD is a potent, persistent environmental contaminant,
and endocrine-disrupting chemical (EDC) that is primarily
produced by industrial processes (waste incineration, fossil
fuel combustion, manufacture of paper, pesticide, and metal
products). EDCs are exogenous agents that interfere with the
physiology of endogenous hormones, and often produce the
most serious health consequences when exposure occurs
early in development.’

In recent years, significant advances have occurred in
linking EDCs with phenotypic endpoints and biomarkers of
effect. For example, exposure to EDCs contributes to an array
of reproductive disorders in both humans (e.g., reduced fer-
tility, abnormal development and function of reproductive
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organs, poor sperm quality, and cancer)’® and fish (e.g., tes-
ticular oocytes or “‘intersex,”” reduced recruitment, and ele-
vated vitellogenin concentrations).mg’11 Furthermore, we
have shown that reproductive endpoints are observed in off-
spring of TCDD-lineage F2 male and control female spawn-
ings,” indicating that transgenerational inheritance of TCDD
reproductive toxicity in zebrafish occurs through the male
germ line.

Understanding the mechanism of toxin-induced reproductive
disease is important because infertility, and particularly male-
mediated infertility, is increasingly prevalent in people around
the world,'? and associated with population-level consequences
in wild fish." Research that uncovers critical pathways and
biomarkers of effect can inform novel therapies, future research
needs, and prevention and conservation strategies.

The purpose of this study is to identify structural and gene
expression changes in testicular tissue from TCDD-exposed
FO generation zebrafish using histology, microarray, and
quantitative reverse transcription polymerase chain reaction
(qRT-PCR). It is widely known that TCDD acts as aryl hy-
drocarbon receptor (AhR) agonists that ultimately affect gene
transcription, which mediates TCDD’s toxic endpoints.'?
When TCDD is translocated into the nucleus after AhR
binding, AhR and the AhR nuclear translocator form a het-
erodimer that binds DNA promoter regions of a multitude of
AhR-responsive genes. However, little is known about long-
term changes associated with brief, low level TCDD exposure.
Thus, identifying concurrent histological and transcriptomic
changes, as well as molecular or cellular pathways affected,
will inform future studies to investigate the mechanism of
adult-onset and transgenerational reproductive disease due to
TCDD exposure in zebrafish.

LN

Materials and Methods
Fish husbandry

Zebrafish embryos (AB strain) were kept at 27°C-30°C in
lightly buffered water (60 mg/L Instant Ocean Salts; Aqua-
rium Systems, Mentor, OH) with a standard 14-h/10-h light/
dark cycle as described by Westerfield.'* Fish were fed twice
per day. When needed, fish were euthanized in tricaine me-
thanesulfonate (1.67 mg/mL). The protocol for zebrafish use
and maintenance was approved by the Research Animal
Resources Center of the University of Wisconsin—Madison,
which follows the National Institutes of Health Guide to the
Care and Use of Laboratory Animals (Protocol No. M00489).

TCDD exposure

TCDD (>99% purity; Chemsyn) was used as a stock so-
lution in dimethyl sulfoxide (0.1% DMSO). Zebrafish were
exposed for 1 h to waterborne TCDD at 50 pg/mL or vehicle
(DMSO) at both 3 and 7 weeks postfertilization (wpf; during
sexual differentiation and gonad maturation) in small glass
beakers with gentle rocking. This dose was determined based
on previous dose response experiments and results.’ The
number of fish per volume of dosing solution was 1 fish/mL at
3wpf and 1 fish/2mL at 7wpf. This was changed due to
growth between 3 and 7 wpf. TCDD exposures were accom-
plished in three blocks (replicates). Each replicate included
eight vials of five fish, for a total n=24. Mean percentage
survival (SEM) was recorded and the mean and standard
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error of the mean (SEM) were calculated. TCDD exposure
produced survival rates similar to those found in control
groups. All fish were raised using standard husbandry practices
approved by the University of Wisconsin—Madison Institu-
tional Animal Care and Use Committee.

Experimental design

These fish were part of a previously published study that
showed a decrease in reproductive capacity in adult males
and females after juvenile exposure to sublethal levels of
TCDD.? Adult male zebrafish were euthanized at 1 year of
age. The testicular tissue was collected and analyzed using
histopathology, microarray, and qRT-PCR.

Testis histology

Male fish were euthanized at 1 year of age with tricaine
methanesulfonate (1.67 mg/mL). Whole fish were fixed in 10%
Zn formalin, decalcified with Cal-ExII, and bisected along the
sagittal plane. The specimens were dehydrated in a graded
series of ethanol, cleared in xylene, embedded in paraffin,
sectioned (5 um), mounted onto slides, and stained with he-
matoxylin and eosin (H&E). Gonadal tissue was evaluated and
nine seminiferous tubules from both testes were identified at
40x magnification and measured for each fish (six controls and
six TCDD exposed). Sections were imaged using an Olympus
DP72 digital camera on an Olympus S2X16 microscope.

The area (um?) of each tubule and the four major testicular
cell types were measured and recorded using ImageJ 1.49
software. The germinal epithelium thickness (um) was also
measured for each tubule. The areas of the following testicular
cells types, spermatogonia (the least mature), spermatocyte,
spermatid, and spermatozoa (most mature), were calculated
and used to compare the TCDD-exposed male with the control
(Supplementary Fig. S1; Supplementary Data are available
online at www_.liebertpub.com/zeb). Student’s #-test was used
to identify differences between the two groups. A difference of
p<0.05 was considered significant.

RNA isolation

Both testes from five treated and five control zebrafish were
extracted through macrodissection and frozen in liquid nitrogen
and stored at —80°C. The testicular tissue of each fish served as
an independent sample so that there were five independent
biological replicates in each treatment group. Whole tissues
were homogenized in QIAzol lysis reagent (Qiagen). RNA was
isolated with the Qiagen RNEasy mini kit following the man-
ufacturer’s protocol. RNA was quantified and purity was as-
sessed with Nanodrop-1000 (Thermo Fisher Scientific). RNA
quality was assessed with the Agilent RNA 6000 Nano kit on an
Agilent Bioanalyzer. RNA Integrity Number (RIN) values
were between 5.7 and 8.0 (Supplementary Table S1). These
numbers are low but are appropriate for gene expression studies
through qRT-PCR. "

Microarray

Transcriptomic microarray analysis of testicular tissue was
employed for discovery of expression changes across the
whole genome in response to TCDD. The microarray proces-
sing, labeling, and hybridization were performed and analyzed
following MIAME guidelines (Supplementary Table S2) by
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the University of Wisconsin Biotechnology Gene Expression
Center.'® RNA from five treated and five control zebrafish was
processed with the Ambion WT Expression Kit.

Each sample was assessed on an independent array. All
samples were end-terminus labeled following the guidelines of
the Affymetrix GeneChip WT terminal labeling and hybrid-
ization user manual target (P/N 702808 Rev. 7). After frag-
mentation, 10 ug of cRNA was hybridized for 16h at 45°C
on Zebrafish Gene 1.0 ST Genome Array. GeneChips were
washed and stained in the Affymetrix Fluidics Station 450.
GeneChips were scanned using the Affymetrix GeneArray
Scanner GC3000 G7. The ZebGene 1.0 design was based on
annotations associated with the Zv9 genome assembly.

The data were analyzed using Transcriptome Analysis
Console (TAC; Affymetrix) and genes of interest were se-
lected as having a p value <0.05 and an absolute fold change
2>1.5. The TAC software calculated gene intensity to perform
normalization. For a particular gene, the gene intensity for
each sample was calculated using the Tukey’s Biweight av-
erage (log2 scale) for all the eligible exons (probe selection
regions [PSRs]) intensities in that gene. Next, normalization
of each PSR was performed using the gene intensity of that
sample. Normalized intensities from Condition 1 (TCDD)
were compared with normalized intensities from Condition 2
(control) using one-way between-subject ANOVA for the
PSRs and junctions within a gene. Microarray data were
uploaded to NCBI GEO database (GSE77335). The signifi-
cantly altered genes (p value <0.05 and an absolute fold
change >1.5) were uploaded into Ingenuity Pathway Analysis
(IPA) for pathway analysis.

qRT-PCR

Genes of interest were selected based on the microarray
results. RNA from the testes samples used in the microarray
experiment was used to validate 23 genes using TagMan
Gene Expression Assays (Life Technologies) and analyzed
on an Applied Biosystems 7900. Ten microliters of RNA, at
50ng/uL, was reverse transcribed with random hexamers
and Multiscribe MuLv from the High Capacity cDNA Re-
verse Transcription Kit (Thermo Fischer Scientific) per
manufacturers protocol.

Ten microliters of the resulting cDNA was preamplified for
genes selected through the microarray analysis or other genes of
interest, using TagMan Preamp Mastermix Kit (Thermo Fisher
Scientific) for 40 cycles in a 50 uL reaction volume. Probes used
were TagMan gene expression assays (Thermo Fisher Scien-
tific) for abcc2 (Dr03113584_m1), actbl (Dr03432610_m1),
apobb (Dr03122665_g1), asb16 (Dr03169566_s1), ca2
(Dr03433913_m1), cox6bl (Dr03421412_m1l), cypla (Dr0
3112441 _ml), cyp2k22 (Dr03080917_mH), egrl (Dr03074
044_m1), hsp70 (Dr03205345_s1), id2a (Dr031138
68_ml), igf2b (Dr03425647_ml), lyz (Dr03099438_gl),
mtp (Dr03133295_g1), nr5alb (Dr03088630_ml), nudtl5
(Dr03425797_ml), si:dkey-208k22.3 (Dr03436005_gl),
sox9a (Dr03112283_m1), sox9b (Dr03080049_m1l), star
(Dr03112289_m1l), ucpl (Dr03106289_m1), ugt5g! (Dr03
432374_ml), vasa (Dr03124942_g1), and vtg7 (Dr0344
2446_g1). Probes used were chosen for best coverage accord-
ing to the Thermo Fisher database (Supplementary Table 3).

TagMan gene expression assays are MIQE compliant and
gRT-PCR was performed following MIQE guidelines (Sup-
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plementary Table S4).'”'® qRT-PCRs for the previously

mentioned genes were performed with the TagMan Universal
Master Mix (Thermo Fisher Scientific) in a 20 uLL reaction
volume containing 2 ulL of the preamplified cDNA. All ex-
perimental samples were analyzed for 10 genes at a time on
384-well plates. Thermal cycling parameters were carried out
per manufacturer’s protocol. Reactions were done in triplicate.

gRT-PCR analysis and calculations were performed in the
Sequence Detection System v 2.4. All transcripts examined
were normalized to f-actin (actbl) through the comparative
C, (cycle threshold; AACt) method using actbl as a house-
keeping gene. Actbl was shown to be unaltered by TCDD in
the microarray and qRT-PCR and thus was suitable to be used
as the housekeeping gene. Student’s ¢-test was used to iden-
tify differences between two groups. A difference of p <0.05
was considered significant.

Results
Testis histology

H&E staining and cell area quantification of testicular
tissue revealed significant differences between the TCDD
and control groups. There was no significant difference in the
overall area of the tubules that were being compared between
the two groups. Analysis of the four major cell types revealed
that adult zebrafish exposed to TCDD during development
have a higher area of immature cells (spermatogonia;
p=0.036) and a lower area of mature cells (spermatozoa;
p=0.038) than the controls. The intermediate cell types,
spermatocytes (p=0.055) and spermatids (p=0.83), were
not significantly different from the control. Germinal epi-
thelium thickness was also measured for each tubule and was
decreased in the fish exposed to TCDD (p=0.048). Re-
presentative images of the control and TCDD group testicular
tissue sections are shown in Figure 1. The average areas for
each of the cell types, the germinal epithelium thickness, and
the SEMs are also listed in Figure 1.

Microarray

We examined the effects of a low dose TCDD exposure to
juvenile zebrafish on gene expression in the testis of the adult
zebrafish by whole genome microarray analysis. Outliers were
flagged and identified using Affymetrix Expression Console
Software. One of the control samples was excluded from the
microarray and qPCR analysis because the array Quality
Control metrics flagged this sample as an outlier according to
quality control All Probe Set RLE (relative log expression)
Mean metric and the RLE signal graphs. According to Affy-
metrix," this metric measures “the signal of each probe set
compared to the median signal value of this probe set in the
study. The metric is the mean of these differences from all the
probe sets. Unusually high values indicate that the signals on
the array are different from others in the study, i.e., big values
are bad.”” The outlier had a value of 0.49 and the next highest
sample was 0.29. The RLE and the rest of the QC metrics were
similar between all other samples.

The data were analyzed using TAC (Affymetrix) and 722
genes were differentially regulated due to TCDD exposure,
having a p value <0.05 and a fold change >1.5 when the nor-
malized intensities were compared with one-way between-
subject ANOVA. Of the genes, 42% were upregulated and
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FIG. 1. Histological analysis.
H&E staining and cell type quantifi-
cation (ImageJ) of testicular tissue
revealed that zebrafish exposed to
TCDD have a higher area of imma-
ture cells (spermatogonia), a lower
area of mature cells (spermatozoa),
and a decreased germinal epithelium
thickness. Top panels show 40x sec-
tions from a control and TCDD-

Differences in m

ajor cell types observed in tes

e e

ticular tissue

N

exposed fish. Numbers in the table

indicate mean area | of each cell Control TCDD
type per tubule (,qm) or ﬂngkness Testicular cell type (um?)
(um)+SEM. *Indicates significant s t - "
difference (p <0.05) from the control. periiaogoma 321 =28 425 = 41
H&E, hematoxylin and eosin; SEM, Spermatocytes 1007 =101 771 =69
standard error of the mean; TCDD, .
2,3,7,8-tetrachlorodibenzo-p-dioxin. Spermatids 180 =24 172 = 25

Spermatozoa 1582 = 133 1192 = 131%*

Germinal epithelium thickness (pm)
16.9 = 0.7 15.3 = 0.5*

58% were downregulated. The most significant difference in
an annotated gene was in apolipoprotein Bb with a fold change
of 18.09 and a p value of 0.016. Microarray data were uploaded
to NCBI GEO database (GSE77335) and the fold change and p
values of the genes of interest are listed in Table 1. Using TAC
software, hierarchal clustering and a heat map were generated
to show correlation among samples (Fig. 2). Samples clustered
into their respective treatment groups.

The significantly altered genes (p value <0.05 and a fold
change >1.5) were uploaded into IPA for pathway enrich-
ment analysis. IPA converted the differentially expressed
zebrafish genes into their known human homologues and
these were analyzed for enrichment of known pathways. The
most enriched molecular and cellular function pathways after
TCDD treatment included lipid metabolism, molecular
transport, small molecule biochemistry, cell morphology,
and vitamin and mineral metabolism (Table 2).

gRT-PCR

Twenty-three genes were selected from the microarray data
with the criterion of the largest fold changes with the most
lowest p value, classic TCDD-responsive genes, and genes
involved in testicular development and spermatogenesis.
These were examined through qRT-PCR. Expression of these
genes was determined across all five TCDD-treated animals
and all four control animals. Genes examined were all well
within the limit of detection. Ct values for the housekeeping
gene, actbl, were not significantly different between TCDD
and control samples. The no template controls gave undeter-
mined CTs. Triplicates showed little variation.

Although there are some quantitative differences between
microarray and qRT-PCR, this does not raise concerns re-
garding the consistency of our findings as arrays and qRT-
PCR are different measures. Arrays are hybridization and
qRT-PCR is an amplification. We have commonly observed
that the qRT-PCR tends to be more sensitive than arrays. Of
the genes examined, 22 had significant expression changes
and 1 was not validated (Table 1). The vtg7 gene was the only
selected gene to have a false positive on microarray. Vig7
showed significant upregulation according to the microarray
but was not validated with qRT-PCR. The early-life germ cell
marker vasa was significantly downregulated in TCDD-
exposed males. Although increased expression of a particular
splice variant of vasa was previously reported in male zeb-
rafish exposed to TCDD, the microarray and qPCR probes
used in our study target a region of the gene found in all splice
variants of vasa, and the results reported here refer to overall
vasa expression.”® The most significant differences in gene
expression were abcc2, apobb, cypla, cyp2k22, and ucpl.

Discussion

To investigate TCDD-induced reproductive endpoints and
concurrent changes in gene expression, we performed histo-
logical and transcriptomic analyses of testes in adult FO gen-
eration zebrafish. Histological analysis showed no significant
change in the area occupied by spermatocytes or spermatids
within the seminiferous tubules, but the area occupied by
spermatogonia was significantly increased, whereas area oc-
cupied by spermatozoa was significantly decreased in males
exposed to low level TCDD during the developmental phase of
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TABLE 1. GENE EXPRESSION CHANGES
Microarray qRT-PCR

Gene symbol Gene description FC ANOVA p value FC (2%4<Y)  SEM p

abcc? ATP-binding cassette, subfamily C, 4.99 0.0370 63.12 56.7 0.0320
member 2

apobb Apolipoprotein Bb 18.09 0.0170 37.10 12.7  0.0086

asb16 Ankyrin repeat and SOCS box containing 16 —1.66 0.0011 -2.17 0.43 0.0150

ca2 Carbonic anhydrase II 1.69 0.0390 3.44 1.55 0.0360

cox6bl Cytochrome c oxidase subunit 6b 1.61 0.0005 1.91 0.35 0.0210
polypeptide 1

cypla Cytochrome P450, family 1, subfamily A, 2.20 0.0610 20.23 11.5  0.0480
polypeptide 1

cyp2k22 Cytochrome P450, family 2, subfamily K, 3.30 0.0560 19.86 10.6  0.0280
polypeptide 22

egrl Early growth response 1 2.02 0.0016 3.13 0.79 0.0130

hsp70 Heat shock cognate 70-kd protein -1.49 0.0220 -3.20 0.51 0.0280

id2a Inhibitor of DNA binding 2, dominant 1.34 0.0008 1.76 0.28 0.0190
negative helix-loop-helix protein, a

igf2b Insulin-like growth factor 2b 1.73 0.0260 2.09 0.33  0.0068

lyz Lysozyme —2.43 0.0013 -3.95 2.26 0.0290

mtp Microsomal triglyceride transfer protein 1.62 0.0240 9.85 546 0.0460

nrialb Nuclear receptor subfamily 5, group A, 1.73 0.0034 1.68 0.26  0.0330
member 1b (sf1)

nudtl5 Nudix (nucleoside diphosphate-linked -3.03 0.0086 —2.61 0.43  0.0005
moiety X)-type motif 15

si:dkey-208k22.3  Sanger Institute Chromosome 2: 23,495, 2.17 0.0002 4.47 1.12  0.0038
059-23,498,694 forward strand

sox9a SRY (sex determining region Y)-box 9a 1.66 0.1080 2.03 0.46 0.0430

sox9b SRY (sex determining region Y)-box 9b 1.36 0.0038 3.16 1.03  0.0300

star Steroidogenic acute regulatory protein 1.42 0.0310 1.85 0.13  0.0010

ucpl Uncoupling protein 1 6.58 0.0180 13.31 6.82 0.0190

ugtsgl UDP glucuronosyltransferase 5 family, 1.97 0.0180 2.25 0.36  0.0052
polypeptide Al

vasa Vasa homologue -1.71 0.0120 —-1.69 0.23  0.0260

vtg7 Vitellogenin 7 1.44 0.0061 1.22 0.25 0.3780

Twenty-three genes were selected from the microarray data based on the criteria of the largest fold changes, most significant changes
(lowest p value), classic TCDD-responsive genes, or genes involved in testicular development and spermatogenesis. These were validated
with qPCR. The results for the microarray and qPCR with SEM are listed. FC indicates fold change and the p value was determined using

ANOVA (microarray) and Student’s r-test (QPCR).

qRT-PCR, quantitative reverse transcription polymerase chain reaction; SEM, standard error of the mean; TCDD, 2,3,7,8-

tetrachlorodibenzo-p-dioxin.

sexual differentiation compared with that in control males. In
addition, although no statistically significant change was found
for spermatocytes (p=0.055), the marked decrease may be
biologically significant. Thus, TCDD-exposed males appear to
have relatively immature testes culminating in hyposperma-
togenesis compared with controls.

Hypospermatogenesis was also found in similar studies
using a rodent model, but a key difference in the rodent
studies was that cells within the germinal epithelium were
decreased at all stages of maturation.”** This key difference
may be dose dependent because the rodent studies used
considerably higher TCDD doses (0.5-50 ug/mL vs. 50 pg/
mL) and more active routes of exposure (subcutaneous or
intraperitoneal injection vs. immersion). Our results may be
consistent with delayed spermiation (spermatid retention), in
which spermatids are phagocytosed by Sertoli cells rather
than released into the lumen of the seminiferous tubules to
become spermatozoa.”

Delayed spermiation has been associated with toxicant
exposure and hormone disruption, but spermiation is a highly

complex process and the mechanism(s) involved in delayed
spermiation remain unknown and are likely varied.> Inter-
estingly, oxidative stress can lead to junction and commu-
nication disruption between Sertoli cells and spermatids, '
and TCDD is known to induce oxidative stress in testis.>* If
our delayed spermiation hypothesis is confirmed by future
studies, to our knowledge, it would be the first finding of
delayed spermiation due to TCDD, as well as the first in fish
due to toxicant exposure.

Histology also revealed that overall germinal epithelium
thickness was reduced in TCDD-treated fish compared with
that in controls. Altered germinal epithelium was observed
after TCDD exposure in rodent studies.?'*>*® According to
these rodent studies, TCDD’s adverse effect on germinal
epithelium is dose dependent and concurrent with hypos-
permatogenesis. This is not surprising because changes to the
localized hormonal environment of Sertoli cells, which in-
cludes both testosterone and estrogen, can alter cell adhesion
within germinal epithelium, notably between Sertoli cells and
spermatids.'? Testicular pathology in TCDD-treated
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FIG. 2. Microarray results. Gene expression changes from ZebGene_1.0 ST Affyemtrix arrays. Transcriptome Analysis
Console (Affymetrix) was used to analyze, hierarchically cluster the results, and generate the heat map. The heat map
illustrates the level of expression of 722 transcripts that were significantly changed (p <0.05; fold change >1.5) due to TCDD
exposure. Samples are clustered into their respective treatment groups (TCDD and DMSO control). The scale displays the
signal intensity range of the TCDD and control condition pair from minimum to maximum. DMSO, dimethyl sulfoxide.

zebrafish may be partially related to oxidative damage
within the testis, but TCDD may also be indirectly affecting
Leydig cell function and the Sertoli cell microenvironment
through cross talk with estrogen and/or androgen recep-
tors.?’ In fact, this may lend support to our retained sper-
matid hypothesis because spermiation is particularly
sensitive to hormonal fluctuations.'?

In contrast, TCDD could cause direct damage to the ger-
minal epithelium if the blood—testis barrier was compromised
as a consequence of juvenile exposure. However, then we
would expect that spermatogonia would decrease, or at least
remain stable. It is possible that the apparent contradiction
between reduced germinal epithelium and increased sper-
matogonia is due to relatively mild pathology after a low
TCDD dose or long-term feedback/compensatory mecha-
nism(s) in response to early disruptions in testes homeostasis.

The latter hypothesis highlights the value of assessing
toxic endpoints over the course of multiple time points.

Specifically, measuring endpoints at multiple time points or
life stages after toxicant exposure has the potential to identify
appropriate biomarkers for different types of exposure (acute,
chronic, and pulsatile), stage of exposure, and the occurrence
of phenotypic and genetic plasticity, as well as predict rele-
vant toxic endpoints based on the life stage(s) exposed. To
our knowledge, this is the first study to report changes in
testicular germinal epithelium in fish after TCDD exposure.

The transcriptomic results showed significant changes in
gene expression associated with lipid metabolism, molecular
transport, small molecule biochemistry, cell morphology,
and metabolism of vitamins and minerals. Genes of interest in
these categories include ABCC2, APOA, EGRI, ID2, IGF2,
MTTP, STAR, and UCP3. These genes are involved in lipid
and steroid synthesis, lipid and cholesterol concentration,
steroid, sterol, and cholesterol metabolism, lipid and steroid
secretion, quantity of steroid hormones, cholesterol transport
and translocation, or abnormal cell morphology.
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TABLE 2. INGENUITY PATHWAY ANALYSIS GENERATED LIST OF MOLECULAR AND CELLULAR FUNCTIONS THAT
ARE ENRICHED IN THE TESTICULAR TISSUE FROM 2,3,7,8-TETRACHLORODIBENZO-P-DIOXIN-EXPOSED ADULT MALES

Molecular and cellular functions p No. of genes

Lipid metabolism 1.35E-02-7.06E-07 105
Concentration of triacylglycerol 7.06E-07 26
Concentration of acylglycerol 7.36E-07 27
Metabolism of terpenoid 4.33E-06 24
Concentration of lipid 5.58E-06 53
Steroid metabolism 1.64E-05 21
Oxidation of lipid 4.11E-05 22
Concentration of cholesterol 5.10E-05 22
Concentration of fatty acid 6.34E-05 21
Fatty acid metabolism 6.91E-05 40
Synthesis of fatty acid 8.19E-05 22

Molecular transport 1.29E-02-7.06E-07 138
Concentration of triacylglycerol 7.06E-07 26
Concentration of acylglycerol 7.36E-07 27
Concentration of lipid 5.58E-06 53
Concentration of cholesterol 5.10E-05 22
Concentration of fatty acid 6.34E-05 21
Uptake of D-glucose 7.68E-05 20
Concentration of D-glucose 7.74E-05 24
Quantity of steroid 1.18E-04 33
Secretion of lipid 6.74E-04 16
Abnormal quantity of lipid 8.40E-04 11

Small molecule biochemistry 1.35E-02-7.06E-07 125
Concentration of triacylglycerol 7.06E-07 26
Concentration of acylglycerol 7.36E-07 27
Metabolism of terpenoid 4.33E-06 24
Concentration of lipid 5.58E-06 53
Steroid metabolism 1.64E-05 21
Oxidation of lipid 4.11E-05 22
Metabolism of amino acids 5.06E-05 16
Concentration of cholesterol 5.10E-05 22
Concentration of fatty acid 6.34E-05 21
Fatty acid metabolism 6.91E-05 40

Cell morphology 1.37E-02-3.87E-06 120
Abnormal morphology of cells 3.87E-06 76
Morphology of cells 2.59E-05 107
Size of cells 4.62E-03 27
Morphology of epithelial cells 7.12E-03 13
Abnormal morphology of epithelial cells 1.07E-02 11
Morphology of endocrine cells 1.26E-02 7
Transmembrane potential 1.37E-02 14
of mitochondria

Vitamin and mineral metabolism 1.35E-02-4.33E-06 34
Metabolism of terpenoid 4.33E-06 24
Steroid metabolism 1.64E-05 21
Metabolism of sterol 4.96E-04 12
Metabolism of cholesterol 1.41E-03 10
Homeostasis of cholesterol 1.91E-03 9
Synthesis of progesterone 2.23E-03 7
Metabolism of estrogen 7.40E-03 3
Synthesis of terpenoid 1.06E-02 18
Synthesis of steroid 1.10E-02 17
Abnormal quantity of vitamin D 1.29E-02 2
Quantity of fat-soluble vitamin 1.35E-02 3

In this study, expression of abcc2, apobb (and upstream
promoter mitp), egrl, id2a, igf2b, star, and ucpl was signif-
icantly increased. Interestingly, ucp! is also part of the gene
ontology pathway that is involved in cellular response to
estrogen stimulus.?® Thus, ucp! overexpression indicates the
potential that testes of TCDD-treated zebrafish have altered

estrogen level, which has been associated with reduced ger-
minal epithelium,?~° as was also seen in our histological
results. From absence or underexpression studies, we know
that apobb, egrl, id2a, igf2b, and star or their orthologs are
important for testicular homeostasis,z&‘“_34 but little is
known about the sequelae of overexpression of these genes.
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FIG. 3. Pathways and genes of interest. The bars represent
the gene expression fold change from the microarray ex-
periments for genes involved in the AhR gene battery, and
testicular development and spermatogenesis. The scale is
relative expression of the TCDD exposure compared with
DMSO control, with the expression in the control (unfilled
bar) set to 1. The error bars represent the SEM. *Indicates
significant difference (p <0.05) from the control. AhR, aryl
hydrocarbon receptor.

For example, expression of EGRI, a transcription factor
that promotes Leydig cell steroidogenesis and differentia-
tion of germinal epithelial cells, was increased in pulmonary
epithelial cells after AhR activation.***>>® Due to tumori-
genic properties, the authors concluded that EGR1 upregu-
lation may contribute to the pathology associated with
exposure to environmental toxicants.3>

Similarly, expression of StAR, which is responsible for
cholesterol transport that enables steroidogenesis in Leydig
cells, was also induced by AhR activation, thus having im-
plications for endocrine function.’” In contrast, increased
transcription of ID2, a regulator of Sertoli cell function and
meiotic cell divisions, has a stronger association with re-
productive dysfunction characterized by maturation arrest of
spennaw%onia, leading to nonobstructive azoospermia in hu-
mans.**>* Our pathway analysis highlights transcriptomes and
molecular/cellular functions that are necessary for testicular
and spermatogenic homeostasis, but further investigation will
be required to understand their role in mediating the gheno—
typic endpoints described in this study and previously.

From microarray analysis and qRT-PCR validation, we
found significant changes in other genes related to testes
development, steroidogenesis, spermatogenesis, and hor-
mone metabolism, namely ca2, €)£p2k22, hsp70, lyz, nr5alb,
s0x9b, and vasa (Figure 3).253°~% Notably, cyp2k22 had a
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greater than 19-fold increase in TCDD-treated zebrafish
compared to controls. Induction of cyp2k22 is known to occur
in response to androgens, possibly through cross talk with
other nuclear receptors, and is a potential biomarker for the
presence of androgens.*' This lends further evidence that the
hormonal microenvironment within the testes of TCDD-
treated zebrafish is altered.

Upregulation of sox9b was unexpected in this case because
TCDD induces downregulation of sox9b within 72h in the
developing epicardium and skeleton, and is associated with
heart and jaw malformations.**” Although it remains un-
known whether sox9b downregulation occurs within testicular
tissue acutely after TCDD exposure, and then has implications
for testes development, sox9b upregulation may support our
hypothesis that some of the transcriptomic changes may be due
to long-term feedback/compensatory mechanism(s) in re-
sponse to disruptions in testes homeostasis.

Also noteworthy, hsp70, a member of the ubiquitously
conserved heat shock protein, was significantly down-
regulated. Certain Asp70 members are unique in that they are
found exclusively in germ cells in mammals, become ex-
pressed early in development, and remain present at all stages
of spermatogenesis.*>**8 Mice lacking Hsp70-2 had increased
frequency of apoptotic spermatocytes, resulting in failed
production of postmeiotic spermatids and spermatozoa,*® and
has been connected to cases of human male infertility.**-°
Although endpoints, such as sperm motility and acrosome
reaction, were not evaluated in this study, alterations in lyz
and ca2 may be involved in decreased egg fertilization that
was reported previously in zebrafish,>4%%? and thus may be
further considered in future investigations.

Some of the genes highlighted by pathway and microarray
analyses, namely abcc2, apobb, and ca2, also play a role in
xenobiotic response and tissue defense.”®>' Markedly in-
creased expression was observed for abcc2 (greater than 60-
fold change) and apobb (greater than 35-fold change) in
particular. Although the role of abcc2 is better described
in liver, expression also occurs in the §erminal epithelial
cells of both humans and zebrafish.?%>1> However, another
xenobiotic-responsive gene was found to be downregulated,
nudtl5 protects against translational errors and oxygen rad-
icals,” so may be a factor in TCDD’s overall pathology.

Not surprisingly, we also observed upregulation of cyplal,
a ubiquitously expressed member of the AhR gene battery, as
well as genes similar to the non-P450 genes in the AhR
battery, specifically ugtlal and ugt5g (Fig. 3). The AhR
gene battery was originally described in the murine model
and consists of genes that are coordinately induced by AhR
agonists, including TCDD.>* These genes play an important
role in oxidative stress pathways and response, cell cycle
regulation, and cellular fate.>* Since CYP1AL is a canonical
AhR response gene, it is not entirely unexpected that we
observed a greater than 20-fold change in cyplal expression.
TCDD has a long half-life in tissues, and could thus cause
prolonged AhR activation, which has been associated with
toxic endpoints.>>

Nonetheless, it is remarkable that these AhR-responsive
genes are significantly upregulated 10 months after a brief,
low level TCDD exposure. In fact, the long-term histological
and transcriptomic changes in these TCDD-treated zebrafish
testes highlight the developmental basis for adult-onset dis-
ease. Environmentally induced changes to the germ line
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during gonad development are a particularly sensitive time
frame that could lead to permanent changes.’®>’ In mam-
mals, epigenetic reprogramming occurs during develop-
ment,”® and thus could explain persistent disease in adulthood
and transgenerationally. For example, changes in DNA
methylation patterns in the germ line were responsible for
transgenerational reproductive problems in rats.”® However,
further investigation is necessary to determine whether epi-
genetic modifications are a factor in these zebrafish.

In summary, histological endpoints in these TCDD-
exposed testes are concomitant with significant changes in
the transcriptome and molecular/cellular functions that are
associated with negative reproductive outcomes in adult
zebrafish previously described.® These findings bolster the
value of zebrafish as a translational model for studying hu-
man male infertility, which accounts for ~50% of human
infertility cases.”®

At the same time, the zebrafish model can provide insight
into the effects of EDCs and environmental toxicants in wild
fish. Toxicant exposure has been associated with declining
and less sustainable wild fish populations,®®~®? which are not
only important indicators of aquatic ecosystem health but
also an increasingly important protein source for human
populations. Although the value of laboratory experiments to
inform wild fish populations has been questioned due to
plasticity and the dynamic, complex aquatic environment, a
combination of controlled and field-based studies will likely
continue to necessarily inform each other given the advan-
tages/disadvantages of both approaches.

These results will inform future investigations to elucidate
the mechanism of adult-onset and transgenerational infertil-
ity due to TCDD exposure in zebrafish. Understanding the
mechanism(s) for disease and inheritance could help to im-
prove treatment options in humans and identify wild fish
populations that would benefit from environmental chemical
mitigation/prevention strategies.
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