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Polycyclic aromatic hydrocarbons and human
health effects

= PAL

food

s are ubiquitous in the environment, fossil fuels, combustion,
etc.

= PAFL
via i

= Known carcinogens in humans

= (Concern about developmental
effects

| exposures occur primarily
nhalation and ingestion




Toxicity Mechanisms for Most PAHs are
Unknown | |
* Environmental samples can contain

e 100 s PAHs
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= Parent, substituted PAHs
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g = Toxicity data is limi j
y data is limited but growing

L O“Ob for substituted PAHs

o = PAHs induce AHR-dependent and

AHR-independent developmental
OH O

toxicity, dependent on structure

o on = We lack the structural basis for
developmental and neurotoxicity
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Why Zebrafish?

* Molecular signaling is conserved with humans

* High degree of homology with humans

e 71% human proteins have orthologue in zebrafish

Well suited to discover gene functions

Metabolically competent by 72 hpf

 Amendable to rapid whole animal mechanistic evaluations
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The High Throughput Screening Platform

» Specific Pathogen Free Facility

Truong et al. (2014) Toxicol Sci 137: 212-233. LAB
Mandrell, D., Truong, L., et al . 2012. Automated zebrafish chorion removal and single embryo placement: Optimizing throughput of zebrafish developmental toxicity screens. Journal of Laboratory Automation 17 (1) 66-74.
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The High Throughput Screening Platform

Embryo Collection

Mandrell, D., Truong, L., et al . 2012. Automated zebrafish chorion removal and single embryo placement: Optimizing throughput of zebrafish developmental toxicity screens. Journal of Laboratory Automation 17 (1) 66-74.




The High Throughput Screening Platform




The High Throughput Screening Platform

— .

Embryo Collection

Chemical Exposure

Mandrell, D., Truong, L., et al . 2012. Automated zebrafish chorion removal and single embryo placement: Optimizing throughput of zebrafish developmental toxicity screens. Journal of Laboratory Automation 17 (1) 66-74.



The High Throughput Screenmg Platform

Photomotor Response

Embryo Collection

Chemical Exposure

Truong et al. (2014) Toxicol Sci 137: 212-233. LAB




The High Throughput Screenlng Platform

Photomotor Response

Embryo Collection 30 40 - X i
Time (s) Developmental
Assessments

Chemical Exposure

Truong et al. (2014) Toxicol Sci 137: 212-233. LAB




Zebrafish Acquisition and Analysis (ZAAP)

File Today's Date 3/1/2018 User Name

* Custom-build laboratory information
system (LIMS)

* Stores chemical inventory, and allows
real-time data acquisition

 Tracks individual well information from
96_Well plates Zebrafish Acquisition

and Analysis Program (ZAAP)

* Built in data analysis —— g

* Ensures rigor in data generated
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e PAH Screening
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Developed a Library of 123 PAHs for
Comparative Analysis
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High Throughput Screening of PAH Library

6 hpf 24 hpf 120 hpf
* 5 concentrations * 4 morphological * Morphology
 50-1uM endpoints * Behavior
e 5-0.1puM * Behavioral assay  CYP1A Localizatiog\h\ ~
N=32 -
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CYPla Expression Pattern as a Biomarker of
AHR Activation

CYTOPLASM

NUCLEUS

N

Figure 2. Representative images illustrating CYP1A expression patterns in 120 hpf larvae. a Geiefetad 201
None, b vasculature, ¢ liver, d yolk, e skin and neuromasts, f skin L



LEL (uM

Comparative Profile of 123 PA

10203040 50
B Heterocyclic
B Oxygenated

Parent
= Neyiees 1

ethylate
= Hydtyiated Morphology

Aminated

Naphthof2 3-Klflucranthene
Naphino2.3-epyrene

D\banm}b iwuavanmana

i
1 ; benzo[b]ﬂumen 11-one

7-mtmbanzﬂ[klﬁumanlhene
mmmbam&( fiuoranthene
Iy

2.3-cdjpyrene
Indenop At
Bonzof

yréne
lfiuorartnene:
o
Bibénzofiran

aenzo[aiammaosne
5— elhy\mrysene

Eorone
12 navmhacenequ\mne

ER wgyamxynap[nma\ene
4 phenamhrene lone.

iz[alaniiracene
g mymzphtha\ana
fonzofalpy

menzo[ai fianinene.
A ependaloriaca
oS SR
S hacane cabonile
Aiobondanirons

frophenanthrene
-Nilrophenanthrene
 gdroxnapinalene
Nilroacanaphinal
Anthrathrene
“Nitrodibenzothiophene
~Nirofiorone

nivene
e hene
oo

meiyiuinoine
(S-Dnm\‘1
ethyianiiragtinone
Rittofooranthene

n Cydopsmzlde phenanthren-4-one.
—ﬂe m nlhalene

] Zimehinapnina
“meihvinaphihalene
181 1 rene.

o henanthrene

Napfthors 3-bifucranthene

Nag‘hmc 1:2-blfuganinorio
raqu

anenaxnmenequmnne

7-dihydfoxynaphinalene
Nirobyrene
-Me fura
Acenaphinene
10 Shenanihrenequinone
A antihoquinone
Neiyantiacene
alene
A mona
Nircbereolapyrene
~Nironaphhal
—anihracene carboxyiic
-y Coparialmashenanirdne-5,9-dione
ar
Dibenzol lliuoranth
Benzolcln henanlhreneh Aldione

Tnpheny
ulmlmanapmhalﬁne
S harogchnse

fhylanthracene
3 inoanereoturar
18;0meinyinaphinaione
Anthat
Eenzamhrone
Ghror
S amiophenanthrene
Senalalaniracene 7. 2-dione

oine
yl

gy
o bentaldomrene

PR
26 F.mam Faphnaons

Axis
Eye
Snout
Jaw
Brain
Trunk

Somites
LPR Light I I

DevTox.Effect
y.Except.Mort
Any.Effect
4 hpf Mortality
jal Progression
us Movement
hpf Notochord
0 hpf Mortality I II
Ik Sac Edema
cardial Edema
Pectoral Fin
Caudal Fin
Pigmentation
Circulation
Swim Bladder
Notochord
ich-Response
EPR Basline
PR Excitation II I I I I I
EPR Recovery
LPR Dark
P: Vasculature
CYP: Liver
CYP: Skin
P: Neuromasts
CYP: Yolk
ranscriptomics




Differential responses in parent and
derivatives

4-hydroxyphenanthrene

Developmental Toxicity
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Mechanistic insight of 16 PAHs
(transcriptomics)

e 16 PAHs were selected from the
screen by:

* developmental bioactivity
(morphological and behavioral)

* their ability to activate AHR
 the spatial expression of CYP1A

Collect RNA
_Exposure 1 * Anchored to 120 hpf phenotype
EC80 of PAH
1% DMSO RNAseq
control analysis




Overview of Differentially Expressed Genes
(DEGS) EPR) LPR B ---

Morphology

Dibenzol[a,i]pyrene
Dibenzo[a,h]pyrene
Benzo[b]fluoranthene*
II Benzo[k]fluoranthene
Benzo[j]fluoranthene
3-nitrofluoranthene
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Carbazole

9-methylanthracene

Retene ¥

%
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No Association between DEGs, body burden
and Log K __

4.5 I '
I
I
I
4 H I .
I
3 Fluoranthene (21) Compound Log Kow Logio(Conc
= I 50 uM Uptake)
X 351 | i
P : oMethylnaphthalene  3.86 1.79
"g % Phenanthrkne (10)
S5 3 50 UM : i Acenapthene 3.85 2.24
S | Retene (89)
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it |
T 257 I i
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g % Acenapthene (4) :
O Ll 50 pM I | Retene 6.35 2.86
= I
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Embryos were exposed to 3 concentrations (5.39, 11.6, and 25 pM) from 6 to 48 hpf. Using the measured values, a concentration uptake ratio was SN

computed from the ratio of the concentration inside the embryo and to the nominal media concentration. The number of DEGs are annotated near
the chemical name, along with the test concentration (in blue). Data points in red represent PAHs with <5.5 log Kow, and green being >5.5. LAB




Comparing transcriptomic profiles
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Acenapthene

Fluoranthene

9-methylanthracene

Phenanthrene

4h-Cyclopenta[def]phenanthren-4-one

9-methylanthracene
Acenapthene

Benzo[b]fluoranthene

Benzo[jlfluoranthene
Benzo[k]fluoranthene

Carbazole
Dibenzo[a,h]pyrene
Dibenzo[a,i]pyrene
Fluoranthene
Phenanthrene

Retene

* Using Jaccard similarity analysis for
DEGs >1.5 fold change, and p<0.05, a
correlation matrix was generated. The
lighter the color, the higher correlation.

» The black indicates overlap not
significant by Fisher’ s exact test
(pvalue > 0.05)



Transcriptomic clustering predicted adverse

_outcome later in development

Bin 1 Bin 2

Benzo[k]fluoranthene Benzol[j]fluoranthene

Benzo[b]fluoranthene Dibenzo[a,h]pyrene

19

(19.8%)

Common Enriched

Pathways Common Enriched
Pathways

Chloride Ion homeostasis
Cellular response to xenobiotic stimulus
Monooxygenase activity Ion transport

Testosterone 6betahydroxylase activity Neuromast primordium migration
Lateral line/ sensory system development

ANGUAY LAB




Developed Tools to Measure Complex Central
Nervous System Changes in Responses to
Developmental PAH Exposures



Adult Behavioral Measures

= Fitness

" Swimming activity
" Anxiety

" Fear

= Social Interactions

= Learning
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Swimming Activity Over Time
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Acclimation period
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Learning

Training to this side

Shocked (seconds)




Determine which PAHs and Mixtures Produce
Transgenerational Adverse Outcomes

PAH or vehicle

‘ Waterborne exposure ) | m

6 hpf 120 hpf >90dpf
i +90 dpf

germline === S==n === ==
exposed So=v S5 T=u—

= Q9 X o ==
+90 dpf

epigenetic S S == ==
generation e ——
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Example Transgenerational Impacts — B[a]P

—

AUC Values (Units)
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F1 and F3 generations exhibited phenotype as well (data not shown).

Figure 7. LPR graphs from Fo, F2 and F4 generations. At 120 hpf B[a]P-exposed generations (blue
line) exhibit significant hyperactivity in the dark, when compared to vehicle controls (black line). Initial

exposed generation (Fo) and two epigenetic generations shown.

Knecht AL, Truong L, Marvel SW, Reif DM, Garcia A, Lu C, Simonich MT, Teeguarden ]G, Tanguay RL. Transgenerational inheritance of neurobehavioral and

physiological deficits from developmental exposure to benzo[a]pyrene in zebrafish. Toxicology and applied pharmacology. 2017;329:148-57.
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To Summarize

= Collect high content bioactivity data in a vertebrate model
* Phenotypic anchoring - for pathway discovery

= Platform for structure-based predictions

= Rapid data for decision making

" Translating zebrafish data:
®* Prioritizing further testing

* Highly amenable for mixture assessments - Major effort
of the OSU Superfund Research Program
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16 EPA Priority PAHs Do Not Reflect Full

Range of Effects

Developmental Toxicity
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New Biomarkers for AHR2 Activation

GeneSymbol Product BbF BjF BkF DBahP DBaiP Retene
COlltI'Ol MO AHR2 MO CYP1C1 cytochrome P450 2.38 2.51 3.10 1.40 1.36 4.15
) CYP1C2 cytochrome P450 1.26  1.45 1.95 0.44 0.53 3.17
Z E WAP, follistatin/kazal,
= = immunoglobulin, kunitz
E g and netrin domain
3} g WFIKKN1 containing 1 1.21 1.96 2.09 1.18 1.19 2.63
R é% CYP1B1 cytochrome P450 1.18 2.13 2.67 1.08 1.32 2.13
CYP1A cytochrome P450 1.16 2.08 2.8 1.22 1.37 2.06
Eﬁ CABZo01103755.1 N/A 0.59 1.10 1.61 0.62 0.84 2.05
o 2 sulfotransferase family,
Qo SULT6B1 cytosolic, 6b, member 1 1.40 216 2.07 124 127 1.96
8 E glutathione Stransferase pi
= GSTP1 1 1.10 1.82 0.99 0.59 0.54 1.96
= dehydrogenase/reductase
(SDR family) member 13
DHRS13L1 like 1.16 137 0.99 0.82 0.83 1.71
arylhydrocarbon receptor
AHRRB repressor b 0.64 128 140 0.70 110 1.70




The AHR and PAH pathways of toxicity

Signaling functions:

1. Developmental & homeostatic

2. Adaptive (cypla) Binding

3. Toxic (adverse effects)

Metabolites

Independent

Toxicity cvp f
Phenotypic impacts: ~55 y Induction
1. Development Transcription \l

No metabolism

mﬁo Cl
XX
o o cl

. Cardiac

{

Disruption of endogenous
binding/pathways

2
3. Cognitive
4

. Reproductive
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3 Aryl Hydrocarbon Receptor (AHR) in

Zebrafish
AHR Role CYP1A
Expression
AHR2 Primary mediator of toxicity = Vasculature
AHR1A Deficient in TCDD binding Liver
and transactivation activity
AHR1B Functional, but no known TBD

toxicological role




Ahr2hv3335 Mutants are Resistant to TCDD-
Induced Developmental Toxicity
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ahr2 Mutants Are Resistant to TCDD-induced

CYPE
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AHR2 importance confirmed in CRISPR/Cas9

line -

|  0.1%DMSO

1 ng/mL TCDD

Q
=
-11 bp deletion in exon 1 ®
ahr2* ATG TCG GCG GGT ATC GGT ACA TAT GCG GTC AAG AAA CGG AAG —
ahr2esv'| ATG TCG GCG GGTATC GGT......oovieiiiiiicee C AAG AAA CGG AAG (-11 bp) i
5
B |
Translation of mutant sequence predicts premature stop codon B Il vonsi s [l siotits
1 ATG TCG GCG GGT ATC GGT CAA GAAACG GAA GAAGCC CGTTCAGAA 45 | Total Mort | Yolk Sac Edema | | Axis || Eye |
1 Met Ser Ala Gly lle Gly GIn Glu Thr Glu Glu Ala Arg Ser Glu 15 o
20+
46 AAT ACC CAAACCACCACCCCCTGA 69 == == . [ | .
16 AsnThr GIn Thr Thr Thr Pro End 23 S | T || otic || Percardial Ed |
+— N ]
20+
10+
2 o-
C . § Sami P S -
PAS domains Transactivation domain 8 - Brain ‘ | Fin__ | Caudal Fin |
30+
ahr2* 20 . .
10+
( (bHLH) (A ) (B ) ) :
= — _ Pigmentation Ci || Trunk || Swim Bladder |
1 1027 a.a. 40
NLS NES1 NES2 30+
20+
ahr205u1 18: .
@ Notochord \ Touch Response \ \ Any Effect Except Mortality \ \ Any Effect |
40+
1 23aa. b . .
10+
0= I — —
S 55 A S 65 8 5 8 S P S B F N,
. . . . R { ¢ g { ¢ g { ¢ g RN
Garcia GR, Bugel SM, Truong L, Spagnoli S, Tanguay RL. AHR2 required for normal behavioral DI § & 5 & § &5 & § & 5 d § S

responses and proper development of the skeletal and reproductive systems in zebrafish. PloS
one. 2018;13(3)




