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Conazoles-uses

Conazoles: azole antifungal agents; pesticides and drugs.

Approximately forty azole (imidazole or triazole)-containing
fungicides used in commerce.

Are ergosterol biosynthesis inhibiting fungicides (EBIFs).

Used as a fungicide on fruit (bananas), grains (barley),
ornamental flowers (chrysanthemum), nuts (peanuts),

They control needle/leaf and stem fungi and powdery mildews
on hardwoods and conifers.

In residential use as a preservative treatment for wood and for
lawn and ornamental uses.

As pharmaceuticals are used to treat local and systemic
Infections: pneumonia, meningitis, and fungal infections of the
skin, mouth, throat, liver, kidneys, heart, urinary tract, and
abdomen.




Conazoles In commerce

| Environmental:

— azaconazole, bitertanol, bromuconazole, climbazole,
cyproconazole, diclobutrazol, difenoconazole, diniconazole,
epoxiconazole, etaconazole, fenbuconazole, fluotrimazole,
fluguinconazole, flusilazole, flutriafol, furconazole, hexaconazole,
imazalil, imibenconazole, ipconazole, metconazole, myclobutanil
oxpoconazole, penconazole, prochloraz, propiconazole,
prothioconazole, quinconazole, simeconazole, tebuconazole,
tetraconazole, triadimefon, triadimenol, triazbutil triflumizole,
triticonazole, uniconazole.

| Pharmaceutical:

— Fluconazole (Diflucan), Ketoconazole (Nizoral), Itraconazole
(Sporonox), Miconazole (Monistat), Clotrimazole (Lotrimin,
Mycelex).




Conazoles-Toxicology

| Many have a unique pattern of toxicological
reSponses.
— Some are hepatotoxic and hepatocarcinogenic in mice.
— Some induce thyroid tumors in rats.

— Generally non-genotoxic. Several conazoles are also
hepatotoxic in humans.

— Some conazoles induce adverse developmental and
reproductive effects.




Conazole Toxicity and Cancer

Conazole Liver toxicity Liver tumors Thyroid tumors | Genotoxicity
Triadimenol mouse: adenoma | mouse: negative | negative
rat: negative rat: thyroid tumors
Triadimefon mouse: extensive | mouse: adenoma | mouse: negative | negative
toxicity rat: negative rat: thyroid tumors
Difenoconazole | mouse: necrosis | mouse: adenoma | mouse negative
rats: toxicity rat: negative rat: negative
Fenbuconazole | mouse: toxicity mouse: carcinoma mouse: negative | negative
rat: negative rat: thyroid tumors
mouse: toxicity mouse: no test mouse: no test negative
Hexaconazole | rats: toxicity rats: Leydig cell
tumors
Myclobutanil mouse: hypertrophy mouse: negative rat: negative
Propiconazole mouse: hypertrophy mouse: adenoma
Terbuconazole | mouse: hyperplasig mouse: adenomag
carcinoma
Tetraconazole | mice: toxicity mouse: adenoma, | mouse: negative | negative
rats: toxicity carcinoma rat: negative
rat: negative
Uniconazole mouse: inflamation| mouse: adenoma, | mouse: negative | pos. chrom.
and necrosis carcinoma rat: negative abs +S9

rat: negative




Conazoeles: multiple effects on P450
enzyme activities

| Conazoles induce mammalian P450 activities
— CYP 1A, CYP 2B and CYP 3A in rats
— Over expression of P450/XME activities have been
associated with liver and thyroid tumorigenesis and
hepatotoxicity
| Conazoles inhibit mammalian enzymes involved
In steroid biosynthesis.
— CYP17 (17 -hydroxylase)
— CYP19 (aromatase)
— CYP 11b hydroxylase, and CYP17,20 lyase

— Inhibition of CYPs have been associated with
reproductive abnormalities.




Cytochrome P450 and toxicity

The mammalian cytochrome P450 Superfamily contains
iIsoforms that metabolize drugs, xenobiotics,

They are involved in the biosyntheses and catabolism of
steroids, and vitamin D, as well as the metabolism of other
endogenous biochemicals.

While P450 enzymes can detoxify xenobiotics, the same
oxidations frequently involve the formation of reactive toxic and
carcinogenic intermediates.

Differences in the levels of individual P450 isoforms may
significantly contribute to interspecies differences in the toxicity
of xenobiotics chemicals and the susceptibility (rodents and
humans) to chemically-induced cancer.




Research Goals

To apply state-of-the-art molecular tools supported by traditional
toxicological methods:

— To study the mode(s) of action of carcinogenic conazoles.

* To evaluate the hypothesis that P450/XME modulation is a common
critical event.

* To seek other modes of action.
— To examine interspecies toxicological differences.
* Between rat and mouse
* Between mouse and human
* Between rat and human




Conazoles: Criteria for chemical
Selection-activity-inactivity-pairs

| Sought conazoles that were carcinogens and
those which were not carcinogens
— liver cancer
— thyroid cancer
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T oxicities ofi conazoles selected for
study

| Triadimefon (Bayleton)
— mouse: hepatocellular adenoma
— rat: thyroid follicular cell adenoma
— non-genotoxic in standardized tests




T oxicities ofi conazoles selected for
study

| Propiconazole (Orbit, Radar, Tilt)
— mouse: hepatocellular adenoma
— rat: no thyroid tumors
— non-genotoxic in standardized tests




T oxicities of conazoles selected for
study

| Myclobutanil (Eagle, Systhane)
— mouse: no liver tumors
— rat: no thyroid tumors
— non-genotoxic in standardized tests




Three approaches to identitying

modes of action

| 1. Identify candidate aberrant pathways through DNA
array expression studies-mimic chronic bioassay
 Use built-in internal comparisons to recognize diff erences.

» Follow these leads with targeted studies (Q-RT-PCR,
proteomics, biochemistry, chemistry).

| 2. Test proffered hypotheses

* P450 regulation
— Enhanced mitogenesis-liver

— Disregulation of thyroxine levels by conjugation —
thyroid
¢ Compare results to those from phenobarbital treatme nt

| 3. Test new hypotheses




Conazoles-interspecies
comparsons

Employ a parallelogram-type approach:

Compare DNA microarray expression profiles obtained
from hepatocytes treated with conazoles  invitro (human
and murine) with profiles from livers of conazole-tr eated

mice in vivo .

Use three-dimensional array analyses (principle com ponent
analyses) involving high-to-low doses, interspecies
comparisons, and in vitro-in vivo comparisons to identify
relevance to human exposures and toxicity.




Interspecies comparisens and human
ielevance, a parallelegram appreach

Mouse and rat Human hepatocytes
hepatocytes in vitro In Vvitro

Comparative studies:
microarray gene expression,
proteomics, biochemistry,
chemistry

Mouse and rat Human liver
liver in vivo IN VIVO-
predicted




Feed levels & study design: three conazeles, three

dose levels-10 test groups per study

Conazole

Low dose
PPm

Mid dose
pPpPmM

High dose
pPPmM

Propiconazole

100

<100

2500~

Triadimefon

100

<100

1800~

Myclobutanil

100

<100

2000

Control

Treated feeds from the USTTF: *tumorigenic dose
(from bioassay), non-tumorigenic dose




Study design-three harvest times to study
pProgression ofi events-6 studies

Animal per dose group

Species

4 days

30 days

90 days

Male Wistar rat

17

17

17

Male CD mouse

21

21

21




Study design promoetes internal compansons
Pased on cancer

| AcCross species | Across conazoles-
toxicity & structure

Organ Rat Mouse Conazole Rat
tumors tumors thyroid
tumors

Liver +

Thyroid +

Triadimefon +

Propiconazole

Myclobutanil

| Across dose Tumor
formation




Endpoints-thyroid

Histology:
- pituitary, thyroid
Cell proliferation, apoptosis
Hormone levels:
» T4, T3, TSH
DNA arrays-gene expression-global changes

Quantitative real time PCR:

* Thyroid hormones biosynthesis & transport genes,
UDPGT,; TSH, thyroid peroxidase.




Endpoeints-liver

Histology
Cell proliferation, apoptosis
DNA arrays-gene expression:
* proteomics, Westerns
Quantitative real time PCR:
» selected genes

Functional assays:
P450 and UDPGT
Biochemistry, chemistry:
— receptors (PXR, CAR, AhR)
— metabolites, steroids
ROS formation:
 effects on mitochondrial function




Liver weights of high dose rats treated with conazo les
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s 4 days
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Control Myclobutanil Propiconazole Triadimefon



Rat Liver Histopathology Summary Data:
Number of rats with lesions/Number of rats examined

4 Days 30 Days 90 Days
Control, ppm 0/5 0/5 1/5
Myclobutanil, 100 0/5 0/5 1/5
Myclobutanil, 500 0/5 2/5 0/5
Myclobutanil, 2000 2/5 0/5 2/5
Propiconazole, 100 0/5 0/5 0/5
Propiconazole, 500 1/5 0/5 1/5
Propiconazole, 2500 5/5 5/5 2/5
Triadimefon, 100 0/5 0/5 3/5
Triadimefon, 500 0/5 3/5 3/5
Triadimefon, 1800 5/5 5/5 5/5

Significant change

Conclusions:
1. Triadimefon: high incidence all time points at 1800 ppm.

2. Propiconazole: high incidence at 4 and 30 days, lower after 90-days at 2500 ppm.
3. Myclobutanil induces a low response 4 days and 90 days.

Centrilobular hepatocyte hypertrophy was present in the livers in a treatment and
dose-dependent manner.



Histology -Triadimefon
rat liver high dose: 4 and 30 -days of treatment

Rat livers have exposure dependent swelling inrdeintilar to midzonal hepatocytes.
Some hepatocytes have cytoplasmic vacuoles (circle).



Cytochrome P450 Activity by
Alkoxyresorufin O-Dealkylation

The O-dealkylations of different
alkoxyresorufins are used activity probes

for measuring different cytochrome P450
Isoforms.

EROD: mainly CYP1A1 (CYP1A2, CYP2C6)
MROD: mainly CYP1A2 (CYP1A1)
PROD: mainly CYP2B1 (CYP1A2)



pmol resorufin/min/mg

AROD assays rat liver: 4 -days of treatment
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pmol resorufin/min/mg

Time dependence of PROD activity

800
600 -
400 +

200 -

M=T
MCP
M=P PCT
MCT
PCT

Holm-Sidak Multiple
comparison Test P< 0.05

M=T
MCP
PCT

—&@— Myclobutanil
—O— Propiconazole
—w— Triadimefon

20

40 60 80
Days of treatment
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Affymetrix Rat
230 A Array
Heat Map

Rat liver
4-day high dose
" 3 rats/ treatment

Statistically filtered
Genes p=0.05
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Genomic analyses of rat liver high dose
groups compared to control

Analyses by the GenePublisher automatic DNA microarray
analysis system. (Steen Kundsen)

Knudsen, S., Workman, C., Sicheritz-Ponten, T., and Friis, C. (2003)
GenePublisher: Automated Analysis of DNA Microarray Data. Nucleic Acids

Research. Vol. 31, No. 13 3471-3476.
Methods:
Array normalization: gs-spline method (Workman et al, 2002)

Expression index calculation: Li-Wong Model-Based Expression
Index (Li and Wong, 2001)

Classification: KNN and Nearest Centroid

ANOVA- differentially expressed genes between two more than
categories with Bonferroni correction



MVA Plot after normalization

Normalization by gs-spline, only 10 arrays
shown



Predictions of the KNN and Nearest Centroid Classifiers

Chip Category (input) Prediction K=1  Prediction K=3  Prediction NC
Ctrl1 A
Ctrl2
Ctrl3

myclol
myclo2

myclo3

propi2
propi3
triadl
triad2
triad3

O U W W W W W W >»>» > >
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A
A
B
B
B
propil C
C
C
D
D
D

O
O
O

Total accuracy of class prediction was 75 % for k=1 and 42% for k=3 classifier. The total
accuracy of NC class prediction was 50 percent.




Gene Ontology Function Categories

ENZYME REGULATOR =

STRUCTURAL MOLECULE |

SIGNAL TRANSDUCER

ENZYME

BINDING

0 2 4 6 8 10 12

No. Genes

I UPREGULATED
0 DOWNREGULATED

From 84 genes below the cutoff of p < 0.0006



Selected Up -Regulated Genes From 64
Above the Cutoff

Gene Annotation (expression level, P-value, fold ¢  hange)
cytochrome P450, 2b19. electron transport (449, 6.4e-07, 13.9)
glutathione-S-transferase, alpha type2, conjugation (2338, 7.5e-07, 2.6)

Rattus norvegicus cytochrome P450 CYP2B21 mRNA, (20, 8e-06, 5.5)

UDP glycosyltransferase 1 family, polypeptide A7, transferase (2580, 1.5e-05, 2.1)
cytochrome P450, subfamily 3A, polypeptide 3. (2312, 3.2e-05, 2.8)

epoxide hydrolase 1. epoxide hydrolase (1665, 9.5e-05, 3.1)

liver UDP-glucuronosyltransferase, phenobarbital-inducible form. (490 ,1.e-04, 4.4)
aldehyde dehydrogenase 1, subfamily Al, oxidoreductase (211 1.8e-04, 6.6)
cytochrome P450, 2c37. (3418, 2.4e-04,1.7)

UDP glycosyltransferase 2 family, polypeptide Al. (207, 2.7e-04, 2.2)

Cytochrome P450 IIA1 (hepatic steroid hydroxylase [IA1) gene. (1685, 4.3e-04, 1.4)

ANOVA: P cutoff = 6.16 e-04



Selected Down -Regulated Genes From 20
Above the Cutoff

Gene Annotations (expression level, P-value, fold ¢ hange)
1373479 protein phosphatase 3, (191, 1.1e-05, -1.3)

1368380 vitronectin. (6077 5.2e-05 -1.2)

1370200 glutamate dehydrogenase (1360, 5.2e-05, -1.5)

1368265 cytochrome P450 monooxygenase CYP2T1.(3046,.3e-05 -1.9)
1368717 fatty acid amide hydrolase; (429, 6.8e-05, -1.4)

1367755 cytosolic cysteine dioxygenase; (3395, 7.1e-05, -1.7)

1368512 aminopeptidase A.; (331, 2.2e-04, -1.6)

1387215 Serine-pyruvate aminotransferase; (591, 3.0e-04, -2.0)

ANOVA: P cutoff = 6.16 e-04



Venn comparison of high dose triadimefon,
myclobutanil, propiconazole, and control
groups

| 252 Genes unique to triadimefon treatment out of 15 216 genes |

Control vs. Myclobutanil ~ Control vs. Propiconazole

Significant | #
genes

Mvs. C 62
Pvs.C 68
Tvs.C 316

Control vs. Triadimefon

Statistics by R Project after Robust Multi-
array Analysis (RMA) and t-test, P<0.05




Conclusions

We are currently pursing a study of the mode(s) of action of an important class

of environmental fungicides by applying traditional, molecular, and genomic
methods toward this MOA discovery.

We are comparing patterns of expression across species.

In rats treated with propiconazole and triadimefon there was hepatic
hypertrophy.

All high dose groups produced increases in CYP2B and CYP3A expression.

All mid and high dose groups produced large increases in PROD (CYP2B1/2).

There was no direct relationship between hepatic AROD levels and thyroid
tumorigenesis.

Initial analyses of microarray expression data on high dose 4-day rats
suggested:

1. each treatment group was different that control.
2. triadimefon was different than propiconazole or myclobutanil.
3. There were many genes unigue to triadimefon treatment.
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