
ABSTRACT 
 

GOETZ, AMBER KRISTINA. Toxicogenomic Study of Triazole Antifungal Modes of Action. (Under the 
direction of Dr. David J. Dix, Dr. Ernest Hodgson.) 
 
Common modes and mechanisms of hepatic and reproductive toxicity were characterized for a set of 

triazole antifungals. Wistar Han rats were fed myclobutanil, propiconazole, or triadimefon from 

gestation day 6 to postnatal day (PND) 120. Anogenital distance, body and organ weights, serum 

hormone levels, age at preputial separation, sperm morphology and motility, fertility and fecundity 

assays were selected to evaluate effects on development and adult reproductive function. All three 

triazoles increased anogenital distance, increased relative liver weights, induced hepatomegaly, 

increased absolute testis weights and serum testosterone levels. Myclobutanil and triadimefon 

impaired insemination and fertility, myclobutanil decreased pituitary weights, and triadimefon delayed 

puberty and decreased total serum thyroxine levels. The reproductive effects are consistent with 

disruption of testosterone homeostasis as a key event for triazole reproductive toxicity. To investigate 

common mechanisms of triazole toxicity, a toxicogenomic study was performed using liver and testis 

samples from PND92. Pathway and gene-level analysis of the liver highlighted biological processes 

affected by all three triazoles, including phase I-III; fatty acid, steroid, and xenobiotic metabolism; and 

lipid homeostasis. Triadimefon had a distinctive impact on sterol biosynthesis related genes in the 

liver. No common pathways were affected in the testis. To explore common mechanisms of action 

between in vivo and in vitro model systems, a series of comparative toxicogenomic studies were 

conducted on rat liver at multiple time points, rat and human primary hepatocytes, H295R cells, and 

PND92 liver and testis. Comparison between liver and rat hepatocytes showed consistent effect on 

fatty acid catabolism, sterol metabolism, and phase III transporters. Conserved effects between rat 

and human primary hepatocytes concluded triazole- and species-specific effects. The modulated 

genes affect a network of pathways regulating lipid and testosterone homeostasis through the 

constitutive androstane and pregnane X receptors. The gene expression results from this study 

suggest triazoles increase fatty acid catabolism, reduce bile acid biosynthesis, increase cholesterol 

biosynthesis, and induce steroid metabolism in the liver. These changes in the liver likely contribute to 

the observed disruption in testosterone homeostasis. 
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INTRODUCTION 

 

Conazoles are a class of azole antifungals used agriculturally to control rust and mildew on 

fruit, vegetables, cereals and seeds, residential and commercial turf, and in pharmaceutical 

applications for the treatment of local and systemic fungal infections (Cabras and Angioni, 2000; 

Garland et al., 1999; Haith and Rossi, 2003).  Conazoles can be differentiated into two categories, 

based on their azole ring structure.  Imidazoles such as ketoconazole have a 1,3-N-substituted azole 

ring and triazoles such as myclobutanil, propiconazole and triadimefon have a 1,2,4-N-subsitituted 

azole ring (Figure 1).  Conazoles bind to the heme protein of a cytochrome P450 (CYP) by their azole 

ring, N-3 for imidazole and N-4 of the triazole ring.  The majority of the binding affinity for each 

conazole depends on the non-ligand hydrophobic component of the chemical structure (Vanden 

Bossche et al., 1990).  Despite the differences in the non-ligand binding domain, all conazoles work 

by a similar molecular mechanism inside the fungal cell wall.  The variability in affinities to the 

different strains and species of fungi is one reason why so many conazoles are on the market today. 

Conazoles target ergosterol biosynthesis, a main constituent required for the bioregulation of 

membrane fluidity and integrity of fungal cell walls (Ghannoum and Rice, 1999).  The heme protein of 

14�-demethylase (cyp51) co-catalyzes the Cyp-dependent 14�-demethylation of lanosterol to 

ergosterol.  The azole moiety of conazoles binds to the heme protein of CYP51, inhibiting functionality 

of the enzyme thus inhibiting ergosterol biosynthesis (Ghannoum and Rice, 1999).  A decrease in 

ergosterol levels prevents cell growth and proliferation (Vanden Bossche et al., 1990). 

The sterol biosynthesis pathway in vertebrates and fungi both function to synthesize 

cholesterol.  In vertebrates, the precursor to cholesterol is lanosterol and in fungi, ergosterol is the 

equivalent precursor.  The differences between phyla are the enzymes involved in the biosynthetic 

pathways, however CYP51 is conserved across species and involved in both pathways (Vanden 

Bossche et al., 1990).  The effects of conazoles on CYP51 interrupt the normal sterol biosynthetic 

process leading to abnormal levels of cholesterol and its precursor zymosterol (Zarn et al., 2003).  

Imbalance of cholesterol levels can disrupt sterol and thus steroid and hormone levels in vertebrates 

(Zarn et al., 2003).  CYP51 catalyzes several steps in sterol biosynthesis, thus inhibition of this 

enzyme can have a robust effect in the biological process.  CYP51 is involved in the metabolism of 

lanosterol to follicular fluid meiosis-activating sterol (FF-MAS) which is further metabolized to testis 

meiosis-activating sterol (T-MAS), two precursors to zymosterol and cholesterol (Zarn et al., 2003).  

FF-MAS and T-MAS induce resumption of meiosis in cultured mouse oocytes, and significantly 

increase expression levels of sterol 14�-demethylase (CYP51) in post meiotic spermatids compared 

to pre-meiotic spermatids (Zarn et al., 2003).  These results are indicative of the importance for 

different MAS sterols on development of the testis, spermatids and oocyte development (Zarn et al., 

2003). 
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Besides CYP51, conazoles also modulate the gene expression and enzyme activity of 

multiple CYPs and other metabolic enzymes in mammalian liver and other tissues (Barton et al., 

2006; Goetz et al., 2006; Ronis et al., 1994; Sun et al., 2005, 2006; Tully et al., 2006).  CYPs are 

phase I metabolizing enzymes that increase hydrophilicity and facilitate subsequent elimination of 

xenobiotics.  As of June 2002, 1,925 CYP genes have been named across several species and 

classified into at least 60 distinct families (Nelson, 2003).  Cytochrome P450 genes are arranged into 

families based on their nucleotide sequence similarity to one another.  Genes with 40% or greater 

similarity are grouped into families designated with an Arabic numeral (e.g. CYP1) and further 

subdivided into subfamilies if similarity is 55% or greater and designated with a letter (e.g. CYP1A).  

In humans, there are currently 57 distinct CYP genes, sorted into 18 families and 42 subfamilies 

(Nebert, 2002).  The major site of CYP gene expression is in the liver, however there are many other 

tissues that contain appreciable levels of CYPs (kidney, intestine, gonads).  Major sites of metabolism 

by CYP enzymes contain larger concentrations of those specific CYP proteinss and their transcripts, 

however lower concentrations of many CYPs are found in tissues throughout the body, including the 

skin (Hodgson and Smart, 2001).  The large range of CYP enzyme expression throughout the body 

demonstrates the importance of CYPs and their enzymatic activities in many physiological processes. 

CYP genes encode for membrane-bound, heme-containing terminal oxidase enzymes that 

catalyze NADPH-dependent oxidation of drugs, chemicals, and carcinogens.  CYP enzymes form 

multienzyme complexes with cofactors flavin adenine dinucleotide/ flavin mononucleotide-dependent 

(FAD/FMN-dependent) NADPH-cytochrome P450 reductases and cytochrome b5.  Since CYPb5 

oxidase is a major source for superoxide ions, metabolism of several substrates by CYPs will 

generate O2
- radicals in the liver.  This increase in free radicals sets the stage for oxidative stress in 

the liver such as lipid peroxidation and cell death (Hodgson and Smart, 2001).  CYPs act on many 

endogenous substrates introducing oxidative, peroxidative and reductive changes into small 

molecules of widely different chemical structures.  Clearance of xenobiotics and endogenous 

compounds from the body requires a minimum of two phases of metabolism to reduce a compound to 

a more water-soluble intermediate for excretion.  Mammalian phase I CYP enzymes are microsomal 

monooxygenases that oxidize oxygen-containing compounds to more soluble intermediates by 

reducing the oxygen to a water molecule and preparing the remaining intermediate for further 

conjugation reactions by phase II enzymes (Hodgson and Smart, 2001; Ortiz de Montellano, 2005). 

Digestion and detoxification are the two most important functions of the liver, which works to 

consistently maintain both a high metabolic rate and active vesicular transport.  Although CYPs were 

once described as a predominantly hepatic drug detoxication system, the past two decades of 

research have shown the enzymes encoded by CYPs are involved in metabolism of xenobiotics 

(foreign chemicals and pollutants), pharmaceuticals; cholesterol, sterol and bile acid biosynthesis; 

vitamin D metabolism; steroid synthesis and catabolism; arachidonic acid metabolism and eicosanoid 

biosynthesis; retinoic acid hydroxylation; biogenic amine and neuroamine metabolism; and orphan 
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CYPs of unknown function (Honkakoski and Negishi, 2000; Peterson and Graham, 1998).  CYPs are 

now understood to be involved in a large number of enzymatic reactions necessary for important 

biological processes.   

In response to xenobiotic challenge, numerous CYPs are modified through induction of gene 

and protein expression, increased levels of activity, or post-translational protein stabilization.  Part of 

an organism’s defense system involves specific CYPs binding to and facilitating hydroxylation of 

xenobiotics.  The well known major drug-metabolizing hepatic CYPs include CYP1A2, 2C9, 2C19, 

2D6 and 3A4, all of which are encoded by separate genes, contain different amino acid composition 

and differ in their substrate specificities (McGinnity and Riley, 2001).  Despite the specificity of CYP 

families and subfamilies for endogenous substrates, exogenous compounds are metabolized by the 

monooxygenase system.  The specificity of CYPs for substrates tends to be broad with overlap 

between several CYPs.  Exogenous compounds can act as substrate or inhibitor and disrupt the 

normal function of CYP enzymes.  Such non-specific binding of xenobiotics to CYPs and other 

metabolizing enzymes disrupts regular enzymatic reactions with their preferred substrates, hindering 

biological processes downstream (Mitra et al, 1996; Tiboni et al., 1999).  The interactions of 

conazoles in hepatic microsomal monooxygenase systems of vertebrates formulate the hypothesis 

for a common mode of action through modulation of CYP enzyme transcription and activity.  

Disruption of metabolic processes can cause serious effects on the organism as a whole, including 

changes in hormone synthesis to decreased clearance of toxic xenobiotics.  Numerous studies have 

tested the in vivo effects of several conazoles, demonstrating common rodent toxicities ranging from 

liver tumors in mice, thyroid tumors in the rat, and developmental and reproductive effects (Zarn et 

al., 2003). 

Triazole fungicides can act as substrates, inducers, or inhibitors, affecting the activity and 

expression of a number of CYP and other metabolizing enzymes.  Studies using myclobutanil 

demonstrate treatment-related hepatic hypertrophy and increased liver weights in rats and mice.  

Thirteen week subchronic feed studies in rats reported a lowest observed adverse effect level 

(LOAEL) of 3000 parts per million (ppm) based on increased liver weight, hepatocellular hypertrophy 

and necrosis of the liver (U.S. EPA, 2000).  Subchronic feed studies in mice reported a LOAEL of 

1000 ppm with hepatocytic hypertrophy and swollen vacuolated centrilobular hepatocytes and hepatic 

necrosis (U.S. EPA, 2000).  Two-year chronic feed studies in mice defined a LOAEL of 500 ppm for 

males with observable effects of increased liver weight and incidence and severity of centrilobular 

hepatocyte hypertrophy along with focal hepatocellular alterations and necrosis (U.S. EPA, 2000).   

Propiconazole acts as a substrate and induces the activity of CYP1A1, 1A2, 2B1/2, 2B6 and 

3A4, known for their primary function of degrading xenobiotics in the liver (Sun et al., 2005).  

Propiconazole inhibits liver CYP2C11 and steroidogenic CYP19 (aromatase) in reproductive and 

other tissues in vitro (Vinggaard et al., 2000).  A two-year carcinogenicity study in rats defined a 

LOAEL of 500 ppm based on decreased body weight, increased liver lesions and weights along with 
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significant increases in adenomas and carcinomas in males (U.S. EPA, 1999).  Additional feed 

studies with doses of 20 mg/kg/day or greater produced slight effects on liver parameters (Zarn et al., 

2003).  Propiconazole has been shown to affect across species as well, inducing the activity of 

CYP1A1 in quail kidney microsomes (Ronis et al., 1998), and brown trout microsomes (Egaas et al., 

1999).  Such reports indicate triazole antifungals can affect multiple species with similar targets of 

toxicity.   

Triadimefon is an agricultural triazole fungicide that inhibits CYP2A6 in rats (30 mg/kg/day for 

7 days in males) and mice (50 mg/kg/day for 7 days in males) (unpublished data).  Two-year chronic 

studies in mice fed 2000 ppm triadimefon showed increased incidence of enlarged livers, hyperplastic 

nodules and increased liver weights (U.S. EPA, 1994).  In addition to adverse effects in the liver, 

triadimefon also caused thyroid carcinomas in the rat (U.S. EPA, 1996; Office of Prevention: 

Bayleton, 1996).     

Several pesticides have antithyroid effects, causing a disruption of thyroid-pituitary 

homeostasis by reducing thyroid hormone levels, increasing thyroid stimulating hormone (TSH) and 

eventually increasing thyroid cancer potential in rodents (Hurley et al., 1998).  Typically, thyroid 

hormone homeostasis occurs through the hypothalamic pituitary thyroid axis with a negative feedback 

mechanism to control the concentration of thyroid hormone in the blood.  Thyroid-stimulating 

hormone (TSH; thyrotropin) from the pituitary acts on the follicular cells of the thyroid to produce and 

secrete thyroid hormones triiodothyronine (T3) and thyroxine (T4).  Circulating levels of thyroid 

hormone act on the hypothalamus and pituitary through negative feedback, inhibiting the release of 

TRH and TSH when concentrations are high and the opposite occurs at low blood concentrations of 

thyroid hormone. 

There are several mechanisms of action by antithyroid chemicals, one of which is the 

increased levels of metabolism and excretion of thyroid hormone by the liver.  Increased clearance of 

thyroid hormone (T3 and T4) is facilitated through the action of uridine diphosphate (UDP) 

glucuronosyl transferase.  This accelerated depletion of thyroid hormone stimulates the hypothalamus 

and pituitary to release TRH and TSH in order to stimulate thyroid release of T3 and T4.  When the 

stores of T3 and T4 are depleted, follicular cells undergo hyperplasia to compensate for the increased 

demand of T3 and T4 (Hurley et al., 1998).  This induction of cell growth could be the mechanism 

leading to thyroid carcinomas.  Triadimefon is one such fungicide that induces thyroid adenomas in 

the male rat (Office of Prevention: Bayleton, 1996).  Induction in hepatic CYP enzymes has been 

correlated with induction of glucuronosyl transferase, thus the increased clearance of thyroid 

hormone may be a secondary effect of conazole toxicity leading to thyroid toxicity. 

Effects reported from triazole exposures in rodents include reproductive toxicity for 

myclobutanil and triadimefon and carcinogenicity for propiconazole and triadimefon.  The numerous 

interrelationships between the various cells constituting the testis and the existence of a complex 

hormonal regulatory system with both positive and negative feedback controls makes the testis a 
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target organ for a variety of chemicals (Figure 2).  Any impact on regulation mechanisms of the testis 

can affect the proper functioning of the testis and other androgen-dependent tissues.  Male sexual 

development depends on appropriate levels of androgens during fetal and neonatal growth.  The 

effects from androgen exposure in the developing male include masculinization of the brain, testicular 

development, and adult sexual behavior (Cummings and Kavlock, 2004).     

Regulation of steroidogenesis is primarily at the level of transcriptional regulation of genes 

encoding various steroidogenic CYP enzymes.  CYP genes are regulated in a tissue-specific, 

developmentally programmed, and hormonally regulated fashion.  Substantial differences in 

steroidogenic gene expression exist among mammals, for example, rodents do not express the gene 

for CYP17 in their adrenals but humans do.  Several conazoles target and inhibit steroidogenic 

CYP19 (aromatase) through the binding of the CYP heme protein, the same reaction as CYP51.  

Inhibition of CYP19 blocks the conversions of androstenedione to estrone and testosterone to 

estradiol (Figure 3).  Fluconazole, propiconazole and triadimefon are examples of triazoles that inhibit 

aromatase activity (Paulus et al., 1994; Vinggaard et al., 2000).  The CYP17 (17�-hydroxylase and 

17,20-lyase) enzymes also play a role in steroid biosynthesis (Figure 4).  Imbalance in steroidogenic 

enzymes will cause fluctuations in hormone levels, disrupting the hypothalamic pituitary gonad axis 

(HPG).  In the testis, luteinizing hormone (LH) modulates the production of testosterone in leydig 

cells.  Follicle-stimulation hormone (FSH) modulates estradiol synthesis (testosterone conversion by 

CYP19) in Sertoli cells (Figure 2).  LH and FSH are both secreted by the anterior pituitary in response 

to gonadotropin-releasing hormone (GnRH) from the hypothalamus.  Thus, monitoring LH and FSH 

levels should be useful in understanding triazole effects on steroidogenesis.  This study combines the 

effects of serum LH and testosterone and transcript profiling analysis in the liver and testis to 

delineate the modes of reproductive toxicity of triazoles in males.  

In addition to the agricultural and clinical uses of conazoles, they are also used in the 

treatment of estrogen-responsive tumors in humans.  Ketoconazole is used to treat prostate 

carcinomas (Harris et al., 2002), anastrazole and letrozole are used to treat breast cancer (Buzdar, 

2002).  These conazoles target steroidogenic enzymes (CYP17, 20 lyase by ketoconazole and 

CYP19 by anastrazole and letrozole), inhibiting the synthesis of steroids and providing therapeutic 

treatment of tumors.  However, excess exposure to these azole compounds will overload the 

xenobiotic metabolizing capacity of the liver, inhibiting CYP51, target steroidogenic and other 

metabolizing CYPs, causing toxic rather than therapeutic effects.   

Propiconazole and triadimefon demonstrate potential impact on hormone regulation through 

inhibition of aromatase activity in vitro (Vinggard et al., 2000).  Propiconazole has also been shown in 

reproductive studies in the rat to reduce testis and epididymis weights in offspring at levels as low as 

21 mg/kg/ body weight.  Short term exposure at doses of 256 mg/kg/body weight or greater increased 

rat testis weights (Zarn et al., 2003).  This work, done before 1988, does not coincide with federal 

registration studies that report negative for reproductive effects in similar studies (U.S. EPA, 1999, 
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2005b).  This disagreement may be due to doses used; compared to the 256 mg/kg/day tested in the 

1988 report,  2500 ppm (~125 mg/kg/day) was the highest dose tested in the 1999 report.  In a two-

generation rat reproduction study, triadimefon was found to increase testosterone levels but FSH 

levels remained unchanged (WHO, 1983; Zarn et al., 2003).  Another two-generation reproduction 

study in rats with triadimefon resulted in decreased fertility, litter size, and neonate viability and 

increased serum testosterone in the F1 generation (IPCS INCHEM, 1985; U.S. EPA, 2006). It was 

hypothesized the inhibition of aromatase produced the increased levels of testosterone.  Triadimefon 

treatment also induces relative weight increases in testis (U.S. EPA, 1996; Office of Prevention: 

Bayleton, 1996).   

Myclobutanil has not been shown to inhibit aromatase in vitro, however, reproductive effects 

do occur following exposure to this triazole.  In a two-year carcinogenicity study in rats, treatment of 

200 ppm or greater resulted in several reproductive related effects in the male rat; reduced testis 

weight, increased testis and prostate atrophy, epididymal necrosis, and reduced or absent spermatid 

production (Zarn et al., 2003; U.S. EPA, 1995).  Two-generation reproduction studies in rats given 

myclobutanil resulted in testicular and prostatic atrophy, reduced litter size, and decreased pup 

weight gain (U.S. EPA, 2005a).  In a short term exposure study, adult males administered 150 

mg/kg/day for 14 days resulted in increased serum testosterone levels, indicating myclobutanil has an 

impact on steroidogenesis as well (Tully et al., 2006). 

  These data prompted interest in gaining a better understanding of the modes and 

mechanisms of action for triazole reproductive toxicity and led to the main hypothesis that a common 

mode of action exists for this class of antifungals.  The objectives of this study were to (1) assess and 

compare traditional reproductive and fertility effects across triazoles to identify common modes of 

action, (2) compare transcriptomic profiles across triazoles, doses, time and species to identify 

predictive biomarkers and (3) demonstrate that gene expression profiles from acute in vitro exposure 

have the potential to predict toxic profiles observed in a one-generation reproductive bioassay. 
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Figure 1 Structures of 1,2,4-triazoles and a 1,3-imidazole. 
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Figure 2 Hypothalamic-pituitary-gonadal axes.  FSH and LH are important hormones in the 
hypothalamic-pituitary-gonadal axis that play key roles in testosterone production, sperm production 
and maturation.  Top figure adapted from rat and mouse literature (Bartke, 2000; Chandrashekar and 
Bartke, 1998; Christoforidis et al., 2005; Stojilkovic et al., 1994; Whitlock, 2005; Witkin et al., 1995; 
Witkin, 1999).  Bottom figure adapted from Berne and Levy, 1998.
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Figure 3 Role of aromatase in steroidogenesis. 
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INTRODUCTION 

 

Male sexual development depends on appropriate levels of androgens during fetal and 

neonatal growth.  The effects from androgen exposure in the developing male include masculinization 

of the brain, testicular development, and adult sexual behavior (Cummings and Kavlock, 2004).  

Effects reported from triazole exposures of rodents include reproductive toxicity for myclobutanil and 

triadimefon and carcinogenicity for propiconazole and triadimefon.  Two-generation reproduction 

studies in rats given myclobutanil resulted in testicular and prostatic atrophy, reduced litter size, and 

reduced pup weight gain (U.S. EPA, 2005a).  Although propiconazole has been shown to inhibit 

aromatase in vitro, it has been negative for reproductive effects in similar reproduction studies (U.S. 

EPA, 1999, 2005b).  Two-generation reproduction studies in rats treated with triadimefon resulted in 

decreased fertility, litter size, and neonate viability and increased serum testosterone in the F1 

generation (IPCS INCHEM, 1985; U.S. EPA, 2006).  These data prompted interest in gaining a better 

understanding of the modes and mechanisms of action for triazole reproductive toxicity and led to the 

hypothesis of a common mode of action for this class of fungicides.   

This study was a modified Reproduction and Fertility Effects Study in rat (U.S. EPA, 1998) 

designed to characterize the reproductive toxicity of myclobutanil, propiconazole, and triadimefon 

following exposures from gestation through to adulthood.  Endpoints examined were selected to 

assess effects of triazoles on early development including anogenital distance and puberty, and adult 

reproductive function assessing fertility and fecundity. Body and organ weight as well as histology 

were assessed on post natal day (PND) 1, and again at PND22, 50 and 92 in addition to serum 

hormone measures, histology of target tissues, sperm morphology and motility analysis, and mating 

assays.  These time points were selected to assess effects of triazole on reproduction and 

development in post-natal, pre-pubertal, peripubertal, and adult males. 
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MATERIALS AND METHODS 

 

Animals and animal husbandry.  Animal care, handling, and treatment were conducted in an 

American Association for Accreditation of Laboratory Animal Care International accredited facility, 

and all procedures were approved by the U.S. Environmental Protection agency (EPA) National 

Human and Environmental Effects Research Laboratories Institutional Care and Use Committee.  

Rats were housed in polypropylene boxes containing Alpha-Dri bedding (Shepard Specialty Papers, 

Watertown, TN), with a 12-h light: dark cycle under controlled temperature (72°F) and humidity (45%) 

with unlimited access to feed and water.  Timed pregnant Wistar Han IGS rats were received from 

Charles River Laboratories (Raleigh, NC) on gestation day (GD) 1-3 and assigned to treatment 

groups so as to achieve equivalent weight means across treatment groups.  Dams were single 

housed and allowed to acclimate for at least 3 days prior to the start of the treatment.  Dams from 

each treatment group were divided evenly into daily blocks (seven total) to allow work to be done in 

manageable numbers.  All dams within each block were of the same GD.  Dams were allowed to 

deliver naturally, with day of delivery designated as postnatal day (PND) 0 for the F1 offspring.  On 

PND8, litters were weighed and then culled to eight pups per dam, retaining males preferentially, to 

maximize uniformity in growth rates.  Survival rates of offspring were based on percentage of animals 

remaining past PND8.  The ratio of alive to dead male and female pups per treatment group was 

analyzed using Fisher’s exact test, measures with p<0.05 were considered significant.  F1 offspring 

were housed with their respective mothers until weaning at PND23.  Males and females were then 

removed from the dams and housed by treatment in same-sex pairs until PND50.  Males were single 

housed after PND50, females remained housed in pairs. 

 

Dosing regimen.  Feed was prepared by Bayer CropScience (Kansas City, MO) as part of a 

Materials Cooperative Research and Development Agreement between the U.S. EPA and the U.S. 

Triazole Task Force.  Control animals were fed 5002 Certified Rodent Diet with acetone vehicle 

added.  Treatment groups received feed containing either myclobutanil (M: 100, 500, or 2000 ppm), 

propiconazole (P: 100, 500, 2500 ppm), or triadimefon (T: 100, 500, 1800 ppm).  Dams began treated 

feed diets on GD6, continuing through gestation, parturition, and lactation.  Dam feed intake and body 

weights were measured weekly during gestation and lactation periods and at necropsy.  The F1 

generation continued on the same treated feed diets upon weaning at PND23.  F1 offspring feed 

intake and body weights were measured weekly until necropsy.  One male from each litter was taken 

to necropsy at PND1, 22, 50, or 92 to assess effects on select organ weights, histology, and hormone 

measures. 

 

Anogenital distance and preputial separation.  On PND0, pup body weight and anogenital 

distance (AGD) were measured, and footpads were tattooed for identification.  AGD was measured 
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under a dissecting microscope fitted with a calibrated ocular micrometer reticle, 15 units equaling 1 

mm.  AGD was defined as the distance from the anterior portion of the anus to the caudal portion of 

the genital tubercle.  AGD was analyzed using analysis of covariance (ANCOVA) with a mixed effects 

model adjusting for body weight at PND0 and pup examiner (fixed effects) and dam block and 

individual dams (as random effects).  Measures with p<0.05 were considered significant. 

 F1 males were examined for preputial separation (PPS) beginning on PND38, continuing 

daily until complete cleavage of the epithelium lining the prepuce of the penis was observed indicating 

onset of puberty was achieved.  Body weights were measured on the day of PPS.  Delay of PPS was 

analyzed using ANOVA with Dunnett posttest and ANCOVA with fixed predictors for body weight at 

PND43 and treatment, with addition of a random effect for block.  Measures with p<0.05 was 

considered significant. 

 

Necropsy.  At each selected time point (PND1, 22, 50, or 92), animals were anesthetized by CO2 

asphyxiation followed by exsanguination.  Whole-body weights were measured, and then brain, 

hypothalamus, hippocampus, pituitary, thyroid, liver, testis, epididymus, ventral prostate, and seminal 

vesicles were removed, weighed, and either fixed in 10% neutral buffered formalin for histology or 

snap frozen in liquid nitrogen for molecular work.  Males within each treatment group were randomly 

assigned for histological or molecular biology tissue collection.  Molecular tissues included brain, 

pituitary, thyroid, liver, testis, and ventral prostate.  Blood was collected at PND22, 50, 92, and 99.  

Serum samples were collected and used for hormone analysis (see below).  One testis and 

epididymus from each male at PND22, 50, and 92 necropsy were used for morphology analysis (see 

below).  Statistical analysis of body weight was conducted using a one-way ANOVA, including a 

random effect for block.  Absolute organ weights were analyzed using ANOVA with Dunnett posttest 

analysis.  Relative organ weights were analyzed using a set of mixed effects linear models using SAS 

software (SAS Institute, Cary, NC), organ weights were adjusted for body weight and analyzed by 

ANCOVA for each triazole, by each necropsy time point, by each organ.  Students t-test was used for 

further comparisons between control and treatment groups.  Measures with p<0.05 were considered 

significant. 

 

Histology.  Brain, pituitary, thyroid, liver, testis, epididymus, and ventral prostate were collected for 

histological evaluation from each necropsy time point.  Testis and epididymus were fixed in Bouin’s 

and embedded in paraffin.  Brain, pituitary, thyroid, liver, and ventral prostate were fixed in 10% 

neutral buffered formalin at 4°C and embedded in paraffin.  Testis samples were sectioned 

transversely incorporating the rete testis.  Five micron sections were cut from the paraffin-embedded 

tissues, stained with hematoxylin and eosin and prepared for light microscope examination.  All slides 

were read without knowledge of treatment of time.  Liver lesions were graded based on severity of 

hepatocyte hypertrophy.  Lesion grading: 0 = no lesions present, 1 = centrilobular hypertrophy, 2 = 
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centrilobular and midzonal hypertrophy, 3 = pan lobular hypertrophy, 4 = pan lobular hypertrophy with 

cytoplasmic vacuolization. 

 

Serum hormone levels.  Blood samples were collected in 6 ml Vacutainer tubes containing SST Gel 

and Clot Activator (Becton-Dickinson, Franklin Lakes, NJ) and set on ice.  Serum was prepared from 

the blood on the same day of necropsy and stored in siliconized microcentrifuge tubes at -80°C.  

Estradiol, testosterone, total triiodothyronine (T3) and total thyroxine (T4) levels were assayed in 

duplicate using their appropriate Coat-A-Count radioimmunoassay (RIA) kits (Diagnostic Products 

Co., Los Angeles, CA) according to manufacturer’s instructions.  Luteinizing Hormone (LH) levels 

were quantified using the rat LH dissociation-enhanced lanthanide fluorometric immunoassay as 

described by Bielmeier et al. (2004).  Rat LH, for standards, was provided by the National Hormone 

and Pituitary Program.  The capture antibody, 518B7, was provided by Dr. Jan Roser, UC-Davis, CA.  

The tracer antibody clone 5303, was provided by Medix Biochemica, Kauniainen, Finland.  Perkin 

Elmer Life Sciences (Gaithersburg, MD) performed antibody biotinylation and europium labeling and 

provided all other reagents.  Thyroid-stimulating hormone (TSH) levels were quantified using specific 

RIA adapted from Thibodeaux et al. (2003).  Serum hormone levels were analyzed using ANOVA, 

measures with p<0.05 were considered significant.  Students t-test was used for further comparisons 

between control and treatment groups. 

 

Sperm preparation for morphology and motility.  One cauda epididymus was placed in a 35 mm 

culture dish containing 2 ml of 37°C modified-Hank’s balanced salt solution supplemented with 

0.035% sodium bicarbonate, 0.42% HEPES, 0.09% D-glucose, 1% sodium pyruvate, 0.0025% 

soybean trypsin inhibitor, and 0.2% bovine serum albumin.  Tubules of the cauda epididymus were 

pierced several times to release the epididymal fluid into the medium.  The dish was maintained at 

37°C for 5 min to allow dispersion. 

 

Sperm morphology.  Fifty microliters of sperm suspension was diluter 1:10 with Dulbecco’s 

phosphate-buffered saline (Invitrogen Corp., Carlsbad, CA) containing 10% formaldehyde and 0.5% 

sucrose and stored in 4ºC.  Sperm were examined with X40 magnification and phase-contrast 

illumination.  Sperm were assigned categories based upon morphological examination: normal 

sperm, abnormal sperm, abnormal head and tail, or abnormal tail.  A sperm head was deemed 

abnormal if it was misshapen, and a sperm tail was considered abnormal if it was sharply bent, had 

thinning, exhibited splayed fibers, or missing completely.  Five hundred sperm per animal were 

categorized.  General linear modeling analysis was used (SAS Institute, Cary, NC).  Analysis for each 

triazole was run separately, measures with p<0.05 were considered significant. 
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Sperm image collection and motion analysis.  Sperm suspensions were diluted in mHBSS (1:50) 

and loaded by capillary action into a 100-�m deep microslide (VitroCom, Inc., Mountain Lakes, NJ) 

and loaded into a HTM TOX-IVOS (Hamilton Thorne Biosciences, Inc., Beverly, MA), using version 

12 software, set to collect images at 60 Hz for 1 s at 37ºC.  Motile sperm were previewed, and sperm 

concentration was adjusted as needed to yield 25-30 motile sperm per field of view.  Eight fields for 

each biological sample were analyzed for percent motile, percent progressive sperm, and percent 

progressive tracks.  Progressive sperm were user defined as those having an average path velocity 

greater than 100 �m/s and a ratio of straight-line velocity to smoothed path velocity (STR) greater 

than 50%.  At least 200 sperm per animal were tracked for determination of mean velocity and other 

motion parameters (Perreault and Cancel, 2001). 

 

Insemination and Fertility Indices.  Mating assays were conducted on PND78 or older treated 

males with untreated virgin Wistar Han females PND56 or older.  Wistar Han female rats were 

housed in threes under the same conditions described above.  After 10 days of acclimation, daily 

vaginal smears were collected, examined, and cycles were recorded.  Females with 4-day cyclicity 

were used for mating assays.  Upon second proestrus, one female was placed per treated male just 

before lights were turned off for the duration of one dark cycle.  Mating behavior was observed at 5 

and 20 min after introduction, and active mounting by the male and responsiveness of the female was 

noted.  Females were removed the following morning, vaginal smears were examined for presence of 

sperm, and females were placed back in their original housing.  Insemination index was assessed by 

the ratio of vaginal smears positive for sperm to all smears and analyzed using Fisher’s exact test. 

 If spermatozoa were found in the vaginal smear the following morning, the female was 

designated as being at GD0.  Females were euthanized and necropsied with removal of the intact 

uterus and ovaries on GD13-16 to evaluate fertility outcome.  Ovaries were removed and observed 

for gross abnormalities and corpora lutea (CL) were counted.  Uteri were excised, numbers of live 

fetuses and resorptions were recorded, and fetuses were examined for abnormalities.  Absence of 

fetuses or resorption sites was followed up with a uterine staining in 5 ml of 2% sodium sulfide 

solution for 5 min to distinguish implantation sites if any.  Fertility index was assessed by the ratio of 

successful pregnancies to mated females and analyzed using Fisher’s exact test.  Fecundity of the 

treated males was analyzed by the number of live fetuses per litter, the ratio of live fetuses to the 

number of CL, and the number of implants relative to the number of live fetuses.  Results were 

analyzed using ANOVA with Dunnett posttest, measures with p<0.05 were considered significant. 

 

Ejaculated sperm counts after natural breeding.  Procedures for housing, acclimation, and 

determination of cyclicity in females were identical to the first mating assay.  Controls, M2000- and 

T1800-treated males PND118-120 were used in this assay.  Propiconazole-treated males were 

unavailable at this time point due to inadequate numbers.  Shortly after lights were turned off, each 
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treated male was cohabited for 4 h in a wire-bottom cage with an untreated proestral virgin female.  

Mating behavior was observed and recorded at 5 and 20 min after introduction.  After 4 h, the females 

were separated from the males and the number of copulatory plugs recorded.  Females were 

euthanized with CO2 asphyxiation for uterine sperm enumeration.  The cervix of each female was 

ligated, uterine horns were removed, and placed into 35 mm Petri dishes containing 2 ml of 35ºC 

Medium 199 (Sigma-Aldrich Corp., St Louis, MO) and opened using small curved scissors.  Dishes 

were shaken gently for 5-10 min at 35ºC for dispersion of sperm.  Sperm suspensions were 

transferred to 15 ml conical tubes and total volumes were recorded.  One hundred microliters of each 

sample was diluted 1:10 with distilled water and spermatozoa were counted using a hemacytometer. 
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RESULTS 

 

F0 Dam and F1 Male Feed Consumption, Estimated Dose Levels, and Body Weight Gain.   

The daily feed consumption and calculated dose levels for F0 dams during the last 2 weeks 

of gestation and 3 weeks of lactation prior to weaning are available in Rockett et al. (2006).  Exposure 

to the triazole fungicides at the lower doses (100 and 500 ppm) did not have an effect on feed 

consumption during gestation or lactation.  Dams exposed to M2000 had a reduced feed 

consumption rate during the first and second weeks of lactation but not the third.  This may be due to 

the F1 pups beginning to transfer over to solid food.  Dams exposed to P2500 had a reduced feed 

consumption rate during the last 2 weeks of gestation and recovered close to control levels during 

lactation.  Dams exposed to T1800 had a reduced feed consumption rate beginning the first week of 

the study and were still lagging behind controls at the time of weaning.  In relation to the control 

animals, all dams in all treatment groups had increased feed consumption by twofold of greater 

during lactation.  Dam body weights during gestation and lactation showed the historical decrease at 

parturition with normal weight gain during the lactation period (Rocket et al., 2006). 

Table 1 presents the F1 male feed consumption and dose levels calculated during gestation, 

lactation, juvenile, and adult exposure periods.  The dams consumed more feed and hence received 

increased doses during gestation and lactation, most likely due to the increased energy demand 

during this period.  Dose levels, dependent on feed consumption and body weight gain, decreased in 

a similar pattern among the treatment groups compared to controls as the animals aged.  Similar to 

the response by F0 dams, exposure to the three different triazole fungicides at the lower doses (100 

and 500 ppm) did not have a robust effect on F1 male feed consumption.  T1800-treated F1 males 

had a consistent reduction in feed consumption throughout the study.  Feed efficiency (the percent of 

consumption to body weight ratio) increased at later time points in a consistent fashion by M2000 and 

T1800.  M2000 and T1800 F1 male feed consumption did decrease; however, the significant loss in 

body weight resulted in a difference in dose levels of these high-dose groups. 

Body weights of F1 males were measured weekly (Table 2).  There were no consistent 

treatment effects after exposure to 100 or 500 ppm of any treatment.  Males in all three high 

treatment groups had significant decreases in body weight relative to controls.  Significant loss in 

body weight was observed for M2000 from weaning and onward throughout the study, P2500 began 

to show a similar reduction in body weight shortly after weaning.  T1800 F1 males had reduced body 

weight from birth and remained less than control weight throughout the study. 

Litters exposed to M2000 or T1800 treatment had decreases survival rates of 82.61 and 

47.37% respectively (Table 3).  Eighteen of the 30 litters exposed to M2000 had deaths within, one 

whole litter was lost due to treatment.  Eighteen of the 21 litters exposed to T1800 had deaths within, 

nine whole litters were lost due to treatment.  There were no treatment related deaths in animals that 

survived past PND8. 
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Anogenital Distance and PPS. 

 AGD was significantly increased following exposure to M2000, P2500, and T1800 (Figure 1).  

Individual triazole trend analysis, using a regression model to compare the slope across dose, 

showed a significant increasing trend for myclobutanil (p<0.001), propiconazole (p=0.013), and 

triadimefon (p=0.024).  Table 4 presents the day PPS was achieved, the mean body weight on the 

day of PPS and on PND43 across treatment groups.  PPS was delayed following T1800 exposure 

based on mixed effect ANCOVA and ANOVA models.  The body weight at the time of PPS was 

significantly reduced in males following M2000 (7.8%), T500 (3.9%), and T1800 (13.2%) treatment 

based on ANOVA analysis.  F1 males had decreased body weights at PND43 following M2000 

(10.3%), P2500 (8.7%), and T1800 (24.6%) treatment.  Due to reduced body weights by some 

treatments, ANCOVA analysis using body weights as a covariate could not be used to examine the 

effects of treatment on endocrine development. 

 

Organ Weights. 

 Relative liver weights were increased at PND1 following exposure to M2000 (13%), P2500 

(15.5%), and all three dose of triadimefon (4.3%, 15.5%, and 17.5%, Table 5).  There was no effect 

on relative liver weight at PND22.  The relative liver weight of peripubertal (PND50) males was 

increased following exposure to M2000 (11.5%), P2500 (25.8%), and T500 (5.8%).  Due to limited 

numbers of T1800 animals surviving to weaning, insufficient animals were available at this dose to 

include a PND50 necropsy.  Adult (PND92) relative liver weights were increased following exposure 

to M2000 (9.0%), P2500 (23.8%), and T1800 (26.3%). 

 Absolute testis weight was increased at PND1 following M100 and M2000 treatment, at 

PND22 following M500 and T500 treatment, and at PND50 following P500, T100, and T500 

treatment.  By PND92, there were no effects observed on absolute testis weight (Table 6).  Changes 

in accessory sex gland weights were observed at PND92 (Table 6).  Relative ventral prostate weight 

was increased following M500, T100, and T500 treatment.  Absolute ventral prostate weight was 

increased following M500 treatment.  Absolute epididymal and seminal vesicle weights decreased 

following exposure to T1800. 

 Relative pituitary weights were decreased at PND92 following M500 and M2000 exposure 

(Table 7).  Relative brain weight was decreased by propiconazole at PND22 by P100, at PND50 by 

P100 and P500, and at PND92 by P500.  High-dose triadimefon also decreased relative brain weight 

at PND92.  Absolute pituitary to brain weight ratios were significantly reduced at PND92 following 

M500 (16.8%) and M2000 (16.5%) exposure. 

 

 

 



 20 

Histology. 

 Liver histology of the PND1 and 22 animals were not different from controls.  At PND50, 

P2500 males had centrilobular and slight midzonal hypertrophy and T500 males had centrilobular 

hepatocyte hypertrophy (Table 8).  At PND92, M2000 and P2500 males had mild centrilobular 

hepatocyte hypertrophy and T1800 males had strong pan lobular hypertrophy.  Pituitary, thyroid, 

testis, epididymis, and ventral prostate histology results did not show any consistent histologic 

alterations across the treatment groups (data not shown). 

 

Serum Hormone Levels. 

 Serum testosterone levels were measured at PND50 and PND92.  At PND50, serum 

testosterone was increased following exposure to T500 and T1800 and at PND92 following exposure 

to M2000, P500, P2500, T500, and T1800 (Figure 2).  Serum levels of estradiol and LH were 

unaffected by treatment.  Total T4 levels were not changed at PND50 but decreased at PND92 

fromT1800 treatment (control = 5.61 + 1.38 �g/dl; T1800 = 4.22 + 0.95 �g/dl).  Total T3 and TSH 

levels measured at PND50 and PND92 did not show a significant change across any treatment 

group.  Effects of the triazoles on hormones of the hypothalamo-pituitary-gonadal (HPG) and 

hypothalamo-pituitary-thyroidal (HPT) axes are depicted in Figure 3 and put into context relative to 

effects on the liver. 

 

Sperm Morphology and Motility. 

 There were no significant differences in sperm head or tail morphology or sperm motility 

across treatment groups (Table 9). 

 

Fertility Outcomes. 

 Fertility parameters included the insemination index, fertility index, total number of 

implantation sites, number of early and late dead embryos, and number of live and dead fetuses.  

Insemination index was reduced in mating pairs of untreated females with M2000 or T1800 males to 

31.3 or 7.7% respectively (Table 9, Figure 4A).  Fertility index was reduced in mating pairs of 

untreated females with M500, M2000, or T1800 males to 54.5, 25.0, and 0.0% respectively (Table 9, 

Figure 4B).  Of those females that checked positive for sperm in their vaginal smears, not all of them 

became pregnant (false positive).  There were also four false-negative females, one from M500, 

M2000, T100, and T500 treatment groups (Table 9).  There were no significant effects on total 

number of implantation sites, live or dead fetuses or embryos, or the number of resorptions by any of 

the triazoles tested (Table 9).  All successful pregnancies, independent of the treatment group, 

produced normal healthy litters with little to no postimplantation loss. 

 In the 4 hour cohabitation natural breeding assay, numbers of copulatory plugs and 

ejaculated sperm counts from ligated uteri were measured.  Four of the five control animal mating 
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pairs produced multiple copulatory plugs during the 4 hour cohabitation breeding period.  One of the 

five M2000 mating pairs was found with one copulatory plug under its cage.  There were no 

copulatory plugs found under any of the five T1800 mating pairs (data not shown).  Ejaculated sperm 

counts were only available for the control animals; there was complete lack of sperm in the uterine 

horns of females from the M2000 and T1800 mating pairs. 

 The observed modes of action for the reproductive toxicity of the three triazoles are tabulated 

with accompanying observed effects and potential mechanisms of action (Table 10).  Doses 

representing the no observed effect levels (NOEL) and lowest observed effect levels (LOEL) from this 

current study are also included. 
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DISCUSSION 

 

 This study was designed to identify potential modes of action for the reproductive toxicity of 

three triazole fungicides: myclobutanil, propiconazole, and triadimefon.  It is significant when a group 

of chemicals share a common toxic effect and mode of action, and oftentimes this requires a 

cumulative assessment of human health risk.  Based on earlier studies with these triazoles, it was 

hypothesized that disruption in steroid homeostasis is a common mode of action leading to abnormal 

reproductive development and diminished reproductive function.  To establish this mode of action, the 

dose-response and onset of a series of neonatal, peripubertal, and adult endpoints were examined. 

 Serum testosterone levels were elevated in peripubertal males following triadimefon 

exposure and in adult males following exposure to all three triazoles.  These serum testosterone 

results are consistent with previous studies in rats exposed to myclobutanil (14-day exposure to 150 

mg/kg/day; Tully et al., 2006) or triadimefon (IPCS INCHEM, 1985).  Typically, increased testosterone 

will result in reduced gonadotropin releasing hormone (GnRH) synthesis and release from the 

hypothalamus and reduced synthesis and release of LH and FSH from the anterior pituitary.  In the 

present study, LH was not decreased and the LH to testosterone ratio was altered, suggesting 

disruption of the HPG axis.  Differences in the onset and dose-response of altered serum 

testosterone between the three triazoles may have been due, in part, to difference in 

pharmacokinetics (Barton et al., 2006). 

 Increased AGD at PND0 was observed in F1 males following gestational exposure to the high 

dose of all three triazoles.  The AGD of F1 females was also increased following myclobutanil 

exposure (Rockett et al., 2006).  Increased F0 maternal serum testosterone at GD20 (unpublished 

data) could account for the increased AGD of male and female pups following myclobutanil treatment.  

Androgens are responsible for normal elongation of the AGD in neonatal males (Clemens et al., 

1978).  The fetal rat testis begins synthesizing androgens after GD14, during the period of sexually 

dimorphic development (Clemens et al., 1978).  Disruption of maternal and fetal steroid biosynthesis 

by myclobutanil and subsequent elevation in circulating and tissue levels of androgens in the male 

and female fetuses likely resulted in the increased AGD.  This effect was unrelated to body weights, 

as has been seen in other studies, because AGD increased even when the body weight was 

controlled as a constant (Gallavan et al., 1999). 

 Several factors are involved in regulating testosterone levels and controlling steroid 

homeostasis.  By GD19, the fetal HPG axis provides both positive and negative feedback to facilitate 

regulation of synthesis and release of gonadotropins and stimulating Leydig cell steroidogenesis.  

Naturally occurring androgen metabolism in the liver is catalyzed by a variety of endogenous 

enzymes, including hydroxysteroid dehydrogenases and CYP3A and CYP2B isoforms which are 

known to hydroxylate testosterone (Goodwin et al., 2002).  Exposures  to myclobutanil, 

propiconazole, and triadimefon induced expression of constitutive androstane receptor (CAR) and 
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pregnane X receptor (PXR) stimulated pathways which are involved in xenobiotic metabolism and 

clearance in the liver (Goetz et al., 2006; Plant and Gibson, 2003; Sun et al., 2005, 2006; Tully et al., 

2006).  Since both CAR and PXR regulate the expression of CYP genes and the associated enzyme 

activity of oxidative metabolism of steroid hormones as well as xenobiotics, it may be that CAR and 

PXR are also components of a regulatory network that regulates circulating hormone levels. 

 Assessment of liver CYP enzyme activities through alkoxyresorufin O-dealkylation assays 

demonstrated that myclobutanil, propiconazole, and triadimefon induced CYP2C and CYP3A enzyme 

isoforms in the rat liver (Barton et al., 2006; Sun et al., 2005, 2006).  It has been reported that a likely 

mode of action for liver enzyme induction and weight increase is through CAR-mediated gene 

expression, based on the lack of hepatic response to cyproconazole in CAR knock out mice (Peffer et 

al., 2006).  The observed increase in relative liver weight and evidence of hepatocyte hypertrophy in 

the current study is consistent with previous studies (Tully et al., 2006; U.S. EPA, 2005b, 2006).  

There was not a robust increase in absolute liver weights; however, the significantly increased 

relative weights suggest the increase was at least in part, due to a treatment effect (Uemitsu et al., 

1986).  These combined results suggest that triazole fungicides disrupt testosterone homeostasis, at 

least in part, by induction of metabolic enzymes in the liver. 

 High-dose triadimefon delayed the onset of puberty as marked by the delay in complete 

balano-preputial separation.  PPS is an androgen-dependent process that occurs just prior to puberty, 

before a significant rise in circulating androgens, and prior to the appearance of mature sperm in the 

caput epididymis in rats (Korenbrot et al., 1977).  PPS is not synonymous with puberty, however, it is 

a necessary event for normal copulatory behavior and a useful index of male pubertal development.  

Prenatal androgens influence the timing of puberty by controlling neural GnRH secretion in the fetal 

and neonatal brain.  In addition to circulating androgens, fetal and neonatal development of GnRH 

secretion is also important in testicular development, masculinization of the brain, and subsequent 

sexual maturation and behavior (Cummings and Kavlock, 2004).  Triadimefon may affect the onset of 

puberty by inhibiting glutamatergic transmission and the function of N-methyl-D-aspartate and 

gamma-amino butyric acid receptors on the GnRH neurons within the developing central nervous 

system (Ebling, 2005; Reeves et al., 2004; Stoker et al., 2000).  Elevated levels of testosterone can 

also directly inhibit pituitary sensitivity and response to GnRH (Kalra and Kalra, 1982).  Thus, high-

dose triadimefon may have delayed puberty by disrupting GnRH activation.  However, the significant 

effects of triadimefon on body weight may have also contributed to the delayed onset of puberty 

(Carney et al., 2004). 

 Although body weights were reduced by the high-dose treatment of these triazoles, this was 

not likely the cause of increased reproductive tissue weights.  Studies on the effects if feed restriction 

alone, during pre- and postnatal development, demonstrate that a reduction in body weights will effect 

puberty and decrease the absolute weight of the adult ventral prostate, however, produces no effect 

on adult reproductive function or on the absolute weight of the epididymis, seminal vesicles, or the 
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testis (Carney et al., 2004).  At PND50, increase in absolute testis weight from propiconazole and 

triadimefon treatment was not accompanied by a significant decrease in feed consumption nor did 

body weight reduction exceed 4.8% from controls.  Adult exposure to triadimefon increased 

intratesticular concentrations of testosterone, possibly explaining this increase in weight (unpublished 

data).  This increase in testis weight was not statistically identified at PND92 suggesting acclimation 

over time.  At PND92, increased absolute ventral prostate from myclobutanil treatment was not 

accompanied by significant weight loss, and feed consumption was greater than controls.  Increased 

epididymis and seminal vesicle weight from triadimefon treatment at PND92 was accompanied by a 

24.9% body weight reduction and 7.5% decrease in feed consumption, however weight reduction to 

this degree has not been reported to affect the weights of these tissues (Carney et al., 2004), 

indicating these effects were elicited in part by treatment.  Propiconazole reduced body weights 

similar in magnitude to myclobutanil, however had no effect on the testicular or accessory sex gland 

weights supporting the interpretation that myclobutanil and triadimefon treatment had an effect on 

these tissues.  In addition to reproductive tissue effects, myclobutanil decreased adult pituitary 

weight.  The pituitary to brain weight ratios were significantly reduced following exposure to 

myclobutanil, further indicating the effect on pituitary weight was not related to changes in body 

weight (House et al., 1985).  This decreased pituitary weight may have been due to disruption of 

GnRH neuron development and sensitivity (Kalra and Kalra, 1982; Grober et al., 1998). 

 Mating pairs with myclobutanil- or triadimefon-treated males had a significantly reduced 

insemination index and associated reduced fertility.  Complete lack of sperm in the uterine horns 

indicated a failure to inseminate and may suggest a possible impact on the male reproductive 

development or behavioral response (Burke et al., 1999).  Masculinization of the developing brain is 

due in part to the metabolism of testosterone into estradiol (aromatization) and dihydrotestosterone 

(5�-reductase).  Estradiol increases the number of GnRH cells in male rodents, causing a sexual 

dimorphic difference between males and females.  However, too much estradiol early in development 

reduces the number of GnRH cells (Elkind-Hirsch et al., 1981).  Reduction in GnRH cells during this 

critical stage in development could explain the reduced fertility in the adult males from this current 

study.  Alternatively, disruption in the number or size of the spinal nucleus of the bulbocavernosus 

(SNB) motoneurons and associated dendrites can have a negative impact on reproductive 

performance in the male rat (Burke et al, 1999).  Sexually dimorphic development of SNB 

motoneuron size and number is androgen and estrogen dependent and occurs during early 

development (Breedlove and Arnold, 1983; Burke et al, 1999); alteration in testosterone and estrogen 

levels during this developmental stage could potentially explain the reproductive effects by 

myclobutanil and triadimefon.  Triadimefon, but not myclobutanil, has been reported to reduce 

insemination (IPCS INCHEM, 1985).  Reduced fertility by myclobutanil and triadimefon suggested a 

possible reduced fertilizing ability; yet sperm morphology and motility were normal.  The reduced 

fertility index for myclobutanil and triadimefon is consistent with registration studies submitted to the 



 25 

U.S. EPA (U.S. EPA, 1999, 2005a,b).  Differences in reproductive performance may be a reflection of 

the differences in metabolism and clearance of the triazoles (Barton et al., 2006). 

 The doses used for this study were selected to match doses used in regulatory studies for 

registering these triazoles with the U.S. EPA.  From two-generation reproductive toxicity studies, the 

current lowest observed adverse effect level (LOAEL) and no observed adverse effect level (NOAEL) 

are 60.1 and 12.1 mg/kg/day for myclobutanil (U.S. EPA, 2005a).  Propiconazole was negative for 

any reproductive effects in registration studies (U.S. EPA, 2005b).  The LOAEL for triadimefon is 90.0 

and the NOAEL is 15.0 mg/kg/day (U.S. EPA, 2006).  However, the NOAEL values used to determine 

the reference dose (RfD) for each of these triazoles are based on 2-year chronic studies, 2.5 

mg/kg/day for myclobutanil (RfD 0.025 mg/kg/day; U.S. EPA, 2005a), 10.0 mg/kg/day for 

propiconazole (RfD 0.10 mg/kg/day; U.S. EPA, 2005b), and 3.4 mg/kg/day for triadimefon (RfD 

0.0034 mg/kg/day; U.S. EPA, 2006). 

 Based on elevated serum testosterone, reduced reproductive function, or decreased pituitary 

weights in this study, the NOEL for observed effects in the present study are higher than the NOAEL 

from registration studies for all three triazoles.  Unlike the higher NOEL, the LOEL in the present 

study was lower than the LOAEL for propiconazole and triadimefon.  The decrease in LOEL was 

likely due to differing endpoints measured, and it appears that changes in serum testosterone is a 

more sensitive endpoint than fertility and fecundity outcomes. 

 A common mode of action for the reproductive toxicity of the triazole fungicides appears to be 

disruption of testosterone homeostasis.  Elevated serum testosterone, increased testis weights and 

AGD, and hepatomegaly indicative of altered liver metabolism of steroids are the key events 

consistent with this common mode of action.  In addition, effects on reproductive function, pituitary 

weight, and the onset of puberty suggest possible neuroendocrine effects for myclobutanil and 

triadimefon.  To further characterize mechanisms of action, the next stage of this research is focused 

on profiling changes in transcript levels in the livers and testes of rats from this study, in order to 

monitor effects of triazoles on steroidogenic, P450, and xenobiotic metabolizing enzyme genes in 

these tissues.  Results from these studies are aimed at defining the mechanisms underlying the mode 

of action defined by this current data set (Table 10) and expand our understanding of triazole 

reproductive toxicity and potential impact on human health. 
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Table 1 Daily feed consumption and calculated dose levels. 
 

Feed Consumption (g/rat/day) 

  GD6 - PND0 PND1 – 22 PND 23-29 PND 30-36 PND 37-43 PND 44-50 PND 51-57 PND 58-64 PND 65-71 PND 72-78 PND 79-85 PND 86-92 
Treatment ppm   Week 4 Week 5 Week 6 Week 7 Week 8 Week 9 Week 10 Week 11 Week 12 Week 13 

Control 0 17.0-19.7 23.1-45.9 9.3 + 1.9 15.1 + 1.6 17.8 + 3.9 21.0 + 4.2 21.7 + 2.8 24.8 + 3.0 22.7 + 2.9 25.3 + 2.9 23.9 + 2.5 22.0 +  4.4 

Myclobutanil 100 18.2-20.5 21.0-48.9 9.2 + 1.2 15.1 + 1.2 18.1 + 1.9 20.3 + 2.6 21.1 + 3.4 22.9 + 2.9 * 23.3 + 3.2 24.1 + 2.6 24.6 + 2.8 23.7 + 2.3 
 500 17.4-19.4 20.1-48.6 9.9 + 1.4 15.2 + 1.4 18.0 + 2.4 20.6 + 2.7 22.0 + 2.7 23.1 + 3.1 22.7 + 4.1 22.9 + 6.2 24.7 + 2.3 23.8 + 2.9 
 2000 15.7-19.0 19.9-44.3 8.6 + 1.9 13.1 + 1.7 ** 16.6 + 1.6 18.9 + 1.6 ** 20.6 + 4.9 21.2 + 2.3 ** 20.3 + 3.6 * 23.2 + 3.7 23.7 + 4.0 21.4 + 2.4 

Propiconazole 100 16.9-20.8 22.2-49.1 9.3 + 1.0 15.3 + 1.1 18.5 + 2.2 21.2 + 1.2 22.6 + 2.2 24.4 + 1.8 23.7 + 3.5 25.2 + 2.4 24.7 + 2.4 24.0 + 2.4 
 500 16.0-18.8 20.6-48.1 8.7 + 2.8 14.7 + 2.1 17.4 + 1.9 20.3 + 1.8 20.8 + 2.5 22.6 + 2.4 * 23.6 + 1.7 23.6 + 2.5 23.5 + 2.0 23.0 + 1.7 
 2500 12.9-17.6 21.3-42.6 8.3 + 1.3 13.7 + 2.2 ** 17.7 + 3.3 19.1 + 1.9 * 21.4 + 3.1 22.9 + 1.9 * 22.3 + 2.4 24.1 + 2.6 23.5 + 2.3 22.5 + 1.8 

Triadimefon 100 17.4-20.0 23.4-46.0 10.4 + 1.4 * 14.8 + 1.7 17.5 + 1.7 20.1 + 3.5 23.9 + 3.5 23.8 + 2.7 22.2 + 2.2 25.3 + 3.0 24.7 + 2.2 23.7 + 2.8 
 500 15.8-19.3 19.4-47.6 9.5 + 1.1 14.7 + 1.8 17.6 + 1.9 20.2 + 1.7 19.7 + 3.8 22.3 + 1.5 ** 22.7 + 1.6 22.9 + 1.8 23.3 + 1.9 23.4 + 2.7 
 1800 11.0-17.5 16.6-40.6 7.1 + 0.9 ** 11.1 + 2.7 ** 14.7 + 2.0 ** 16.1 + 2.3 ** 18.4 + 5.1 ** 18.4 + 2.6 ** 18.0 + 2.6 ** 20.6 + 5.2 ** 21.7 + 3.1 ** 20.4 + 4.0 

Dose level (mg/kg/day) 
Control 0 0.0 - 0.0 0.0 - 0.0 0.0 + 0.0 0.0 + 0.0 0.0 + 0.0 0.0 + 0.0 0.0 + 0.0 0.0 + 0.0 0.0 + 0.0 0.0 + 0.0 0.0 + 0.0 0.0 + 0.0 

Myclobutanil 100 8.0 - 8.1 8.1 - 19.1 15.8 + 2.0 13.7 + 1.5 12.4 + 1.1 10.6 + 1.1 9.7 + 0.6 8.8 + 0.4 7.9 + 0.4 7.5 + 0.4 7.3 + 0.5 6.1 + 2.0 
 500 38.8 - 38.7 39.4 - 93.8 77.2 + 8.4 69.4 + 5.1 60.8 + 4.1 54.8 + 3.5 48.8 + 3.4 44.2 + 4.3 40.3 + 3.5 38.2 + 3.7 36.6 + 3.5 32.9 + 2.7 
 2000 141.3 - 149.9 155.0 - 347.3 279.1 + 22.5 280.2 + 19.8 245.4 + 16.0 219.0 + 13.8 197.5 + 23.0 180.2 + 17.3 163.3 + 11.1 153.5 + 8.6 153.6 + 20.5 133.9 + 13.8 

Propiconazole 100 7.6 - 8.3 8.6 - 19.0 15.3 + 2.0 13.9 + 1.6 12.6 + 1.3 10.8 + 0.7 9.7 + 0.6 9.0 + 0.8 7.8 + 0.3 7.6 + 0.7 7.2 + 0.5 6.7 + 0.3 
 500 36.0 - 37.5 39.0 - 92.4 73.3 + 7.6 70.1 + 6.3 61.2 + 6.1 53.3 + 6.1 46.7 + 3.5 42.9 + 2.4 39.3 + 2.4 36.1 + 1.8 34.6 + 2.6 31.9 + 1.9 
 2500 144.9 - 173.6 204.9 - 412.8 334.2 + 39.9 326.5 + 42.6 307.2 + 22.2 251.7 + 27.7 251.7 + 31.1 228.3 + 22.0 202.2 + 16.3 190.0 + 10.9 175.1 + 10.5 169.7 + 7.0 

Triadimefon 100 7.9 - 8.1 9.4 - 17.8 14.8 + 0.6 14.3 + 1.4 12.6 + 1.0 11.0 + 1.1 9.6 + 0.7 8.6 + 0.5 7.8 + 0.3 7.3 + 0.3 7.1 + 0.5 6.5 + 0.3 
 500 35.9 - 38.5 37.3 - 94.1 74.6 + 4.7 68.5 + 10.6 62.2 + 7.8 53.1 + 3.2 47.3 + 3.0 43.3 + 2.2 39.8 + 3.7 36.4 + 1.4 35.4 + 1.8 33.1 + 1.8 
 1800 94.3 - 135.7 124.8 - 300.1 235.0 + 0.0 261.6 + 0.0 230.6 + 0.0 230.6 + 0.0  185.7 + 34.0 169.7 + 12.2 156.9 + 11.3 144.4 + 18.6 160.1 + 27.3 139.1 + 17.0 

 
Gestation and lactation feed consumption was based on F0 dam feed intake (Rockett et al., 2006).  Feed consumption from PND22 onward was 
based on F1 animal feed intake.  Feed consumption presented as grams/rat/day + SD.  Dose levels calculated as mg/kg/day + SD.  ppm, parts per 
million; PND, postnatal day.   
* p<0.05; ** p<0.01. 
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Table 2 Weekly body weights. 
 
  Lactation Week 4 Week 5 Week 6 

Treatment ppm PND 0 PND 1 PND 8 PND 22 PND 23-29 PND 30-36 PND 37-43 
Control 0 5.8 + 0.7 6.5 + 0.9 16.7 + 1.9 50.7 + 8.1 84.0 + 16.0 129.3 + 15.4 170.1 + 16.8 
Myclobutanil 100 6.0 + 0.7 7.1 + 1.0 17.4 + 3.0 48.9 + 4.9 82.3 + 7.6 126.2 + 8.4 169.4 + 15.7 
 500 6.0 + 1.1 6.3 + 1.4 18.1 + 3.2 * 52.4 + 7.1 * 86.5 + 11.5 * 127.7 + 12.3 168.8 + 17.1 
 2000 6.5 + 0.7 * 7.2 + 0.9 17.3 + 2.5 48.5 + 6.7 ** 78.4 + 13.4 ** 119.2 + 15.5 *** 156.7 + 16.6 *** 

Propiconazole 100 5.7 + 0.5 6.3 + 0.5 17.6 + 2.2 49.8 + 6.1 83.2 + 8.2 130.6 + 9.7 176.6 + 14.5 
 500 6.1 + 0.6 7.0 + 0.7 18.3 + 2.2 50.1 + 5.4 81.2 + 13.7 127.2 + 17.9 168.8 + 21.3 
 2500 6.1 + 0.8 6.5 + 1.2 16.1 + 2.4 47.5 + 5.6 ** 80.1 + 8.5 119.6 + 12.3 ** 160.4 + 12.0 *** 

Triadimefon 100 5.6 + 1.0 6.0 + 1.3 17.1 + 2.7 53.1 + 6.5 89.4 + 11.0 * 128.7 + 12.6 164.6 + 16.3 
 500 6.1 + 0.5 6.5 + 0.9 17.5 + 1.9 48.4 + 3.4 82.4 + 5.7 126.8 + 9.0 166.2 + 10.5 
 1800 5.4 + 0.5 5.3 + 0.5 ** 12.2 + 2.3 ** 42.1 + 5.1 *** 64.0 + 8.1 ***   99.7 + 9.8 *** 132.7 + 12.5 *** 

  Week 7 Week 8 Week 9 Week 10 Week 11 Week 12 Week 13 

  PND 44-50 PND 51-57 PND 58-64 PND 65-71 PND 72-78 PND 79-85 PND 86-92 
Control 0 212.5 + 21.0 253.5 + 27.7 292.5 + 26.1 318.4 + 28.5 340.4 + 28.7 351.7 + 33.3 364.5 + 37.1 
Myclobutanil 100 205.8 + 17.9 245.1 + 28.1 270.8 + 44.0 * 300.0 + 51.2 327.0 + 37.7 343.7 + 33.9 356.6 + 33.7 
 500 208.2 + 21.4 252.8 + 25.1 282.1 + 36.5 306.0 + 34.1 326.0 + 47.9 349.0 + 31.4 362.6 + 29.7 
 2000 191.7 + 18.1 *** 223.2 + 30.8 *** 252.4 + 28.8 *** 272.7 + 35.8 *** 289.0 + 39.9 *** 309.4 + 33.0 *** 321.0 + 35.6 *** 

Propiconazole 100 217.9 + 18.3 261.8 + 23.6 296.3 + 27.7 320.7 + 25.1 345.7 + 29.0 359.1 + 34.0 374.6 + 34.7 
 500 211.0 + 22.4 254.3 + 26.4 289.1 + 29.1 317.1 + 31.2 340.3 + 34.2 355.0 + 34.4 369.0 + 35.7 
 2500 196.9 + 16.1 *** 232.1 + 25.4 *** 270.4 + 18.5 ** 295.8 + 20.9 ** 317.3 + 22.4 ** 331.5 + 22.9 ** 345.3 + 24.8 * 

Triadimefon 100 208.9 + 24.6 * 251.2 + 24.3 280.4 + 35.5 306.5 + 30.6 326.7 + 32.4 342.4 + 32.2 359.5 + 34.1 
 500 202.3 + 12.3 ** 240.5 + 14.2 271.1 + 18.0 300.2 + 19.5 322.0 + 22.9 336.6 + 24.5 350.4 + 26.3 
 1800 158.0 + 16.5 *** 182.3 + 30.2 *** 208.5 + 28.1 *** 225.8 + 29.4 *** 240.1 + 41.4 *** 258.1 + 34.8 *** 273.8 + 30.9 *** 
 
Body weights in grams presented as mean + SD.  ppm, parts per million; PND, postnatal day. 
* p<0.05; ** p<0.01; *** p<0.001.   
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Table 3 Survival rates. 

Treatment ppm Litter size Total litters Total litters           
with deathsa 

Litters lost     
entirelyb 

Offspring          
total 

Offspring      
deaths 

Percent       
survival 

Control 0 9.8 + 1.34 27 3 1 276 12 95.65 
Myclobutanil 100 10.1 + 2.18 17 2 1 172 13 92.44 
 500 9.0 + 2.52 19 4 1 171 11 93.57 
 2000 7.5 + 3.13 30 18 1 230 40      82.61 *** 

Propiconazole 100 9.3 + 2.19 18 1 0 167 3 98.20 
 500 8.6 + 2.56 15 1 0 129 1 99.22 
 2500 9.2 + 2.06 20 4 1 184 12 93.48 

Triadimefon 100 8.5 + 2.38 21 6 0 180 7 96.11 
 500 8.9 + 2.00 15 1 0 133 1 99.25 
 1800 7.8 + 2.49 21 18 9 165 87      47.27 *** 
 

Litter size presented as mean + SD.  ppm, parts per million; PND, postnatal day. 
a Litters with one or more deaths within the litter.  
b Entire litter lost, subset of total litters with deaths.  
*** p<0.001.   
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Table 4 Triazole dose, age and body weight at preputial separation.   

Treatment ppm Dose at PPS  
(mg/kg/day) 

PND of PPS  
(PND + SEM) 

Body weight on PND of PPS 
(g + SD) 

Body weight on PND43 
(g + SD) 

Control 0 0.0 + 0.0 42.5 + 0.27 168.01 + 2.14 174.37 + 2.38 

Myclobutanil 100 12.2 + 1.0 42.5 + 0.30 166.05 + 2.30 170.54 + 2.89 
 500 57.7 + 7.7 41.9 + 0.31 163.32 + 3.01 170.77 + 2.98 
 2000 244.1 + 18.8 42.7 + 0.34      154.83 + 2.15 ***      156.34 + 2.65 *** 

Propiconazole 100 11.9 + 2.5 42.5 + 0.27 171.84 + 2.50 177.61 + 2.68 
 500 61.5 + 5.9 42.9 + 0.39 169.35 + 2.64 170.49 + 2.87 
 2500 311.2 + 27.2 43.2 + 0.30   160.21 + 2.32 *      159.26 + 2.84 *** 

Triadimefon 100 12.6 + 1.8 41.9 + 0.22 161.80 + 2.35 166.29 + 2.69 
 500 61.3 + 5.7 42.2 + 0.28  161.54 + 1.71* 167.12 + 2.89 
 1800 207.6 + 32.8      47.4 + 0.44 ***      145.77 + 3.20 ***      131.41 + 3.56 *** 
 
Body weights presented as mean + SD.  ppm, parts per million; PND, postnatal day. 
* p<0.05; ** p<0.01; *** p<0.001.   
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Table 5 Liver weights.   

  PND 1 PND 22 PND 50 PND 92 
Diet ppm Absolute (g) Relative (%) Absolute (g) Relative (%) Absolute (g) Relative (%) Absolute (g) Relative (%) 
Control 0 0.26 + 0.01      4.00 + 0.09 1.89 + 0.12      4.14 + 0.15 10.84 + 0.30      5.04 + 0.07 14.59 + 0.52      3.91 + 0.11 

Myclobutanil 100 0.29 + 0.01      4.00 + 0.10 2.01 + 0.10      3.97 + 0.10 10.43 + 0.33      5.01 + 0.06 13.57 + 0.56      3.85 + 0.05 
 500 0.27 + 0.02      4.21 + 0.08 2.28 + 0.15      4.19 + 0.18 10.13 + 0.27      5.03 + 0.05 14.59 + 0.85      4.09 + 0.09 
 2000 0.33 + 0.01 **      4.52 + 0.10 ** 2.04 + 0.14      4.30 + 0.17 11.04 + 0.32      5.62 + 0.07 *** 14.50 + 0.83      4.26 + 0.09 * 

Propiconazole 100 0.26 + 0.01      4.21 + 0.06 2.13 + 0.09      4.03 + 0.08 10.96 + 0.39      5.01 + 0.10 14.90 + 1.01      4.05 + 0.16 
 500 0.29 + 0.01      4.14 + 0.06 2.01 + 0.13      3.90 + 0.12 10.74 + 0.47      5.15 + 0.11 15.43 + 0.81      4.17 + 0.15 
 2500 0.30 + 0.02      4.62 + 0.07 *** 1.92 + 0.12      4.20 + 0.13 12.67 + 0.36 *      6.34 + 0.09 *** 16.59 + 0.50      4.84 + 0.06 *** 

Triadimefon 100 0.25 + 0.02      4.17 + 0.13 ** 2.01 + 0.08      4.10 + 0.13 10.17 + 0.64      5.04 + 0.10 14.12 + 0.70      3.89 + 0.09 
 500 0.30 + 0.01      4.62 + 0.09 *** 2.04 + 0.06      4.17 + 0.08 10.74 + 0.26      5.33 + 0.06 ** 13.78 + 0.42      4.00 + 0.13 
 1800 0.25 + 0.02      4.70 + 0.42 *** n/a                   n/a n/a                    n/a 13.60 + 0.70      4.94 + 0.09 *** 
 
Absolute weight in grams, relative weight adjusted for body weight.  Weights presented as mean + SEM.  T1800 animals were not available (n/a) 
for PND 22 or PND 50 assessments.  ppm, parts per million; PND, postnatal day.    
* p<0.05; ** p<0.01; *** p<0.001 
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Table 6 Testis and accessory sex gland weights. 
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Absolute weight in milligrams or grams, relative weight adjusted for body weight.  Data are presented as mean + SEM.  T1800 animals were not 
available (n/a) for PND 22 or PND 50 assessments.  ppm, parts per million; PND, postnatal day; Relative, percent body weight. 
* p<0.05; ** p<0.01; *** p<0.001. 
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Table 7 Pituitary and brain weights.   

  PND1 PND22 PND50 PND92 

Treatment ppm Brain (%) Brain (%) Pituitary 
(%) E-03 

Ratio         
E-04 

Brain (%) Pituitary (%)   
E-03 

Ratio         
E-04 

Brain (%) Pituitary (%)   
E-03 

Ratio      
E-04 

Control 0 4.78 + 0.72 3.18 + 0.13 5.80 + 0.40 18.36 0.86 + 0.02 3.30 + 0.16 36.82 0.53 + 0.01 2.71 + 0.08 51.53 

Myclobutanil 100 4.61 + 0.19 2.90 + 0.12 5.33 + 0.58 18.92 0.88 + 0.02 3.15 + 0.18 36.11 0.54 + 0.02 2.61 + 0.10 48.11 
 500 5.38 + 0.76 2.61 + 0.15 4.19 + 0.63 17.75 0.88 + 0.03 3.60 + 0.19 40.89 0.54 + 0.01 2.23 + 0.11 *** 42.86 ** 
 2000 4.51 + 0.23 3.16 + 0.11 4.77 + 0.38 15.36 0.93 + 0.04 2.97 + 0.22 33.93 0.58 + 0.03 2.43 + 0.16 *** 43.05 ** 

Propiconazole 100 4.91 + 0.30 2.67 + 0.08 ** 4.06 + 0.62 19.14 0.80 + 0.01 * 3.65 + 0.30 45.63 0.52 + 0.01 2.61 + 0.14 49.64 
 500 4.49 + 0.25 2.92 + 0.08 4.68 + 0.55 16.47 0.81 + 0.02 * 3.31 + 0.28 40.73 0.51 + 0.02 * 2.76 + 0.14 54.43 
 2500 4.57 + 0.35 3.23 + 0.12 5.31 + 0.82 16.91 0.88 + 0.01 3.46 + 0.22 39.20 0.56 + 0.01 2.68 + 0.07 48.00 

Triadimefon 100 4.91 + 0.28 3.07 + 0.10 5.07 + 0.61 16.76 0.89 + 0.04 3.26 + 0.37 36.27 0.54 + 0.02 2.48 + 0.13 46.52 
 500 5.02 + 0.36 2.96 + 0.05 4.85 + 0.48 16.37 0.88 + 0.01 3.00 + 0.32 34.25 0.55 + 0.01 2.32 + 0.17 42.60 
 1800 4.38 + 0.16 n/a n/a n/a n/a n/a n/a 0.63 + 0.03 ** 2.69 + 0.22 43.82 
 
Brain and pituitary weights presented as percentage of body weight, data presented as mean + SEM.  Pituitary to brain weight ratio is based on 
absolute tissue weights.  Pituitary weights were unavailable at PND1; T1800 animals were not available (n/a) for PND 22 or PND 50 assessments.  
ppm, parts per million; PND, postnatal day.  
* p<0.05; ** p<0.01; *** p<0.001. 
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Table 8 Liver histopathology.  

  PND50 PND92 
Treatment ppm Incidence (mean 

grade + SD) 
Incidence (mean 
grade + SD) 

Control 0 0/5 0/5 

Myclobutanil 100 0/5 0/5 
 500 1/5 (1.0 + 0.0) 0/5 
 2000 1/5 (1.0 + 0.0) 2/5 (0.4 + 0.6) 

Propiconazole 100 0/5 0/5 
 500 0/5 0/5 
 2500 4/5 (1.4 + 1.5) 2/5 (0.8 + 1.1) 

Triadimefon 100 1/5 (1.0 + 0.0) 0/5 
 500 4/5 (0.8 + 0.5) 0/4 
 1800 n/a 4/4 (3.0 + 1.2) 

 
Lesions grades based on severity of hepatocyte hypertrophy (see Methods).  Data presented as ratio 
of samples with lesions.  Parenthetical values indicate the average lesion grade + SD of the subset of 
animals with lesions.  ppm, parts per million; PND, postnatal day. 
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Table 9 Breeding performance of male rats exposed to triazole antifungals.   
Treatment ppm Sperm positive 

females 
Insemination 

Index 
Pregnant 
femalesa 

Fertility 
Index 

Percent 
Fertilityb 

Post implantation loss 
(%)c 

Sperm 
Morphology % 
normal + SEM 

Sperm Motility 

         VAPd STRe 
Control 0 19/21 90.5 19/19 100.0 84.97 6.61 88.0 + 0.7 136.3 79 

Myclobutanil 100 11/11 100.0 11/11 100.0 81.24 11.76 88.1 + 0.8   
 500 7/11 63.6 5/7 (6/11) **     54.5 ** 85.86 8.41 87.8 + 1.1   
 2000      5/16 ***      31.3 *** 3/5 (4/16) ***      25.0 *** 82.06 9.42 87.3 + 1.4 134.0 79 

Propiconazole 100 15/16 93.8 14/15 93.3 90.03 6.92 87.3 + 0.8   
 500 13/13 100.0 13/13 100.0 86.19 12.41 88.7 + 0.6   
 2500 12/15 80.0 11/12 91.7 84.62 9.29 88.8 + 1.1 132.7 78 

Triadimefon 100 14/16 87.5 13/14 
(14/16) 

87.5 76.23 13.77 88.4 + 1.2   

 500 8/12 66.7 8/8 (9/12) 75.0 83.97 10.91 87.3 + 1.4   
 1800      1/13 ***      7.7 ***      0/0 ***      0.0 *** - - 86.8 + 1.1 138.4 75 
 
Insemination index: percent of inseminated females to number of females mated.  Fertility index: percent of pregnant females to number of 
females mated.  Parenthetical values: include litters born to false negative sperm checks.  ppm, parts per million. 
a number of sperm positive matings with litters. 
b number of live fetuses/ number of corpora lutea.   
c number of implants/ live fetuses. 
d Smooth Path Velocity (�m/ sec) 
e Straightness (%), ratio of Straight Line Velocity/ Smoothed Path Velocity 
* p<0.05; ** p<0.01; *** p<0.001. 
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Table 10 Modes of action and potential mechanisms of triazole-induced reproductive toxicity. 

Modes of Action Potential Mechanisms Observed Effects Triazole LOEL 

(mg/kg/day) 

NOEL 

(mg/kg/day) 

Myclobutanil a 133.9 32.9 
Propiconazole a 31.9 6.7 

Altered steroid 
homeostasis 

Increased testicular 
steroidogenesis (e.g., CYP17). 
 
Decreased liver steroid 
metabolism. 

Elevated serum testosterone 
Increased testis weight 
Increased AGD 
Hepatomegaly 
Delayed puberty 

Triadimefon a 33.1 6.5 

Myclobutanil b 32.9 6.1 
Propiconazole  - - 

Reduced 
insemination and 
fertility indices 

Demasculinization of SNB.d 
Reduced copulatory behavior. 

Failure to ejaculate 
Reduced pregnancy rate 

Triadimefon b 139.1 33.1 

Myclobutanil c 32.9 6.1 
Propiconazole  - - 

Altered 
neuroendocrine 
function 

Elevated steroid hormones 
during development; reduction 
in GnRH cell function. 

Decreased pituitary weight 

Triadimefon  - - 
 

a Lowest observed effect level (LOEL) and no observed effect level (NOEL) based on serum testosterone at PND92.   
b LOEL and NOEL based on fertility index at PND92 
c LOEL and NOEL based on pituitary weight at PND92 
d Spinal nucleus of the bulbocavernosus 
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Figure 1 Increase in AGD at PND0 following gestational exposure to triazoles.  AGD is given in 
millimeters + SEM. * p<0.05; ** p<0.01; *** p<0.001. 
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Figure 2 Serum testosterone at PND50 and PND92/99 following exposure to triazoles.  Serum 
testosterone values in ng/ml + SEM, weights in grams + SEM.  * p<0.05; ** p<0.01; *** p<0.001.
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Figure 3 Insemination (A) and Fertility (B) index for male rats exposed to triazoles.  * p<0.05; ** 
p<0.01; *** p<0.001. 
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Figure 4 Effects of triazoles on hormones and enzymes of the hypothalamo-pituitary-gonadal (HPG) 
and thyroid (HPT) axes and the liver.  Arrows between tissues indicate directional influence of 
hormones within the axes.  Effects on gonadotropin releasing hormone (GnRH), thyrotropin releasing 
hormone (TRH), thyroid stimulating hormone (TSH), luteinizing hormone (LH), follicle stimulating 
hormone (FSH), triiodothyronine (T3), thyroxine (T4), cytochrome P450 enzymes (P450), and 
xenobiotic metabolizing enzymes (XME) are indicated by � (increased), � (decreased), NC (no 
change) or ND (not determined).  Testosterone and thyroid hormones act back on the hypothalamus 
and pituitary creating a negative feedback loop to regulate hormone release (not shown). 
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MECHANISMS OF TRIAZOLE ANTIFUNGAL REPRODUCTIVE TOXICITY 

INFERRED FROM TOXICOGENOMICS  
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INTRODUCTION 

 

Results from the reproduction and fertility study demonstrated that all three triazoles caused 

an increase in serum testosterone levels, however the onset and degree of effect on the hormone 

measures varied by triazole treatment (Goetz et al., 2007).  This evidence combined with reduced 

fertility, hepatomegaly, and changes in pituitary weights generated additional hypotheses about 

disruption in testosterone homeostasis as a key mode of action in the reproductive toxicity caused by 

these triazoles.  The mechanisms of triazole toxicity in androgen-dependent tissues, disruption in 

testosterone homeostasis and reduced fertility still remained unclear.   

Strength for using a genomics approach is that gene expression analysis offers a multivariate 

data set that can increase the probability of generating unique profiles associated with exposure and 

effects.  The hypothesis to this approach is that similarities among gene expression profiles will 

indicate shared mechanisms of action and toxicological responses among the triazoles compared.   

To test the hypotheses that steroid metabolism in the liver and testicular steroidogenesis 

were disrupted by triazoles, a toxicogenomic experiment was designed to examine gene expression 

changes within the liver and testis of the adult males.  Parallel gene expression characterization 

coupled with traditional assessments of compounds provides additional important mechanistic 

information, and a means to increase the accuracy of risk assessment.  The utility of this approach is 

illustrated in this study by convergence of serum hormone levels, reproduction assessment and 

transcript level profiles of the three antifungal triazoles.   
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MATERIALS AND METHODS 

 

Developmental exposure study.  Wistar Han IGS rats were exposed to myclobutanil, 

propiconazole, or triadimefon from gestation day (GD) 6 through post natal day (PND) 92.  Control 

animals were fed 5002 Certified Rodent Diet with acetone vehicle added.  Treatment groups received 

feed containing either myclobutanil (M: 500 or 2000 ppm), propiconazole (P: 500 or 2500 ppm), or 

triadimefon (T: 500 or 1800 ppm).  Dams began treated feeds on GD6, continuing through gestation, 

parturition, and lactation.  The F1 generation continued on the same treated feed diets upon weaning 

(PND23).  One male from each litter was necropsied at PND92 for transcriptional profiling analysis.   

 

RNA isolation.  Total RNA was extracted from PND92 liver and testis of individual Wistar Han IGS 

rats of the mid dose (M500, P500, T500 ppm) and high dose (M2000, P2500, T1800 ppm) treatment 

groups using TRI Reagent (Molecular Research Center Inc., Cincinnati, OH) according to the 

manufacturer’s protocol and subjected to rigorous quality control before application to microarrays.  

For quality control, RNA A260:A280 ratios were assessed via NanoDrop Fluorospectrometer (NanoDrop 

Technologies, Inc., Wilmington, DE).  RNA absorbance readings with a range 1.8 - 2.1 were followed 

with DNase treatment, Total RNA Cleanup (Qiagen RNeasy), and then checked for RNA quality using 

the model 2100 Bioanalyzer (Agilent Technologies Inc., Palo Alto, CA).  Those samples with a ratio of 

28S:18S rRNA >1.6 were accepted for subsequent use in DNA microarrays.  RNA was stored at -

80ºC until labeling for microarray hybridization.   

 

Affymetrix GeneChip® Rat Genome 230 2.0 Arrays.  The Rat 230 2.0 GeneChip contains 31,042 

probe sets, designed to analyze the expression level of over 30,000 transcripts and variants from 

over 28,000 validated rat gene targets.  Sequences used in the design of the microarrays were 

selected from GenBank®, dbEST, and RefSeq.  The sequence clusters were created from the 

UniGene database (Build 99, June 2002) and refined by analysis and comparison with the publicly 

available draft assembly of the rat genome from the Baylor College of Medicine Human Genome 

Sequencing Center (June 2002).  Oligonucleotide probes (25-mer probe length) complementary to 

each corresponding sequence were fabricated using in situ synthesis of short oligonucleotide 

sequences (on a small glass chip) using light directed synthesis.  Eleven to 20 pairs of 

oligonucleotide probes were used to measure the level of transcripts for each sequence represented 

on the Rat Genome 230 2.0 GeneChip.  The group of probes corresponding to a given gene or small 

group of highly similar genes is known as the probe set and generally spans a region of about 600 

bases, known as the target sequence.  Many copies of each oligomer were synthesized in discrete 

features (cells) on the GeneChip array.  Hybridization control sequences used include bioB, bioC, 

bioD, and cre.  Poly-A controls include dap, lys, phe, and thr.  Housekeeping/ control genes used are 
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glyceraldehyde-3-phosphate dehydrogenase (GAPDH), beta-Actin, and hexokinase 1.  Detection 

sensitivity on the GeneChip is 1:100,000 (Affymetrix, Santa Clara, CA).   

 

Microarray hybridization and scanning.  Five micrograms of purified total RNA from each liver or 

testis of 3-7 individual rats per treatment group was hybridized to Affymetrix GeneChip® Rat Genome 

230 2.0 arrays according to the Affymetrix GeneChip Expression Analysis Technical Manual 

(www.affymetrix.com).  Briefly, after purified RNA passes quantity and quality assessment (A260/A280 

ratio with range 1.8 to 2.1 acceptable), double stranded cDNA was synthesized from RNA using 

reverse transcriptase and an oligo-dT primer.  The cDNA serves as template in an in vitro 

transcription (IVT) reaction that produces amplified amounts of biotin-labeled antisense mRNA.  This 

biotinylated RNA (labeled cRNA) serves as the microarray target.  The cRNA was fragmented using 

heat and magnesium (Mg+2), reducing the cRNA to 25-200 base fragments to facilitate efficient and 

reproducible hybridization.  cRNA was combined with the hybridization cocktail, containing 3 nM B2 

control oligo, 10 mg/ml Herring Sperm DNA, 50 mg/ml BSA, 100% DMSO, and 2X hybridization 

buffer (NaCl 5M, MES hydrate Sigma Ultra, MES Sodium Salt, EDTA Disodium Salt 0.5M, 10% 

Tween-20).  GeneChips were hybridized at 45°C for 16 hours.  After hybridization the chip was 

washed and stained with fluorescent streptavidin-phycoerythrin, binding to biotin for detection.  Signal 

amplification using anti-Streptavidin antibody (goat) and biotinylated goat IgG antibody was used to 

bind biotin and provide an amplified fluor that emits light when the chip is scanned with a confocal 

laser, GeneChip® Scanner 3000.  The amount of light emitted at 570 nm is proportional to the bound 

target at each location on the probe array. 

 

Microarray analysis procedures.  The scanned image of each microarray was saved as a .dat file, 

containing the raw image of the array.  Scanned images may differ in overall signal intensity due to 

non-biological factors such as the total amount of target hybridized to the array and the amount of 

stain applied.  To minimize such non-biological differences, the signal values were normalized from 

each array to achieve comparable overall intensity between arrays.  The signal values of each 

individual hybridization were multiplied by a scaling factor (SF) to make the trimmed mean intensity 

equal to 500.  The scaling factor is unique to each hybridization and typically below an SF of 10. 

The .dat file was converted into a .cel file containing the processed cell intensities from the 

primary image, assigning x,y coordinates to each cell (i.e. probe) on the array, and calculating the 

representative intensity of each cell.  The .cel file data can then be used with different expression 

algorithms.  The .cel files were loaded into JMP Genomics, Log2 transformed, normalized using 

interquartile normalization, and analyzed for significant changes through row-by-row modeling using 

one-way ANOVA (described below).  For initial exploratory analysis, principle component analysis 

(PCA) was applied using JMP Genomics.  Comparisons were made between controls and each 

treatment group with statistical cut-offs applied at a p-value adjusted false discovery rate (FDR) of 
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10%, p<0.000724 for liver, a p-value adjusted FDR of 25%, p<0.000229 for testis, and a fold change 

of |1.2| or greater. 

 

JMP Genomics data set creation.  See appendix A for procedures used in JMP Genomic analysis. 

 

Quality control analysis.  Quality control (QC) assessment is a crucial first step in successful data 

analysis.  It is essential to check for problems with sample processing and ensure that the 

microarrays are of sufficient quality to guarantee reliable data for the study before any comparisons 

are performed.  Several hybridization QC measures are taken for each microarray to assure the data 

is reliable.  The ratio of the signal obtained from the probe sets corresponding to the 3’ end of the 

targets Actin and GADPH relative to that obtained for probe sets from the 5’ end of Actin and 

GADPH, respectively, is a QC measure used to normalize the quantity of RNA on the microarrays.  

The QC scaling factor (SF) works as a signal intensity multiplier to adjust the average intensity to a 

preset level (default 500).     

 

JMP Genomics normalization of GeneChips®.  The SAS based program JMP Genomics (SAS 

Institute, Cary, NC) was used to evaluate data distribution of pre- and post-normalized microarrays to 

assess the quality of the data, ensuring reliable results from the proceeding steps of analysis.  To 

remove technical variation within and across the microarrays, the data standardization method of 

interquartile normalization was used to average the intensities across the microarrays.  Values for the 

original intensity measure for each probe within each probe set, the median intensity, and the 

interquartile range between 25% and 75% quartiles are used in the following equation: 

 

 

 

 

Analysis of differentially express genes.  Row-by-row modeling was performed, using one way 

ANOVA to compare the mean response of treatments to their appropriate controls to determine 

significant changes in gene expression.  Probe sets representing Transcribed loci, unknown genes, 

and image clones were removed from the final list of each analysis.   

 

Ingenuity Pathways Analysis.  The Ingenuity Pathways Analysis (IPA) program transforms a list of 

genes into a set of relevant networks based on extensive knowledge of each gene maintained with 

the Ingenuity Pathways Knowledge Base (IPKB).  The network generation algorithm is under user 

control allowing only defined genes of interest (focus genes, p<0.05) to be used in network 

generation (Ingenuity® Systems, www.ingenuity.com).   

result = original - location 

scale 

result = original intensity – median intensity 

interval quartile range 
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Each dataset containing gene identifiers (Affymetrix Probe Set ID) and corresponding fold 

change and p-values was uploaded into Ingenuity Pathways Analysis (IPA) application.  Each Probe 

Set ID was mapped to its corresponding gene object in the IPKB.  A fold change cutoff of |1.2| and p-

value cutoff based on the dataset p-value adjusted FDR, were set to identify genes whose expression 

was significantly differentially regulated.  These genes, called Focus Genes, were overlaid onto a 

global molecular network developed from information contained in the IPKB.  Networks of these 

Focus Genes were then algorithmically generated based on their connectivity. 

 The Functional Analysis identified the biological functions that were most significant to each 

dataset.  Genes from a given dataset that met the fold change cutoff of |1.2| and p-value cutoff based 

on the dataset p-value adjusted FDR were associated with biological functions in the IPKB were 

considered for analysis.  Fischer’s exact test was used to calculate the p-value determining the 

probability that each biological function assigned to that data set is due to chance alone. 

 Canonical pathways analysis identified the pathways from the Ingenuity Pathways Analysis 

library of canonical pathways that were most significant to the data set.  Genes from the data set that 

met the fold change cutoff of |1.2| and p-value cutoff based on the dataset p-value adjusted FDR, and 

were associated with a canonical pathway in the IPKB, were considered for analysis.  The 

significance of the association between the data set and the canonical pathway was measured in two 

ways: 1) a ratio of the number of genes from the dataset that mapped to the pathways divided by the 

total number of genes that mapped to the canonical pathway was displayed.  2) Significance is 

calculated using the right-tailed Fisher’s Exact Test by comparing the number of focus genes that 

participate in a given pathway, relative to the total number of occurrences of these genes in all 

pathway annotations in the IPKB.  Using this methodology, only over-represented pathway 

annotations are shown, those containing more focus genes than expected by chance.  The p-value is 

not an indication of the quality or significance of the pathway, it calculates the approximate fit 

between each pathway and the focus genes defined by the input dataset, allowing the user to rank 

accordingly. 

 

Quantitative PCR Validation Assays.  TaqMan
©
-based quantitative reverse transcription 

polymerase chain reaction (qRT-PCR,) was used to determine the relative levels of ABCB1, CYP1A1, 

CYP2B1/2, CYP3A1, CYP3A2, CYP4A1, and UGT1A1 mRNA in each treatment group.  Primer/probe 

sets specific for each enzyme were utilized (Applied Biosystems, Foster City, CA). A two-step RT-

PCR process was performed by initial reverse transcription of approximately 200 ng of total RNA in a 

60 µL reaction using the High Capacity cDNA Archive Kit (Applied Biosystems, Foster City, CA), 

followed by quantitative PCR amplifications with isoform-specific primer/probe sets on 2 µL of each 

reverse transcribed cDNA.  The reactions were characterized by the point during the PCR 

amplification at which the fluorescence of the product crosses a defined threshold (CT, automatically 

determined by the PE Applied Biosystems ABI 7900HT Sequencer software), and inspected to 
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ensure all CT values were within the linear phase (log scale) of exponential growth for all targets.  CT 

values were determined for both target CYP genes and an endogenous control gene, �-actin, and 

each sample was normalized to both � -actin control and to a vehicle control (0.1% DMSO).  A 

difference of one CT was considered equivalent to a two-fold difference in gene expression 

(exponential relationship, i.e. RQ = 2-DDCt).  Sample means for each replicate were determined 

along with the standard error of the mean (if appropriate) and percent of adjusted positive control.  

Relative fold changes in mRNA content were analyzed using the Kruskal-Wallis nonparametric 

ANOVA with Dunn’s multiple comparisons post test, measures with p<0.05 were considered 

significant. 
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RESULTS 

 

GeneChip QC analysis. 

The overlayed kernel density estimates in Figures 1A and 2A show the raw intensity values at 

the probe level.  Microarrays with a SF greater than 15.0 (Liver: M2000_01, P500_03, P500_04; 

Testis: Control_01, M500_01, T1800_01) are representative of microarrays with a low intensity 

across the chip.  This is likely due to overly stringent washing conditions during the post-hybridization 

step (personal communication, Dec6, 2006).  Figures 1B and 2B display the distribution of intensities 

for all microarrays (liver: 35 total, testis: 34 total) after interquartile normalization.  Microarrays with a 

SF greater than 15.0 were removed to reduce technical variation within and across the treatment 

groups.  Figures 1C and 2C display the distribution of intensities after removal of the outliers showing 

the even distribution of intensity across the microarrays (liver: 32 total, testis: 31 total). 

 

Probe set level analysis in the liver. 

Principle components analysis (PCA) applied to the normalized dataset showed individual 

microarray grouping by treatment group, with largest variation in controls, M500 and T1800 (Figure 

3).  Gene expression changes were determined using one-way ANOVA and a false discovery rate of 

10% as the multiple testing correction method to control the familywise error rate.  The FDR of 10% 

(�=0.10) generated a p-value cutoff of 0.000724 and was considered an ideal cutoff in order to obtain 

a subset of 1,043 differentially expressed probe sets for use in pathway and gene-level analyses.  Of 

those probe sets, 455 had a fold change of |1.2| or greater, removing probe sets that interrogated 

unknown genes or transcribed loci, the final list of probe sets equaled 308 (Table 1).  An ANOVA 

analysis using a conservative FDR of 5% generated a shorter list of 301 probe sets.  After removal of 

probe sets interrogating unknown genes or transcribed loci, 147 passed the fold change criteria.   

 

Pathway level analysis of gene expression in the liver. 

To identify common biological processes affected by the three triazoles, pathway analysis 

was accomplished using Ingenuity Pathways Analysis.  The entire liver dataset (31,099 probe sets) 

was uploaded into the IPA application.  The fold change of |1.2| or greater and p-value <7.24E-4 was 

used to identify genes whose expression was differentially regulated.  In the liver dataset, 180 of the 

308 significant probe sets mapped to the IPKB.  These focus genes were overlayed onto a global 

molecular network developed from information contained in the IPKB.  Table 2 shows the pathways 

affected by the three triazoles.  Several metabolic pathways are common across all three triazoles 

including androgen and estrogen, arachidonic acid, fatty acid, glycerolipid, linoleic acid, tryptophan, 

and xenobiotic metabolism.  There are additional pathways affected by just one or two of the 

triazoles.  These differences in pathways modified by triazole treatment suggest there are distinct in 

addition to the several common mechanisms of action occurring within the liver. 
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Gene expression analysis in the liver. 

 Global expression analysis was conducted to elucidate the genes involved within complex 

regulatory pathways associated with triazole toxicity in the liver.  Using the pathways highlighted in 

IPA’s analysis (180 genes mapped to the IPKB), the larger set of 308 genes were cross examined 

using their known functions to encompass all affected biological processes.  Table 4 shows the 

subset of genes differentially expressed by all three triazoles.  The majority of genes common to the 

three triazoles are involved in lipid/ fatty acid metabolism, ion transport, transcription or xenobiotic 

metabolism.  Table 6 in appendix B lists a larger subset of the 308 differentially expressed genes by 

their known biological functions.   

 Focusing on the pathways highlighted above, a closer look was taken at the genes involved 

in three main pathways: fatty acid metabolism, sterol biosynthesis and steroid metabolism.  Figure 4 

shows the fatty acid metabolism pathway.  Myclobutanil and propiconazole decreased transcript 

levels of phosphatidic acid phosphatase type 2B (Ppap2b), a key enzyme in glycerolipid metabolism 

involved in triglycerol formation.  Propiconazole and triadimefon decreased transcript levels of 

pyruvate carboxylase (Pc), the initiating enzyme in the citric acid cycle, catalyzing the carboxylation of 

pyruvate into oxaloacetate for later ATP synthesis.  Triadimefon increased transcript levels of acyl-

CoenzymeA synthetase (Acsl3) and enoyl Coenzyme A hydratase (Echdc1) involved in the latter part 

of fatty acid metabolism.  These enzymes are important for the catalytic conversion of palmitate to 

Acetoacetyl-CoenzymeA which is the precursor leading into sterol biosynthesis. 

 Figure 5 shows the sterol biosynthesis pathway and key enzymes involved in the 

biosynthesis of cholesterol.  Triadimefon was the only triazole to have a significant impact on gene 

expression within this pathway.  Beginning with 3-hydroxy-3-methylglutaryl-Coenzyme A reductase 

(Hmgcr) and mevalonate kinase (Mvk), triadimefon increased the transcript levels of several sterol 

biosynthesis dependent enzymes.  Squalene epoxidase (Sqle) was increased by both doses of 

triadimefon (33.1 and 139.1 mg/kg/day) indicating Sqle is more sensitive to triadimefon relative to the 

other genes in this pathway. 

 Figure 6 shows the steroid metabolism and bile acid biosynthesis pathways and some key 

enzymes involved in each biological process.  Both steroid 5 alpha-reductase (Srd5a1) in the main 

bile acid biosynthesis and CYP7B1 in the alternative pathways are decreased by triadimefon and 

propiconazole treatment, respectively.  Although the two triazoles are targeting different transcripts, 

both enzymes are involved in primary bile acid synthesis.  Propiconazole also decreased the 

transcript levels of inositol 1,4,5-triphosphate receptor 2 (Itpr2) which is involved in intracellular 

calcium homeostasis.  Disruption in Itpr2 levels could potentially disrupt proper bile duct secretion of 

bile acids and thus propiconazole metabolites from the liver.  The transcript levels for several uridine 

diphosphate glucuronosyltransferases (Ugt1a, Ugt2a1, Udpgtr2) were increased by all three triazoles 
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demonstrating increased metabolism of steroids as well as xenobiotics.  Increased expression of 

hydroxysteroid 17� dehydrogenase (Hsd17b7) by triadimefon indicated elevated androgen and 

estrogen metabolism in the liver. 

 Figure 7 shows the impact of triazoles on nuclear receptor regulated genes within the liver.  

There were several genes differentially expressed that are regulated by the constitutive androstane 

receptor (CAR), pregnane X receptor (PXR), aryl hydrocarbon receptor (AhR) as well the peroxisome 

proliferators activated receptor alpha (PPAR�) and liver X receptor (LXR).  The expression profiles of 

the genes regulated by CAR and/ or PXR are phase I, II, and III enzymes involved in fatty acid and 

xenobiotic metabolism, sterol biosynthesis, and cell cycle.  When CAR and PXR are activated, 

transcript levels of these genes are increased indicating activation of CAR and PXR.  The exceptions 

are Pc and Ppap2b which are down regulated upon induction of CAR, which is also seen in this 

study, again suggesting CAR is induced by triazoles.  Some genes with overlapping regulation by 

multiple receptors, in this case Alas1 expression, are regulated by CAR, PXR and LXR, and CYP1A1 

is regulated by AhR and CAR. 

 To gain a better understanding of the impact of nuclear receptors and their regulation of 

transcript levels observed in the liver, Figure 8 depicts various agonsits and antagonists of the CAR/ 

PXR and PPAR� receptors and the genes affected in this study.  Fatty acid metabolism, sterol 

biosynthesis and steroid metabolism are interrelated by the concerted effects of these nuclear 

receptors on each biological pathway represented. 

 

Probe set level analysis in the testis. 

Gene expression changes were determined using a one-way ANOVA and a false discovery 

rate of 25% (� = 0.25) which generated a p-value cutoff of 0.000229 yielding 169 differentially 

expressed probe sets.  Of those probe sets, 77 had a fold change of |1.2| or greater.  Removal of 

probe sets interrogating unknown or transcribed loci, the final list of probe sets equaled 70 (Table 1).  

An ANOVA analysis using a FDR of 10% defined one unknown gene; a FDR of 15% or 20% defined 

a short list of 10 genes.  The liberal cutoff was used in order to obtain a subset of genes for pathway 

analysis.  It is clear, however, from the ANOVA that there were either large variations within treatment 

groups, or very small changes in gene expression within the testis.   

 

Pathway level analysis of gene expression in the testis. 

To identify common biological processes affected by the three triazoles, pathway analysis 

was accomplished using Ingenuity Pathways Analysis.  The entire testis dataset (31,099 probe sets) 

was uploaded into the IPA application.  The fold change of |1.2| or greater and p-value <2.29E-4 was 

used to identify genes whose expression was differentially regulated.  In the testis dataset, 50 of the 

72 significant probe sets mapped to the IPKB.  These focus genes were overlaid onto a global 

molecular network developed from information contained in the IPKB.  Table 3 shows the pathways 
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affected by the three triazoles.  There are no common pathways affected by all three triazoles, 

however, propanoate and �-alanine metabolism and the valine, leucine, isoleucine degradation 

pathways were modulated by the two reproductive toxicants myclobutanil and triadimefon.  The 

common gene affected within this pathway, encoding for acetyl-CoenzymeA (Acadl) dehydrogenase 

was increased (Table 5). 

 

Gene expression analysis in the testis. 

 Global expression analysis was conducted to elucidate the genes involved within complex 

regulatory pathways associated with triazole toxicity in the testis.  Using the pathways highlighted in 

IPA’s analysis (50 genes mapped to the IPKB), the larger set of 72 genes were cross examined using 

their known functions to encompass all affected biological processes.  Table 5 shows the subset of 

genes differentially expressed by two or more triazoles.  No one major biological process or function 

stood out, the range of genes modulated are known to function in lipid/ fatty acid and C21-steroid 

hormone metabolism, inflammatory response, intracellular signaling, or xenobiotic metabolism.  Table 

11 in appendix B lists a larger subset of the 72 differentially expressed genes by their known 

biological functions.  Due to the lax restraint used during the ANOVA analysis and the limited number 

of genes differentially expressed, these results are limited in defining any specific mechanisms of 

toxicity in the testis.  With respect to the number of genes modulated in the testis, propiconazole had 

a robust effect relative to myclobutanil and triadimefon, the two reproductive toxicants.  These results 

suggest that the effects observed were not related to the reproductive toxicity. 

 

Quantitative PCR. 

To further examine the common changes in gene expression, a subset of comparable genes 

identified for all three triazoles and additional CAR mediated genes were analyzed by qPCR for 

confirmatory and independent testing.  Quantitative PCR confirmed the increased relative fold of 

mRNA content  for CYPs 1A1 and 2B1/2 and a more definitive profile for CYP3A1 and Ugt1a1 (Table 

6).  CYPs 3A2 and 4A1 were not represented on the microarray.  The increase in CYP3A2 mRNA by 

myclobutanil and propiconazole in conjunction with increased CYP3A1 mRNA content by all three 

triazoles suggests PXR activation during long term exposure.  The profile of greatest fold increase by 

CYP2B1/2, then CYP1A1 and CYP3A1 indicates a stronger induction of CAR relative to PXR, 

representing a non-adaptive toxic response as a result of long term exposure.  The discrepancies 

between microarray and qPCR analysis of Abcb1 may be due to the sequences used in the separate 

assays.   
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DISCUSSION 

 

 Traditional endpoints used in the initial assessments of reproductive toxicity by myclobutanil, 

propiconazole, and triadimefon identified several potential modes of action.  The combination of 

increased serum testosterone levels by all three triazoles, increased AGD and testis weight, 

hepatomegaly, and decreased insemination and fertility indices strongly suggested disruption in 

testosterone homeostasis as a mode of toxicity.  However, the mechanisms involved in these effects 

remain unsolved.  This study was designed to test the hypothesis that disruption in testosterone 

homeostasis was a result of increased steroidogenesis in the testis and decreased steroid 

metabolism in the liver.  Applying this new level of understanding how triazoles induce their toxicities, 

gene expression profiling was utilized to examine complex regulatory pathways and their association 

with triazole toxicity in testis and liver.   

 To highlight the molecular biology findings inferred by the datasets, canonical pathway 

analysis was used to identify which focus genes interacted with each other and neighboring genes.  

IngenuityTM compared the number of focus genes from the input dataset with the number of genes 

matching within a given canonical pathway and determined which were most relevant (i.e. significant) 

to each dataset.  This enabled an overview of the multiple pathways modulated across triazole and 

dose.   

Common and distinct pathways were highlighted by each treatment in the liver and to a 

lesser degree in the testis.  The small number of differentially expressed genes within the testis was 

not refined to a few biological processes, preventing any definitive or meaningful interpretation from 

the data.  Broadening the gene list and overlaying the differentially expressed genes by all triazole 

treatment groups, propiconazole had the greatest impact on gene expression with effects ranging 

from immune response to oxidative stress and spermatogenesis.  However, statistical analysis using 

a FDR of 25% does not allow for faultless explanation. 

Normal testicular histology, sperm motility and morphology, and transcript levels of 

steroidogenic genes coupled with increased serum testosterone and reduced fertility and fecundity 

following myclobutanil and triadimefon treatment indicates the mechanisms of toxicity occur outside 

the testis.  Elevated levels in serum testosterone have been reported in several studies working with 

myclobutanil or triadimefon; however this was the first reported increase following propiconazole 

treatment (Blystone, 2006; Tully et al., 2006; U.S. EPA, 2006; Zarn et al., 2003).  Even though there 

was increased expression of steroid metabolizing enzymes in the liver, this does not necessarily 

indicate an increase in excretion of steroids.  There may be increased steroid binding to plasma 

proteins such as sulfonated steroids binding with albumin, or the feedback mechanisms are over-

compensating to cause an increase in hormone production.  However, there were no significant 

changes observed in the serum estrogen or LH levels in these adult males (Blystone, 2006).  

Disruption of the LH to testosterone ratio indicates a possible disruption in a feedback mechanism 
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within the pituitary or hypothalamus.  There was no evidence of hyperplasia in the pituitary thus any 

indication of elevated LH synthesis.  The other possible disruption in the feedback mechanism was 

failure of the pituitary to recognize the increase in testosterone levels.  Constant synthesis and 

release of LH from the pituitary and normal production of testosterone within the testis would continue 

without the presence of a negative feedback loop. 

CYP17�-hydroxylase/ 17, 20-lyase (CYP17A1) is an active enzyme distributed throughout 

the brain and pituitary, along with 3�-hydroxysteroid dehydrogenase (Hsd3b) activity, indicating 

pituitary cells can synthesize neuroandrogens.  Ketoconazole decreases de novo synthesis of 17-

hydroxysteroid and C19 ketosteroids within the pituitary, indicating conazoles can enter the pituitary 

and inhibit CYP activity (Do Rego et al., 2007).  This ability of conazoles to inhibit CYP17A1 activity 

means the possibility of decreasing the biosynthesis of the neurosteroid dehydroepiandrosterone 

(DHEA).  DHEA acts as a negative modulator of gamma-aminobutyric acid type A (GABAA) receptor, 

and an activator of N-methyl-D-aspartic acid (NMDA).  Disruption in DHEA levels would result in 

disregulation of GABAergic and glutamatergic neurotransmission.  Since neuroactive steroids do 

regulate the activity of neurons producing GnRH, the presence of CYP17A1 within the hypothalamus 

means the possibility of neurosteroids controlling the neuroendocrine functions through modulation of 

the biosynthesis and/or release of hypophysiotropic neurohormones.   

Levels of CYP17A1 were not measured in the pituitary from these males, and there were no 

observed effects on CYP17A1 in the adult testis; however exposure in utero could have adverse 

effects affecting adult reproductive behavior.  Fetal gonadotrophin secretion responds poorly to 

manipulations (flutamide, castration) of the gonadal negative feedback whereas shortly after birth the 

same treatments prove very effective.  This lack of feedback control is likely due to maternal steroid 

transfer and litter mate effect (Huhtaniemi, 1995).  The perinatal period of development is essential in 

males, recognized by the continuous testicular steroidogenesis for several weeks after the critical 

period of genital masculinization.  This perinatal period of development in the male includes testicular 

descent, masculinization of different hypothalamic centers, and imprinting of male-type behaviors.  

Suppression of GnRH secretion during these first two weeks of postnatal development displayed a 

range of effects including delayed puberty, infertility and ejaculatory impotence in the adult.  

Testicular histology and spermatogenesis appeared normal, serum and pituitary LH concentrations 

were normal yet hypersensitive to GnRH stimulation, and testosterone secretion was normal in the 

adult rats.  Thus, this short period of suppression of gonadotrophins altered adult sexual behavior and 

the set-point of feedback of gonadotropin secretion (Huhtaniemi, 1995).  If neuroactive steroids are 

regulating the activity of pituitary cells through a paracrine mode of action, and conazoles can inhibit 

CYP activity within the pituitary, then it is possible that triazoles are targeting the hypothalamus and 

affecting this feedback loop earlier in development. 

The alternative explanation for increased levels of testosterone could be due to the nature of 

chronic exposure, and by default, chronic impairment of hepatic function including steroid 
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homeostasis.  Long term exposure to these triazoles forces the liver to be in a constant state of 

xenobiotic metabolism, placing stress on CYP expression and CYP activity and the whole host of 

biological processes dependent on CYPs functioning normally within the liver.  Over time, this 

constant state of stress will lead to a reduction of metabolic clearance of steroids. 

Pathway analysis in the liver was informative, defining common pathways to all three 

triazoles with several differentially expressed genes.  Although there were many pathways 

highlighted, the majority of pathways in common could be grouped even further into a single network.  

All three triazoles highlighted a network beginning with glycolysis and fatty acid catabolism, 

continuing through sterol biosynthesis, to bile acid biosynthesis or steroid metabolism. 

Metabolism within the liver is a complex network of numerous metabolic interactions induced 

by endogenous and exogenous factors.  Stimulation of one pathway and its metabolized byproducts 

lend to induction of a neighboring pathway to control the next step in the metabolism process.  All 

three triazoles had a significant impact on lipid metabolism including fatty acid and steroid 

metabolism, and lipid transport.  Disruption in these pathways can have serious impacts on several 

biological functions including energy homeostasis, biological membrane fluidity, and CYP activity.  

Myclobutanil and propiconazole decreased gene expression of phosphatidic acid phosphatase 

(Ppap2b) involved in triacylglycerol formation, propiconazole and triadimefon decreased expression 

of pyruvate carboxylase (Pc) and L-pyruvate kinase (Pklr), enzymes that are rate limiting in fatty acid 

biosynthesis and storage.  Acyl-CoA synthetase (Acsl), the primary substrate for energy use and the 

synthesis of several fatty acids including triacylglycerol and cholesterol esters was modulated by 

propiconazole and triadimefon.  This key enzyme in fatty acid transport, glycolysis, gluconeogenesis, 

and �-oxidation was down regulated by propiconazole (Acls5) and upregulated by triadimefon (Acls3).  

The different isoforms reside in different subcellular locations and regulate different metabolic 

pathways (Lewin et al., 2001).  This difference in modulation indicates the two triazoles are impacting 

different metabolic pathways, propiconazole may be suppressing �-oxidation and triadimefon may be 

increasing more fatty acid incorporation into triacylglycerol than phospholipids (Mashek et al., 2006).  

Overall, there was an observed shift from insulin-stimulated glucose metabolism and fatty acid 

synthesis and storage (lipogenesis) to fatty acid oxidation (Xu et al., 2006). 

Another bioindicator of lipid metabolism is stearoyl-CoA desaturase-1 (Scd1) which is 

involved in transport of fatty acids and increased prior to and during the development of 

hepatocellular carcinoma development.  Scd1 expression is also influenced by the diet, inhibited 

during times of fasting and with diets rich in polyunsaturated fatty acids.  As a result of the decreased 

expression of Scd1, insulin-sensitivity is increased and hepatic glucose production, gluconeogenesis, 

and glycolysis are suppressed (Falvella et al., 2002; Gutiérrez-Juárez et al., 2006).  The several fold 

decrease by high dose triadimefon suggests the liver had decreased levels of fatty acid or in a state 

of fasting, which complements the decreased feed intake and weight loss in this treatment group.  In 

addition, testosterone suppresses Scd1 activity, causing a decrease in arachidonic acid synthesis 
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and in turn promoting accumulation of the principle precursor, linoleic acid (de Alaniz and Marra, 

2003).  Both arachidonic acid and linoleic acid metabolism were modulated by all three triazoles.  

Triadimefon increased testosterone levels earlier and higher relative to myclobutanil and 

propiconazole, possibly explaining the difference in Scd1 transcript levels across treatment groups.   

In addition to common pathways across triazoles, there were pathways highlighted by just 

one or two triazoles indicating distinct mechanisms of action, e.g. sterol biosynthesis targeted by 

triadimefon.  One of the first steps in cholesterol biosynthesis is catalysis by 3-hydroxy-3-

methylglutaryl Coenzyme A reductase (Hmgcr) which is strictly feed-back regulated by cholesterol 

and is the target of cholesterol-lowering drugs (Strömstedt et al., 1996).  The high dose of triadimefon 

(139.1 mg/kg/day) increased transcript levels of Hmgcr, indicating an increased demand for 

cholesterol levels within the liver.  Although there was an increase in several transcript levels for 

sterol biosynthesis dependent genes (Mvk, Mvd, Fdft1, Sqle, Lss, CYP51) it did not demonstrate 

increased activity.  However, the elevated cholesterol levels seen after long term exposure in adult 

rats (Wolf et al., 2006) suggests triadimefon may be impacting this pathway.  This correlates well with 

elevated cholesterol content observed in proliferating tissues including hepatomegaly (Rao, 1995).  

These genes are likely candidates involved in this mechanism of increased cholesterol.  As expected, 

14�-demethylase (CYP51A1) was increased, suggesting triadimefon was binding and inhibiting the 

activity of CYP51A1, inducing upregulation of this housekeeping gene regulated by oxysterol levels 

(Strömstedt et al., 1996). 

The gene expression of key enzymes involved in steroid metabolism, Ugt1a1, Ugt2a1, and 

Udpgtr2, were upregulated by all three triazole treatments, indicative of increased phase II 

conjugation to promote excretion of the excess steroids.  A unique bioindicator of increased steroid in 

the liver is 17�-hydroxysteroid dehydrogenase (Hsd17b).  Inactivation of sex steroids from the blood 

circulation are partly controlled by increased levels of Hsd17b in the liver (Mustonen et al., 1997), the 

increase observed following triadimefon treatment suggests excess steroids in the liver.  In contrast, 

5�-reductase type 1 (Srd5a1) was down regulated by triadimefon, an enzyme within the liver 

specifically targeting the elimination of androgens to protect against excess hormone.  Since Srd5a1 

is under positive control of testosterone and dihydrotestosterone (Torres and Ortega, 2003), it is 

unclear why the expression was decreased.  Additional increases in steroid and xenobiotic 

metabolizing enzymes glutathione S-transferase (Gstm4, Yc2), aldehyde dehydrogenase (Aldh1a1), 

and CYPs 1A1 and 2B2 not only indicates increased phase I and phase II metabolism, but the 

targeted mechanisms involved in metabolism.  There were no observed gene expression changes in 

enzymes for sulfate conjugation (sulfotransferases; Sult), methylation (S-adenosyl methionine; 

Rsafd1), or acylation (Nat1).  Gene expression profiles do suggest glucuronide and glucoside 

conjugation indicated by the increase in glucuronosyl and glucosyl transferases (Ugt1a1, Ugt2a1, 

Udpgtr2), as well as glutathione conjugation (glutathione metabolism: Ggt1; glutathione S-

transferase: Gstm4, Yc2; glutathione reductase: Gsr) as key players in metabolism of these triazoles 
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in the liver.  Phase III transporters, multidrug resistance 1 (Mdr1a/Abcb1a) and multidrug resistant 

proteins (Mrp3/Abcc3, Sur2/Abcc9) were upregulated indicating increased uptake and excretion of 

the xenobiotics. 

Several phase I, II, and III genes involved within these metabolic pathways are regulated by 

the constitutive androstane receptor (CAR), pregnane X receptor (PXR), peroxisome proliferator 

activated receptor alpha (PPAR�) and liver X receptor (LXR).  Nuclear receptors within the liver 

regulate specific and overlapping subsets of genes, via direct and indirect interaction on the target 

genes (Wei et al., 2002).  The LXR receptors are transcription factors commonly referred to as 

cholesterol sensors.  LXR plays a role in the regulation of transport and metabolism of sterols and 

fatty acids, regulating the expression of genes such as carboxylesterases, stearoyl-CoA desaturases 

(Scd1), ATP-binding cassette transporter 3 (Mrp3/ Abcc3), and aminolevulinic acid synthase (Alas1), 

i.e. heme synthesis which is a rate limiting step in cytochrome P450 activity.  Carboxylesterase is a 

phase I metabolizing enzyme, hydrolyzing ester-containing xenobiotics.  The robust increase in 

transcript levels of carboxylesterase 2 (Ces2) following triazole exposure (M2000: 1.65, P255: 2.32, 

T1800: 3.36 fold change) suggests one form of triazole metabolism was targeting carboxylic acid 

ester catalysis.  In addition to xenobiotics, carboxylesterases hydrolyze numerous endogenous 

compounds including palmitoyl-CoA, monoacylgycerol, and diacylglycerol therefore influencing lipid 

metabolism as well (Klaassen, 2001).  Scd1 is transcriptionally activated indirectly by LXR� through 

the sterol regulatory element binding protein (Srebf1) transcription factor (Chu et al., 2006).  The 

decrease in Scd1 and no observed impact on Srebf1 levels in the liver in conjunction with 

upregulation of Alas1 and Ces2 by triadimefon treatment indicate oxysterol activation of LXR, 

however, high levels of triglycerides may be inducing an alternate negative feedback mechanism to 

prevent Srebf1 activity and a suppression of Scd1 to facilitate lipid homeostasis. 

Fatty acids activate PPAR� through a ligand-induced conformational structure change.  

Binding of the activated PPAR� to the peroxisome proliferator response element of its target gene 

induces transcription of CYP4A.  CYP4A is involved in the omega-hydroxylation of saturated and 

unsaturated fatty acids, facilitating the elimination of excess levels of fatty acids.  Like many metabolic 

pathways, this is another intermediate step facilitating the overall metabolic process.  Omega-

hydroxylation of long chain fatty acids yields dicarboxylic acids which are in turn more efficiently 

oxidized by peroxisomal �-oxidation into medium chain fatty acids, suitable to immediate excretion 

through the urine (Johnson et al, 2002).  Down regulation of CYP4A10 by myclobutanil and 

CYP4A12by triadimefon may indicate a difference in fatty acid levels within the liver by the three 

triazoles.   

Together, LXR and PPAR� facilitate partial regulation of fatty acid metabolism.  Cross-talk 

between the two nuclear receptors plays an important role in hepatic lipid homeostasis.  Oxysterol-

induced LXR promotes bile acid biosynthesis and secretion while PPAR� promotes fatty acid �-

oxidation.  When levels of PPAR� are increased, an inhibition of LXR promoter activity occurs.  This 
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competition of PPAR� ligand with LXR ligand suppresses induction of sterol regulatory element-

binding protein (Srebf1) thereby reducing cholesterol and fatty acid synthesis (Yoshikawa et al., 

2003).  No observed gene expression changes in Srebp and down regulation of CYP4A10/ 4A12 

suggest the liver was in a state of elevated fatty acid metabolism and reduced bile acid biosynthesis, 

or suppression of PPAR� activity.  This scenario can be damaging over long term exposure, impairing 

lipid homeostasis and reducing clearance of the metabolites. 

CYP2B2 was the one gene differentially expressed across all treatment groups in the liver 

and by propiconazole in the testis, a gene which is known to be induced by phenobarbital and 

regulated by the nuclear receptor CAR.  Expression levels of CYP2B (and CYP4A) isoforms are 

increased by ketone bodies and fatty acids and decreased following mitochondrial �-oxidation due to 

the decreases in intercellular fatty acid levels.  This regulation of CYP2B by fatty acids and CAR may 

indicate CAR plays a role in lipid homeostasis as well.  CYP2B2 catalyzes the oxidation of 

testosterone, arachidonic acid, lauric acid, and numerous environmental agents.  The sensitivity of 

CYP2B2 to xenobiotics, elevated levels of testosterone and fatty acids suggests multiple functions 

within several metabolic pathways, explaining the robust increase in liver transcript levels by all three 

triazoles.   

Four isoforms of CYP2B (2B2, 2B3, 2B13, 2B15) were assessed using the Affymetrix Rat 

230 2.0 GeneChip.  The precise biological functions of CYP2B3 and CYP2B13 (also known as 

CYP2B21) have not been determined, however CYP2B3 is not phenobarbital inducible and they both 

adhere to the typical CYP reactions involved in electron transport and metabolism (Jean et al., 1994).  

CYP2B2 and CYP2B15 are both induced by phenobarbital and regulated by the CAR nuclear 

receptor, yet only the probe set designed for CYP2B2 was consistently positive.  A further look into 

the probe design for CYPs 2B2 and 2B15 shows an overlap on the CYP2B2 probe for both isoforms 

with no overlap for the CYP2B15 probe set.  The two genes are separated by over 420K bases on 

chromosome 1, however there is an 84% similarity in their sequences making it difficult to create a 

precise probe set for CYP2B2.  The robust increase in transcript levels for this probe set and not 

CYP2B15 suggests the measured transcript levels were specific for CYP2B2. 

CAR governs not only CYP2B, but several other drug-metabolizing enzymes and transporters 

as well, including CYP1A1, CYP2C, CYP3A, Gsta1, Lss, Mrp2, Mrp3/Abcc3, Oatp2/Slco1a4, Pc, and 

Ugt1a1, demonstrating the multifunctionality of this receptor.  With the exception of CYP2C and 

CYP3A, these genes were all modulated by triazole treatment indicating pronounced CAR activation 

by triazoles. Several CAR activators induce hepatomegaly following acute exposure, suggesting an 

adaptive response but long term exposure leads to a toxic response and possibly 

hepatocarcinogenesis (Huang et al., 2005).  The mechanisms of action behind this outcome are 

related to increased cell proliferation and suppression of apoptosis.  The upregulation of several cell 

growth and antiapoptotic related genes, and several well established CAR mediated genes following 
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long term triazole treatment, suggest CAR is part of the mechanism of action behind the 

hepatomegaly observed in these males.   

Not all of the above mentioned genes are CAR specific in their regulation.  There is 

overlapping regulation by PXR.  PXR also regulates the expression of Alas1 and P450 

oxidoreductase, two critical rate limiting enzymes in CYP reactions.  Phase II conjugation Ugts and 

phase III transporters Abcb1a, Abcc3, and Slco1a4 (Oatp2) are CAR/PXR regulated (Staudinger et 

al., 2001).  Propiconazole has been shown to induce PXR activation in vitro (Lemaire et al., 2006) 

however the characteristic increase in CYP3A was not observed in vivo suggesting PXR induction 

was not the primary target in the liver.  Quantitative PCR results confirmed the microarray results and 

broadened the profile of genes modulated by triazole treatment.  Additional qPCR analysis of CYPs 

3A2 and 4A1 showed an increase in CYP3A2 by myclobutanil and propiconazole, and a decrease in 

CYP4A1 by myclobutanil and triadimefon, indicating PXR activation and reduced fatty acid levels.  

Both microarray and qPCR analysis confirmed the robust increase in CYP2B2, demonstrating CAR 

induction is occurring after long term exposure to all three triazoles.  Triadimefon treatment induced a 

large increase in CYPs 1A2 and 3A2 as well as Ugt1a1, corresponding to induction of the PXR and 

CAR receptors.  The increase in Ugt1a1 expression in conjunction with the significant drop in total T4 

by triadimefon treatment supports increased clearance of T4 as part of the mechanism of thyroid 

toxicity by triadimefon (Hurley et al., 1998; Office of Prevention: Bayleton, 1996). 

This global gene expression profiling was used to identify predictive gene sets common to all 

three triazoles in order to generate a gene signature more robust than individual prognostic genes, 

e.g. CYP51.  The toxicogenomic results from the PND92 liver demonstrate that myclobutanil, 

propiconazole, and triadimefon target common pathways (e.g. fatty acid catabolism) albeit to differing 

degrees.  By defining the common changes in gene expression and their associated biological 

processes, inference of causative factors were made influencing the disruption in testosterone 

homeostasis.  The gene expression profile generated from this study indicates triazoles increase fatty 

acid catabolism, reduce bile acid biosynthesis, and induce cholesterol biosynthesis.  The induction of 

LXR, PPAR�, and CAR/PXR nuclear receptors was indicated by the fatty acid and xenobiotic 

metabolism and hepatomegaly.  The observed disruption in testosterone homeostasis does not 

appear to occur in the testis based on lack of effect on steroidogenesis.  There appears to be a 

disruption in the liver based on the increased steroid metabolism and elevated sterol biosynthesis.  

The negative feedback mechanism within the hypothalamus-pituitary remains a possible target during 

early development for these triazoles.  Understanding these changes at the molecular level will 

support studies focused on critical periods during early development where lower doses of triazoles 

may cause significant impact on adult reproductive health. 
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Table 1 Probe sets significantly modulated in adult liver and testis. 

 
Triazole & Duration Dose Down regulated 

probe setsa 
Up regulated 
probe setsa 

Total number of 
Probe Sets 

Myclobutanil 
Liver 32.9 mg/kg/day 4 1 5 
Liver 133.9 mg/kg/day 64 9 73 

Testis 32.9 mg/kg/day 0 16 16 
Testis 133.9 mg/kg/day 0 0 0 

     

Propiconazole 

Liver 31.9 mg/kg/day 2 5 7 
Liver 169.7 mg/kg/day 44 45 89 

Testis 31.9 mg/kg/day 0 0 0 
Testis 169.7 mg/kg/day 1 49 50 

     

Triadimefon 

Liver 33.1 mg/kg/day 46 8 54 
Liver 139.1 mg/kg/day 23 154 177 

Testis 33.1 mg/kg/day 1 4 5 
Testis 139.1 mg/kg/day 0 6 6 

 

a Probe sets significantly changed with a fold change greater than |1.2|.   
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Table 2 Pathways affected by triazoles in adult liver: GD6-PND92 exposure.   
 

Myclobutanil Propiconazole Triadimefon 

Aminosugars metabolism Amyloid processing  

Androgen and Estrogen metabolism Androgen and Estrogen metabolism Androgen and Estrogen metabolism 

  Antigen presentation pathway 

Arachidonic acid metabolism Arachidonic acid metabolism Arachidonic acid metabolism 

 Arginine and Proline metabolism Butanoate metabolism 

Ascorbate and Aldarate metabolism Ascorbate and Aldarate metabolism Cyanoamino acid metabolism 

  Cysteine metabolism 

Fatty acid metabolism Fatty acid metabolism Fatty acid metabolism 

Fructose and Mannose metabolism Fc Epsilon RI signaling  

Galactose metabolism Glutamate metabolism  

 Glutathione metabolism Glutathione metabolism 

Glycerolipid metabolism Glycerolipid metabolism Glycine, Serine and Threonine metabolism 

Glycolysis/ Gluconeogenesis  Glycolysis/ Gluconeogenesis 

 Glycerophospholipid metabolism Histidine metabolism 

  IL-6 signaling 

  Keratin Sulfate biosynthesis 

Linoleic acid metabolism Linoleic acid metabolism Linoleic acid metabolism 

Metabolism of Xenobiotics by Cytochrome P450 Metabolism of Xenobiotics by Cytochrome P450 Metabolism of Xenobiotics by Cytochrome p450 

p38 MAPK signaling  N-Glycan degradation 

Pentose and Glucuronate interconversions Pentose and Glucuronate interconversions Nitrogen metabolism 

Retinol metabolism Phospholipid degradation Propanoate metabolism 

 Pyruvate metabolism Pyruvate metabolism 

 Sphingolipid metabolism Sterol Biosynthesis 
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Table 2 (continued) 
 

Myclobutanil Propiconazole Triadimefon 

Starch and Sucrose metabolism Starch and Sucrose metabolism Toll-like receptor signaling 

Tryptophan metabolism Tryptophan metabolism Tryptophan metabolism 

Wnt/�-catenin signaling   

Xenobiotic metabolism signaling Xenobiotic metabolism signaling Xenobiotic metabolism signaling 
 

Note. Pathways listed were affected by mid and/or high dose of each triazole.  Bold: pathways affected by two or more triazoles. 
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Table 3 Pathways affected by triazoles in adult testis: GD6-PND92 exposure.   
 

Myclobutanil Propiconazole Triadimefon 

Androgen and Estrogen metabolism Androgen and Estrogen metabolism  

 Arachidonic acid metabolism  

C21-Steroid hormone metabolism Complement and Coagulation cascades  

 Cysteine metabolism  

 Fatty acid metabolism Fatty acid metabolism 

 Linoleic acid metabolism  

 Metabolism of Xenobiotics by Cytochrome P450  

Nitrogen metabolism Methionine metabolism Neuregulin signaling 

 Pentose and Glucuronate interconversions  

Propanoate metabolism Phenylalanine metabolism Propanoate metabolism 

 Retinol metabolism  

Sterol biosynthesis Selenoamino acid metabolism  

 Starch and Sucrose metabolism  

 Taurine and Hypotaurine metabolism  

 Tryptophan metabolism  

Valine, Leucine and Isoleucine degradation Urea cycle and metabolism of amino groups Valine, Leucine and isoleucine degradation 

�-alanine metabolism Xenobiotic metabolism signaling �-alanine metabolism 
 

Note. Pathways listed were affected by mid and/or high dose of each triazole. Bold: pathways affected by two or more triazoles. 
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Table 4 Common gene expression changes by all three triazoles in the liver. 
 

Accession number Gene Symbol 
Myclobutanil 

32.9 mg/kg/day 
Myclobutanil 

133.9 mg/kg/day 
Propiconazole 
31.9 mg/kg/day 

Propiconazole 
169.7 mg/kg/day 

Triadimefon 
33.1 mg/kg/day 

Triadimefon 
139.1 mg/kg/day 

NM_017161 Adora2b -1.24302 -1.29105 -1.20012 -1.30677 -1.16624 -1.293 

BM392091 Ahctf1_pre -1.12196 -1.30861 -1.13063 -1.23386 -1.14095 -1.26832 

NM_022407 Aldh1a1 1.60289 1.999272 1.310263 2.880486 1.532281 4.841574 

NM_012737 Apoa4 -1.09288 -1.87156 -1.45817 -1.99054 -1.66115 -2.79911 

BM986220 App 1.08894 1.471356 1.359173 1.753045 1.256155 1.986423 

NM_133586 Ces2 1.159467 1.650327 1.347478 2.317871 1.325125 3.361062 

AI137640 Cldn1 -1.172 -1.36187 -1.20889 -1.42721 -1.32804 -1.38697 

BF564195 Crem -1.20309 -1.40519 -1.20393 -1.32225 -1.1299 -1.39254 

AI454613 CYP2B2 2.728842 3.292202 2.793866 4.672197 2.810611 7.625469 

BG378579 Htatip2_pre 1.047174 1.232627 1.15738 1.369729 1.120655 1.344915 

BM390462 RGD1310209_pre -1.1009 -1.25043 -1.18184 -1.32877 -1.37249 -1.30658 

AI010233 RGD1561171_pre -1.29462 -1.38855 -1.28179 -1.35011 -1.24059 -1.30313 

BI296089 RGD1562101_pre -1.11631 -1.22294 -1.11001 -1.27771 -1.14867 -1.27933 

U95011 Slco1a4 1.212303 1.954614 1.616718 2.129518 2.048135 1.973023 

NM_031741 Slc2a5 -1.0778 -1.22666 -1.16297 -1.23688 (-1.16947) (-1.18458) 

M13506 Udpgtr2 1.688198 2.04723 1.678868 2.385029 1.614087 3.023706 
 
Note.  Bold: transcript level changes were significant. (values) = not significant or fold-change <1.2. Suffix _pre represents probe sets with 
predicted annotation. 
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Table 5 Gene expression changes by two or more triazoles in the testis. 
 

Accession number Gene Symbol 
Myclobutanil 

32.9 mg/kg/day 
Myclobutanil 

133.9 mg/kg/day 
Propiconazole 
31.9 mg/kg/day 

Propiconazole 
169.7 mg/kg/day 

Triadimefon 
33.1 mg/kg/day 

Triadimefon 
139.1 mg/kg/day 

NM_012819 Acadl 1.263731 1.043567 1.095336 1.03746 1.208855 1.218578 

NM_133561 Brp44l 1.20986 -1.01841 1.04576 -1.00562 1.134683 1.100959 

BI294910 Car8 1.437365 1.0204 1.048454 1.047875 1.124117 1.038848 

BG373237 Cggbp1_pre 1.224778 1.010662 1.093191 1.028662 1.062755 1.042075 

AI454613 CYP2B2 1.03103 1.029294 -0.96754 2.026427 -1.0216 -1.04895 

BM390253 Dcn 1.469809 1.035856 -0.93944 1.180991 1.461397 1.587143 

NM_024136 Erabp 1.107263 -1.00777 -0.99162 2.579381 1.007297 -1.00177 

AA859049 Es2 1.134785 1.092276 1.021448 1.323594 1.107656 1.111785 

NM_012582 Hp 1.329299 1.031482 1.013389 1.552025 1.23703 1.007226 

NM_017080 Hsd11b1 1.384835 1.037145 1.092707 1.096127 1.155203 1.07616 

NM_053539 Idi1 1.273866 -1.0358 1.029583 1.006128 1.118545 1.055377 

AF020045 Itgae 1.373182 1.035081 1.112781 1.042545 1.160372 1.117298 

NM_031730 Kcnd2 1.18617 1.096876 1.22432 1.070436 1.407806 1.293431 

NM_053649 Kremen1 1.242511 1.072784 -0.99597 1.011248 1.010606 1.058867 

AI229534 Med6_pre 1.221104 -1.02648 1.017784 -1.00042 1.09821 1.068816 

AI029734 Mtmr1_pre -1.59777 -1.32887 -0.57976 -2.29971 -2.51833 -1.17776 

NM_017278 Psma1 1.222046 1.010138 1.039667 1.019046 1.141003 1.086062 

BF394767 RGD1309669_pre 1.244337 -1.04696 -0.97537 -1.03172 1.091681 1.045463 

BM388911 RGD1310725 1.084896 1.005696 1.027356 1.057307 1.099793 1.277359 

AI603132 RGD1311269_pre 1.220174 -1.02263 1.03:6109 -1.01058 1.05351 1.032233 

BE107150 RGD1564008_pre 1.422409 1.122413 1.035445 1.171394 1.195207 1.095172 

BM386483 Rgnef_pre 1.370757 -1.05449 1.117201 1.088876 -1.05294 1.343848 

BI296277 Surb7_pre 1.235963 1.007523 1.058532 1.031935 1.129759 1.09457 

NM_133516 Svs5 1.351248 1.017136 1.004389 1.069359 1.147346 1.520786 

AI169317 Zbtb8os_pre 1.232341 1.022205 1.05974 1.022761 1.130484 1.070438 
 
Note.  Bold: transcript level changes were significant, (values) = not significant or fold-change <1.2. Suffix _pre represents probe sets with 
predicted annotation. 
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Table 6 Comparisons between microarray and relative qPCR fold changes. 
 
  Abcb1 CYP1A1 CYP2B1/2 CYP3A1 CYP3A2 CYP4A1 UGT1A1 
Treatment mg/kg/day Array qPCR Array qPCR Arraya qPCR Array qPCR Arrayb qPCR Arrayc qPCR Array qPCR 
Myclobutanil 134 1.24 -2.37 1.76 5.82 3.29 64.57 -1.12 2.05  3.22 -1.73 -1.91 1.50 1.44 
Propiconazole 170 1.48 1.64 3.02 21.31 4.67 132.12 1.08 2.04  4.01 -1.59 -1.53 1.82 1.32 
Triadimefon 139 1.41 -4.99 5.60 79.99 7.63 63.13 1.98 18.20  1.57 -1.30 -2.70 1.78 7.51 
 
Note. Bold: significant transcript level or fold changes. 
a Probe set representing CYP2B2 on GeneChip. 
b No representative probe set on GeneChip. 
c Probe set representing CYP4A10 on GeneChip.
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Figure 3 Principle Components Analysis of liver and testis microarrays.  Principle components 
analysis of microarrays hybridized with (A) liver or (B) testis samples.  From left to right, first graph 
depicts 2 dimensional graphs of the first 2 principle components, second graph is a 45° clockwise 
rotation in Ggobi 3D to view the variance within treatment groups.  Treatment groups are coded by 
color: brown = control, light green = M500, dark green = M2000, light blue = P500, dark blue = 
P2500, pink = T500, red = T1800.
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Figure 4 Triazole impact on fatty acid metabolism.  Results reflect transcript profiles from adult liver 
exposed GD6-PND92. 
 
 
 
 
 
 
 

M
50

0
M

20
00

P5
00

P2
50

0
T5

00
T1

80
0

Down-regulated

Up-regulated

M
50

0
M

20
00

P5
00

P2
50

0
T5

00
T1

80
0

Down-regulated

Up-regulated

Glucose

Glucose-6-phosphate

Pyruvate

Acetyl-CoA

Citrate

Citrate Acetyl-CoA

Oxaloacetate

Malate

Malonyl-CoA

Palmitate

Fasn

Mitochondria

Acly

Me1

tricarboxylate 
transport system

Glycolysis

Pyruvate

Oxaloacetate
Pc

Mdh1

Cs

Acacb

Fatty Acid 
Synthesis

Fatty Acid
� Oxidation

Pdha2, 
Pdhb

Glyceraldehde-3-phosphate

Monoacylglycerol-3-phosphate

Phosphatidic acid

1,2-Diacylglycerol

Triacylglycerol

Ppap2b

Dgat2

Agpat4

Gpam

Gpam
Monoacylglycerol-3-phosphate

Agpat4

Phosphatidic acid

Ppap2b

1,2-Diacylglycerol

Phospholipids

Acat1

Acetoacetyl-CoA

(s)-3-Hydroxy-3-
methylglutaryl-CoA

Hmgcs2

Dgat2

Triacylglycerol

Acsl4

35

Echdc1

Sterol 
Biosynthesis

TCA

Cyp4a22

�-Hydroxy FA

Cyp3a3
�-Hydroxy FA

Increased during lipogenesis

Pklr
PO4

-

Phosphoenol-
pyruvate

Pklr

glucose mediated induction, 
decreased by PUFA



 68 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5 Triadimefon impact on sterol biosynthesis.  Results reflect transcript profiles from adult liver 
exposed GD6-PND92. 
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Figure 6 Triazole impact on steroid metabolism.  Results reflect transcript profiles from adult liver 
exposed GD6-PND92. 
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Figure 7 Impact of triazoles on nuclear receptor mediated gene regulation.  Results reflect transcript 
profiles from adult liver exposed GD6-PND92. 
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Figure 8 Nuclear receptor regulation of xenobiotic and endobiotic metabolism pathways.  Genes listed 
are regulated by the nuclear receptors CAR, PXR and PPAR� and involved in the associated 
biological processes.  Activation of the nuclear receptors by bilirubin, endobiotics, and xenobiotics 
leads to transcriptional modulation of these genes.  Disruptions within these pathways lead to 
changes in lipid and steroid homeostasis, and hepatomegaly. 
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INTRODUCTION 

 

To test the hypothesis of common effects on biological pathways and genes between in vivo 

and in vitro model systems, gene expression profiles from liver and rat hepatocytes exposed to 

myclobutanil, propiconazole, or triadimefon were compared.   

Species differences in metabolism do exist between rats and human, however comparisons 

can be made if the right methods for extrapolation are used.  Primary rat hepatocytes cultured in vitro 

provide a reproducible and relatively accurate reflection of CYP induction in vivo.  The technology of 

primary hepatocyte culture has implemented several of the various culture approaches (e.g. hormone 

supplementation, enriched medium formulations) for the purpose of recapitulating the whole organ 

response to xenobiotics (Burcyznski et al., 2001).  Primary hepatocytes are useful because they 

represent an in vitro model of both the rodent and human liver, allowing comparisons across species.   

To test the hypothesis that comparison of rat and human primary hepatocytes can serve as a 

predictor of potential toxicities, gene expression profiles from rat and human hepatocytes exposed to 

the same triazole concentrations were compared.  In addition, H295R cells exposed to these same 

triazoles were evaluated with adult testis to examine cross-species effects on steroidogenesis.  The 

use of toxicogenomics was used in this study to generate gene expression profiles for the 

identification of mechanistic markers related to the disruption in testosterone homeostasis.  The use 

of gene ontology allowed comparisons to be made of genes with similar functions from different 

species.  Identifying these patterns and relating them to the traditional measures in in vivo and in vitro 

models generated a framework for understanding the mechanisms of toxicity between triazoles and 

species. 

In addition to this study, previous work has demonstrated increased serum levels of 

testosterone following short term exposure in adults (Blystone, 2007; Martin et al., 2007; Tully et al., 

2006).  The duration of exposure appears to play a role in the extent of testosterone concentration 

levels.  To test the hypothesis that exposure period has an impact on steroid homeostasis within the 

liver, gene expression profiles of the liver from adult males exposed for acute, short or long term 

intervals were compared for similarities in gene expression patterns.  

The objectives of this study were to (1) compare gene expression profiles across triazoles, 

doses, time and species to identify predictive biomarkers and (2) demonstrate that gene expression 

profiles from acute in vitro exposure have the potential to predict toxic profiles observed in long term 

bioassays. 
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MATERIALS AND METHODS 

 

Acute and short term exposure study.  Male Sprague-Dawley rats 10 weeks of age were 

administered vehicle-control (15% Alkamuls EL-620 in deionized water), myclobutanil (300 

mg/kg/day) or triadimefon (175 mg/kg/day) by gavage for 6, 24, or 336 hours.  Twenty four hours after 

the final dose, animals were necropsied to assess select endpoints including serum testosterone 

levels and transcriptional profiling analysis.   

A second cohort of 10 week old male Sprague-Dawley rats were obtained from Charles River 

Laboratories (Hollister, CA) and acclimated for 5-9 days prior to dosing (refer to Martin et al. 2007).  

Animals received vehicle-control (15% Alkamuls EL-620), myclobutanil (300 mg/kg/day), 

propiconazole (300 mg/kg/day), or triadimefon (175 mg/kg/day) every 24 hours by oral gavage at a 

volume of 10 ml/kg for 72 hours total.  Animals were necropsied without fasting 24 hours after final 

dose to assess select endpoints including serum testosterone levels and transcriptional profiling 

analysis.  The doses used were estimated from an initial dose range-finding study to represent a 

maximum tolerated dose (MTD) sufficient to cause a reduction in body weight gain without causing 

mortality, severe clinical signs or pathological findings over a five day, daily dosing regimen.  

 

RNA isolation.  Total RNA was extracted from PND92 liver and testis of individual Wistar Han IGS 

rats of the mid dose (M500, P500, T500 ppm) and high dose (M2000, P2500, T1800 ppm) treatment 

groups using TRI Reagent (Molecular Research Center Inc., Cincinnati, OH) according to the 

manufacturer’s protocol and subjected to rigorous quality control before application to microarrays.  

For quality control, RNA A260:A280 ratios were assessed via NanoDrop Fluorospectrometer (NanoDrop 

Technologies, Inc., Wilmington, DE).  RNA absorbance readings with a range 1.8 - 2.1 were followed 

with DNase treatment, Total RNA Cleanup (Qiagen RNeasy), and then checked for RNA quality using 

the model 2100 Bioanalyzer (Agilent Technologies Inc., Palo Alto, CA).  Those samples with a ratio of 

28S:18S rRNA >1.6 were accepted for subsequent use in DNA microarrays.  RNA was stored at -

80ºC until labeling for microarray hybridization.   

 

Rat and Human Primary Hepatocytes.  Rat primary hepatocytes were derived from PND60 male 

Sprague-Dawley rats.  For each treatment group, two 60 mm plates at a density of 3.5 x 106 

hepatocytes/ plate were generated, allowing for duplicate measures of each treatment.  Hepatocytes 

were cultured for 24-36 hours prior to exposure to test chemicals. Primary cultures of human 

hepatocytes were prepared from human liver tissue from four donors.  Tissue samples were derived 

from normal remnants of resected liver tissue, which had been removed due to the presence of 

metastatic tumors or from non-transplantable donor organs.   

Primary hepatocytes were dosed with either vehicle control (DMSO 0.1%); positive controls: 

Phenobarbital (rat, 200 �M; human, 1000 �M), pregnenolone 16-alpha carbonitrile (PCN, 30 �M in 
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rat), rifampicin (Rif, 30�M in human); myclobutanil, propiconazole, or triadimefon at 10, 30, or 100 �M 

concentration.  The doses used were estimated from an initial dose range-finding study to represent a 

MTD without significant cell lysis. 

Hepatocytes were isolated by a collagenase perfusion method described by LeCluyse et al. 

(1996, 2000).  Final cell viability prior to plating was determined by the Trypan Blue exclusion test and 

was >75% in all cases.  Following isolation, hepatocytes were resuspended in DMEM containing 5% 

fetal calf serum, insulin and dexamethasone (1 �M) and added to 60-mm NUNC Permanox® dishes 

(~4 x 106/ dish) coated with a simple collagen, type I, substratum and allowed to attach doe 3-6 h at 

37°C in a humidified chamber with 95%/ 5% air/CO2.  After attachment, dishes were swirled and 

medium containing debris and unattached cells were aspirated.  Fresh ice-cold serum-free culture 

medium containing 50 nM dexamethasone, 6.25 �g/ml insulin, 6.25 �g/ml transferrin, 6.25 ng/ml 

selenium (ITS+) and 0.25 mg/ml Matrigel® were added to culture vessels, which were immediately 

returned to the humidified chamber.  Medium was changed on a daily basis.  Cultures of hepatocytes 

were typically maintained for 36-48 h prior to initiating experiments with chemicals, vehicle, and 

positive controls.  Hepatocytes were dosed for 3 consecutive days refreshing media every 24 h.  

Twenty four hours following the final treatment period, media was removed from hepatocytes for 

cytotoxicity analysis by determination of lactate dehydrogenase leakage from the cells.  Cells were 

washed with Hanks’ Balanced Salt Solution and lysed with RLT Buffer (Qiagen) and frozen for 

subsequent analysis. 

 

Hepatocyte cytotoxicity assay and RNA isolation.  Cytotoxicity was assessed by measuring levels 

of lactate dehydrogenase (LDH) using the CytoTox-ONETM Homogenous Membrane Integrity Assay 

(Promega Corp., San Luis Obispo, CA).  This assay is a rapid, fluorescent measure of the release of 

LDH from cells with a damaged membrane.  LDH released into the culture medium was measured 

with a 10 min coupled enzymatic assay that results in the conversion of resazurin into resorufin.  One 

hundred microliters of supernatant was mixed with 100 �l of CytoTox-One reagent (lactate, NAD+, 

and resazurin as substrates in the presence of diaphorase).  The mixture was incubated at room 

temperature for 10 min, followed with an addition of 50 �l/ well of stop solution.  Plates were read 

using the FLUOstar Optima (BMG LABTECH, Offenburg/ Germany) and fluorescence was measured 

with an excitation wavelength of 560 nm and an emission wavelength of 590 nm.  Generation of the 

fluorescent resorufin product is proportional to the amount of LDH.  The average fluorescence values 

from sample, maximum LDH release (total lysis) and culture medium blank were used to calculate the 

percent cytotoxicity for a given treatment group. 

RNA was isolated from lysed hepatocytes by initial homogenization with a Turrax Ultra T8 

homogenizer.  Samples were individually loaded onto Qiagen AllPrep columns for isolation of both 

genomic DNA and RNA from each treatment group.  This method included two steps to remove 

genomic DNA contamination.  The first step was passage of lysates through a gDNA affinity column 
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that binds strongly to gDNA while allowing RNA to pass.  The second step was removal of gDNA 

involved on-column DNAse digestion of gDNA, then subsequent washing steps to remove the DNAse 

from the columns.  RNA was eluted in RNAse-free water, analyzed by NanoDrop spectrophotometry, 

and frozen at -70°C.  RNA was confirmed free of gDNA by lack of PCR amplicon.  RNA was highly 

pure (A260/280 >1.7) and not degraded (28S/18S rRNA ratio >1.5). 

 

H295R cells.  The H295R human adrenocortical carcinoma cell lines were obtained from the 

American Type Culture Collection (ATCC CRL-2128; ATCC, Manassas, VA) and were grown in 75 

cm2 flasks with 12.5 ml of supplemented medium at 37ºC with a 5% CO2 atmosphere.  Supplemented 

medium was a 1:1 mixture of Dulbecco’s modified Eagle’s medium with Ham’s F-12 Nutrient mixture 

(Sigma, St. Louis, MO) with 15 mM HEPES buffer.  The medium was supplemented with 1.2 g/l 

Na2CO3, ITS + Premix (1 ml Premix/ 100 ml medium), and 12.5 ml/ 500 ml NuSerum (BD 

Biosciences, San Jose, CA).  Final component concentrations in the medium were as follows: 15 mM 

HEPES, 6.25 �g/ml insulin, 6.25 �g/ml transferring, 6.25 ng/ml selenium, 1.25 mg/ml bovine serum 

albumin, 5.35 �g/ml linoleic acid, and 2.5% NuSerum.  The medium was changed two to three times 

per week and cells were detached from flasks for subculturing by use of trypsin/ EDTA (Sterile 1X 

Trypsin-EDTA; Life Technologies Inc., Grand Island, NY).  Cells were exposed to triazoles and 

control in 6-well Tissue Culture Plates (Nalgene Nunc Inc., Rochester, NY).  To minimize the potential 

effect of hormones in the serum during exposures, Nu-Serum was replaced with 2.5% charcoal 

dextran treated FBS (HyClone Laboratories, Inc. Logan, UT) immediately before dosing.  Cells were 

dosed with triazoles at 1, 3, 10, 30, or 100 �M concentration dissolved in dimethyl sulfoxide (DMSO, 

Sigma-Aldrich, St. Louis, MO) for 48 h after plating.   

 

H295R cell viability and RNA isolation.  This protocol is adapted from Hilscherova et al., 2004.  Cell 

viability was determined prior to RNA isolation and analysis.  Cells were visually inspected under a 

microscope to evaluate viability and cell numbers.  Cell viability was determined using the live/dead 

cell viability kit (Molecular Probes, Eugene, OR).  After removal of the medium, cells were lysed in the 

culture plate by the addition of 580 �l/well of Lysis Buffer-�-ME mixture (Stratagene, La Jolla, CA).  

RNA was isolated from cells harvested from each single well.  Three RNA replicates for each 

treatment were isolated from three different wells.  Cells were mixed and collected by repeated 

pipetting and transferred to a microcentrifuge tube that was mixed to homogenize and ensure low 

viscosity of the lysate.  After mixing, the homogenate was transferred to a prefilter spin cup seated in 

a 2 ml tube and centrifuged for 5 min.  The spin cup was removed from the receptacle tube and 

discarded.  For RNA isolation, 700 �l of 70% ethanol was added to the filtrate and the tube was 

vortexed to mix thoroughly.  Half of the mixture was transferred to an RNA binding spin cup seated in 

a fresh 2 ml tube and centrifuged for 1 min.  The spin cup was removed and retained and the filtrate 
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was discarded.  This procedure was repeated with the same spin cup using the second half of the 

sample. 

 DNase treatment was used to remove residual DNA; 600 �l of 1X low-salt wash buffer were 

added to the spin cup containing the RNA, this was centrifuged for 1 min, and the filtrate was 

discarded.  Fifty-five �l of RNase Free-DNase I solution (Stratagene, La Jolla, CA) were added to the 

fiber matrix inside the spin cup.  The sample was incubated at 37ºC for 15 min.  The sample was then 

washed with 600 �l of 1X high-salt wash buffer and 600 �l of 1X low-salt wash buffer, centrifuged at 

maximum speed for 30-60 s, discarding the filtrate after each wash.  A final wash was done by adding 

300 �l of 1X low-salt wash buffer to the spin cup, and the tube was centrifuged for 2 min to dry the 

fiber matrix.  The spin cup was transferred to a fresh 1.5 ml microcentrifuge tube and 80 �l of 

nuclease-free water was added directly onto the center of the fiber matrix inside the spin cup.  The 

tube was incubated for 2 min at room temperature before centrifugation for 1 min.  This elution step 

was repeated to maximize the yield of RNA.  The purified RNA was stored at -80ºC until analysis. 

 A 1:50 dilution of the RNA sample was prepared for RNA quantitation.  The absorbance of 

the RNA solution was measured at A260 and A280 nm and the 260/280 ratio was calculated.  The 

concentration of total RNA was estimated using the A260 value and a standard with an A260 of 1 that 

was equivalent to 40 �g RNA/ml.  Before microarray analysis, all RNA samples were verified for 

quality on Bioanalyzer chips (Agilent Technologies, Palo Alto, CA). 

 

H295R and acute exposure hormone assays.  For the H295R cells, serum estradiol, progesterone, 

and testosterone levels were assayed in duplicate using their appropriate Coat-A-Count 

radioimmunoassay (RIA) kits (Diagnostic Products Co., Los Angeles, CA) according to 

manufacturer’s instructions. Serum testosterone levels from the 6 h, 24 h, and 336 h studies were 

assayed in duplicate using the appropriate Coat-A-Count RIA kit (Diagnostic Products Co.) according 

to manufacturer’s instructions. Hormone levels were analyzed using ANOVA, measures with p<0.05 

were considered significant. Students t-test was used for further comparisons between control and 

treatment groups.  

 

Affymetrix GeneChip® Rat Genome 230 2.0 Arrays.  The Rat 230 2.0 GeneChip contains 31,042 

probe sets, designed to analyze the expression level of over 30,000 transcripts and variants from 

over 28,000 validated rat gene targets.  Sequences used in the design of the microarrays were 

selected from GenBank®, dbEST, and RefSeq.  The sequence clusters were created from the 

UniGene database (Build 99, June 2002) and refined by analysis and comparison with the publicly 

available draft assembly of the rat genome from the Baylor College of Medicine Human Genome 

Sequencing Center (June 2002).  Oligonucleotide probes (25-mer probe length) complementary to 

each corresponding sequence were fabricated using in situ synthesis of short oligonucleotide 

sequences (on a small glass chip) using light directed synthesis.  Eleven to 20 pairs of 
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oligonucleotide probes are used to measure the level of transcripts for each sequence represented on 

the Rat Genome 230 2.0 GeneChip.  The group of probes corresponding to a given gene or small 

group of highly similar genes is known as the probe set and generally spans a region of about 600 

bases, known as the target sequence.  Many copies of each oligomer are synthesized in discrete 

features (cells) on the GeneChip array.  Hybridization control sequences used include bioB, bioC, 

bioD, and cre.  Poly-A controls include dap, lys, phe, and thr.  Housekeeping/ control genes used are 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH), beta-Actin, and hexokinase 1.  Detection 

sensitivity on the GeneChip is 1:100,000 (Affymetrix, Santa Clara, CA).   

 

Affymetrix GeneChip® Human Genome U133_2.0 Plus Arrays.  The Human U133 Plus 2.0 

GeneChip contains over 54,000 probe sets, designed to analyze the expression level of over 47,400 

transcripts and variants from over 38,500 validated rat gene targets.  Sequences used in the design 

of the microarrays were selected from GenBank®, dbEST, and RefSeq.  The sequence clusters were 

created from the UniGene database (Build 159, January 25, 2003) and refined by analysis and 

comparison with a number of publicly available databases, including the Washington University EST 

trace repository and the NCBI human genome assembly (Build 31).  Oligonucleotide probes (25-mer 

probe length) complementary to each corresponding sequence were fabricated using in situ synthesis 

of short oligonucleotide sequences (on a small glass chip) using light directed synthesis.  Eleven 

pairs of oligonucleotide probes are used to measure the level of transcription for each sequence 

represented on the HG-U133 Plus 2.0 GeneChip.  The group of probes corresponding to a given 

gene or small group of highly similar genes is known as the probe set and generally spans a region of 

about 600 bases, known as the target sequence.  Many copies of each oligomer are synthesized in 

discrete features (cells) on the GeneChip array.  Hybridization control sequences used include bioB, 

bioC, bioD, and cre.  Poly-A controls include dap, lys, phe, and thr.  The normalization control set 

consists of 100 probe sets.  Housekeeping/ control genes used are glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH), beta-Actin, and ISGF-3 (STAT1).  Detection sensitivity on the GeneChip is 

1:100,000 as measured through detection of pre-labeled transcripts derived from human cDNA 

clones in a complex human background (Affymetrix, Santa Clara, CA). 

 

Microarray hybridization and scanning.  Five micrograms of purified total RNA from 3-6 biological 

replicates per treatment group was hybridized to Affymetrix Rat Genome 230 2.0 or Human Genome 

U133 Plus 2.0 GeneChip® arrays according to the Affymetrix GeneChip Expression Analysis 

Technical Manual (www.affymetrix.com).  In brief, after purified RNA passes quantity and quality 

assessment (A260/A280 ratio with range 1.8 to 2.1 acceptable), double stranded cDNA was synthesized 

from RNA using reverse transcriptase and an oligo-dT primer.  The cDNA serves as template in an in 

vitro transcription (IVT) reaction that produces amplified amounts of biotin-labeled antisense mRNA.  

This biotinylated RNA (labeled cRNA) serves as the microarray target.  The cRNA was fragmented 



 79 

using heat and magnesium (Mg+2), reducing the cRNA to 25-200 base fragments to facilitate efficient 

and reproducible hybridization.  cRNA was combined with the hybridization cocktail, containing 3 nM 

B2 control oligo, 10 mg/ml Herring Sperm DNA, 50 mg/ml BSA, 100% DMSO, and 2X hybridization 

buffer (NaCl 5M, MES hydrate Sigma Ultra, MES Sodium Salt, EDTA Disodium Salt 0.5M, 10% 

Tween-20).  GeneChips were hybridized at 45°C for 16 hours.  After hybridization the chip was 

washed and stained with fluorescent streptavidin-phycoerythrin, binding to biotin for detection.  Signal 

amplification using anti-Streptavidin antibody and biotinylated goat IgG antibody was used to bind 

biotin and provide an amplified fluor that emits light when the chip is scanned with the GeneChip® 

Scanner 3000.  The amount of light emitted at 570 nm is proportional to the bound target at each 

location on the probe array. 

 

Microarray analysis procedures.  The scanned image of each microarray was saved as a .dat file, 

containing the raw image of the array.  Scanned images may differ in overall signal intensity due to 

non-biological factors such as the total amount of target hybridized to the array and the amount of 

stain applied.  To minimize such non-biological differences, the signal values were normalized from 

each array to achieve comparable overall intensity between arrays.  The signal values of any 

hybridization were multiplied by a scaling factor (SF) to make the trimmed mean intensity equal to 

500.  The scaling factor is unique to each hybridization and typically below an SF of 10. 

The .dat file was converted into a .cel file containing the processed cell intensities from the 

primary image, assigning x,y coordinates to each cell (i.e. probe) on the array, and calculating the 

representative intensity of each cell.  The .cel file data can then be used with different expression 

algorithms.  The .cel files were loaded into JMP Genomics, Log2 transformed, normalized using 

interquartile normalization, and analyzed for significant changes through row-by-row modeling using 

one-way ANOVA (described below).  Comparisons were made between controls and each treatment 

group with statistical cut-offs applied at a p-value adjusted false discovery rate.   

 

JMP Genomics data set creation.  See appendix A for procedures used in JMP Genomic analysis. 

 

Quality control analysis.  Several hybridization QC measures are taken for each microarray to 

assure reliable data.  The ratio of the signal obtained from the probe sets corresponding to the 3’ end 

of the targets Actin and GADPH relative to that obtained for probe sets from the 5’ end of Actin and 

GADPH, respectively, was used to normalize the quantity of RNA on the microarrays.  The QC 

scaling factor (SF) works as a signal intensity multiplier to adjust the average intensity to a preset 

level (default 500).  Microarrays with a SF greater than 15.0, representative of low intensity across the 

chip, were removed to reduce technical variation within and across the treatment groups.   
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JMP Genomics normalization of GeneChips®.  The SAS based program JMP Genomics (SAS 

Institute, Cary, NC) was used to evaluate data distribution of pre- and post-normalized microarrays to 

assess the quality of the data, ensuring reliable results from the proceeding steps of analysis.  To 

remove technical variation within and across the microarrays, the data standardization method of 

interquartile normalization was used to average the intensities across the microarrays.  Values for the 

original intensity measure for each probe within each probe set, the median intensity, and the 

interquartile range between 25% and 75% quartiles are used in the following equation: 

 

 

 

 

Analysis of differentially express genes.  Row-by-row modeling was performed, using one way 

ANOVA to compare the mean response of treatments to their appropriate controls to determine 

significant changes in gene expression.  Probe sets representing transcribed loci, unknown genes, 

and image clones were removed from the final list of each analysis.   

 

Ingenuity Pathways Analysis.  The Ingenuity Pathways Analysis (IPA) program transforms a list of 

genes into a set of relevant networks based on extensive knowledge of each gene maintained with 

the Ingenuity Pathways Knowledge Base (IPKB).  The network generation algorithm is under user 

control allowing only defined genes of interest (focus genes, p<0.05) to be used in network 

generation (Ingenuity® Systems, www.ingenuity.com).   

Each dataset containing gene identifiers and corresponding expression and p-values was 

uploaded into Ingenuity Pathways Analysis (IPA) application.  Each gene identifier was mapped to its 

corresponding gene object in the IPKB.  A fold change cutoff of |1.2| and p-value cutoff based on the 

dataset p-value adjusted FDR, were set to identify genes whose expression was significantly 

differentially regulated.  These genes, called Focus Genes, were overlaid onto a global molecular 

network developed from information contained in the IPKB.  Networks of these Focus Genes were 

then algorithmically generated based on their connectivity. 

 The Functional Analysis identified the biological functions that were most significant to each 

dataset.  Genes from a given dataset that met the fold change cutoff of |1.2| and p-value cutoff based 

on the dataset p-value adjusted FDR were associated with biological functions in the IPKB were 

considered for analysis.  Fischer’s exact test was used to calculate the p-value determining the 

probability that each biological function assigned to that data set is due to chance alone. 

 Canonical pathways analysis identified the pathways from the Ingenuity Pathways Analysis 

library of canonical pathways that were most significant to the data set.  Genes from the data set that 

met the fold change cutoff of |1.2| and p-value cutoff based on the dataset p-value adjusted FDR, and 

were associated with a canonical pathway in the IPKB, were considered for analysis.  The 

result = original - location 

scale 

result = original intensity – median intensity 

interval quartile range 
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significance of the association between the data set and the canonical pathway was measured in two 

ways: 1) a ratio of the number of genes from the dataset that mapped to the pathways divided by the 

total number of genes that mapped to the canonical pathway was displayed.  2) Fischer’s exact test 

was used to calculate a p-value determining the probability that the association between genes in the 

dataset and the canonical pathway was explained by chance alone. 

 

Quantitative PCR Validation Assays.  TaqMan
©
-based quantitative reverse transcription 

polymerase chain reaction (qRT-PCR,) was used to determine the relative levels of ABCB1, CYP1A1, 

CYP2B1/2, CYP3A1, CYP3A2, CYP4A1, and UGT1A1 mRNA in each rodent treatment group.  The 

relative levels of MDR1 (ABCB1), CYP1A1, CYP1A2, CYP2B6, CYP3A4, CYP4A11, OATP2 

(SLCO1A4), and UGT1A1 mRNA were measured in each human treatment group.  Primer/probe sets 

specific for each enzyme were utilized (Applied Biosystems, Foster City, CA). A two-step RT-PCR 

process was performed by initial reverse transcription of approximately 200 ng of total RNA in a 60 µL 

reaction using the High Capacity cDNA Archive Kit (Applied Biosystems, Foster City, CA), followed by 

quantitative PCR amplifications with isoform-specific primer/probe sets on 2 µL of each reverse 

transcribed cDNA.  The reactions were characterized by the point during the PCR amplification at 

which the fluorescence of the product crosses a defined threshold (CT, automatically determined by 

the PE Applied Biosystems ABI 7900HT Sequencer software), and inspected to ensure all CT values 

were within the linear phase (log scale) of exponential growth for all targets.  CT values were 

determined for both target CYP genes and an endogenous control gene, �-actin, and each sample 

was normalized to both � -actin control and to a vehicle control (0.1% DMSO).  A difference of one 

CT was considered equivalent to a two-fold difference in gene expression (exponential relationship, 

i.e. RQ = 2-DDCt).  Sample means for each replicate were determined along with the standard error 

of the mean (if appropriate) and percent of adjusted positive control.  Relative fold changes in mRNA 

content were analyzed using the Kruskal-Wallis nonparametric ANOVA with Dunn’s multiple 

comparisons post test, measures with p<0.05 were considered significant. 
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RESULTS 

Hepatocyte cytotoxicity. 

There was a slight increase in cytotoxicity for one rat sample following 100�M propiconazole 

treatment (Figure 1).  An increase in cytotoxicity was observed in two human donors, one sample 

from 100�M propiconazole and 100�M triadimefon each (Figure 2).  Overall, there was not significant 

cell lysis; percent cytotoxicity was 1% or less for all treatment groups.   

 

H295R cell viability. 

No adverse effects on cell growth or viability were observed following triazole treatments.   

 

H295R and acute exposure hormone assays. 

 H295R cell relative change in estradiol, progesterone and testosterone levels by 

myclobutanil, propiconazole, and triadimefon are shown in Figure 3A/B.  Myclobutanil reduced the 

levels of estradiol in a concentration-dependent manner.  Propiconazole and triadimefon produced an 

increase in estradiol at the lower doses of 1 and 3 �M but a decrease as the dose increased.  All 

three triazoles decreased levels of progesterone at all doses assessed, however progesterone levels 

returned to control levels at the highest dose of triadimefon.  Testosterone levels were decreased by 

all three triazoles in a consistent manner.  In addition to the overall decrease in hormone levels, 

estradiol levels were consistently greater than progesterone and testosterone levels following 

propiconazole and triadimefon treatment indicating a possible disruption in the conversion of 

estradiol, i.e. CYP17a1 activity (Figure 3A). In contrast, myclobutanil significantly decreased estradiol 

levels in a concentration dependent manner (Figure 3B) and by all three triazoles at the higher doses.   

In the acute exposure studies, myclobutanil significantly increase serum testosterone levels 

following 24 h exposure (Figure 4).  Propiconazole and triadimefon decreased serum testosterone 

following 96 hour exposure, however no significant changes were observed following 6 hour or 336 

hour exposure to any of the triazoles.   

 

GeneChip QC Analysis. 

For the seven datasets analyzed, no microarrays had a SF of 15.0 or greater.  All chips were 

kept in the analyses. 

 

Probe set level analysis. 

 In the acute and short term exposure groups, gene expression profiling of livers from 3-5 rats 

per treatment group was performed on Affymetrix Rat Genome 230 2.0 arrays.  Data were analyzed 

using one-way ANOVA with a statistical cutoff applied at a p-value adjusted FDR of 5% and a fold 

change of |1.2| or greater.  The p-value adjusted FDR of 5% for each exposure period were 6 h: 

p<0.000288, 24 h: p<0.00252, 72 h: p<0.000363, 336 h: p<0.00162. 
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In the primary hepatocyte experiments, gene expression profiling of rat hepatocytes from 3 

individual rats per treatment group was performed on Affymetrix Rat Genome 230 2.0 arrays.  Human 

hepatocytes from 3-4 donors were analyzed on Affymetrix Human Genome HU133_2.0 Plus arrays.  

Data were analyzed using one-way ANOVA with a statistical cutoff applied at a p-value adjusted FDR 

of 5% for rat: p<0.0000447, human: p<0.000245 and a fold change of |1.2| or greater.   

H295R gene expression profiling of 3 biological replicates per treatment group was 

performed on Affymetrix Human Genome HU133_2.0 Plus arrays.  Data were analyzed using one-

way ANOVA with a statistical cutoff applied at a p-value adjusted FDR of 5%, p<0.00123 and a fold 

change of |1.2| or greater. 

Probe sets that interrogated unknown genes or transcribed loci were removed from the list of 

significant rows (probe sets) matching the p-value and fold change criteria.  The final number of probe 

sets meeting the p-value and fold change criteria are listed for liver and hepatocyte analyses in Table 

1 and testis and H295R analysis in Table 2. 

 

Pathway level analyses. 

 To compare the effects of triazoles on biological processes between liver and rat 

hepatocytes; rat and human hepatocytes; and testis and H295R cells, pathway analysis was used to 

define consistencies between liver and hepatocytes and conserved effects across species.  Pathways 

considered common were significantly affected by all three triazoles within a given time point.  

Consistent pathways were those affected across time or between liver and rat hepatocytes for each 

triazole.  Conserved pathways were those affected across rat and human, or testis and H295R cells.  

For each dataset, the entire profile (rat: 31,099; human: 54,000 probe sets) was uploaded into 

IngenuityTM.  Focus genes from each dataset were defined as those with a fold change of |1.2| or 

greater and the adjusted p-value for FDR of 5%.  The focus genes were overlayed onto a global 

molecular network contained within the IPKB.   

Tables 3A - 3C lists the pathways consistently affected across time and dose in the liver and 

rat hepatocytes by myclobutanil, propiconazole, and triadimefon, respectively.  Comparison across 

time shows a few metabolism related pathways common to all three triazoles following acute 

exposure of 6 hours, including arachidonic acid, fatty acid, glutamate, glutathione, tryptophan, and 

xenobiotic metabolism.  These same pathways affected early on in the liver continue to show effects 

up to 2 weeks of exposure (336 hour), however at the later time point of PND92, some of these 

pathways do not show significant changes.  This could be due to the difference in study protocol.  The 

shorter time periods began dosing in 10 week or older adult males and the PND92 animals were 

dosed beginning GD6, possibly adapting and responding to triazoles differently over time.  

Alternatively, the doses used were higher in the short term exposure compared to the one-generation 

study, possibly inducing greater toxicity and more pathways in the process.   
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 In addition to common effects, several pathways were affected by only one or two triazoles, 

demonstrating distinct mechanisms of action for the different treatment groups.  Such an example is 

sterol biosynthesis which was affected by myclobutanil after 24 hour exposure, and triadimefon after 

24 hour, long term (GD6-PND92), and in vitro exposure. 

Table 3D lists the conserved pathways affected in both rat and human hepatocytes.  

Myclobutanil did not have a significant impact in the human primary hepatocytes or at the lower doses 

tested in the rat primary hepatocytes.  Although propiconazole and triadimefon did affect pathways in 

both rat and human hepatocytes, they were distinct to each triazole with the exception of glycolysis 

and starch and sucrose metabolism.   

Tables 4A - 4C list the conserved pathways affected in adult testis and H295R cells by 

myclobutanil, propiconazole, and triadimefon, respectively.  Myclobutanil did impact several pathways 

in the testis and H295R cells, conserved effects were seen in C21-steroid hormone metabolism and 

sterol biosynthesis.  Propiconazole had a larger impact in both the testis and H295R cells relative to 

myclobutanil and triadimefon, with conserved effects in metabolism of xenobiotics by CYPs, 

metabolism of linoleic acid, cysteine, and arachidonic acid.  Triadimefon impacted several pathways 

in both models, however no conserved effects were observed at the pathway level. 

 

Gene expression analysis. 

Global expression analysis was conducted to elucidate the genes involved within complex 

regulatory pathways associated with triazole toxicity in the liver, hepatocytes, testis, and H295R cells.  

Starting with the pathways highlighted from IPA analysis, the larger complete sets of differentially 

expressed genes from each dataset were cross examined using their known functions to encompass 

all affected biological processes.  Common changes in liver gene expression between triazoles at the 

different time points are listed for 6 hour (Table 5), 24 hour (Table 6), 72 hour (Table 8), and 336 hour 

(Table 9).  Common changes in gene expression within the different in vitro model systems are listed 

for rat (Table 10), human (Table 11) and H295R cells (Table 13). Consistent changes in gene 

expression profiles following acute exposure of 6 or 24 hours is listed in Table 7.  Consistent changes 

in gene expression across time and between liver and rat hepatocytes are listed in Tables 12A - 12C 

following myclobutanil, propiconazole, or triadimefon treatment, respectively.  Common and 

consistent changes in gene expression across triazoles and between testis and H295R cells are 

listed in Tables 13 and 14. 

 Within each time point, there were several genes modulated in the same fashion by the 

triazole treatment groups.  This effect is diminished when multiple time points are overlayed, 

indicating common effects by triazoles change in a concerted fashion over time.  This is seen 

following acute exposure in the adult male liver.  Genes involved in oxidative stress (Aass), retinoic 

acid metabolism (CYP26B1), fatty acid metabolism (CYP4A10) and transport (Slc43a1) were 

modulated after 6 hour exposure by myclobutanil and triadimefon but show no change after 24 hour 
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exposure (Table 5) suggesting these are sensitive genes acting in the first line of defense against the 

triazoles.  In the same manner, genes involved in cell growth (Tgfb1i4), apoptosis (Pdcd4), lipid 

metabolism (Aadac, Sgpl1), and fatty acid metabolism (Me3, Pc, Pdk1, Pklr) had significant changes 

following 24 hour exposure to all three triazoles, but not so after 6 hour or 336 hour exposure (Table 

6).  This shift in gene response is likely due to response from longer exposure, shifting from ‘first 

response’ to adaptation.  Common changes in gene expression following both acute exposure 

periods include genes involved in transport (Abcb1a, Slco1a4/ Oatp2) and xenobiotic metabolism 

(Alas1, CYP2B2, Por) (Table 7).  These same genes show up again at later time points, indicating 

potential early bioindicators of triazole exposure. 

 Following 72 hour exposure several of the common genes modulated by all three triazoles 

after acute exposure were increased, e.g. Aldh1a1, Ces2, and CYP2B2.  Again, a distinct subset of 

common differentially expressed genes was observed after 72 hour exposure but not other time 

points (e.g. Abcc6, Ptprf) (Table 8).  The same effect occurs in the 336 hour exposure study, with the 

same subset of genes increased by all three triazoles (Table 9).  Comparison of the four datasets 

shows 24 hour exposure had a greater impact on gene expression in the liver (Tables 1 and 6) 

indicating triazoles induce several biological processes within the liver within this exposure period. 

Changing focus to the in vitro model systems, common changes in gene expression by all 

three triazoles were not as robust as in the liver (Table 10).  Rat primary hepatocyte effects were 

observed by the mid and high dose propiconazole and triadimefon treatment groups, in some cases 

showing an increase in transcript levels in a dose-responsive manner (e.g. Gcat, G6pc, and Scd2).  

All three triazoles modulated a small subset of genes involved in fatty acid catabolism (Ces3, G6pc) 

and sterol metabolism (Acat2, Lss).   

In the human primary hepatocytes (Table 11), only propiconazole and triadimefon had an 

impact on gene expression and commonalities between the two triazoles were few.  Genes known to 

be involved in endogenous and xenobiotic metabolism (ADH1A, ADH1B), cell regulation (IGFALS), 

and signal transduction (MRGPRF) were all down-regulated following exposure.  Expanding the list of 

genes affected by any triazole (appendix B, Table 10), it is evident triadimefon had the greatest 

impact overall, with a significant influence on lipid and sterol catabolism. 

At each time point there were common and distinct sets of genes modulated by the different 

triazoles.  Identifying genes consistently affected across the different exposure periods classified 

potential biomarkers of triazole toxicity.  To examine consistent changes in gene expression in the in 

vivo and in vitro model systems, gene expression profiles from each time point were overlayed to 

identify genes meeting this criterion of persistence.  Myclobutanil had a consistent effect on several 

lipid and xenobiotic metabolism genes (Abcc3/Mrp3, Aldh1a1, Gsr, Slco1a4/Oatp2, Yc2) throughout 

short term exposure (Table 12A).  This effect was seen primarily in the adult dosing studies compared 

to the GD6-PND92 study or rat hepatocytes.  The few genes that were affected following both short 
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and long term exposures, CYP2B2, solute carrier organic anion transporters (Slco1a4/ Oatp2) and 

UDP-glucuronosyltransferase (Udpgtr2) indicate these have greater sensitivity to triazoles. 

 Propiconazole modulated several genes involved in lipid and xenobiotic metabolism, and 

transcription related genes (Aldh1a1, Ces2, CYP2B2, Me3, Tle1, Yc2, Zdhhc2) in a consistent 

manner across exposure periods (Table 12B).  There were no consistent effects between liver and rat 

hepatocytes, with the exception of endothelial differentiation sphingolipid G-protein-coupled receptor 

1 (Edg1), known for its function in neurotransmission and endothelial cell differentiation.  Transcript 

levels of the lipid metabolizing enzyme carboxylesterase 2 (Ces2) were increased in the liver and 

were not observed in rat primary hepatocytes.  However, carboxylesterase 3 (Ces3) was significantly 

decreased in rat hepatocytes following propiconazole treatment.  These isoforms both perform the 

same function in lipid metabolism, the reason for opposite behavior in the two model systems may be 

an indication of how triazoles behave in the different models.   

 Triadimefon had a greater impact on consistent gene expression across exposure periods 

relative to myclobutanil and propiconazole (Table 12C).  The same pathways, lipid/ fatty acid and 

xenobiotic metabolism, were modulated in the same fashion as the other triazoles, however additional 

significant genes involved in CYP activity (Alas1, Por), and metabolism (Gstm4, Ugt1a) had 

consistent increases in transcript levels over the different exposure periods.  Genes involved in sterol 

biosynthesis (Hmgcr, Sqle) were also increased following short and long term exposures.  The only 

gene affected in both model systems by triadimefon was stearoyl-CoenzymeA desaturase (Scd2, 

increased), an enzyme involved in lipogenesis and regulated by PPAR�.  

To examine the efficacy of using a short term in vitro model system to predict effects from a 

longer in vivo exposure, a comparison was made of consistent genes modulated in the PND92 liver 

and rat hepatocytes (Figure 5).  Three biological processes, fatty acid and sterol metabolism, and 

membrane transport showed consistent changes.  These effects were not common to all three 

triazoles and in some cases different isoforms (Abcc6 v. Abcc9; Ces2 v. Ces3) were modulated.  

Triadimefon impacted sterol catabolism in both model systems, suggesting a sensitive target for this 

particular triazole.  Through the application of comparative toxicogenomics, conserved pathways and 

genes affected across triazole treatment in liver, rat and human hepatocytes were defined (Figure 6). 

Finally, comparison of common genes modulated by all three triazoles in H295R cells was 

examined (Table 13).  Common changes in gene expression included cell growth (GPC4), 

transcription (SREBF1) and xenobiotic metabolism (CYP1A1, GSTA1, NQO1).  Expanding the list of 

genes affected by any triazole (appendix B, Table 12), it is evident propiconazole had a greater 

impact overall, modulating the steroidogenic CYPs (CYP11A1, CYP17A1) unlike myclobutanil or 

triadimefon.  Examination of consistent effects across rat testis and H295R cells showed no overlap 

of gene families or biological processes, suggesting triazoles do not behave similarly across species 

or model systems. 
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Quantitative PCR.  To further compare in vivo and in vitro liver models, a subset of comparable 

genes identified from the datasets and additional genes of interest were analyzed by qPCR for 

confirmatory and independent testing (Table 15).  In the short term exposure study, comparison of 

microarray and qPCR analyses confirmed the observed increase in CYP2B levels and nonsignificant 

changes in Ugt1a1 by all three triazoles.  Additional examination of genes not represented on the 

microarray indicates a robust decrease in CYP4A1 mRNA following short term exposure to all three 

triazoles.  Long term exposure effects were also confirmed by qPCR, demonstrating a robust 

increase in CYP 1A1, 2B, and 3A1 mRNA levels.  Additional comparisons of CYPs 3A2 and 4A1 

indicate a strong increase of both CYPs 3A1 and 3A2, indicative of strong PXR induction, and 

decreased CYPs 4A10 and 4A1, indicative of suppressed PPAR� activity in the liver. 

 Comparison analyses in the rat primary hepatocytes support the decreased expression of 

CYP4A, however the different isoforms prevents definitive confirmation.  Quantitative PCR did 

confirm the lack of effect on CYP1A1 and Ugt1a1 mRNA levels, but was not able to confirm 

microarray analysis for Abcb1a, CYP2B, or CYP3A1.  The increased mRNA content of CYPs 2B1/2 

and 3A1 observed by qPCR analysis may be due to a difference in the target sequences applied in 

the separate assays.  In addition to confirmatory analyses, CYPs 3A2 and 4A1 were investigated.  

Increased CYP3A2 by myclobutanil and propiconazole supports PXR induction and decreased 

CYP4A1 supports suppression of PPAR� by all three triazoles in vitro.  In cases where 30 �M 

concentrations caused a larger response than 100 �M, this may be due to early stages of cytotoxicity 

not picked up by the LDH assay.  CYP mRNA levels drop during the early stages of cytotoxicity, and 

these effects were not observed by the transporter or Ugt1a1 gene.  There were no observed 

changes in �-actin across the samples, suggesting slight cytotoxicty at the higher doses for the 

triazoles in the rat primary hepatocytes. 

Quantitative PCR of the human primary hepatocyte samples confirmed no change in 

UGT1A1 mRNA levels and increased levels of CYP2B6, however the qPCR results showed greater 

response by more triazole treatment groups relative to microarray analysis.  Quantitative PCR picked 

up an increase in mRNA levels for MDR1 (ABCB1A) by phenobarbital (PB), propiconazole, and 

triadimefon; and CYP2B6 by PB, rifampicin, myclobutanil and propiconazole, indicating CAR 

induction by all three triazoles in the human primary hepatocytes.  In contrast to the rodent liver 

models, there was no effect on CYP4A11 indicating a different mode of action for fatty acid levels and 

PPAR� induction across the model systems. 
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DISCUSSION 

 

 The aim of this study was to characterize various in vivo exposure periods with in vitro model 

systems regarding their common, consistent, and conserved gene expression profiles to identify 

potential biomarkers useful for predicting toxic profiles.  The potential use of short term in vivo or in 

vitro assays for the prediction of longer term effects was demonstrated in this study through a 

comparison of multiple toxicogenomic studies in conjunction with serum testosterone levels. 

Measuring the changes in gene expression across different exposure periods and doses 

reveals similarities among differing conditions, allowing correlates of gene expression that can be 

used to predict and possibly diagnose cellular response to xenobiotics.  In addition, identifying the 

underlying mechanisms of action facilitates extrapolation of findings across species.  However, 

investigation with human tissues is limited, requiring the use of in vitro experimentation methods.  

Therefore, to accurately extrapolate from whole animal to human, in vitro systems across species 

should be utilized as well. 

In a first approach to make an overall comparison of the different datasets, the pathway 

analyses were compared for common changes within each exposure period and consistent changes 

across the different dose and time points.  Although several pathways were highlighted, including 

arachidonic acid, butanoate, fatty acid, and glycerolipid metabolism; bile acid biosynthesis; glycolysis; 

linoleic acid and tryptophan metabolism, many of the pathways could be grouped into a larger 

encompassing network.  A more generalized approach grouped the pathways into fatty acid 

catabolism, lipid homeostasis, and steroid/ xenobiotic metabolism as common biological processes 

were affected across triazole treatments and consistent across time points between liver and rat 

primary hepatocytes.   

A subset of pathways, tryptophan and ascorbate metabolism, were consistently observed 

across treatment and time in liver by all three triazoles and to a lesser degree in rat primary 

hepatocytes (propiconazole 100�M).  Increased levels of tryptophan have been associated with 

increased levels in leucine, decreased levels of pyridine nucleotides and increased levels in iron.  Iron 

catalyzes monodehydroascorbate from ascorbic acid, a catalyst in conversion of nicotinamide to 

nicotinic acid (NADH to NAD+).  Nicotinamide is involved in regulation of high tryptophan levels, 

synthesizing pyrrolase that acts as a negative feedback control (Narasinga and Nisa, 1972).  CYP 

catalyzed reactions produce oxidatively modified proteins, making them susceptible to proteolytic 

degradation by proteases.  Ascorbate prevents the protein oxidation produced by NADPH/CYP450 

reductase systems (Mukhopadhyay and Chatterjee, 1994).  Modulation of tryptophan in conjunction 

with ascorbate metabolism by triazole treatment suggests there was an increased oxidative stress 

state and tryptophan levels within the liver. 

The larger network of common and consistent pathways followed a similar track to that seen 

in the liver following developmental exposure.  A key difference observed at the shorter exposure 
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periods was the addition of pathways within the larger network including starch and sucrose 

metabolism, a pre-cursor to glycolysis; and butanoate metabolism which promotes fatty acid 

metabolism.  This provided a more detailed description of events occurring in the liver.  In the acute 6 

hour exposure, myclobutanil and propiconazole modulated a distinct subset of pathways involved in 

lipid homeostasis and xenobiotic metabolism.  As the exposure period increased, so did the number 

of pathways involved in lipid homeostasis and xenobiotic metabolism.  The carry over of modulated 

pathways and the marked increase in related pathways over time indicated triazoles were targeting 

fatty acid catabolism early in the liver and in a consistent manner over time.  The difference in 

pathways highlighted between the short and developmental exposure studies may be due to the 

difference in study protocol.  The shorter exposure periods began dosing in 10 week or older male 

rats whereas the long term exposure began at GD6.  This could result in adaptation over time and 

differential response to triazoles by PND92.  Alternatively, the doses used in the short term exposure 

were higher relative to the developmental study, possibly inducing greater toxicity and more pathways 

in the process. 

There was evidence of distinct mechanisms of action for the reproductive toxicants, 

myclobutanil and triadimefon following short term in vivo exposure.  Sterol and steroid biosynthesis 

were affected by myclobutanil following 24 hour exposure and triadimefon after 24 hour, 

developmental, and rat hepatocyte exposure.  Myclobutanil increased the transcript levels of three 

important genes, Hmgcr the rate-limiting enzyme for cholesterol synthesis and suppressed by 

elevated cholesterol levels; NAD(P)H dehydrogenase, quinone 1(Nqo1) the enzyme for vitamin K 

biosynthesis and antioxidant properties; and squalene epoxidase (Sqle) the enzyme regulating 

lanosterol synthesis from squalene.  Triadimefon increased the transcript level of the same genes as 

well, and an additional set required for cholesterol biosynthesis: isopentenyl-diphosphate delta 

isomerase (Idi1) the enzyme that catalyzes interconversion of isopentenyl diphosphate to 

dimethylallyl diphosphate; farnesyl diphosphate farnesyl transferase (Fdft1) the enzyme that 

catalyzes conversion of trans-farnesyl diphosphate to squalene; lanosterol synthase (Lss) the 

enzyme that catalyzes the cyclization of (S)-2,3 oxidosqualene to lanosterol; and lathosterol oxidase 

(Sc5d1) the enzyme that converts lathosterol into 7-dehydrocholesterol.  Triadimefon effects in vitro 

targeted Lss and acyl-CoA: cholesterol acyltransferase 2 (Acat2), indicating increased cholesterol 

biosynthesis and cholesterol ester formation for incorporation into lipoproteins (VLDL) for export and 

storage (Chao et al., 2003; Liang et al., 2004).  The increased expression observed at several steps 

within cholesterol biosynthesis indicates a surge in cholesterol utilization or a rapid efflux of 

cholesterol from the cells, creating a demand for de novo synthesis.   

Modulation in the sterol biosynthesis pathway by myclobutanil after short term exposure is in 

contrast to the effects observed after developmental exposure, suggesting an acute response from 

myclobutanil versus a consistent response from triadimefon.  Depending on the onset of exposure, 

such an acute response can be compensated for, or if during a critical period of development, could 
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have lasting effects.  CYP3A genes were increased by myclobutanil and triadimefon following short 

term exposure in vivo, including CYP3A1 (CYP3A23) involved in metabolizing xenobiotics, and 

CYP3A18 involved in catalyzing the 16�- and 6�-hydroxylations of testosterone.  Triadimefon 

upregulated two additional CYP3A genes, CYP3A3 involved in fatty acid metabolism, and CYP 3A13 

involved in progesterone metabolism.  This select profile of genes upregulated by the two 

reproductive toxicants indicates that PXR activation was targeted in a triazole-specific and possibly 

steroid concentration-dependent manner.  

Several of these pathways were modulated in the rat primary hepatocytes, and a distinct 

pattern emerged for each triazole.  The sharp decrease in the number of differentially expressed 

genes in vitro compared to in vivo for myclobutanil and triadimefon undoubtedly played a factor in the 

number of pathways modulated.  The majority of pathways affected by myclobutanil were involved in 

the initial stages of fatty acid biosynthesis and glucose production, including starch and sucrose, 

pyruvate, butanoate metabolism and glycolysis.  In addition, myclobutanil also modulated sterol 

biosynthesis demonstrating in vivo and in vitro short term exposures target this biological process.  

Triadimefon did not target as many pathways in vitro.  Like myclobutanil, the pathways affected were 

involved in early fatty acid catabolism, steroid, and xenobiotic metabolism.  In contrast, propiconazole 

modulated an almost identical number of genes after 72 hour exposure, in vivo and in vitro and 

targeted all of the same pathways demonstrating both model systems behave similarly during short 

term exposure.  This distinction between the two reproductive toxicants and propiconazole may be a 

reflection of the primary mechanisms of toxicity for the different triazoles. 

A few distinctive differences stood out between the in vivo and in vitro model systems.  The 

transcript levels for the glucocorticoid receptor (Nr3c1) were decreased by myclobutanil and 

triadimefon after 24 hour exposure in vivo, but not in vitro.  The glucocorticoid receptor, in addition to 

CAR, is induced by androgen and xenobiotics and up regulates expression of CYP2B genes 

(Honkakoski and Negishi, 2000).  Down regulation of the glucocorticoid receptor by the two 

reproductive toxicants indicates a decreased activation of hormone-dependent transcriptional 

enhancers, perhaps an adaptive response to testosterone levels.  Carboxylesterase, regulated by 

LXR�, was increased in rat liver and primary hepatocytes, however different isoforms were 

differentially expressed.  Carboxylesterase 2 was upregulated across all triazole treatments following 

all in vivo exposure periods however carboxylesterase 3 was down regulated by all three triazoles in 

vitro.  Both isoforms perform the same catalytic activity of hydrolysis of long-chain fatty acids, 

thioesters, and xenobiotic metabolism.  The difference in expression suggests greater levels of 

saturated fatty acids in vivo and active breakdown; and reduced fatty acid levels in vitro, decreasing 

Ces3 expression.  This reflects a difference in fatty acid levels between the two model systems.   

Conserved pathways modulated between rat and human primary hepatocytes were triazole-

specific.  There were no observed effects of myclobutanil on human primary hepatocytes; 

propiconazole had a robust effect; and triadimefon to a lesser degree on pathways and differentially 
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expressed genes.  Propiconazole affected glycolysis; bile acid biosynthesis; fatty acid, starch, 

sucrose, and xenobiotic metabolism in both model systems, indicating ideal biological processes to 

focus on for extrapolation measures.  Conserved pathways affected by triadimefon were galactose, 

starch, sucrose, glycolysis and xenobiotic metabolism indicating again, effects on early fatty acid 

catabolism in both model systems.  Sterol biosynthesis was affected in rat hepatocytes, and steroid 

metabolism was affected in human hepatocytes, but not vice verse.  No influence of triadimefon on 

human sterol biosynthesis indicates a species-specific response. 

Conserved gene expression profiles across the liver model systems concentrated on fatty 

acid metabolism (decreased CYP4A10/ CYP4A14/ CYP4A11), and the phase III solute carriers (SLC) 

and ATP-binding cassette (ABC) transporters.  Expanding the comparison to all systems assessed, 

several phase III transporters were affected.  Two solute carriers within the testis were increased by 

propiconazole, known to be involved in glycine transport activity, a fundamental amino acid used in 

synthesis of purines and glyoxylic acid.  Eight ABC transporters were modulated in H295R cells, 

ranging from glucuronide and sulfate conjugated steroid hormone transporters (ABCC1), peroxisomal 

transport of very long fatty acids (ABCD1), to macrophage cholesterol and phospholipid transport 

(ABCG1), indicating increased activity within these biological processes.   

In the liver model systems, a select number of SLCs and ABC transporters were consistently 

modulated.  Sinusoidal and canalicular hepatic drug transporters constitute key factors involved in 

drug elimination from the liver.  SLC transporters located at the sinusoidal membrane of hepatocytes 

mediate the uptake of endogenous and foreign compounds from the blood.  Canalicular ABC 

transporters are involved in secretion of the parent compounds or their metabolites into the bile for 

biliary excretion.  In addition, the efflux pump (Abcc3) is located on the sinusoidal pole, mediating the 

secretion of metabolites into the bloodstream for subsequent urinary excretion.  Triazole exposure 

increased transcript levels of two transporters in vivo within the first 6 hours of exposure, Slco1a4 and 

Abcb1a, also known as Oatp2 and Mdr1a, respectively.  Slco1a4 is an organic anion transporter, 

transporting negatively charged substrates including bile acids and estrogen conjugates whereas 

Abcb1a is a multidrug transporter P-glycoprotein which is active during liver regeneration and 

hepatocarcinogenesis (Meng et al., 2002; Ortiz et al., 2004).  These same two transporters were 

increased following 24 hour exposure in addition to several more transporters involved in bile acid 

and conjugated metabolite transport (Abcc3), regulating cholesterol absorption (Abcg5), and neutral 

amino acid transport (Slc3a2).  The expression pattern changed after 72 hour exposure, showing 

increased transcription for Abcc3 and Abcc6 which transports glutathione-S conjugates.  The same 

transporters increased after 6 and 24 hour exposures were increased again after 336 hour exposure 

(Abcc3, Abcg5, Slc3a2, Slco1a4) indicating an increase in steroid metabolism, cholesterol absorption, 

amino acid and bile acid transport.  Several of these same transporters were increased in the 

developmental exposure study (Abcb1a, Abcc3, Slc3a2, Slco1a4) indicating increased transporter 

activity for the various metabolites and bile acids.  Slco1a4 was the one gene consistently 
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upregulated by all triazoles examined at each time point in vivo with the exception of the 72 hour 

exposure study, marking this gene as a potent biomarker of triazole exposure. 

SLCs and ABC transporters were modulated in rat primary hepatocytes, however only 

propiconazole impacted their gene expression.  Propiconazole decreased Abcc6 (glutathione-S 

conjugate transport) and increased Abcb1a and Slc22a4, a solute carrier organic cation transporter 

known to be increased in the presence of PPAR� agonists, suggesting an increase in carnitine 

uptake into the hepatocytes and thus increased fatty acid metabolism in vitro (Luci et al., 2006).  Only 

two ABC transporters (ABCB11, ABCG5) were modulated in the human primary hepatocytes, and 

only triadimefon modulated (decreased) their expression.  ABCB11 transports bile acids and ABCG5 

promotes biliary excretion of sterols, thus down regulation of these genes suggests decreased activity 

in lipid homeostasis in vitro.     

Transcriptional regulation of some transporters is controlled by nuclear receptors.  In the 

human hepatocytes, ABCB11 is upregulated by FXR and ABCG5 is upregulated by LXR, indicating 

an increase in oxysterols (Ananthanarayanan et al., 2004; Baldán et al., 2006).  The down regulation 

of these genes indicates triadimefon is inhibiting this function within the human hepatocytes.  The 

transcript levels of Slco1a4, Abcb1a, and Abcc3 are mediated by CAR and PXR (Guo et al., 2002; 

Jigorel et al., 2005, 2006; Staudinger et al., 2003).  In the rat liver and hepatocytes, the upregulation 

of these genes indicates increased uptake of the triazoles into the hepatocytes and increased export 

by the ABC transporters.  Increased Abcc3 following all in vivo exposures with the exception of the 6 

hour study, demonstrates that one mechanism of metabolic breakdown of these triazoles are 

hydrophilic metabolites excreted through urinary elimination.  The phase III transporter gene 

expression profiles across the model systems suggest increased fatty acid, bile acid, and metabolite 

transport in the rat liver and primary hepatocytes.  However, human hepatocytes reveal a decrease in 

these biological processes, indicating a differential response as indicated by the LXR and FXR 

mediated genes, thus a different mechanism of action in lipid homeostasis during triazole exposure. 

Triazole impact on steroidogenesis was examined across model systems using a pathway 

comparison between adult testis from the developmental exposure study and H295R cells.  There 

were no distinctive pathways outlined in the testis, preventing a definitive comparison across the 

model systems.  The distinct subset of pathways common to the triazoles in H295R cells were 

nicotinate, pantothenate, and riboflavin metabolism suggesting modulation of cofactor levels.  The 

cofactors NAD+, Coenzyme A, FAD, and FMN, respectively, are key rate limiting factors for a wide 

variety of cell processes and likely an indirect target of triazoles.   

Differences in gene expression profiles between the in vivo and in vitro model systems could 

be due to the methodology.  It has been shown that six hour, relative to 24 hour, exposure in primary 

cell systems best correlates with liver tissue, producing parallel changes in gene expression.  There is 

also an observed increase in expression profile divergence between liver and primary hepatocytes as 

the duration of time between cell isolation and measures of gene expression is extended (Boess et 
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al., 2003).  The strong influence of time in culture on gene expression has to be taken into account 

when comparing the different time-exposure studies (Boess et al., 2003; Gómez-Lechón et al., 2003).  

In this study, rat and human primary hepatocytes were isolated and cultured for 24-36 hours prior to 

72 hour exposure to triazoles.  The period of preculture has two problems; first, a longer preculture 

period undergoes adaptative changes with associated changes in gene expression.  Second, the 

period of greatest adaptation is directly after isolation, preventing distinction between treatment and 

adaptation-related effects to be discerned.  Although there does not appear to be any one ideal in 

vitro system for toxicogenomics (Boess et al., 2003), primary hepatocytes provide the closest in vitro 

model in terms of gene expression profiling.  Through the use of appropriate controls and stringent 

analysis, working with the system-related differences in mind can improve interpretation of the 

toxicogenomic data. 

A decrease in CYP expression in vitro changes according to the increased time in culture 

(Wright and Paine, 1992).  A decrease in CYP activity also occurs in conjunction with reduced CYP 

mRNA levels (Boess et al., 2003).  The increase in CYP2B2 across all exposure periods in vivo and 

no observed change in vitro relates with this trend, indicating a possible decrease in expression and 

increase in protein degradation for CYP2B2 and likely other CYPs in the primary hepatocytes.  If this 

is the case, the marked decrease in CYP4A10 (P100�M) and 4A14 (M100�M, P100�M) in rat and 

CYP4A11 (T100�M) and CYP2E1 (T30, T100�M) in human primary hepatocytes suggests these 

triazoles had an even greater impact on CYP expression than observed.  Likewise, the increased 

transcript levels for CYP2B6 following phenobarbital and propiconazole (100�M) treatment in the 

human primary hepatocytes are likely greater than observed.  A shorter hepatocyte exposure period 

of 6 to 24 hours would likely give a better indication of the expression profiles of CYP genes across 

the two model systems. 

An alternative comparison of gene expression changes between the model systems was 

assessed using qPCR.  In the short term 3 day exposure study CYP2B1/2 was significantly 

increased, more by myclobutanil relative to propiconazole.  This profile changed after long term 

exposure, with greater levels of CYP2B by propiconazole relative to myclobutanil and triadimefon.  

This difference in profile suggests a short term adaptive response of CAR-induced CYP2B is more 

pronounced by myclobutanil.  However, long term exposure leads to the increase in CYP2B by all 

three triazoles, likely a non-adaptive toxic response promoting uncontrolled cell growth and the 

observed hypertrophy and hepatomegaly.  The increase in CYP1A1 and Ugt1a1 following short and 

long term exposure also supports CAR induction and continued phase I and II metabolism across the 

different exposure periods. 

Comparison of qPCR analysis across the rat liver model systems showed an increase in 

CYP2B levels by myclobutanil and propiconazole in vitro similar to that seen after short term 

exposure in vivo.  CYP3A1 levels were increased across all rat liver models by all three triazoles 

regardless of exposure period and dose indicating PXR activation in vitro and in vivo.  Likewise, 
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CYP3A2 levels were increased by myclobutanil and propiconazole in vitro and after long term 

exposure.  Abcb1 levels were increased by myclobutanil following short term and in vitro exposure 

but not after long term exposure suggesting an early adaptive response to promote excretion from the 

liver.  In contrast, Abcb1 levels were increased in vitro by triadimefon but decreased by long term 

exposure, possibly a maladaptive response to prolonged exposure.  CYP4A1 levels were decreased 

by all three triazoles in vitro, after short term, and by myclobutanil and triadimefon after long term 

exposure.  This supports the microarray gene expression profiles, providing additional evidence of 

multiple CYP4A isoforms suppressed by triazoles.  The suppression in CYP4A transcript levels could 

be a result of reduced fatty acid levels in the liver, or a reduction in activity of the PPAR� receptor. 

Finally, a comparison of this same subset of genes in the human primary hepatocytes 

showed some similarities across species that were not picked up using the microarray analysis.  The 

mRNA levels of CYP2B6 were increased by myclobutanil and propiconazole, the same pattern that 

was observed in rat primary hepatocytes and short term exposure in the rat liver.  The increased 

levels of human CYP1A1 by myclobutanil and propiconazole match the observed increase of rat 

CYP1A1 by myclobutanil and propiconazole following short term, but not in vitro exposure.  The 

differences observed in the expression profiles may be due to the sensitivity within the different 

models, rodents requiring a greater dose to achieve a similar gene expression pattern of CYP1A1 in 

vitro.  While all three triazoles increased levels of the rat CYP3As, only myclobutanil and triadimefon 

increased human CYP3A4 levels.  The different metabolic functions of the various CYP3A isoforms 

prevent definitive comparisons across the species.  This data set adds to the observed effects from 

the microarray gene expression profiles.  The microarray analyses did not indicate a strong induction 

of CAR and PXR regulated genes; however qPCR analyses were able to pick up these changes.  In 

addition to the human CAR and PXR effects, LXR and FXR regulated genes were also modulated by 

triazoles.  Using qPCR, more of a conserved response was observed between the rat and human.   

Using the knowledge of the identified pathways, genes within those pathways were selected 

and examined in further detail for evidence of biomarker indicators.  The transcript levels for genes 

known to be involved in testosterone metabolism were increased following short term exposures, 

including the CAR mediated CYP2B2 (M/T: 6, 24, 72, 336h; P: 72h), CYP3A13 (T: 24, 336h), and 

CYP3A18 (M/T: 24h).  Increase in CYP2B2 and CYP3A18 indicate 16�- and 6�-hydroxylation of 

testosterone occurred and increased CYP3A13 implicates metabolism of progesterone as well.  The 

serum testosterone profiles at these time points were similar.  Serum testosterone levels were 

increased by myclobutanil following 6 hour exposure (M: 239%, T: 197%), large variation within the 

triadimefon treatment group ruled out a significant change.  Serum testosterone levels were 

significantly increased following 24 hour exposure to myclobutanil (251%) but not triadimefon (137%).  

As the exposure period increased to 72 and 336 hours, the levels in serum testosterone dropped 

below control animal levels (Martin et al., 2007).   
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In an adult exposure study examining effects after 4, 30 and 90 day exposure there was no 

significant change in serum testosterone levels at any time point, however the preparation of serum 

samples from this study hindered the results due to storage in non-siliconized tubes (unpublished 

data).  Within this same study, triadimefon did increase cholesterol levels after 90 days exposure.  In 

contrast to the effects observed in the above 336 hour exposure study of myclobutanil 

(225mg/kg/day; 62.3%), another 336 hour exposure study observed a significant increase in serum 

testosterone by myclobutanil (150 mg/kg/day; 204%) and an increase in triadimefon (115 mg/kg/day; 

224%), however the variation within the triadimefon treatment group prevented any definitive findings 

(Tully et al., 2006).  The doses used were varied, but the age at the onset of dosing was consistent, 

demonstrating myclobutanil and to a lesser degree triadimefon do impact testosterone levels after 

short term exposure. 

Adult exposure appears to have a different impact on testosterone levels compared to 

developmental exposure.  In the developmental exposure study, testosterone levels were first 

increased by triadimefon at PND50 and then all three triazoles by PND92.  There were no changes in 

the expression of CYP3A in the PND92 liver, however genes involved in the regulation of steroid and 

xenobiotic metabolism were modulated (CYP2B2, Ugt), indicating a different mechanism of action to 

handle the increased testosterone.  A common thread across the adult exposure studies is the 

pronounced effect following 24 hours relative to the other time points.  The robust response is 

associated with an increase in gene expression specific for hydroxylation of testosterone.  This 

subset of genes is upregulated following short term exposure and returns to control levels at later 

time points, indicating an increase in testosterone and utilization of this key biological process during 

the initial response to triazoles. 

Testosterone levels measured from H295R cell medium following 48 hour exposure were 

decreased, a contrast to the effects observed in vivo.  In addition to the decrease in testosterone, 

progesterone and estradiol levels were modulated by all three triazoles.  The observed decrease in 

progesterone suggests there was either a depletion of starting material, cholesterol or pregnenalone; 

decreased catalytic activity of 3�-hydroxysteroid dehydrogenase (Hsd3b); or an increase in 17�-

hydroxylase activity (CYP17A1).  In addition, there were decreased levels of estradiol, suggesting a 

decrease in CYP17, 20 lyase (CYP17A1), 17�-hydroxysteroid dehydrogenase (Hsd17b1), or 

aromatase (CYP19) activity.  Despite the simultaneous decrease in all three hormone levels, estradiol 

was consistently greater than progesterone and testosterone levels indicating the disruption was 

more likely CYP19 compared to CYP17A1 activity since an increase in CYP17A1 would promote 

androstenedione and thus testosterone and estradiol synthesis in vitro.  Similar suppression of 

testosterone biosynthesis was observed in in vitro neonatal and adult testes exposed to 100�M 

myclobutanil or triadimefon, with an indication of reduced CYP17 activity (Blystone, 2006).  This 

reversal effect between in vivo and in vitro could be due to the nature of the model systems.   
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The differences observed following triazole treatment in the rodent and human gene 

expression profiles could be attributed to separate points of disruption in steroidogenesis.  Rodents 

utilize both �4 and �5 metabolism pathways of steroidogenesis whereas humans only make use of 

the �5 pathway (Conley and Bird, 1997).  The significance of this difference lies in the competitive 

action between Hsd3b and CYP17A1.  Both enzymes can metabolize pregnenolone and the 

intermediates of �4/ �5 metabolism, however, in human the efficiency of CYP17A1 on �4 

intermediates is poor.  If triazoles are targeting CYP17A1 in both species, the rodent can utilize both 

pathways whereas humans can not, inducing 17-hydroxyprogesterone accumulation as a result of the 

enzymatic block and a decrease in human testosterone levels. 

This study demonstrated global gene expression profiling can be used to investigate the 

modes and mechanisms of toxicity.  Proof of principle experiments have demonstrated this concept in 

cultured mammalian cells and rodent liver (Burczynski et al., 2001; Hamadeh et al., 2002a, 2002b; 

Waring et al., 2001a, 2001b).  Pathway-based and gene-level analyses defined characteristic and 

specific patterns of expression, delineating common mechanisms in triazole toxicity.  Comparison 

between liver and rat primary hepatocytes showed a targeted effect on genes involved in early fatty 

acid catabolism, phase III transporters, and sterol metabolism.  Common biological processes were 

affected in rat and human primary hepatocytes, however effects were triazole-specific to each 

system.  The conserved CAR and PXR response across the rodent and human liver model systems 

indicates a common response to triazoles in addition to LXR and FXR specific effects in the human 

primary hepatocyte.  The subsets of genes involved in fatty acid catabolism/lipid homeostasis, phase 

III transporters, and metabolism of testosterone are candidates for biomarkers defining a part of the 

mechanisms of action for disrupting testosterone homeostasis. 



 97 

Table 1 Probe sets significantly modulated in adult liver and primary hepatocytes. 

 
Triazole & Duration Dose Down regulated 

probe setsa 
Up regulated 
probe setsa 

Total number of 
Probe Sets 

Myclobutanil 
Liver                      6 hr 225 mg/kg/day 17 35 52 
Liver                    24 hr 225 mg/kg/day 176 149 325 
Liver         3 day/ 72 hr 300 mg/kg/day 63 69 132 
Liver     14 day/ 336 hr 225 mg/kg/day 6 68 74 
Liver     GD6 – PND92 32.9 mg/kg/day 4 1 5 
Liver     GD6 – PND92 133.9 mg/kg/day 64 9 73 

Rat Primary Hepatocytes     
72 hr 10 �M 0 0 0 
72 hr 30 �M 0 0 0 
72 hr 100 �M 5 6 11 

Human Primary Hepatocytes     
72 hr 10 �M 0 0 0 
72 hr 30 �M 0 0 0 
72 hr 100 �M 0 0 0 

     

Propiconazole 

Liver         3 day/ 72 hr 300.0 mg/kg/day 48 101 149 
Liver     GD6 – PND92 31.9 mg/kg/day 2 5 7 
Liver     GD6 – PND92 169.7 mg/kg/day 44 45 89 

Rat Primary Hepatocytes     
72 hr 10 �M 0 0 0 
72 hr 30 �M 0 2 2 
72 hr 100 �M 62 96 158 

Human Primary Hepatocytes     
72 hr 10 �M 0 0 0 
72 hr 30 �M 6 0 6 
72 hr 100 �M 1116 323 1439 

     

Triadimefon 

Liver                      6 hr 175 mg/kg/day 10 65 75 
Liver                    24 hr 175 mg/kg/day 261 70 331 
Liver         3 day/ 72 hr 175 mg/kg/day 32 71 103 
Liver     14 day/ 336 hr 175 mg/kg/day 30 126 156 
Liver     GD6 – PND92 33.1 mg/kg/day 46 8 54 
Liver     GD6 – PND92 139.1 mg/kg/day 23 154 177 

Rat Primary Hepatocytes     
72 hr 10 �M 0 0 0 
72 hr 30 �M 2 2 4 
72 hr 100 �M 6 9 15 

Human Primary Hepatocytes     
72 hr 10 �M 2 0 2 
72 hr 30 �M 19 1 20 
72 hr 100 �M 17 1 18 

 

a Probe sets significantly changed with a fold change greater than |1.2|.   
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Table 2 Probe sets significantly modulated in adult testis and H295R cells.   
 
Triazole & Duration Dose Down regulated 

probe setsa 
Up regulated  
probe setsa 

Total number of 
Probe Sets 

Myclobutanil     

Testis GD6-PND92 32.9 mg/kg/day 0 16 16 
Testis GD6-PND92 133.9 mg/kg/day 0 0 0 

H295R     
48 hr 10 �M 6 0 6 
48 hr 30 �M 2 41 43 
48 hr 100 �M 64 79 143 

     

Propiconazole     

Testis GD6-PND92 31.9 mg/kg/day 0 0 0 
Testis GD6-PND92 169.7 mg/kg/day 1 49 50 

H295R     
48 hr 10 �M 0 0 0 
48 hr 30 �M 1 54 55 
48 hr 100 �M 1099 3407 4506 

     

Triadimefon     

Testis GD6-PND92 33.1 mg/kg/day 1 4 5 
Testis GD6-PND92 139.1 mg/kg/day 0 6 6 

H295R     
48 hr 10 �M 69 85 154 
48 hr 30 �M 0 56 56 
48 hr 100 �M 2 38 40 

 

a Probe sets significantly changed with a fold change greater than |1.2|.   
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Table 3A Pathways consistently affected across time in liver and hepatocytes by myclobutanil.   
 
Pathway Liver 

6 h 
225 mg/kg 

Liver 
24 hour 

225 mg/kg/day 

Liver  
72 hour 

300 mg/kg/day 

Liver 
336 hour     

225 mg/kg/day 

Liver 
GD6-PND92 

32.9 mg/kg/day 

Liver  
GD6-PND92 

133.9 mg/kg/day 

RPH 
10 
�M 

RPH 
30 
�M 

RPH 
100 

�M 

Androgen and Estrogen 
metabolism 

 X  X  X   X 

Arachidonic acid metabolism X X X X X X   X 
Ascorbate and Aldarate 
metabolism 

 X X X  X    

Bile acid biosynthesis  X X X      
Butanoate metabolism  X X      X 
Fatty acid metabolism X X X X X X   X 
Galactose metabolism  X   X    X 
Glutamate metabolism X X X X      
Glutathione metabolism X X X X      
Glycerolipid metabolism  X X X  X    
Glycolysis/ Gluconeogenesis  X X X X     
Histidine metabolism  X X X      
Linoleic acid metabolism  X X X X     
Lysine degradation X X X      X 
Metabolism of Xenobiotics by 
Cytochrome P450 

 X X X X X    

Pentose and Glucuronate 
metabolism 

 X  X  X    

Pyruvate metabolism  X  X     X 
Retinol metabolism  X X X  X    
Starch and Sucrose metabolism  X  X X X   X 
Sterol biosynthesis  X X      X 
Tryptophan metabolism X  X X X X    
Xenobiotic metabolism signaling X X X X X X    
 
Note. Pathways affected by three or more experiments are shown here, a full list is in the appendix. RPH = rat primary hepatocytes. Bold: 
common pathways affected by all three triazoles.
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Table 3B Pathways consistently affected across time in liver and hepatocytes by propiconazole.   
 
Pathway Liver 

72 h 
300 mg/kg/day 

Liver 
GD6-PND92 

31.9 mg/kg/day 

Liver  
GD6-PND92 

169.7 mg/kg/day 

RPH  
10 �M 

RPH  
30 �M 

RPH  
100 

�M 

Arachidonic acid metabolism  X X   X 
Arginine and Proline metabolism X  X  X  
Ascorbate and Aldarate metabolism X  X  X  
Bile acid biosynthesis X    X X 
Butanoate metabolism X    X X 
Fatty acid metabolism X X X  X X 
Glycerolipid metabolism   X  X  
Glycolysis/ Gluconeogenesis X    X X 
Linoleic acid metabolism  X X   X 
Lysine degradation X    X X 
Metabolism of Xenobiotics by 
Cytochrome P450 

 X X   X 

Pyruvate metabolism X  X  X X 
Starch and Sucrose metabolism   X   X 
Tryptophan metabolism X X X  X X 
�-alanine metabolism X    X X 
 
Note. Pathways affected by three or more experiments are shown here, a full list is in the appendix. RPH = rat primary hepatocytes. Bold: 
common pathways affected by all three triazoles. 
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Table 3C Pathways consistently affected across time in liver and hepatocytes by triadimefon.   
 
Pathway Liver 

6 h 
175 mg/kg/day 

Liver 
24 h 

175 mg/kg/day 

Liver  
72 h 

175 mg/kg/day 

Liver 
336 h 

175 mg/kg/day 

Liver  
GD6-PND92 

33.1 mg/kg/day 

Liver  
GD6-PND92 

139.1 mg/kg/day 

RPH  
10 
�M 

RPH  
30 
�M 

RPH  
100 
�M 

Androgen and Estrogen 
metabolism 

 X  X  X    

Arachidonic acid 
metabolism 

X X  X X X    

Bile acid biosynthesis  X X       
Butanoate metabolism X X X   X   X 
Fatty acid metabolism X X X X X X    
Galactose metabolism  X      X X 
Glutathione metabolism  X  X  X    
Glyceroplipid metabolism  X X X      
Glycine, Serine and Threonine 
metabolism 

 X  X X     

Glycolysis/ 
Gluconeogenesis 

 X    X  X  

Histidine metabolism   X X  X    
Linoleic acid metabolism  X  X  X   X 
Lysine degradation X X X       
Metabolism of Xenobiotics 
by Cytochrome P450 

 X  X X X    

Nitrogen metabolism  X  X X     
Propanoate metabolism X X X   X    
Pyruvate metabolism  X  X  X    
Starch and Sucrose 
metabolism 

 X  X    X  

Sterol biosynthesis  X    X   X 
Toll-like receptor signaling    X  X    
Tryptophan metabolism X X X X X     
Xenobiotic metabolism 
signaling 

X X  X  X  X  

�-alanine metabolism X X X       
 
Note. Pathways affected by three or more experiments are shown here, a full list is in the appendix. RPH = rat primary hepatocytes. Bold: 
common pathways affected by all three triazoles. 
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Table 3D Pathways conserved across rat and human hepatocytes by triazoles. 
 
 
  Myclobutanil  Propiconazole  Triadimefon 
Pathway  Rat  

100 �M 
 Rat  

30 �M 
Rat  

100 �M 
Human  
30 �M 

Human 
100 �M 

 Rat  
30 �M 

Rat  
100 �M 

Human  
30 �M 

Human  
100  �M 

Androgen and Estrogen metabolism  X   X      X  
Arachidonic acid metabolism  X           
Arginine and Proline metabolism    X         
Ascorbate and Aldarate metabolism    X         
Bile acid biosynthesis    X X X X    X X 
Butanoate metabolism  X  X X     X   
Fatty acid metabolism  X  X X X       
Galactose metabolism  X     X  X X X X 
Glycerolipid metabolism    X  X X    X X 
Glycolysis and Gluconeogenesis    X X X X  X  X X 
Linoleic acid metabolism     X     X   
Lysine degradation  X  X X        
Metabolism of Xenobiotics by Cytochrome 
P450 

    X X X    X X 

Pyruvate metabolism  X  X X        
Starch and Sucrose metabolism  X   X X X  X  X X 
Sterol biosynthesis  X        X   
Toll-like receptor signaling           X  
Tryptophan metabolism    X X        
Xenobiotic metabolism signaling         X  X  
�-alanine metabolism    X X        
 
Note. Treatments without significant effects on pathways are not shown. (Rat: M10, 30�M; P10�M; T10�M) (Human: M10, 30, 100�M; P10 �M, 
T10�M). Bold: Pathways affected by all three triazoles.
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Table 4A Conserved pathways affected in the testis and H295R cells by myclobutanil.   
 
Pathway Testis 

32.9 mg/kg/day 
Testis 

133.9 mg/kg/day 
H295R  
10 �M 

H295R  
30 �M 

H295R  
100 �M 

Androgen and Estrogen metabolism X     
C21-steroid hormone metabolism X    X 
Complement and coagulation cascades    X X 
Endoplasmic reticulum stress pathway     X 
Glutathione metabolism     X 
Hypoxia signaling in the cardiovascular system     X 
Linoleic acid metabolism     X 
Metabolism of Xenobiotics by Cytochrome P450     X 
Nicotinate and Nicotinamide metabolism    X  
Nitrogen metabolism X     
Pantothenate and CoA biosynthesis    X  
Propanoate metabolism X     
Purine metabolism     X 
Pyrimidine metabolism     X 
Riboflavin metabolism    X  
Sterol biosynthesis X    X 
Urea cycle and metabolism of amino groups    X  
Valine, Leucine and Isoleucine degradation X     
Xenobiotic metabolism signaling     X 
�-alanine metabolism X     
 
Note. no overlap in common pathways between testis and H295R cells. Bold: common pathways affected by myclobutanil and triadimefon in the 
testis. Italics: common pathways affected by myclobutanil and triadimefon only in H295R cells. 
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Table 4B Conserved pathways affected in the testis and H295R cells by propiconazole.   
 
Pathway Testis 

31.9 mg/kg/day 
Testis 

169.7  mg/kg/day 
H295R 
10 �M 

H295R  
30 �M 

H295R  
100 

�M 
Alanine and Aspartate metabolism     X 
Aminoacyl-tRNA biosynthesis     X 
Aminosugars metabolism     X 
Androgen and Estrogen metabolism  X    
Antigen presentation pathway    X  
Arachidonic acid metabolism  X  X  
Citrate cycle     X 
Complement and coagulation cascades  X    
Cysteine metabolism  X   X 
Endoplasmic reticulum stress pathway     X 
Fatty acid metabolism  X    
Galactose metabolism     X 
Glutamate metabolism     X 
Glutathione metabolism     X 
Glycolysis/ Gluconeogenesis     X 
Linoleic acid metabolism  X  X  
Metabolism of Xenobiotics by Cytochrome P450  X  X  
Methionine metabolism  X    
Nucleotide sugars metabolism     X 
Oxidative phosphorylation     X 
Pentose and Glucuronate interconversions  X    
PDGF signaling     X 
Phenylalanine metabolism  X    
Propanoate metabolism     X 
Protein ubiquitination pathway     X 
Retinol metabolism  X    
Selenoamino acid metabolism  X    
Starch and Sucrose metabolism  X    
Taurine and Hypotaurine metabolism  X    
Tryptophan metabolism  X    
Urea cycle and metabolism of amino groups  X    
Xenobiotic metabolism signaling  X    
 
Note. Glutathione metabolism was the only common pathways modulated by all three triazoles in H295R cells, no common pathways were found 
in the testis.
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Table 4C Conserved pathways affected in the testis and H295R cells by triadimefon. 
 
Pathway Testis 

33.1 mg/kg/day 
Testis 

139.1 mg/kg/day 
H295R 
10 �M 

H295R  
30 �M 

H295R  
100 �M 

Aminosugars metabolism    X X 
Arachidonic acid metabolism    X  
Cell Cycle: G1/S checkpoint regulation   X   
Citrate cycle     X 
Fatty acid metabolism X X    
Glutamate metabolism    X  
Glutathione metabolism     X 
Integrin signaling     X 
Metabolism of Xenobiotics by Cytochrome P450     X 
Neuregulin signaling  X    
Nicotinate and Nicotinamide metabolism     X 
Oxidative phosphorylation   X   
Pantothenate and CoA biosynthesis     X 
Propanoate metabolism X X    
Riboflavin metabolism     X 
Sterol biosynthesis    X X 
Valine, Leucine and Isoleucine degradation X X    
Xenobiotic metabolism signaling    X X 
�-alanine metabolism X X    
 
Note. no overlap in common pathways between testis and H295R cells. Bold: common pathways affected by myclobutanil and triadimefon in the 
testis. Italics: common pathways affected by myclobutanil and triadimefon in H295R cells. 
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Table 5 Common gene expression changes in liver by triazoles following 6 h exposure. 
 

Accession number Gene Symbol 
Myclobutanil 
225 mg/kg 

Triadimefon 
175 mg/kg 

AA944898 Aass_pre 1.395346 1.42497 

AY082609 Abcb1a 1.457891 1.220928 

AF257746 Abcb1a 1.660503 1.352586 

AF286167 Abcb1a 1.499561 1.28087 

NM_024484 Alas1 1.912188 1.748386 

AI454613 CYP2B2 5.433068 5.204011 

BF397093 CYP26B1 1.611242 1.556182 

NM_016999 CYP4A10 / CYP4A22 -1.43958 -1.37054 

NM_017306 Dci -1.39092 -1.29865 

NM_022594 Ech1 -1.37378 -1.32392 

AI176320 Fndc3b_pre 1.273331 1.276573 

BI289093 Fndc3b_pre 1.286492 1.279385 

BI287978 Gadd45b 1.843147 1.390291 

NM_017305 Gclm -1.5462 -1.39813 

AA851803 Insig2 1.876532 1.470581 

AA818627 Insig2 1.645604 1.384925 

AA899721 Mte1 -1.29407 -1.23904 

BF555448 Mte1 -1.2995 -1.22998 

NM_031576 Por 1.621583 1.579808 

U78517 Rapgef4 1.379904 1.223056 

BI295979 RGD1311800 1.21538 1.217099 

BG381583 RGD1565118_pre 1.353203 1.255973 

U95011 Slco1a4 1.456773 1.263486 

NM_131906 Slco1a4 1.373168 1.230835 

BI290895 Slc43a1_pre 1.515612 1.328864 

AI170385 Smarca2 1.254876 1.201921 
 
Note.  Bold: transcript level changes were significant . Suffix _pre = probe sets with predicted annotation.  Propiconazole was not examined at 
this time point. 
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Table 6 Common gene expression changes in liver by triazoles following 24 h exposure. 
 

Accession number Gene Symbol 

Myclobutanil 24h 

225 mg/kg/day 

Triadimefon 24h 

175 mg/kg/day 

 

GenBank Gene Symbol 

Myclobutanil 24h 

225 mg/kg/day 

Triadimefon 24h 

175 mg/kg/day 

NM_020538 Aadac -1.41794 -1.57707  AA892238 Chordc1_pre 1.270795 1.234676 

NM_017193 Aadat -1.25898 -1.2767  AI013390 Cited2 -1.28504 -1.43985 

AY082609 Abcb1a 1.671475 1.60075  BI279729 Cndp2 1.322877 1.224213 

AF286167 Abcb1a 1.553138 1.690914  NM_017334 Crem -1.20378 -1.24239 

AF257746 Abcb1a 1.578384 1.720312  BI293393 Cryl1 1.222696 1.261537 

NM_053754 Abcg5 1.391507 1.643718  M64755 Csad -1.91805 -1.71768 

BI278598 Adipor2 -1.23488 -1.29499  AI454613 CYP2B2 6.01566 5.881463 

NM_013215 Akr7a3 1.455729 1.33618  NM_134369 CYP2T1 -1.26466 -1.21937 

NM_024484 Alas1 1.913151 2.164641  NM_013105 CYP3A1 1.594534 1.639064 

NM_022407 Aldh1a1 2.662756 2.253196  D38381 CYP3A18 1.344993 1.352355 

M23995 Aldh1a4 3.727019 4.190322  NM_012942 CYP7A1 -3.03819 -2.52881 

BG662519 Ank -1.31384 -1.41174  NM_031241 CYP8B1 -3.03852 -2.00352 

AI045767 Ank -1.20935 -1.24927  BM383834 Dhx33_pre -1.33422 -1.33807 

BI279570 Ap1gbp1 -1.31905 -1.26672  BM384926 Dnajb1_pre 1.220039 1.244104 

NM_022960 Aqp9 -1.39467 -1.39215  BI295971 Edg1 -1.3774 -1.71145 

BF552350 Armc9_pre -1.23646 -1.23562  AF214568 Enpep -1.31157 -1.29675 

NM_053359 Atox1 -1.20733 -1.20335  U13253 Fabp5 -1.34689 -1.54279 

M74494 Atp1a1 -1.29116 -1.27615  NM_012792 Fmo1 -1.99457 -1.94372 

M28647 Atp1a1 -1.26357 -1.28815  NM_017094 Ghr -1.40273 -1.28453 

AB038388 Atrn -1.2652 -1.24741  NM_017073 Glul -1.72923 -1.43804 

NM_053019 Avpr1a -1.4989 -1.38348  BI275294 Glul -1.58162 -1.41237 

AI045400 Car14_pre -1.33656 -1.50811  BI296610 Glul -1.53344 -1.35529 

BI295861 Ccnd1 1.313051 1.612201  NM_017084 Gnmt -1.5788 -1.40806 

X75207 Ccnd1 1.24409 1.344632  AI454322 Gpt2_pre -1.41771 -1.4241 

NM_133586 Ces2 2.40871 2.073303  AI535168 Gpt2_pre -1.35509 -1.35093 
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Table 6 (continued) 
 

Accession number Gene Symbol 
Myclobutanil 24h 
225 mg/kg/day 

Triadimefon 24h 
175 mg/kg/day 

 
GenBank Gene Symbol 

Myclobutanil 24h 
225 mg/kg/day 

Triadimefon 24h 
175 mg/kg/day 

NM_053906 Gsr 1.375939 1.235265  BF419646 Rarb -1.37855 -1.3173 
NM_020540 Gstm4 1.403242 1.343936  BF283113 Rfc2 1.356187 1.214405 
NM_013134 Hmgcr 1.324912 1.606889  BI291270 RGD1310066 -1.21301 -1.25296 
BM390399 Hmgcr 1.435528 1.770301  BM384131 RGD1311939_pre -1.2088 -1.21146 
BF415386 Hsd17b13 -1.21335 -1.24576  AI233172 RGD1562836_pre -1.26731 -1.22723 
BE116009 Id4 -1.32233 -1.44463  AI180253 RGD1563825_pre -1.34585 -1.37511 
NM_053329 Igfals -1.42384 -1.51844  AI411981 RGD1564876_pre 1.240055 1.284534 
NM_032074 Irs3 -1.21749 -1.29425  AI112987 Ris2_pre 1.360845 1.221346 
NM_017061 Lox -1.48959 -1.49082  AA925710 Rnf125_pre -1.37427 -1.48258 
BI304009 Lox -1.3479 -1.33519  AI103641 Sardh -1.23089 -1.28989 
U66322 Ltb4dh -1.49113 -1.51143  AA893220 Sat_mapped -1.27256 -1.30254 
AW143187 March2 -1.26112 -1.21347  AI112194 Sez6 -1.51558 -1.58693 
BF395080 Me3_pre -1.57199 -1.52196  AI113219 Sgpl1 1.300193 1.225151 
AA892234 Mgst3_pre -1.2257 -1.40874  AI169925 Slc17a2_pre -1.26544 -1.25799 
BF392344 Mtmr7_pre -1.40989 -1.26505  NM_031332 Slc22a8 -1.79542 -1.80808 
BF554891 Nipsnap1 -1.24194 -1.30422  NM_031589 Slc37a4 -1.44634 -1.37571 
J02679 Nqo1 1.721991 1.517471  U95011 Slco1a4 2.055605 2.008014 
NM_012576 Nr3c1 -1.20077 -1.25279  NM_131906 Slco1a4 1.846429 1.809248 
NM_053611 Nupr1 -1.50522 -1.64759  AI175880 Smoc1 -1.25368 -1.25478 
NM_031817 Omd -1.26838 -1.2662  NM_017136 Sqle 1.377506 1.770765 
AA893228 Osbpl11_pre -1.23631 -1.3468  AI172302 Srxn1 1.327148 1.223418 
NM_012744 Pc -1.35442 -1.29346  BM385735 Stac3_pre -2.1034 -2.93545 
Z83046 Pcaf -1.24526 -1.28895  AF335281 Steap3 -1.21207 -1.29233 
NM_022265 Pdcd4 -1.23501 -1.25733  AF394783 Sult1a1 -1.45287 -1.46806 
NM_053826 Pdk1 -1.23848 -1.28669  AI168953 Sult1c2a -1.32582 -1.30527 
NM_030872 Pdk2 -1.32616 -1.26485  NM_031127 Suox -1.23004 -1.2107 
NM_053923 Pik3c2g -1.26665 -1.34632  AI411054 Tex2 1.322891 1.296705 
NM_012624 Pklr -1.5049 -1.72901  NM_013043 Tgfb1i4 -2.07004 -2.18363 
M17685 Pklr -1.59989 -1.89079  AI410264 Tm4sf12 -1.24113 -1.27382 
NM_031576 Por 1.725798 1.898161  M13506 Udpgtr2 2.051854 1.806592 
AI407454 Por 1.621871 1.784757  AI170679 Ugp2 -1.3583 -1.4006 
AW530361 Ppp1r3c -1.39351 -1.51853  AF461738 Ugt1a 1.488975 1.536018 
NM_022545 Prpsap1 -1.24018 -1.35237  J02612 Ugt1a 1.445247 1.517609 
AI411541 Ptger3 -1.20349 -1.20315  NM_022228 Ugt2a1 1.264257 1.357659 
BI296388 Pvrl2 -1.37085 -1.41015  AF439397 Zwint 1.470558 1.275234 
Note.  Bold: transcript level changes were significant. Suffix _pre = probe sets with predicted annotation.  Propiconazole was not examined at this 
time point.
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Table 7 Consistent gene expression changes in liver by triazoles following acute exposure. 
 

Accession number Gene Symbol 
Myclobutanil 6h 

225 mg/kg 
Myclobutanil 24h 
225 mg/kg/day 

Triadimefon 6h 
175 mg/kg 

Triadimefon 24h 
175 mg/kg/day 

AY082609 Abcb1a 1.457891 1.671475 1.220928 1.60075 

AF286167 Abcb1a 1.499561 1.553138 1.28087 1.690914 

AF257746 Abcb1a 1.660503 1.578384 1.352586 1.720312 

NM_024484 Alas1 1.912188 1.913151 1.748386 2.164641 

AI454613 CYP2B2 5.433068 6.01566 5.204011 5.881463 

NM_031576 Por 1.621583 1.725798 1.579808 1.898161 

NM_131906 Slco1a4 1.373168 1.846429 1.230835 1.809248 

U95011 Slco1a4 1.456773 2.055605 1.263486 2.008014 

AF335281 Steap3 (-1.11919) -1.21207 (-1.18458) -1.29233 
 
Note.  Bold: transcript level changes were significant . (values): significant but does not meet fold change criteria. Suffix _pre = probe sets with 
predicted annotation. Propiconazole was not examined at this time point. 
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Table 8 Common gene expression changes in the liver by triazoles following 72 h exposure. 
 

Accession number Gene Symbol 
Myclobutanil 72h 
300 mg/kg/day 

Propiconazole 72h 
300 mg/kg/day 

Triadimefon 72h 
175 mg/kg/day 

NM_031013 Abcc6 -1.53437 -1.49877 -1.30907 

NM_022407 Aldh1a1 1.914528 2.153525 1.94964 

M23995 Aldh1a4 5.239899 4.664204 3.491553 

NM_031011 Amd1 1.333461 1.273012 1.474907 

BI295783 Carhsp1 -1.35716 -1.39117 -1.41538 

NM_133586 Ces2 2.224222 2.79172 2.354443 

AW917275 Cldn1 -1.32655 -1.3952 -1.62754 

AI454613 CYP2B2 4.16754 3.159269 2.80405 

AI600237 Eef1e1_pre 1.41057 1.454672 1.372485 

BM390399 Hmgcr 2.181576 2.095347 2.764921 

BE111733 Hrpap20 1.514408 1.571053 1.470554 

AI103948 Lysmd2_pre 1.347446 1.326148 1.364225 

AW433989 Mll2_pre -1.46088 -1.3737 -1.34778 

AW520527 Mrpl47 1.209136 1.438733 1.231544 

AF079864 Olr59 -1.49191 -1.63139 -1.62112 

BI288756 Prdm15_pre -1.2532 -1.26996 -1.21469 

M60103 Ptprf -1.31277 -1.41166 -1.2229 

BE116947 RGD1306613_pre 1.23112 1.284107 1.223817 

AI228596 RGD1359509 1.84305 2.472557 2.824266 

BI296701 RGD1564322_pre -1.3118 -1.28354 -1.32964 

BM385735 Stac3_pre -5.72391 -4.20662 -2.95691 

AA956405 Vkorc1l1 1.295077 1.231518 1.269332 

AA945082 Yc2 3.192709 2.507021 2.64851 

AF228917 Zdhhc2 1.518845 1.339858 1.214808 
 
Note.  Color Bold: transcript level changes were significant.  Suffix _pre = probe sets with predicted annotation. 
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Table 9 Common gene expression changes in liver by triazoles following 336 h exposure. 
 

Accession number Gene Symbol 

Myclobutanil 336h 

225 mg/kg/day 

Triadimefon 336 h 

175 mg/kg/day 

 

GenBank Gene Symbol 

Myclobutanil 336h 

225 mg/kg/day 

Triadimefon 336 h 

175 mg/kg/day 

AF072816 Abcc3 1.754102 2.189983  AI176041 Pir 1.35002 1.364795 

NM_013215 Akr7a3 1.826943 1.986715  AI231606 Ppcs 1.208413 1.212427 

NM_022407 Aldh1a1 2.865971 3.357925  AA859508 RGD1564315_pre 1.258552 1.327873 

AI013902 Anxa7 1.219474 1.251071  NM_017206 Slc6a6 -1.28335 -1.5371 

BM986220 App 1.475095 1.713673  U95011 Slco1a4 1.593935 1.875918 

AI408064 App 1.29631 1.549691  NM_131906 Slco1a4 1.642324 1.720027 

BG671677 App 1.552069 1.647365  AI411586 Sqstm1 1.221941 1.245327 

BI294910 Car8 1.227424 1.239762  BG376410 Tacstd1 1.353115 1.455949 

NM_133586 Ces2 1.989027 2.829843  M23764 Tpm1 1.264911 1.222513 

AW917275 Cldn1 -1.21194 -1.247  M13506 Udpgtr2 3.153474 2.826025 

AI454613 CYP2B2 6.210916 5.730853  J02612 Ugt1a 1.398988 1.607624 

NM_013105 CYP3A1 1.820166 1.74005  AF461738 Ugt1a 1.455605 1.594997 

NM_022526 Dap 1.304043 1.350527  AA945082 Yc2 2.553125 2.9298 

U31884 Ddc 1.26515 1.3214  BG380660 Yeats4_pre 1.220439 1.209268 

NM_012844 Ephx1 1.835277 1.745133  AF228917 Zdhhc2 1.240458 1.341375 

AA957335 Gas6 1.266997 1.293648  AF439397 Zwint 1.220282 1.332017 

NM_053906 Gsr 1.23888 1.268772      

NM_020540 Gstm4 1.607164 1.954663      

AI410548 Hibch 1.220401 1.268653      

BM386357 Hmgn3 1.209702 1.310355      

NM_017061 Lox -1.48871 -1.57535      

BI304009 Lox -1.36238 -1.39541      

BI285792 MGC108896 1.267947 1.380333      

BI290559 Mgst2_pre 1.359828 1.415162      

 
Note.  Bold: transcript level changes were significant.  Suffix _pre = probe sets with predicted annotation.  Propiconazole was not examined at 
this time point. 
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Table 10 Common gene expression changes in rat hepatocytes by triazoles. 
 
 

Accession number Gene Symbol 
Myclobutanil 

10 �M 
Myclobutanil 

30 �M 
Myclobutanil 

100 �M 
Propiconazole 

10�M 
Propiconazole 

30�M 
Propiconazole 

100�M 
Triadimefon 

10�M 
Triadimefon 

30�M 
Triadimefon 

100�M 

AI412322 Acat2 1.00749 1.084555 1.515612 1.121688 1.449087 1.740211 1.206269 1.335686 1.591896 

M23995 Aldh1a4 1.591126 2.098396 2.022629 2.091862 2.915051 1.750726 1.547478 2.055452 2.235484 

AI045191 C6 -1.00808 -1.051231 -1.231887 -1.033673 -1.096648 -1.285064 -1.050991 -1.10331 -1.29335 

L46791 Ces3 -1.28798 -1.605052 -2.841652 -1.531558 -2.008683 -3.225605 -1.579721 -2.02886 -2.78931 

M33936 CYP4A14 -1.121236 -1.334723 -2.188193 -1.236884 -1.509478 -3.778621 -1.290849 -1.54133 -1.78729 

AA893326 CYP4A14 -1.109885 -1.288676 -1.83425 -1.217515 -1.242891 -3.031097 -1.274402 -1.40114 -1.52183 

BI295971 Edg1 -1.02969 -1.243891 -1.39663 -1.156552 -1.263337 -1.464522 -1.180011 -1.2779 -1.40999 

NM_012556 Fabp1 -1.120366 -1.377326 -2.083588 -1.218892 -1.713861 -2.738736 -1.301612 -1.56553 -1.74359 

NM_024145 Fgr -1.002902 -1.025267 -1.223234 1.012763 1.054877 -1.513417 -1.006495 1.057684 -1.13813 

NM_013098 G6pc -1.187115 -1.260687 -1.461409 -1.246904 -1.289749 -1.655148 -1.307399 -1.48247 -1.6131 

U07993 G6pc -1.171299 -1.250348 -1.417541 -1.261229 -1.348046 -1.559442 -1.301739 -1.40687 -1.53985 

AW525471 Gcat 1.0367 1.100241 1.384859 1.113313 1.361374 1.691689 1.125681 1.274845 1.38879 

M33648 Hmgcs2 -1.069844 -1.278622 -2.263068 -1.105869 -1.117915 -5.609492 -1.215947 -1.48329 -2.431 

NM_017235 Hsd17b7 1.03391 1.082348 1.254891 1.037944 1.126411 1.301671 1.082305 1.152795 1.186282 

BE114818 LOC498176 1.033435 1.066694 1.217482 1.05586 1.095035 1.499239 1.036284 1.114403 1.213127 

D45252 Lss 1.008417 1.070302 1.310575 1.109039 1.223613 1.599251 1.158615 1.245279 1.344196 

AI179123 Nfe2l1_pre 1.045328 1.084586 1.243786 1.061294 1.154207 1.320222 1.063123 1.17359 1.195632 

AI407016 RGD1307736 1.066459 1.1031 1.239032 1.105486 1.367469 1.425797 1.087891 1.197482 1.156242 

AI411493 RGD1564089_pre -1.0706 -1.140898 -1.442869 -1.138039 -1.259918 -1.78288 -1.181173 -1.2649 -1.48886 

BE107760 Scd2 1.045804 1.191824 1.772712 1.267499 1.560293 2.329106 1.379086 1.931562 1.990408 

NM_031841 Scd2 1.20816 1.717636 3.274199 1.744317 3.346938 3.777344 2.002532 3.346203 4.374369 
 
Note.  Bold: transcript level changes were significant.  Suffix _pre = probe sets with predicted annotation. 
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Table 11 Common gene expression changes in human hepatocytes by triazoles. 
 

Accession number Gene Symbol 
Myclobutanil 

10 �M 
Myclobutanil 

30 �M 
Myclobutanil 

100 �M 
Propiconazole  

10 �M 
Propiconazole  

30 �M 
Propiconazole 

 100 �M 
Triadimefon 

 10 �M 
Triadimefon  

30 �M 
Triadimefon  

100 �M 
AF153821 ADH1A -1.35334 -1.58966 -1.89302 -1.74002 -2.3462 -1.9776 -2.00423 -2.5259 -2.5057 
M24317 ADH1B -1.64699 -2.05057 -3.01116 -1.79247 -4.6685 -1.60882 -3.27312 -5.4238 -6.1989 
M21692 ADH1B -1.62928 -2.08362 -2.94419 -2.04456 -4.3868 -1.98339 -3.08274 -5.4215 -7.0569 

NM_001133 AFM -1.49617 -1.47351 -1.67575 -1.5149 -1.865518 -2.2505 -1.97838 -2.3623 -2.5652 

M69051 GCK -1.20518 -1.17661 -1.25635 -1.31735 -1.3668 -1.3365 -1.34346 -1.4543 -1.4114 
AW338791 IGFALS -1.28193 -1.24753 -1.29685 -1.26269 -1.4093 -1.36894 -1.4102 -1.4081 -1.37049 
H15920 MRGPRF -1.11482 -1.13284 -1.14691 -1.15643 -1.2292 -1.2657 -1.2244 -1.2364 -1.2473 
 
Note.  Bold: transcript level changes were significant.  
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Table 12A Consistent gene expression changes in liver and hepatocytes by myclobutanil.   
 

Accession 
number 

 
 
Gene 
name 

Liver 
6 h 

225 mg/kg/day 

Liver 
24 h 

225 mg/kg/day 

Liver 
72 h 

300 mg/kg/day 

Liver  
336 h 

225 mg/kg/day 

Liver  
GD6-PND92 

32.9 mg/kg/day 

Liver 
GD6-PND92 

133.9 mg/kg/day 

RPH  
10 �M 

RPH  
30 �M 

RPH  
100 �M 

AF072816 Abcc3  1.39 1.62 1.75      
NM_022407 Aldh1a1  2.66 1.91 2.87  2.00    
NM_133586 Ces2 1.27 2.41 2.22 1.99  1.65    
AI237358 Cfd  -1.33 -1.44 -1.23      
AI454613 CYP2B2 5.43 6.02 4.17 6.21 2.73 3.29    
AA892770 Gclc -1.29 1.41  1.28      
NM_017073 Glul  -1.73 -1.43   -1.57    
NM_053906 Gsr  1.38 1.26 1.24      
U07993 G6pc  -1.84 -2.73      -1.42 
NM_017061 Lox  -1.49 -1.95 -1.49      
NM_131906 Slco1a4 1.37 1.85  1.64      
U95011 Slco1a4 1.46 2.06  1.59  1.95    
M13506 Udpgtr2  2.05  3.15  2.05    
AA945082 Yc2  1.65 3.19 2.55      
AF228917 Zdhhc2  1.34 1.52 1.24      
 
Note.  Bold: transcript level changes were significant. RPH = rat primary hepatocytes. Italics: common genes modulated by all three triazoles.  
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Table 12B Consistent gene expression changes in liver and hepatocytes by propiconazole.   
 

Accession number 

 
 
Gene name 

Liver 
72 h 

300 mg/kg/day 

Liver 
GD6-PND92 

32.9 mg/kg/day 

Liver 
GD6-PND92 

133.9 mg/kg/day 

RPH  
10 �M 

RPH  
30 �M 

RPH  
100 �M 

AI412322 Acat2     1.45 1.74 
NM_022407 Aldh1a1 2.15  2.88    
BM986220 App  1.36 1.75    
NM_133586 Ces2 2.79  2.32    
AI454613 CYP2B2 3.16 2.79 4.67    
BI295971 Edg1 -1.76     -1.46 
BF395080 Me3_pre -1.77  -1.81    
NM_022521 Oat -1.69  -1.65    
BF390510 RGD1311155 -1.48  -1.66    
NM_031841 Scd2     3.35 3.78 
BG380534 Tle1_pre  -1.42 -1.37    
AA945082 Yc2 2.51  1.86    
AF228917 Zdhhc2 1.34  1.28    
 
Note.  Bold: transcript level changes were significant. RPH = rat primary hepatocytes. Italics: common genes modulated by all three triazoles. 
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Table 12C Consistent gene expression changes in liver and hepatocytes by triadimefon.   
 

Accession 
number 

 
 
Gene name 

Liver  
6h  

175 mg/kg/day 

Liver  
24h  

175 mg/kg/day 

Liver  
72h   

175 mg/kg/day 

Liver  
336h 

175 mg/kg/day 

Liver  
GD6-PND92 

33.1 mg/kg/day 

Liver  
G6-PND92  

139.1 mg/kg/day 

RPH  
10 �M 

RPH  
30 �M 

RPH  
100 �M 

AY082609 Abcb1 1.22 1.60  1.40      
AF286167 Abcb1a 1.28 1.69  1.44  1.39    
AF257746 Abcb1a 1.35 1.72  1.49  1.41    
NM_024484 Alas1 1.75 2.16    2.12    
NM_022407 Aldh1a1  2.25 1.95 3.36  4.84    
NM_021744 Cd14  -1.27  1.35  1.56    
NM_133586 Ces2  2.07 2.35 2.83  3.36    
AW917275 Cldn1   -1.63 -1.25  -1.29    
AI137640 Cldn1   -1.76 -1.24  -1.39    
AI454613 CYP2B2 5.20 5.88 2.80 5.73 2.81 7.63    
BI287978 Gadd45b 1.39 1.85    1.41    
NM_020540 Gstm4  1.34  1.95 1.35     
BM390399 Hmgcr  1.77 2.76   1.63    
NM_012744 Pc  -1.29  -1.24  -1.37    
NM_031576 Por 1.58 1.90 2.43   2.21    
BI295979 RGD1311800 1.22 1.22  1.22      
NM_031841 Scd2    1.25  1.25  3.35 4.37 
NM_131906 Slco1a4 1.23 1.81  1.72  2.21    
U95011 Slco1a4 1.26 2.00  1.88 2.05 1.97    
NM_017136 Sqle  1.77   1.29 1.69    
AI172302 Srxn1  1.22  1.22  1.32    
M13506 Udpgtr2  1.81  2.83  3.02    
J02612 Ugt1a  152  1.61  1.78    
AA945082 Yc2   2.65 2.93  3.10    
AF228917 Zdhhc2   1.21 1.34  1.40    
AF439397 Zwint  1.28  1.33  1.47    
 
Note.  Bold: transcript level changes were significant. RPH = rat primary hepatocytes. Italics: common genes modulated by all three triazoles. 
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Table 13 Common gene expression changes in H295R cells by triazoles. 
 

Accession number Gene Symbol 
Myclobutanil  

10�M 
Myclobutanil  

30�M 
Myclobutanil  

100�M 
Propiconazole 

10�M 
Propiconazole 

30�M 
Propiconazole 

100�M 
Triadimefon 

10�M 
Triadimefon 

30�M 
Triadimefon 

100�M 

BC036669 COL25A1 1.001442 1.231519 1.330984 1.032636 1.161394 1.29599 1.280361 1.213696 1.401339 

NM_000499 CYP1A1 1.062146 1.133827 1.471697 1.081469 1.3269 3.010051 1.049868 1.207837 1.760225 

NM_020130 C8orf4 1.004229 1.126994 1.276564 1.018995 1.139128 1.290133 1.184892 1.258337 1.227566 

BF513244 DAAM2 1.131586 1.221988 1.244315 -1.0313 1.133035 -1.45459 -1.09648 1.076942 1.229542 

AA813332 DFNB31 1.118387 1.24626 1.348574 -1.07043 1.108756 1.823918 -1.01078 1.082042 1.209768 

D45421 ENPP2 1.073637 1.221945 1.369464 -1.05484 1.091563 1.287573 1.046653 1.164257 1.219756 

AF177940 FXYD5 1.123653 1.238067 1.217929 -1.0457 1.093784 1.348639 -1.05777 1.113155 1.291724 

NM_022006 FXYD7 1.086323 1.299826 1.343975 1.023657 1.203266 1.331584 1.073084 1.25464 1.322939 

AF064826 GPC4 1.030048 1.258301 1.463574 -1.0726 1.064052 1.606839 1.074451 1.085533 1.227393 

NM_001448 GPC4 1.07145 1.253172 1.445954 -1.03053 1.109608 1.727851 1.09679 1.095967 1.211829 

NM_000846 GSTA1 -1.13459 -1.17828 -1.21421 -1.19296 -1.18006 -1.31941 -1.10278 -1.04134 -1.27303 

NM_014424 HSPB7 1.104042 1.354643 1.358086 1.093226 1.290998 1.552349 1.028408 1.146627 1.360245 

U52144 IDH2 1.03685 1.193653 1.334756 -1.04897 1.108176 1.308745 1.041649 1.135019 1.250275 

NM_006790 MYOT 1.117283 1.223035 1.395076 -1.10737 1.033305 1.66488 1.16194 1.178264 1.200295 

BC000906 NQO1 1.051593 1.128651 1.308483 -1.05453 1.026792 1.430337 1.079183 1.22334 1.261948 

AB033060 PDCD6 /// AHRR 1.005434 1.108446 1.263592 1.007407 1.148864 2.038538 1.139963 1.206421 1.291432 

AL117590 RGMB 1.032018 1.162514 1.293599 1.073687 1.175343 1.331759 1.138914 1.287887 1.433807 

BE855765 RGMB 1.031987 1.16836 1.262285 1.008319 1.157587 1.429583 1.14083 1.266752 1.537834 

NM_004176 SREBF1 -1.2249 -1.21071 -1.54776 -1.09629 -1.13366 -1.86881 -1.09837 1.009731 -1.25552 

BG163478 THSD4 1.058108 1.202439 1.244727 -1.02908 1.153269 1.391372 1.071206 1.150482 1.205439 

AI742570 THSD4 1.080774 1.168004 1.23284 -1.04299 1.099641 1.240738 -1.04815 1.151193 1.219698 

AL556438 TIPARP 1.024458 1.095849 1.193696 1.033705 1.128315 2.766772 1.163582 1.157709 1.349539 
 
Note.  Bold: transcript level changes were significant. 
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Table 14 Consistent gene expression changes in testis and H295R cells.   
 
  Myclobutanil Propiconazole Triadimefon 

Accession 
number 

Gene 
name 

32.9 

mg/kg/day 
133.9 

mg/kg/day 
10 
�M 

30   
�M 

100  
�M 

31.9 

mg/kg/day 
169.7 

mg/kg/day 
10 
�M 

30 
�M 

100 
�M 

33.1 

mg/kg/day 
139.1 

mg/kg/day 
10 
�M 

30 
�M 

100 
�M 

NM_004915 ABCG1    -1.23 -1.21           
NM_012819 Acadl 1.26          1.21 1.22    
NM_000685 AGTR1     -1.28     -1.54      
BC001288 CD55    1.20 1.31     1.74      
CA448665 CD55    1.29 1.46     1.82      
NM_001826 CKS1B     -1.26     1.28      
NM_000499 CYP1A1     1.47    1.33 3.01    1.21 1.76 
M17252 CYP21A2     -1.22     -1.23      
BC003637 DDIT3     1.27     3.09      
AL512760 FADS1     -1.34     -1.30      
NM_004265 FADS2     -1.37     -1.86      
AP177940 FXYD5    1.24 1.22     1.35     1.29 
NM_014164 FXYD5    1.26      1.35     1.31 
NM_000846 GSTA1     -1.21     -1.32     -1.27 
AI029734 Mtmr1_pre       -2.30    -2.52     
BC000906 NQO1     1.31     1.43    1.22 1.26 
U24183 PFKM     1.22     1.40      
BM386483 Rgnef_pre 1.37           1.34    
BC001886 RRM2     -1.24     -2.01      
BC005807 SCD   -1.28  -1.54     -1.33      
AB032261 SCD     -1.88     -1.44      
AA678241 SCD     -1.45     -1.37      
AF116616 SCD     -1.44     -1.31      
NM_004176 SREBF1   -1.22 -1.21 -1.55     -1.87     -1.26 
 
Note.  Bold: transcript level changes were significant. Listed are probe sets modulated by two or more experiments, abbreviated listing for H295R 
effects. 
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Table 15 Comparisons between microarray and relative qPCR fold changes. 
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Note. Bold: significant transcript level or fold changes.  PB = phenobarbital, PCN = pregnane 16� carbonitrile, RIF = rifampicin. 
a Probe set representing CYP2B2 on GeneChip. 
b No representative probe set on GeneChip. 
c Probe set representing CYP4A10 on GeneChip. 
d Probe set representing SLCO1A2 on GeneChip.
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Figure 1 Rat hepatocyte cytotoxicity: LDH leakage as a function of treatment. 
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Figure 2 Human hepatocyte cytotoxicity: LDH leakage as a function of treatment. 
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Figure 3 H295R Hormone Measures.  Hormone measures from H295R cell media.  (A) Overlay of 
progesterone, estradiol and testosterone changes for each triazole, (B) Overlay of triazole effects for 
each hormone, all data presented as percent change to controls. * p<0.05, ** p<0.01, *** p<0.001. 
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Figure 4 Testosterone measures following acute in vivo exposure. Serum testosterone measures 
from two separate studies using adult male Sprague Dawley rats.  Triazoles were administered by 
gavage; dose is in mg/kg/day.  * p<0.05, ** p<0.01 
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Figure 5 Consistent changes in gene expression following triazole exposure. 
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Figure 6 Conserved effects by triazoles using comparative toxicogenomics.  Bold: conserved pathways by two or more triazoles between rat and 
human primary hepatocytes. 
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A growing number of chemicals in today’s market are accumulating to appreciable levels in 

the environment, some of which have been shown to produce neurotoxic or reproductive health 

effects.  A large number of these chemicals are endocrine disrupting compounds (EDCs), chemicals 

that are biologically active, mimicking hormone activity in an agonist or antagonist fashion thereby 

disrupting hormone mediated responses in behavior and reproduction (Figure 1; Panzica et al., 

2005).  This can be especially injurious during gestation when sexually dimorphic development of the 

reproductive tract occurs and little to no compensatory homeostatic mechanisms are available to 

handle the imbalance.  In addition to finding increased levels of EDCs in the environment, there is 

concern over age-related differences in susceptibility to exposures during development and as adults.   

Results from the developmental exposure study demonstrated myclobutanil and triadimefon 

caused a distinct reduction in reproductive function and fertility following developmental exposure.  

The delayed puberty by triadimefon and reduced pituitary weight by myclobutanil generated a new 

hypothesis that the hypothalamus and pituitary were being targeted by these reproductive toxicants.  

It remained to be determined if this is an on or off target mode of action for triazoles and at what 

period of development this occured.   

Initiation of puberty is known to involve trans-synaptic events including increased 

glutamatergic and metastin stimulation of GnRH neurons and a concomitant decrease in GABAergic 

inhibition.  The activation of glutamatergic neurotransmission, the primary mode of excitatory 

transsynaptic communication in the hypothalamus, increases GnRH secretion and accelerates sexual 

maturation.  The ionotropic glutamate receptors NMDA and kainite are expressed in GnRH neurons 

and other neurons within the hypothalamus, indicating gluatamte stimulates GnRH secretion.  

GABAergic neurons regulate this process during prepubertal development, inhibiting GnRH secretion 

by acting directly on the GnRH neurons and neurons synaptically connected to the GnRH network in 

a hormone-dependent manner (Roth and Ojeda, 2005).   

CYP17�-hydroxylase/ 17, 20-lyase (CYP17A1) is an active enzyme distributed throughout 

the brain and pituitary, along with 3�-hydroxysteroid dehydrogenase (Hsd3b) activity, indicating 

pituitary cells can synthesize neuroandrogens.  Ketoconazole decreases de novo synthesis of 17-

hydroxysteroid and C19 ketosteroids within the pituitary, indicating conazoles can enter the pituitary 

and inhibit CYP activity (Do Rego et al., 2007).  This ability of conazoles to inhibit CYP17A1 activity 

means the possibility of decreasing the biosynthesis of the neurosteroid dehydroepiandrosterone 

(DHEA).  DHEA acts as a negative modulator of gamma-aminobutyric acid type A (GABAA) receptor, 

and an activator of N-methyl-D-aspartic acid (NMDA).  Disruption in DHEA levels would result in 

disregulation of GABAergic and glutamatergic neurotransmission.  Since neuroactive steroids 

regulate the activity of neurons producing GnRH, the presence of CYP17A1 within the pituitary and 

hypothalamic nuclei means the possibility of neurosteroids controlling the neuroendocrine functions 

through modulation of the biosynthesis and/or release of hypophysiotropic neurohormones.   
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Levels of CYP17A1 were not measured in the pituitary from these males, and there were no 

observed effects on CYP17A1 in the adult testis; however exposure in utero could have adverse 

effects affecting adult reproductive behavior.  Fetal gonadotrophin secretion responds poorly to 

manipulations (flutamide, castration) of the gonadal negative feedback whereas shortly after birth the 

same treatments prove very effective.  This lack of feedback control was likely due to maternal steroid 

transfer and litter mate effect (Huhtaniemi, 1995).  The perinatal period of development is also 

essential in males, recognized by the continuous testicular steroidogenesis for several weeks after 

the critical period of genital masculinization.  This perinatal period of development in the male 

includes testicular descent, masculinization of different hypothalamic centers, and imprinting of male-

type behaviors.  Suppression of GnRH secretion during these first two weeks of postnatal 

development caused a range of effects including delayed puberty, infertility and ejaculatory 

impotence in the adult.  Testicular histology and spermatogenesis appeared normal, serum and 

pituitary LH concentrations were normal yet hypersensitive to GnRH stimulation, and testosterone 

secretion was normal in the adult rats.  Thus, this short period of suppression of gonadotrophins 

altered adult sexual behavior and the set-point of feedback of gonadotropin secretion (Huhtaniemi, 

1995).   

If neuroactive steroids are regulating the activity of pituitary cells through a paracrine mode of 

action, and conazoles can inhibit CYP activity within the pituitary, then it is possible that triazoles are 

targeting the hypothalamus and affecting this feedback loop earlier in development.  Impeded 

maturation of the GnRH response to excitatory amino acids during perinatal development can reduce 

the LH response to NMDA without affecting the response of LH to GnRH stimulation (Mann and 

Fraser, 1996).  High levels of testosterone do not alter the LH pulse frequency but depress only the 

pulse amplitude that results from the decrements in GnRH release from the hypothalamus (Kalra and 

Kalra, 1982).  If secretion of GnRH is suppressed early in development and LH became 

hypersensitive to GnRH stimulation, then reduced GnRH due to elevated testosterone levels would 

still generate a normal LH response as if GnRH were functioning within the normal physiological 

concentration, despite a disruption in the regulatory feedback loop.   

It is necessary to have an understanding of the processes by which prenatal differentiation 

and pubertal maturation lead to functional reproductive systems.  The development of the anatomical 

and physiological features of the male reproductive system can be partitioned into different stages 

forming a time line for development.  Fetal, peri- and post-natal development of testicular and 

ancillary androgen-dependent tissues is essential to postnatal, peripubertal, and ultimately adult 

reproductive function and fertility.  Exposure during development may cause long-term irreversible 

outcomes affecting the structure and or function of spinal nuclei and the reproductive tissues 

innervated by these motoneurons. 

The development of the sex-specific phenotype is androgen-dependent, thus the presence of 

androgens during organogenesis of the genital ducts (aka Wolffian ducts, giving rise to the 
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epididymus, ductus deferens, seminal vesicles, and ejaculatory ducts) and external genitalia is 

essential (Bentvelsen et al., 1995).  The period of perinatal testicular testosterone synthesis and 

concurrent sexual differentiation occurs during GD14-PND3, peaking at GD18, declining at GD19 and 

surging again within hours after birth (Ward et al., 2003).  Distribution of the androgen receptor (AR) 

during early development differs from that seen in later stages.  The AR is first evident in the 

mesenchyme prior to expression in the epithelium (Figure 2).  The AR first appears in the rat testis at 

GD14 and in the mesenchyme of the reproductive tract nearest the testis at GD14 in the rat 

(Bentvelsen et al., 1995).  The AR in the mesenchyme directs morphological development of the 

reproductive tissues, and expression of AR in the epithelium appears after organizational 

development in the male reproductive tract (Sajjad et al., 2004).  The onset of AR expression in the 

various tissues may explain the temporal susceptibility of the fetus to disruption in androgens during 

sexual differentiation.   

 Each stage of reproductive development is a unique period of susceptibility to toxicant 

exposures.  Prenatal exposure can impact developmental changes during that period, and can also 

have lasting effects and consequences on reproduction function and fertility in adulthood.  Chemicals 

do not have to target reproductive tissues directly nor reduce the weight of these tissues in order to 

have an effect on fertility in the adult male.  Colbert and colleagues (2005) demonstrated this with a 

low dose exposure study with the antiandrogen vinclozolin GD14 – PND3.  No neonatal toxicity or 

reduced AGD was observed, however, significant reduction in stage E1 erections were observed in 

adult males from all dose groups and increased seminal emissions at the highest dose (12 mg/kg).  

This study demonstrated low dose exposures can cause sufficient disruption of androgen-mediated 

sex-differentiated copulatory behavior and functions without producing changes in obvious structural 

or weight reductions in androgen-sensitive organs.   

Several questions remain unanswered about the full impact of androgen-dependent 

development of the male reproductive tract and fertility in the adult.  The manifestation of male sexual 

behavior is regulated by neuroendocrine and neuromuscular factors, in addition to normal circulating 

hormone levels in the adult male.  Successful reproduction in the male requires not only adequate 

levels of hormones, but precise functioning of motoneurons innervating the perineal muscle complex 

to facilitate the copulatory reflexes.   

Development of neuromuscular junctions and survival of motoneuron number and size in the 

perineal muscle complex are just a few of the many critical steps in the developing male reproductive 

tract.  The perineal muscle complex is composed of three androgen-dependent, sexually dimorphic 

muscles, the bulbocavernosus (BC), levator ani (LA), and ischiocavernosus (IC) muscles (Figure 3).  

The BC muscle, when contracted, enhances the erections of the glans penis.  Contraction of the LA 

muscle increases penile bulb pressure.  The LA muscle is an active component of the precisely 

coordinated neuromuscular system augmenting penile erection, acting directly on the penile bulb and 

the surrounding BC (Holmes and Sachs, 1994).  Thus, contraction of the BC and LA muscles with 
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accompanying vascular mechanisms produces penile erections.  Contraction of the IC muscle 

produces and enhances penile dorsiflexions (Hart and Melese-D’Hospital, 1983).  Each penile reflex 

has a specific role, excision of the BC/LA muscles will not prevent normal copulatory behavior 

including intromission and intravaginal ejaculation; however the ‘cupping’ reflex is lost thus preventing 

the vaginal plug from being tightly lodged against the cervix (Sachs, 1982).  Reduction in the 

‘cupping’ reflex of the BC/LA alone can cause a significant reduction in fertility.  Excision of the IC 

results in loss of dorsiflexions, or ‘flips’ of the glans penis.  Although this does not affect the intensity 

of the erection, intromission is rarely gained demonstrating the IC-induced dorsiflexion is required for 

vaginal penetration (Sachs, 1982).    

Motoneurons innervating these muscles originate from the lower lumbar spinal cord, the 

spinal nucleus of the bulbocavernosus (SNB) and the dorsolateral nucleus (DLN).  Proper innervation 

of the BC/LA muscles by the SNB and the IC muscle by the DLN are crucial to their successful 

involvement in copulatory behavior (Figure 4).  Development of the two neuromuscular systems is 

sexually dimorphic, organized during the perinatal period by the non-aromatizable androgen DHT.  

During early development, the motoneurons undergo their final mitosis by GD14 by which time 

innervation of the target muscles is complete in both male and female before the sex-specific 

phenotype of this tissue begins (Breedlove and Arnold, 1983).  Testosterone production in the male 

rat does not begin until after GD14 when the testis begins synthesizing the hormone, and SNB 

motoneurons do not develop the ability to accumulate testosterone until PND 14.  The AR appears to 

function just before synapse elimination occurs, during postnatal weeks three and four (Jordan et al., 

1991).  This demonstrates androgens are not involved in the proliferation but instead the survival of 

motoneurons by acting directly on the target tissues innervated by the SNB and DLN.  Motoneuron 

survival is the retrograde effect of testosterone and DHT influence on the target muscle (Fishman and 

Breedlove, 1988).  Breedlove and Arnold (1980) confirmed this androgen dependence by 

demonstrating selective accumulation of tritiated testosterone and DHT but not estradiol in adult male 

rats, suggesting androgens but not estrogens are involved in the sexual dimorphism of the SNB.  

Indeed, further work by Breedlove and Arnold (1983) showed the presence of DHT reduced 

motoneuron death of the SNB and promotes retention of the BC muscle.   

The multiple androgen-dependent tissues vary in their susceptibility to EDCs.  Is this due to 

the timing, location, and or concentration of AR on the surface of the tissues?  If androgen levels are 

disrupted to the slightest degree, does this modify gene expression to a level sufficient to alter the 

development processes in that tissue?  Are those changes in development acting primarily on the 

tissue or are the motoneurons innervating the tissues affected as well?  Is this difference in 

susceptibility due to the metabolic capability of the various tissues (i.e. 5�-reductase activity, Srd5a1) 

to convert testosterone into DHT for signal transduction cascades within the cells?   

The importance of androgens and their mechanism of action on motoneuron survival is not a 

simple straight forward answer.  Motoneuron survival by testosterone and DHT is a trophic effect, 
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preventing death of the motoneuron.  If triazoles inhibit Srd5a1 during early development, this could 

cause an irreversible organization effect in sexual dimorphic maturity of the SNB.     

There are differences in hormone effects during development and in the adult male.  In the 

adult male rat, the perineal muscle complex is not completely regulated by testosterone and its 

nonaromatizable metabolite DHT.  DHT is responsible for maintaining the target muscle mass and 

fiber size, motoneuron soma size, dendritic length, synapse number and size, and synaptic efficiency 

(Burke et al, 1997).  Estradiol does not regulate these functions; however, estradiol is involved to a 

degree in normal dendritic development and support of adult penile reflexes as demonstrated in 

castrated males (Burke et al., 1997, 1999, Foster and Sengelaub, 2004, Holmes and Sachs, 1992).  

This adds another layer to the complexity of reproductive toxicity.  There are in fact age related 

differences to the same types of exposures from the environment.  The increased serum testosterone 

levels in males exposed to triazoles could mean several possibilities, including increased plasma 

binding with albumin or decreased conversion of testosterone to DHT thus disrupting the copulatory 

reflex.   

The role of NMDA receptors mediating neuronal plasticity and positive influence on 

glutamatergic signaling during dendritic development is another potential target.  NMDA receptor 

expression is extremely high during the early postnatal period and declines to adult levels by the age 

of weaning (PND21) in rats.  Blockade of NMDA-mediated glutamatergic activity will inhibit dendritic 

growth in motoneurons innervating spinal motoneurons (Verhovshek et al., 2005).  Triadimefon has 

been shown to change dopaminergic and glutamatergic transmission (Reeves et al., 2004).  If 

conazoles have the capability to suppress CYP17 activity in the brain and pituitary, decreasing DHEA 

and thus NMDA activity (Do Rego et al., 2007), then the same mechanistic hypothesis in the pituitary 

and hypothalamus could be applied to the peri- and postnatal SNB and DLN development. 

There are chemicals that act as environmental antiandrogens producing uncharacteristic 

development of the male urogenital tract.  Prochloraz, an imidazole fungicide and AR antagonist, 

inhibited testosterone and increased progesterone production, reduced AGD and androgen-

dependent BC/LA weights (Noriega et al., 2005).  Methoxychlor is a pesticide with estrogenic and 

antiandrogenic effects in the male rat.  Methoxychlor delayed the onset of puberty, reduced fertility 

and copulatory plug formation, and delayed mating behaviors, all without any effect on testosterone 

levels (Ostby et al., 1999).  This illustrates the complexity of EDCs, all antiandrogens do not produce 

the same profile of effects and there are several different mechanisms of actions at work.  An 

antiandrogen that directly targets the AR will produce effects different from those observed by an 

antiandrogen that inhibits the activity of 5�-reductase.  In addition, aromatase inhibitors blocking 

estrogen regulation of dendritic growth in the adult male will have repercussions on fertility as well. 

Little attention has been given to the effects of male reproductive toxicants and their effects 

on the perineal muscles and innervating motoneurons supporting their copulatory reflexes.  

Measurement of the BC/LA muscle weight alone is not sufficient to determine the development of the 
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motoneurons.  Androgens act directly on the muscles, inducing trophic factor production by the target 

muscles for motoneuron survival.  Since not all reproductive toxicants disrupt the endocrine system, 

measurement of circulating serum hormone levels is not adequate to determine if a chemical is 

blocking androgen-mediated effects in development of the male reproductive tract.  To determine the 

effects of male reproductive toxicants in the perineal muscle complex and its possible link to male 

infertility, further work will need to focus on the androgen-regulated survival of the SNB and DLN 

motoneurons innervating the perineal muscle complex. 

 The mechanism of action for reduced fertility by myclobutanil and triadimefon still requires 

further investigation.  To further examine the effects of triazoles on reproductive toxicity, assessment 

of their effects on brain and pituitary CYP17 levels, the extent of motoneuron survival, and androgen-

regulated gene expression of receptors and neurotrophic factors in the perineal muscle complex 

would tentatively implicate additional mechanisms of action for triazole reproductive toxicity. 

 There is evidence that the liver is working to remove this excess testosterone following 

triazole exposure.  Xenobiotic metabolizing enzymes play central roles in the biotransformation, 

metabolism, and/or detoxification of foreign compounds.  Many xenobiotics induce signal transduction 

events either on or off target, directly or indirectly, leading to various cellular and physiological 

responses including homeostasis, proliferation, differentiation, or apoptosis.  To minimize the insults 

caused by xenobiotics, the body equips itself with diverse xenobiotic metabolizing enzymes ranging 

from phase I and II enzymes to phase III transporters, which are present in abundance at basal levels 

or induced after exposure.   

Toxicogenomics technology defines toxicity gene expression signatures for predictions and 

hypotheses generation for mechanistic modes of action.  Assessing the battery of genes induced or 

repressed by triazoles using microarray technology allowed simultaneous analysis of gene 

expression profiles.  This provided a greater overview and understanding of the regulation and the 

signal transduction mechanisms elicited by triazole treatment.  Understanding the toxic mechanisms 

promises to eventually aid in the protection of public health. 

Multiple phase I CYPs, phase II conjugating enzymes and phase III solute carrier and ATP-

binding cassette transporters were upregulated following short and long term exposure to these three 

triazoles.  Several of the observed differentially expressed genes are regulated by the nuclear 

receptors CAR, PXR, PPAR�, and LXR demonstrating the substrate and inhibiting properties of the 

triazoles.  In addition, there was evidence of reduced levels of fatty acids as seen by the reduction in 

CYP4A after developmental exposure to all three triazoles, rat hepatocytes by propiconazole and 

human hepatocytes by triadimefon.  Another key biomarker was the decrease in Scd1, indicative of 

high triglyceride levels in the liver.  The consistent down regulation of Scd1 by triadimefon in vivo and 

upregulation of Scd2 in vitro supports the idea of LXR� activation, and different triglyceride levels 

among the model systems. 
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 The modulation of CAR and PXR regulated genes involved in steroid metabolism and phase 

III transport during short term exposure defends the hypothesis that triazoles are initially targeting the 

CAR and PXR nuclear receptors.  Because CAR and PXR are activated by numerous steroids and 

endocrine disrupters, and triazoles seem to be acting as substrates for these receptors, it appears 

CAR and PXR function to protect to integrity of the endocrine system.  In addition, CAR and PXR are 

also involved in the regulation of lipid homeostasis, deactivation and transport of bile acids, and 

overall adaptation to xenobiotic stress.  The impact of triazoles on the expression of genes involved in 

fatty acid catabolism, lipid homeostasis, and steroid metabolism regulated by CAR and PXR further 

demonstrates how triazoles are impacting the liver.  Targeting the CAR and PXR receptors promoted 

the upregulation of genes involved early in glycolysis and fatty acid biosynthesis, and CAR-mediated 

decrease in fatty acid �-oxidation supporting the idea that triazoles are reducing fatty acid levels and 

increasing the break down of fatty acids for energy homeostasis required by the liver and possibly 

animal as a whole. 

 The specific profile of CAR/PXR-mediated solute carrier and ATP-binding cassette 

transporters upregulated in the liver again support the hypothesis that triazoles are targeting 

CAR/PXR and the primary mechanisms of metabolism are through uptake into the hepatocytes 

through Slco1a4, hydroxylation by CYP2B2, conjugation of triazoles and steroid metabolism via 

Ugt1a1 and Udpgtr2, and export through Abcb1a (Figure 5). 

 This study accomplished several objectives in defining the common modes and mechanisms 

of triazole reproductive toxicity.  The one-generation developmental exposure study identified 

reduced reproduction and fertility through failure of ejaculation as a mode of action for the two 

reproductive toxicants myclobutanil and triadimefon.  Increased serum testosterone with a differential 

onset and hepatomegaly by all three triazoles indicated a disruption in testosterone homeostasis and 

induced liver toxicity.  Gene expression profiling of the liver and testis in conjunction with the 

traditional endpoint assessments from the adult rats precluded the testis as a target for triazole 

toxicity and defined several biological processes involved in fatty acid and lipid homeostasis and 

steroid metabolism disrupted within the liver following developmental exposure.  By comparing gene 

expression profiles from various exposure studies and model systems, the dynamics of common and 

triazole-specific toxicities were characterized.  Myclobutanil and triadimefon produce an acute 

increase in testosterone shown by the upregulation of genes involved in the metabolism and 

elimination of excess steroids.  The acute response in testosterone levels by myclobutanil and 

triadimefon supports the hypothesis that disruption in testosterone levels during the critical periods of 

perinatal development in the male are part of the mechanism of reproductive toxicity seen by these 

two triazoles.  The later onset of disrupted testosterone homeostasis and lack of reproductive effects 

observed by propiconazole demonstrate that the onset of disruption plays a role in reproductive 

development, and indicates disruption of testosterone homeostasis is not solely a result of hindered 

GnRH development. 
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Based on the results from this study, future work focused on the brain and pituitary, and the spinal 

nuclei motoneurons and perineal muscles they innervate, would facilitate additional understanding of 

the mechanisms involved in the reproductive toxicity by myclobutanil and triadimefon.  In addition, the 

cross-comparison study defined CAR and PXR as prime targets of triazole action in the liver and rat 

hepatocytes and LXR and FXR as potential targets in human hepatocytes.  The use of 

toxicogenomics in this study characterized specific patterns of gene expression by triazoles, providing 

biomarkers that can facilitate extrapolation across species, demonstrating toxicogenomics as a useful 

tool in the field of risk assessment. 



 134 

 
 
Figure 1 Summary of EDC effects during embryonic, postnatal, and adult life.  Actions on hormone-
sensitive neural circuit differentiation during embryonic or early postnatal life may impact adult 
behavioral activities that in turn, control reproduction.  During postnatal and adult life, environmental 
EDCs act primarily at the level of peripheral organs (gonads, reproductive tract), interfering with 
circulating hormone levels and possibly reproduction (Panzica et al., 2005).   
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Figure 2 Differential expression of the androgen receptor during development.Schematic diagram 
showing the differential expression of the androgen receptor in mesenchymal and epithelial cells 
during development of fetal and neonatal male genitalia. 
 
 
 
 

 
 

Figure 3 Schematic dissection of the perineal region of a male rat.  Schematic dissection of the 
perineal region of a male rat, displaying the striated muscles BC and LA, which are innervated by 
motoneurons in the SNB.  These muscles are vestigial in female rats (Forger et al., 1992). 
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Figure 4 Anatomy of the SNB neuromuscular system.  Spinal nuclei of the bulbocavernosus (SNB) 
motoneurons are located ventromedially in spinal lumbar segments 5 and 6 and innervate striated 
muscles of the perineum, including the bulbocavernosus (BC) and levator ani (LA).  Motoneurons of 
the retrodorsal lateral nuclei (RDLN), which are located in the lateral horn of the same spinal 
segments, primarily innervate foot muscles (Xu et al., 2001). 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5 Proposed mechanism of action in the liver following triazole exposure.  The specific profile of 
CAR/PXR-mediated SLC and ABC transporters up regulated in the liver support the hypothesis 
triazoles are targeting CAR/PXR.  The primary mechanisms of metabolism appear to be uptake into 
the hepatocytes through Slco1a4, hydroxylation by CYP2B2, conjugation of triazoles and steroid 
metabolism via Ugt1a1 and Udpgtr2, and export through Abcb1a
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Workflow for JMP Genomics Analysis of Affymetrix GeneChip® Data 
 
The following steps were used in the analysis of GeneChip® data from Affymetrix Rat 230_2.0 and 
Human 133_2.0_plus microarrays.  For further information about the JMP Genomic program, file 
formats required, and additional utilities available, open JMP and select: Help/ Books/ JMP Genomics 
User’s Guide. 
 
JMP Genomics analysis of Affymetrix GeneChip data: 
 
1. Create Experimental Design File (EDF) and import .cel files associated with dataset: 

a. Menu: Genomics/ Data Set Creation/ Experimental Design File Builder 
i. General tab: 

1. Folder of raw data files: choose file location, open folder and ‘select’ 
2. File filter expression: .cel 
3. Number of channels in each file: 1 
4. Output folder: choose folder location, create folder name, hit ‘select’.   
 

*Tip* It is best to set up master folder for all analysis of single dataset.  Create multiple folders within 
the master folder, each folder representing a specific step in the analysis (e.g. EDF folder, Data 
Distribution folder, etc.). 
 

ii. Options tab: 
1. Don’t change any parameters. 
2. Return to General Tab, Run program. 

 
2. Add information to EDF: xyz_edf.sas7bdat 

a. Add ‘Treatment’ column (when prompted, designate as character, nominal).  Enter 
treatment, e.g. Control, M500, P2500, etc.  Provide unique identifier for each treatment 
group within data set. 

b. Add additional information to help identify treatment groups as needed. 
c. Sort table by treatment: 

i. Tables/ Sort 
ii. select column to sort by: ‘Treatment’ 
iii. Sort ‘By’: Ascending 
iv. Hit ‘OK’ 

d. Under ‘ColumnName’ give each GeneChip a unique identifier: 
i. Control_01, Control_02, M500_01, M500_02, etc. 

e. Save updated EDF, make sure it is _.sas7bdat format. 
 

3. Create the Experimental Design Data Set (EDDS) file: 
a. Menu: Genomics/ Data Set Creation/ Affymetrix Expression CEL 

i. General tab: 
1. Experimental design file (EDF): xyz_edf.sas7bdat 
2. Folder containing raw data files: browse to folder, open, ‘select’ 
3. CDF files: e.g. rat230_2_libraryfile  
 

*Tip* Go to Affymetrix website (http://www.affymetrix.com) to download the CDF file.  
Login/Support/GeneChip Arrays/ 3’ Eukaryotic Gene Expression Analysis Arrays [select species and 
GeneChip]/ Library Files [download].  While you’re logged on, download the Current NetAffx 
Annotation File in CSV format. 

a. Copy entire Library File onto same drive CEL file data resides. 
b. Select CD_RAT230_2/ Full/ Rat230_2/ LibFiles/ Rat230_2.cdf 
c. When prompted, select ‘Plain Text File’ 
 

*Tip* CDF file may not load well if JMP G is on a computer not linked to Internet.  After downloading 
Library File, go to CDF file, right click and copy file within same file location.  Use the ‘Copy of 
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Rat230_2.cdf’ file when loading files into EDDS creation.  This removes the Internet requirement to 
work the program. 

4. Output folder: create - XYZ_EDDS 
ii. Background correction: None 
iii. Transformation: Log2 
iv. Normalization: None 
v. Expression summary: None 
vi. Options tab: 

1. Leave default settings as is. 
2. Return to General Tab, Run program. 

 
4. Four files will be generated: 

1. Experimental Design File: xyz_edf.sas7bdat 
2. Experimental Design Data Set: xyz_edf_data.sas7bdat 
3. Quality Control: xyz_edf_qcpb.sas7bdat 
4. Copy of probemap: probemap_copy_of_GeneChip.sas7bdat 

 
5. Data Quality Control: Data Distribution 

a. Menu: Genomics/ Quality Control/ Distribution Analysis 
i. General tab: 

1. Input SAS data set: xyz_edf_data.sas7bdat 
2. Variable for which to display distributions: select all GeneChips (all 

ColumnNames) 
3. EDDS: xyz_edf.sas7bdat 
4. Color variable: ‘Treatment’ (Control, M500, M2000, etc.) 
5. Label variable: ‘ColumnName’ (Control_01, Control_02, etc.) 
6. Output folder: create - XYZ_dtadistn 

ii. Options tab: 
1. Leave default settings as is: 
2. Density smoothing bandwidth multiplier [0,10]: 1 
3. Display format for density grid points: 5.2 
4. Return to General Tab, Run program. 

 
This program will generate a Kernal Density and Box Plot displaying the distribution of data for all 
GeneChips within the data set.  Distribution Information for each GeneChip is also generated at this 
step of the program. The distribution of intensity frequencies can be used to look for suspect outlier 
arrays.  *Tip* If the density curve of a GeneChips appears to be an outlier, check quality control 
checks on GeneChip hybridization and scaling factor, the signal intensity magnifier used to adjust 
average intensity. 
 
6. Data Quality Control: Correlation and Principal Components Analysis (PCA) 

a. Menu: Genomics/ Quality Control/ Correlation and Principal Components 
i. General tab: 

1. Input data set: xyz_edf_data.sas7bdat 
2. Variables: select all GeneChips (all ColumnNames) 
3. With variables: leave blank. 
4. EDDS: xyz_edf.sas7bdat 
5. Color variables: ‘Treatment’ 
6. Label variable: ‘ColumnName’ 
7. Output folder: XYZ_Corr&PCA 

ii. Variance Components tab: 
1. Class variables: ‘Treatment’ 
2. Fixed effects: leave blank. 
3. Random effects: type in ‘treatment’ 
4. Number of the first principal components to model: 2 
5. Number of last principal component to model: 3 



 150 

iii. Options tab: 
1. Type of Correlation: Spearman 
2. Leave rest of settings as default. 
3. Return to General tab, Run program. 
 

*Tip* Save the data table from JMP as a .txt file.  Under save options, select ‘.txt’, click on ‘Options’ 
and select the ‘Tab’ option.  Open the .txt file using Excel.  To look at the PCA data in three-
dimension, use the Ggobi program.  Remove all columns in the PCA file except Array, Treatment, 
and the Principle Component data columns.  Insert a new column (Column A) and number the rows 
sequentially, leaving the first row blank.  Open the file in Ggobi to view a 3D view for rotation of the 
2D plot from JMP G. 
 
The Correlation and Principal Components program will generate a correlation matrix and PCA plots.  
Correlation and Principal Components (code name DataCorrelation) computes correlations between 
the numeric variables, principal components of the correlation matrix, and an accompanying outlier 
analysis.  It also optionally computes a variance components decomposition of the principal 
components, partitioning variability in terms of known effects.  The default type of correlation is 
Pearson product-moment correlation, but you may optionally specify Hoeffding D, Kendall tau-b, or 
Spearman rank-order correlation.  *Tip* Save the principal components table as a .txt file, open in 
Excel, and download into GGobi to view the data in a three-dimensional space.  There will be an 
update to JMP Genomics soon with this capability, free GGobi software is available at 
(http://www.ggobi.org/). 
 
7. Normalization of Data: Interval Quartile Range Method 

a. Menu: Genomics/ Normalization/ Data Standardize 
i. General tab: 

1. Input data set: xyz_edf_data.sas7bdat 
2. Variables to be standardized: select all GeneChips (all ColumnNames) 
3. EDDS: xyz_edf.sas7bdat 
4. Standardization method: Interval Quartile Range (IQR) 
5. Output folder: XYZ_IQR 

ii. Options tab: 
1. Standardize: Columns 
2. Leave rest of fields as default settings. 
3. Return to General tab, Run program. 
4. File generated: xyz_edf_data_iqr.sas7bdat 

 
8. Quality Control of Normalized data: Data Distribution 

a. Menu: Genomics/ Quality Control/ Data Distribution 
i. General tab: 

1. Input SAS data set: xyz_edf_data_iqr.sas7bdat 
2. Variable for which to display distributions: select all GeneChips (all 

ColumnNames) 
3. EDDS: xyz_edf.sas7bdat 
4. Color variable: ‘Treatment’ (Control, M500, M2000, etc.) 
5. Label variable: ‘ColumnName’ (Control_01, Control_02, etc.) 
6. Output folder: create - XYZ_IQR_dtadistn 

ii. Options tab: 
1. Leave default settings as is. 
2. Density smoothing bandwidth multiplier [0,10]: 1 
3. Display format for density grid points: 5.2 
4. Return to General Tab, Run program. 

 
9. Quality Control of Normalized data: Correlation and Principal Components 

a. Menu: Genomics/ Quality Control/ Correlation and Principal Components 
i. General tab: 
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1. Input data set: xyz_edf_data_iqr.sas7bdat 
2. Variables: select all GeneChips (all ColumnNames) 
3. With variables: leave blank. 
4. EDDS: xyz_edf.sas7bdat 
5. Color variables: ‘Treatment’ 
6. Label variable: ‘ColumnName’ 
7. Output folder: XYZ_IQR_Corr&PCA 
8. Variance Components tab: 
9. Class variables: ‘Treatment’ 
10. Fixed effects: leave blank. 
11. Random effects: type in ‘treatment’ 
12. Number of the first principal components to model: 2 
13. Number of last principal component to model: 3 

ii. Options tab: 
1. Type of Correlation: Spearman 
2. Leave rest of settings as default. 
3. Return to General tab, Run program. 

 
10. Statistical Analysis: first step, condense probe set values 

a. Condense probe sets into one mean value for each probe within each GeneChip. 
b. Menu: Genomics/ Data Set Utilities/ Statistics for Columns 

i. General tab: 
1. Input data set: XYZ_edf_data_iqr.sas7bdat 
2. Variable to be summarized: all GeneChips (all ColumnNames) 
3. Output folder: XYZ_IQR_colstats 

ii. Options tab: 
1. Summary Statistic: Mean 
2. Return to General tab, Run program. 
3. File generated: xyz_edf_data_iqr_dsm.sas7bdat 

 
11. Statistical Analysis: second step; one-way analysis of variance 

a. Menu: Genomics/ Row-by-Row Modeling/ One-Way ANOVA 
i. General tab: 

1. Input data set: xyz_edf_data_iqr_dsm.sas7bdat 
2. Variables by which to merge annotation data: leave blank. 
3. EDDS: xyz_edf.sas7bdat 
4. Variables defining the One-Way classification: ‘Treatment’ 
5. Output folder: XYZ_IQR_OWA 

ii. Annotation tab: 
1. Annotation data set: GeneChip_plus_2_na21_annot.sas7bdat 
 

*Tip* Once annotation file is downloaded from Affymetrix site, open file, make copy and remove 
columns of information not applicable to your study.  Reducing the size of the file will help the 
program run more quickly.  Check Affymetrix periodically to make sure the program is running with 
the latest version of annotation available. 
 

2. Annotation merge variables: Probe_Set_ID 
3. GenBank accession variable: Representative_Public_ID 
4. Annotation label variable: Gene_Title 
5. Gene symbol variable: Gene_Symbol 
6. Gene description variable: Gene_Title 
7. Gene or LucusLink id variable: Representative_Public_ID 
8. SNP id variable: leave blank. 
9. Organism: select accordingly. 

iii. Means tab:  
1. Means difference set for volcano plots: Differences with a Control 
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2. Means control value: leave blank. 
3. Means standardization method: standard deviation (STD) 
4. Multiple Testing tab: 
5. Multiple testing method: False Discovery Rate (FDR) 
6. Alpha: 0.10 

iv. Options tab  
1. Leave default settings; shrink variances using empirical bayes. 
2. Return to General tab, Run program. 
3. File generated: xyz_edf_data_iqr_dsm_owa.sas7bdat 

 
12. Save one-way ANOVA analysis output file as an excel file.  Save an additional copy of ANOVA 

results in excel file format and remove all columns with the exception of the (1) Probe_Set_ID, (2) 
Columns representing the fold change (treatment minus control) and (3) their associated p-values 
[-log10(p)_treatment].  Use this abbreviated file for data transformation and set up for IPA 
analysis.  It is convenient to transform the data using Excel for sorting and executing your 
formulas. 

 
*Tip* You can follow the instructions below, or use the Genomics menu and have the program format 
the data for you (“Upload IPA”).  This was not an option at the time of this analysis, but should be 
available on more recent versions of the program. 
 
1. Transform fold change values to positive and negative integers. 

a. Move column of interest to column A, sort entire worksheet, return column to original 
location. 

b. In the adjacent (right) column, multiply negative values by (-1) prior to transformation 
from Log2.  *Make sure all values are now positive* 

c. In the adjacent (right) column, transform your data as such: =2^(data). 
d. In the adjacent (right) column, multiply data that was originally negative, by (-1) to return 

the values to their proper format. “Final Fold Change” 
e. Repeat this process for each column of data, making sure to sort the entire list each time, 

keeping the rows of data matched across treatments. 
  
2. Transform p-values  

a. In the adjacent (right) column, transform data as such: =10^(-data). 
 
*Tip* It’s useful to move all p-value data columns together and transforming simultaneously (speed). 
  
3. Set up file format for IPA analysis 

a. Remove all columns used in transformation process except (1) Probe_Set_ID, (2) ‘final’ 
fold change, and (3) associated p-values.  Be sure to copy and paste special: ‘values 
only’ to remove formulas in excel. 

b. The file format for IPA analysis can be found on the IPA website, briefly, the set is as 
follows: 

i. Column A: Probe Set ID 
ii. Column B: Treatment 1 fold change 
iii. Column C: Treatment 1 p-values 
iv. Column D: empty, with header: ‘Expression3_Obs1’ 
v. Column E: empty, with header: ‘Absent_Obs1’ 
vi. Column F: empty, with header: ‘Override_Obs1’ 
vii. Continue this pattern with each pair of data in the dataset. 
viii. For the empty columns, change ‘Obs’ value according to the data (Obs2, Obs3, 

etc.) 
c. Save as an excel file. 

 
Ingenuity Pathway Analysis: For detailed descriptions on the analysis process, refer to the help 
manual (IPA 4.0 Help Manual v.3; Ingenuity® Systems, www.ingenuity.com).
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Table 1 Pathways affected in adult male Sprague-Dawley liver by triazoles: acute and short term exposure.  
 

Myclobutanil 225 mg/kg/day Triadimefon 175 mg/kg/day 

6 hours 24 hours 336 hours 6 hours 24 hours 336 hours 

    Alanine and Aspartate 
metabolism 

Alanine and Aspartate 
metabolism 

 Androgen and Estrogen 
metabolism 

Androgen and Estrogen 
metabolism 

 Androgen and Estrogen 
metabolism 

Androgen and Estrogen 
metabolism 

     Apoptosis signaling 

Arachidonic acid 
metabolism 

Arachidonic acid 
metabolism 

Arachidonic acid 
metabolism 

Arachidonic acid 
metabolism 

Arachidonic acid 
metabolism 

Arachidonic acid 
metabolism 

 Arginine and Proline 
metabolism 

  Arginine and Proline 
metabolism 

 

 Ascorbate and Aldarate 
metabolism 

Ascorbate and Aldarate 
metabolism 

 Ascorbate and Aldarate 
metabolism 

C21-steroid hormone 
metabolism 

 Bile acid biosynthesis Bile acid biosynthesis  Bile acid biosynthesis Circadian rhythm signaling 

 Butanoate metabolism  Butanoate metabolism Butanoate metabolism  

 Complement and 
coagulation cascades 

  Citrate cycle Death receptor signaling 

Fatty acid elongation in 
mitochondria 

  Fatty acid elongation in 
mitochondria 

Fatty acid biosynthesis  

Fatty acid metabolism Fatty acid metabolism Fatty acid metabolism Fatty acid metabolism Fatty acid metabolism Fatty acid metabolism 

 Galactose metabolism   Galactose metabolism  

Glutamate metabolism Glutamate metabolism Glutamate metabolism  Glutamate metabolism Glutamate metabolism 

Glutathione metabolism Glutathione metabolism Glutathione metabolism  Glutathione metabolism Glutathione metabolism 

 Glycerolipid metabolism Glycerolipid metabolism  Glycerolipid metabolism Glycerolipid metabolism 

 Glycine, Serine and 
Threonine metabolism 

  Glycine, Serine and 
Threonine metabolism 

Glycine, Serine and 
Threonine metabolism 
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Table 1 (continued) 
 

Myclobutanil 225 mg/kg/day Triadimefon 175 mg/kg/day 

6 hours 24 hours 336 hours 6 hours 24 hours 336 hours 

 Glycolysis/ 
Gluconeogenesis 

Glycolysis/ 
Gluconeogenesis 

 Glycolysis/ 
Gluconeogenesis 

 

 Histidine metabolism Histidine metabolism Hypoxia signaling in the 
cardiovascular system 

Glycoxylate and 
Dicarboxylate metabolism 

Histidine metabolism 

     IL-6 signaling 

     IL-10 signaling 

Lysine biosynthesis Linoleic acid metabolism Linoleic acid metabolism Lysine biosynthesis Linoleic acid metabolism Linoleic acid metabolism 

Lysine degradation Lysine degradation  Lysine degradation Lysine degradation  

 Metabolism of 
xenobiotics by 
cytochrome P450 

Metabolism of 
xenobiotics by 
cytochrome P450 

 Metabolism of 
xenobiotics by 
cytochrome P450 

Metabolism of 
xenobiotics by 
cytochrome P450 

 N-Glycan degradation  Neuregulin signaling Nicotinate and 
Nicotinamide metabolism 

N-Glycan degradation 

 Nitrogen metabolism  Nitric oxide signaling in the 
cardiovascular system 

Nitrogen metabolism Nitrogen metabolism 

    One carbon pool by folate  

    Oxidative phosphorylation Pantothenate and CoA 
biosynthesis 

 Pentose and Glucuronate 
interconversions 

Pentose and Glucuronate 
interconversions 

PPAR signaling Pentose and Glucuronate 
interconversions 

Pentose and Glucuronate 
interconversions 

 Propanoate metabolism  Propanoate metabolism Propanoate metabolism  

 Pyruvate metabolism Pyruvate metabolism  Pyruvate metabolism Pyruvate metabolism 

 Retinol metabolism Retinol metabolism  Retinol metabolism Serotonin receptor 
signaling 

 Starch and Sucrose 
metabolism 

Starch and Sucrose 
metabolism 

 Starch and Sucrose 
metabolism 

Starch and Sucrose 
metabolism 

 Sterol biosynthesis   Sterol biosynthesis  
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Table 1 (continued) 
 

Myclobutanil 225 mg/kg/day Triadimefon 175 mg/kg/day 

6 hours 24 hours 336 hours 6 hours 24 hours 336 hours 
 Sulfur metabolism   Sulfur metabolism  

 Taurine and Hypotaurine 
metabolism 

   Toll-like receptor signaling 

Tryptophan metabolism Tryptophan metabolism Tryptophan metabolism Tryptophan metabolism Tryptophan metabolism Tryptophan metabolism 

  Tyrosine metabolism  Ubiquinone biosynthesis  

 Urea cycle and 
metabolism of amino 
groups 

  Urea cycle and 
metabolism of amino 
groups 

 

   Valine, Leucine and 
Isoleucine degradation 

Valine, Leucine and 
Isoleucine degradation 

 

Xenobiotic metabolism 
signaling 

Xenobiotic metabolism 
signaling 

Xenobiotic metabolism 
signaling 

Xenobiotic metabolism 
signaling 

Xenobiotic metabolism 
signaling 

Xenobiotic metabolism 
signaling 

 �-alanine metabolism  �-alanine metabolism �-alanine metabolism  

 
Note. Bold: pathways affected by myclobutanil and triadimefon.
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Table 2 Pathways affected in adult male Sprague-Dawley liver by triazoles: 72 hour exposure. 
 

Myclobutanil 300 mg/kg/day Propiconazole 300 mg/kg/day Triadimefon 175 mg/kg/day 

Arachidonic acid metabolism   

Arginine and Proline metabolism Arginine and Proline metabolism Arginine and Proline metabolism 

Ascorbate and Aldarate metabolism Ascorbate and Aldarate metabolism Ascorbate and Aldarate metabolism 

Bile acid biosynthesis Bile acid biosynthesis Bile acid biosynthesis 

Butanoate metabolism Butanoate metabolism Butanoate metabolism 

Complement and Coagulation cascades   

Fatty acid metabolism Fatty acid metabolism Fatty acid metabolism 

Glutamate metabolism Fructose and Mannose metabolism  

Glutathione metabolism   

Glycerolipid metabolism  Glycerolipid metabolism 

Glycine, Serine and Threonine metabolism   

Glycolysis/ Gluconeogenesis Glycolysis/ Gluconeogenesis  

Histidine metabolism Histidine metabolism Histidine metabolism 

Linoleic acid metabolism Inositol metabolism  

Lysine degradation Lysine degradation Lysine degradation 

Metabolism of xenobiotics by cytochrome P450   

Nitrogen metabolism Pyruvate metabolism Propanoate metabolism 

Retinol metabolism Retinol metabolism Retinol metabolism 

Sterol biosynthesis   

Tryptophan metabolism Tryptophan metabolism Tryptophan metabolism 

Xenobiotic metabolism signaling   

�-alanine metabolism �-alanine metabolism �-alanine metabolism 

 
Note. Bold: pathways affected by two or more triazoles.
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Table 3 Pathways affected in adult male Sprague Dawley primary hepatocytes by triazoles: 72 hour exposure.  
 

Myclobutanil Propiconazole Triadimefon 

Androgen and Estrogen metabolism   

Arachidonic acid metabolism Arachidonic acid metabolism  

 Arginine and Proline metabolism  

 Ascorbate and Aldarate metabolism  

 Bile acid biosynthesis  

Butanoate metabolism Butanoate metabolism Butanoate metabolism 

Fatty acid metabolism Fatty acid metabolism  

 FGF signaling Estrogen receptor signaling 

Galactose metabolism Galactose metabolism Galactose metabolism 

 Glycerolipid metabolism  

 Glycolysis/ Gluconeogenesis Glycolysis/ Gluconeogenesis 

 Histidine metabolism  

 IL-2 signaling  

 IL-6 signaling  

 JAK/Stat signaling  

 Linoleic acid metabolism Linoleic acid metabolism 

Lysine degradation Lysine degradation  

 Metabolism of Xenobiotics by Cytochrome P450  

 N-Glycan degradation  

Propanoate metabolism Propanoate metabolism Pantothenate and CoA Biosynthesis 
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Table 3 (continued) 
 

Myclobutanil Propiconazole Triadimefon 
Pyruvate metabolism Pyruvate metabolism  

 Retinol metabolism  

Starch and Sucrose metabolism Starch and Sucrose metabolism Starch and Sucrose metabolism 

Sterol biosynthesis Sterol biosynthesis Sterol biosynthesis 

Synthesis and degradation of ketone bodies Synthesis and degradation of ketone bodies Synthesis and degradation of ketone bodies 

 Tryptophan metabolism  

Valine, Leucine and Isoleucine degradation Valine, Leucine and Isoleucine degradation Xenobiotic metabolism signaling 

 �-alanine metabolism  

 
Note. Pathways listed were affected at one or more doses assessed: 10, 30, or 100 �M. Bold: pathways affected by two or more triazoles.
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Table 4 Pathways affected in primary human hepatocytes by triazoles: 72 hour exposure.   
 

Myclobutanil Propiconazole Triadimefon 

 Aminosugars metabolism Aminosugars metabolism 

 Amyotrophic lateral sclerosis signaling Androgen and Estrogen metabolism 

 Bile acid biosynthesis Bile acid biosynthesis 

 Death receptor signaling FGF signaling 

 Endoplasmic reticulum stress pathway  

 Fatty acid metabolism  

 Fructose and Mannose metabolism Fructose and Mannose metabolism 

 Galactose metabolism Galactose metabolism 

 Glycerolipid metabolism Glycerolipid metabolism 

 Glycolysis/ Gluconeogenesis Glycolysis/ Gluconeogenesis 

 Hypoxia signaling in the cardiovascular system IL-10 signaling 

 Inositol Phosphate metabolism  

 Metabolism of Xenobiotics by Cytochrome P450 Metabolism of Xenobiotics by Cytochrome P450 

 NF-�B signaling Neurotrophin/ TRK signaling 

 Parkinson’s signaling p38 MAPK signaling 

 Protein ubiquitination pathway  

 Starch and Sucrose metabolism Starch and Sucrose metabolism 

  Sulfur metabolism 

 Toll-like receptor signaling Toll-like receptor signaling 

 Tyrosine metabolism Tyrosine metabolism 

  Xenobiotic metabolism signaling 

 
Note. Pathways listed were affected at one or more doses assessed: 10, 30, or 100 �M. Bold: pathways affected by two or more triazoles.
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 Table 5 Pathways affected in H295R cells by triazoles: 48 hour exposure.   
 

Myclobutanil Propiconazole Triadimefon 

 Alanine and aspartate metabolism Actin cytoskeleton signaling 

 Aminosugars metabolism Aminosugars metabolism 

 Aminoacyl-tRNA biosynthesis  

 Antigen presentation pathway  

 Arachidonic acid metabolism Arachidonic acid metabolism 

Butanoate metabolism Arginine and Proline metabolism Cell cycle: G1/S checkpoint regulation 

C21-Steroid hormone metabolism Citrate cycle Citrate cycle 

Complement and coagulation cascades Cyanoamino Acid metabolism  

Endoplasmic reticulum stress pathway Endoplasmic reticulum stress pathway Fatty acid metabolism 

 Galactose metabolism Folate biosynthesis 

 Glutamate metabolism GABA receptor signaling 

Glutathione metabolism Glutathione metabolism Glutathione metabolism 

 Glycolysis/ Gluconeogenesis Inositol metabolism 

  Integrin signaling 

Linoleic acid metabolism Methane metabolism Linoleic acid metabolism 

 Nucleotide excision repair pathway Metabolism of Xenobiotics by Cytochrome P450 

Nicotinate and Nicotinamide metabolism Nucleotide sugars metabolism Nicotinate and Nicotinamide metabolism 

Pantothenate and CoA biosynthesis Oxidative phosphorylation Pantothenate and CoA biosynthesis 

Purine metabolism PDGF signaling PI3K/AKT signaling 

Pyrimidine metabolism Propanoate metabolism  

Riboflavin metabolism Protein ubiquitination pathway Riboflavin metabolism 
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Table 5 (continued) 
 

Myclobutanil Propiconazole Triadimefon 
Sterol Biosynthesis  Sterol Biosynthesis 

Synthesis and degradation of ketone bodies  Tryptophan metabolism 

Urea cycle and metabolism of amino groups   

Valine, Leucine and Isoleucine degradation Valine, Leucine and Isoleucine degradation Xenobiotic Metabolism Signaling 

 
Note. Pathways listed were affected at one or more doses assessed: 10, 30, or 100 �M. Bold: pathways affected by two or more triazoles.
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Table 6 Significant gene expression changes in adult male Wistar Han IGS liver by triazoles: GD6-PND92 exposure. 
 

Accession number 
 
Gene name 

Myclobutanil 
32.9 mg/kg/day 

Myclobutanil 
133.9 mg/kg/day 

Propiconazole 
31.9 mg/kg/day 

Propiconazole 
169.7mg/kg/day 

Triadimefon 
33.1 mg/kg/day 

Triadimefon 
139.1 mg/kg/day 

Amino Acid metabolism/ Glutathione metabolism 
NM_053840 Ggt1      1.55 
NM_053906 Gsr    1.36   
NM_020540 Gstm4b    1.42 1.35  
BI285792 MGC108896      2.17 
        
ATP hydrolysis 
NM_053578 Atp6v0e1      1.42 
        
Cell communication/ Cell adhesion 
NM_031334 Cdh1     -1.68  
AI137640 Cldn1  -1.36  -1.43  -1.39 
AW917275 Cldn1      -1.29 
        
Cell death/ Apoptosis 
BM986220 App  1.47  1.75  1.99 
AF441118 Bnip3l      1.34 
NM_080888 Bnip3l      1.37 
BF284899 Cidea_pre    1.81  1.68 
AF347936 Il11ra1     -1.41  
BE117716 Mdm2_pre    1.29   
BE328942 Pdcd6ip    1.26   
AF335281 Steap3  -1.31  -1.33 -1.36  
        
Cell Growth/ Cell cycle 
AI411774 Bcl3_pre      1.45 
BI287978 Gadd45ba      1.41 
AB019693 Keg1    1.32   
BI286562 Mad2l1bp  -1.39     
BG381258 Rprm    -1.44 -1.46  
BE111972 Tgfbr1  -1.39     
        
Glycolysis/ Gluconeogenesis 
NM_012495 Aldoa      1.32 
NM_053765 Gne -1.49      
        
Immune System 
NM_021744 Cd14      1.56 
AI170387 Cxcl9    1.33  1.58 
AI044222 Cxcl9    1.47 1.37  
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Table 6 (continued) 
 

Accession number 
 
Gene name 

Myclobutanil 
32.9 mg/kg/day 

Myclobutanil 
133.9 mg/kg/day 

Propiconazole 
31.9 mg/kg/day 

Propiconazole 
169.7mg/kg/day 

Triadimefon 
33.1 mg/kg/day 

Triadimefon 
139.1 mg/kg/day 

Ion transport 
AI600061 Add1      1.33 
U08259 Grin2c      1.32 
BF417289 Itpr2c    -1.22   
NM_031548 Scnn1a      1.26 
NM_019283 Slc3a2      1.44 
NM_131906 Slco1a4      2.21 
U95011 Slco1a4  1.95  2.13 2.05 1.97 
AW530423 Trpm2      1.30 
        
Lipid metabolism 
AA818262 Angptl4  -1.93     
NM_012737 Apoa4  -1.87  -1.99  -2.80 
AF072411 Cd36     1.43  
NM_133586 Ces2  1.65  2.32  3.36 
NM_017113 Grn      1.37 
BF284175 Pla2g12a_pre   1.27   1.27 
AI113219 Sgpl1    1.51   
        
Lipid metabolism/ Fatty Acid metabolism 
NM_057107 Acsl3      1.36 
NM_053607 Acsl5    -1.70   
AA849497 Acss2_pre      1.80 
AA859796 Adipor2    -1.41   
NM_016999 CYP4A10  -1.73     
NM_031605 CYP4A12    2.05 1.63  
AW142784 CYP4A12    1.57   
AW915152 Echdc1      1.42 
BI274837 Faah  -1.23  -1.27   
U13253 Fabp5  -1.70  -1.73   
AW533321 Fads3      1.24 
NM_012600 Me1    1.39   
M30596 Me1      1.60 
BF395080 Me3_pre    -1.81   
AI410864 Me3_pre     -1.24  
NM_012744 Pc    -1.33  -1.37 
NM_053826 Pdk1  -1.31  -1.26   
M17685 Pklr    -1.57  -1.79 
AW253995 Ppap2b  -1.47  -1.41   
J02585 Scd1      -3.35 
NM_031841 Scd2      1.25 
AF228917 Zdhhc2    1.28  1.40 
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Table 6 (continued) 
 

Accession number 
 
Gene name 

Myclobutanil 
32.9 mg/kg/day 

Myclobutanil 
133.9 mg/kg/day 

Propiconazole 
31.9 mg/kg/day 

Propiconazole 
169.7mg/kg/day 

Triadimefon 
33.1 mg/kg/day 

Triadimefon 
139.1 mg/kg/day 

Lipid metabolism/ Steroid metabolism 
J05035 Srd5a1     -2.19  
J02612 Ugt1a1a    1.82  1.78 
NM_022228 Ugt2a1  1.39  1.43   
        
Lipid metabolism/ sterol biosynthesis 
NM_023104 Aacs      1.22 
AI412322 Acat2      1.70 
BG664123 CYP51d      1.56 
BF283070 CYP7B1c    -1.20   
NM_022389 Dhcr7      1.73 
NM_019238 Fdft1      1.61 
AW530769 Fdft1      1.43 
BM390399 Hmgcr      1.63 
NM_017235 Hsd17b7      1.26 
BM390574 Lss      1.37 
NM_031062 Mvd      1.35 
NM_031063 Mvk      1.30 
NM_080886 Sc4mol      2.05 
NM_017136 Sqle     1.29 1.69 
BM390364 Tm7sf2      1.71 
        
Lipid transport 
BF289368 Lbp      1.71 
        
Lysosomal transport 
AI101331 Arsb      1.26 
BI289595 Vps26      1.27 
NM_022961 Vps33a     -1.21  
        
Membrane Transport/ ABC transporters 
AY082609 Abcb1    1.48   
AF286167 Abcb1a      1.39 
AF257746 Abcb1a      1.41 
AF072816 Abcc3    1.40  1.76 
NM_013040 Abcc9    -1.22   
        
Neurotransmitter transport 
M19262 Cltb      1.49 
NM_017335 Slc6a12    -1.30 -1.27  
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Table 6 (continued) 
 

Accession number 
 
Gene name 

Myclobutanil 
32.9 mg/kg/day 

Myclobutanil 
133.9 mg/kg/day 

Propiconazole 
31.9 mg/kg/day 

Propiconazole 
169.7mg/kg/day 

Triadimefon 
33.1 mg/kg/day 

Triadimefon 
139.1 mg/kg/day 

Neurotransmitter regulation 
NM_017073 Glul  -1.57  -1.54   
NM_021767 Nrxn1      1.21 
 
Nervous system 
NM_017148 Csrp1  -1.55  -1.54   
BM389728 Npdc1      1.29 
BF399641 Odz2      -1.27 
BF400594 Odz2  -1.28   -1.27  
        
Nuclear receptors 
AF082125 Ahr  1.33  1.38   
NM_012576 Nr3c1  -1.41     
        
Peroxisome biogenesis 
NM_057125 Pex6     -1.23  
        
Protein folding 
BI282898 Bag5  -1.21     
NM_012935 Cryab    1.48  1.77 
        
Proteolysis 
AI232474 Ctsl      1.38 
AA849399 Ctsz      1.27 
NM_031973 Dpp7      1.31 
AI179988 Enc1    1.23  1.40 
NM_012844 Ephx1a,d    2.11  2.35 
BE119649 Hgfac     -1.61  
BF416560 Ibrdc1_pre  -1.44     
NM_031670 Napsa      1.23 
AI072446 Nedd4l  -1.32     
NM_031097 Rnpep      1.27 
BI283159 Scpep1    1.42  1.75 
AI412136 Tmprss2      1.24 
        
Nucleotide metabolism/ Purine synthesis 
AA859029 Paics  -1.29  -1.29   
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Table 6 (continued) 
 

Accession number 
 
Gene name 

Myclobutanil 
32.9 mg/kg/day 

Myclobutanil 
133.9 mg/kg/day 

Propiconazole 
31.9 mg/kg/day 

Propiconazole 
169.7mg/kg/day 

Triadimefon 
33.1 mg/kg/day 

Triadimefon 
139.1 mg/kg/day 

Signal transduction 
NM_017161 Adora2b  -1.29  -1.31  -1.29 
NM_013132 Anxa5b      1.34 
BI290317 Arpp19    1.31  1.25 
BI282724 Avpi1      1.37 
BF388060 Gpr64      1.24 
NM_030829 Gprk5      1.25 
AI230709 Igf2bp3      -1.39 
NM_013122 Igfbp2      1.24 
BI283703 Mapkapk2  -1.35  -1.37   
BM383395 Mknk2      1.61 
AI029734 Mtmr1_pre     -1.62  
BF392344 Mtmr7_pre    -1.66  -1.65 
NM_017255 P2ry2      1.61 
L19180 Ptprd  -1.23  -1.27 -1.21  
BM383697 Raph1_pre      1.22 
NM_019340 Rgs3   -1.80   -1.86 
NM_019341 Rgs5      1.25 
AI043753 Snx10      1.46 
        
Telomere maintenance 
NM_013063 Parp1      1.45 
        
Transcription        
BM392091 Ahctf1_pre  -1.31  -1.23  -1.27 
BI275796 Ahctf1_pre  -1.33     
AF187814 Cml3      1.37 
NM_017334 Crem      -1.40 
BF564195 Crem  -1.41  -1.32  -1.39 
NM_031135 Klf10 -1.26 -1.32     
NM_031642 Klf6      1.26 
BI289109 Mnt_pre    -1.30   
AW252129 Nfe2      1.27 
BF420722 Nfix     -1.39  
NM_053611 Nupr1      -2.19 
AW920026 Phf11    1.33   
AI176041 Pir    1.38  1.44 
BF281976 Pold4      1.28 
AI704675 Pura_pre   1.20    
AI072467 RGD1560268_pre     -1.43  
BG380534 Tle1_pre -1.38 -1.51 -1.42 -1.37 -1.32  
BM390979 Zfp95_pre  -1.20     
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Table 6 (continued) 
 

Accession number 
 
Gene name 

Myclobutanil 
32.9 mg/kg/day 

Myclobutanil 
133.9 mg/kg/day 

Propiconazole 
31.9 mg/kg/day 

Propiconazole 
169.7mg/kg/day 

Triadimefon 
33.1 mg/kg/day 

Triadimefon 
139.1 mg/kg/day 

Xenobiotic Metabolism 
NM_013215 Akr7a3    2.05   
NM_024484 Alas1d      2.12 
NM_022407 Aldh1a1d  2.00  2.88  4.84 
X00469 CYP1A1d    3.02  5.60 
AI454613 CYP2B2d 2.73 3.29 2.79 4.67 2.81 7.63 
BE099453 Dhrs1      1.23 
NM_031576 Por      2.21 
AI144583 Ppp2r5e_pre  -1.28     
M13506 Udpgtr2  2.05  2.39  3.02 
AA945082 Yc2    1.86  3.10 
 
Note. Suffix _pre = probe sets with predicted annotation. 
a also involved in xenobiotic metabolism 
b anti-apoptotic 
c bile acid metabolism 
d CAR/PXR regulated genes 
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Table 7 Significant gene expression changes in adult male Sprague-Dawley liver by triazoles: 6, 24, or 336 hour exposure. 
 
  Myclobutanil 225 mg/kg/day Triadimefon 175 mg/kg/day 
Accession number Gene name 6 hours 24 hours 336 hours 6 hours 24 hours 336 hours 
Amino Acid metabolism/ Glutathione metabolism 
NM_017193 Aadat  -1.26   -1.28  
U29701 Abat     -1.26  
NM_052809 Cdo1  -1.56     
NM_017006 G6pdx     -1.26  
AW525471 Gcat   (1.16)   1.25 
NM_053906 Gsr  1.38 1.24  1.24 1.27 
NM_020540 Gstm4  1.40 1.61  1.34 1.95 
BI285792 MGC108896  (1.13) 1.27   1.38 
        
Cell communication/ Cell adhesion 
NM_031333 Cdh2     -1.20  
AF097593 Cdh2     -1.20  
AW917275 Cldn1   -1.21   -1.25 
NM_031699 Cldn1   (-1.17)   -1.22 
AI137640 Cldn1      -1.24 
NM_031700 Cldn3     -1.22  
        
Cell cycle/ Cell growth/ Cell proliferation 
AI013902 Anxa7  1.20 1.22   1.25 
BI278582 Flcn      1.22 
BI287978 Gadd45b 1.84   1.39 1.85 (1.14) 
BF287008 Gas5      1.27 
AA957335 Gas6   1.27   1.29 
AB019693 Keg1      1.26 
AI170385 Smarca2 1.25   1.20   
BE102268 Smarca2 1.26      
AI408269 Spbc25  1.50     
BI288682 Spin     -1.22  
NM_013043 Tgfb1i4 -1.68 -2.07   -2.18  
BG379319 Tgfbi  -1.24     
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Table 7 (continued)  
 

  Myclobutanil 225 mg/kg/day Triadimefon 175 mg/kg/day 

Accession number Gene name 6 hours 24 hours 336 hours 6 hours 24 hours 336 hours 
Cell death/ Apoptosis 
AI408064 App   1.30   1.55 
BM986220 App   1.48   1.71 
BG671677 App   1.55   1.65 
AF441118 Bnip3l   (1.17)   1.22 
NM_080888 Bnip3l      (1.16) 
AI137938 Cideb_pre     -1.25  
BI296301 Mdm2_pre (1.14)    1.30  
NM_022265 Pdcd4  -1.24   -1.26  
AF262320 Pdcd8     -1.21  
AF335281 Steap3 (-1.12) -1.21  (-1.18) -1.29  
        
Endocytosis        
NM_053753 Clec4f  -1.73     
        
Glycolysis/ Gluconeogenesis 
NM_031151 Mor1     -1.27  
        
Immune response 
AW916647 B2m  -1.23     
NM_021744 Cd14     -1.27 1.35 
AI044222 Cxcl9      1.49 
AI170387 Cxcl9      1.46 
        
Inflammation response 
NM_012488 A2m     -1.33  
NM_017196 Aif1  -1.26     
        
Intracellular transport 
NM_012792 Fmo1  -1.99   -1.94  
AI454611 Fmo5  -1.34     
        
Ion transport 
NM_031741 Slc2a5     -1.23  
NM_019283 Slc3a2  1.24    1.31 
NM_131906 Slco1a4 1.37 1.85 1.64 1.23 1.81 1.72 
U95011 Slco1a4 1.46 2.06 1.59 1.26 2.01 1.88 
AA945548 Tf   1.24    
 



 171 

Table 7 (continued) 
 

  Myclobutanil 225 mg/kg/day Triadimefon 175 mg/kg/day 

Accession number Gene name 6 hours 24 hours 336 hours 6 hours 24 hours 336 hours 
Lipid metabolism 
NM_020538 Aadac  -1.42   -1.58  
AA818262 Angptl4      -1.65 
NM_133586 Ces2 1.27 2.41 1.99  2.07 2.83 
BF555448 Mte1 -1.30   -1.23   
AA899721 Mte1 -1.29   -1.24   
BF284175 Pla2g12a_pre      1.38 
AI113219 Sgpl1 1.33 1.30   1.26  
        
Lipid metabolism/ Fatty Acid metabolism 
BI278598 Adipor2  -1.23   -1.29  
BF547596 Adipor2  (-1.17)   -1.25  
AF072411 Cd36      1.41 
BI293393 Cryl1  1.22   1.26  
AI639276 CYP3A3 1.28    1.41  
NM_016999 CYP4A10 -1.44   -1.37   
NM_024132 Faah     -1.23  
U13253 Fabp5  -1.35   -1.54  
NM_012600 Me1   1.70    
BF395080 Me3_pre  -1.57   -1.52  
NM_012744 Pc  -1.35   -1.29 -1.24 
NM_053826 Pdk1  -1.24   -1.29  
M17685 Pklr  -1.60   -1.89  
NM_012624 Pklr  -1.50   -1.73  
AI177031 Ppap2b  -1.34     
NM_031841 Scd2      1.25 
AF228917 Zdhhc2  1.34 1.24  (1.19) 1.34 
        
Lipid metabolism/ Lipid transport 
NM_012737 Apoa4      -1.92 
M14952 Apob  1.39     
BF289368 Lbp      1.42 
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Table 7 (continued) 
 

  Myclobutanil 225 mg/kg/day Triadimefon 175 mg/kg/day 

Accession number Gene name 6 hours 24 hours 336 hours 6 hours 24 hours 336 hours 
Lipid metabolism/ Sterol biosynthesis 
NM_023104 Aacs     1.30  
NM_016987 Acly     -1.60  
BG664123 CYP51     1.45  
NM_012941 CYP51     1.39  
NM_012942 CYP7A1  -3.04   -2.63  
NM_031241 CYP8B1  -3.04  -1.62 -2.00  
NM_022389 Dhcr7  1.27     
AW530769 Fdft1     1.26  
NM_013134 Hmgcr  1.32   1.61  
BM390399 Hmgcr  1.44   1.77  
NM_024391 Hsd17b2      1.90 
NM_017235 Hsd17b7     1.23  
D45252 Lss     1.33  
BM390574 Lss     1.46  
J02679 Nqo1  1.72   1.52  
NM_080886 Sc4mol     1.74  
NM_017136 Sqle  1.38   1.77  
BM390364 Tm7sf2     1.37  
        
Lysine degradation 
NM_022629 Bbox1     -1.33  
        
Metabolism 
AI045741 Adh6   -1.24    
AI234527 Gsta4      1.34 
        
Metal ion binding 
M24327 Mt1a      1.41 
AF411318 Mt1a      3.59 
        
Membrane transport/ ABC transporters 
BG671264 Abca8a_pre     -1.27  
AY082609 Abcb1a 1.46 1.67  1.22 1.60 1.40 
AF286167 Abcb1a 1.50 1.55  1.28 1.69 1.44 
AF257746 Abcb1a 1.66 1.58  1.35 1.72 1.49 
AF072816 Abcc3  1.39 1.75   2.19 
NM_012804 Abcd3   1.21    
NM_053754 Abcg5  1.39   1.64 1.82 
NM_130414 Abcg8      1.57 
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Table 7 (continued) 
 

  Myclobutanil 225 mg/kg/day Triadimefon 175 mg/kg/day 

Accession number Gene name 6 hours 24 hours 336 hours 6 hours 24 hours 336 hours 
Neurotransmitter transport/ regulation 
M19262 Cltb  1.27 1.22    
NM_017073 Glul  -1.73   -1.44  
BI275294 Glul  -1.68   -1.41  
BI296610 Glul  -1.53   -1.36  
        
Nuclear receptor 
NM_012576 Nr3c1 (Gr)  -1.20   -1.25  
        
Oxidative stress response 
AA944898 Aass_pre 1.40   1.42   
        
Oxidoreductase activity 
BF415386 Hsd17b13  -1.21   -1.25  
        
Proteolysis 
AI232474 Ctsl 1.27      
NM_017320 Ctss  -1.62     
AI179988 Enc1      1.50 
NM_012844 Ephx1  1.45 1.84   1.75 
        
Retinoic acid metabolism 
NM_130408 CYP26A1    1.37   
BF397093 CYP26B1 1.61   1.56   
 



 174 

Table 7 (continued) 
 

  Myclobutanil 225 mg/kg/day Triadimefon 175 mg/kg/day 

Accession number Gene name 6 hours 24 hours 336 hours 6 hours 24 hours 336 hours 
Signal transduction 
NM_031753 Alcam  -1.26     
NM_012823 Anxa3  -1.30     
BM385237 Anxa4     -1.21  
NM_031660 Arpp19  1.25 1.26    
BI290317 Arpp19  (1.20) (1.11)    
BI282724 Avpi1     -1.20  
NM_053019 Avpr1a  -1.50   -1.38  
AI406520 Axl  -1.21     
BI286041 Bcar3_pre      1.21 
AA799996 Gng10   1.20    
AA892598 Gnl3      1.24 
BF414160 Igf2bp3     -1.46  
AI230709 Igf2bp3     -1.31  
AI230709 Igf2bp3     -1.35  
NM_053329 Igfals  -1.41   -1.52  
NM_013144 Igfbp1      1.75 
BF392344 Mtmr7_pre  -1.41   -1.27  
        
Steroid hormone receptor complex assembly 
BE113154 Fkbp4    1.26  -1.24 
        
Steroid hormone response 
AI408948 Ca2      1.21 
NM_019291 Ca2      1.34 
        
Steroid metabolism 
D38381 CYP3A18  1.34   1.35  
J02612 Ugt1a  1.45 1.40  1.52 1.61 
AF461738 Ugt1a  1.49 1.46  1.54 1.59 
NM_022228 Ugt2a1  1.26   1.36 1.32 
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Table 7 (continued) 
 

  Myclobutanil 225 mg/kg/day Triadimefon 175 mg/kg/day 

Accession number Gene name 6 hours 24 hours 336 hours 6 hours 24 hours 336 hours 
Telomere maintenance 
NM_013063 Parp1 1.22 1.26 (1.17) (1.19)   
Transcription        
AF082125 Ahr 1.24     1.21 
NM_012524 Cebp1     -1.22  
AW917217 Cebpa     -1.35  
AW917217 Cebpa     -1.30  
AI013390 Cited2  -1.29   -1.44  
NM_053698 Cited2  (-1.20)   -1.41  
AF187814 Cml3  1.26     
NM_017334 Crem  -1.20   -1.24  
NM_053536 Klf15      1.28 
NM_031642 Klf6      1.22 
BF420722 Nfix    1.20   
NM_053611 Nupr1  -1.51   -1.65  
AI176041 Pir  1.52 1.35   1.36 
BF281976 Pold4      1.24 
NM_022694 Snd1     -1.21  
BI276776 Solt_pre  1.38     
BF398848 Srebf -1.48    -1.80  
AF286470 Srebf1 -1.43    -1.63  
        
Xenobiotic metabolism 
NM_013215 Akr7a3  1.46 1.83  1.34 1.99 
NM_024484 Alas1 1.91 1.91  1.75 2.16  
NM_022407 Aldh1a1  2.66 2.87  2.25 3.36 
M23995 Aldh1a4  3.73   4.19  
X00469 CYP1A1     (1.10)  
AF159245 CYP2B13  1.22     
AI454613 CYP2B2 5.43 6.02 6.21 5.20 5.88 5.73 
NM_134369 CYP2T1  -1.26   -1.22  
NM_013105 CYP3A1  1.59 1.82  1.64 1.74 
U46118 CYP3A13     2.89 1.63 
AI407454 Por 1.55 1.62   1.78  
NM_031576 Por 1.62 1.73  1.68 1.90  
M13506 Udpgtr2  2.05 3.15  1.81 2.83 
AA945082 Yc2  1.65 2.55   2.93 
 
Note. Suffix _pre = probe sets with predicted annotation.  Parenthetical values: significant but does not meet fold change criteria.
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Table 8 Significant gene expression changes in adult male Sprague-Dawley liver by triazoles: 72 hour exposure.  
 

Accession number 
 
Gene name 

Myclobutanil 
300 mg/kg/day 

Propiconazole  
300 mg/kg/day 

Triadimefon 
175 mg/kg/day 

Amino acid metabolism/ Glutathione metabolism 
NM_053906 Gsr 1.26   
     
Cell communication/ Cell adhesion 
AW917275 Cldn1 -1.33 -1.40 -1.63 
AI137640 Cldn1   -1.76 
NM_031699 Cldn1   -1.39 
     
Cell cycle/ Cell growth/ Cell proliferation 
BI288682 Spin  1.52  
NM_013043 Tgfb1i4  -2.10  
     
Cell death/ Apoptosis 
BF389056 App   1.27 
     
Endocytosis 
NM_053753 Clec4f -2.69   
     
Glycolysis/ Gluconeogenesis 
NM_012495 Aldoa  1.65  
     
Immune system 
AW916647 B2m -1.47   
AI044222 Cxcl9 1.87   
AI170387 Cxcl9 2.15   
     
Lipid metabolism 
NM_133586 Ces2 2.22 2.79 2.35 
BF555448 Mte1 1.40   
     
Lipid metabolism/ Fatty Acid metabolism 
BF395080 Me3_pre  -1.77  
NM_030872 Pdk2 -1.49   
AF228917 Zdhhc2 1.52 1.34 1.21 
     
Lipid metabolism/ Sterol biosynthesis 
NM_017136 Sqle 1.98   
     
Lysosomal transport 
BI289595 Vps26 1.24   
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Table 8 (continued) 
 

Accession number 
 
Gene name 

Myclobutanil 
300 mg/kg/day 

Propiconazole 
300 mg/kg/day 

Triadimefon 
175 mg/kg/day 

Membrane transport/ ABC transporters 
AF072816 Abcc3 1.62   
NM_031013 Abcc6 -1.53 -1.50 -1.31 
     
Neurotransmitter transport/ regulation 
NM_017073 Glul -1.43   
     
Proteolysis 
AI072446 Nedd4l  1.31  
     
Signal transduction 
BI290317 Arpp19 1.35   
AI406520 Axl -1.32   
BF414160 Igf2bp3 -1.45 -1.47  
L19180 Ptprd -1.21   
BM383697 Raph1_pre 1.29   
     
Steroid biosynthesis 
NM_012584 Hsd3b -1.63   
     
Xenobiotic metabolism 
NM_022407 Aldh1a1 1.91 2.15 1.95 
M23995 Aldh1a4 5.24 4.66 3.49 
AI454613 CYP2B2 4.17 3.16 2.80 
NM_134369 CYP2T1 -1.40   
NM_031576 Por  2.10 2.44 
AA945082 Yc2 3.19 2.51 2.65 
 
Note. Suffix _pre = probe sets with predicted annotation.  Abbreviated list, selected probe sets used for comparison with developmental study 
profiles. 
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Table 9 Significant gene expression changes in adult male Sprague-Dawley primary hepatocytes by triazoles: 72 hour exposure. 
 

Accession 
number 

Gene name Myclobutanil 
10�M 

Myclobutanil 
30 �M 

Myclobutanil 
100 �M 

Propiconazole 
10 �M 

Propiconazole 
30 �M 

Propiconazole 
100 �M 

Triadimefon 
10 �M 

Triadimefon 
30 �M 

Triadimefon 
100 �M 

Cell cycle/ Cell communication 
BI282750 Cdh13      1.63    
NM_138889 Cdh13      1.74   1.70 
BG381748 Cdh13      1.88    
AA859578 Pcsk5      1.24   1.20 
BI286166 Sfn_pre      2.50    
           
Cell death/ Apoptosis 
AI045191 C6b   -1.23   -1.29   -1.29 
NM_053736 Casp4      1.46    
NM_022260 Casp7      1.34    
BI296301 Mdm2_pre      1.24    
BF283688 Tnfsf12      1.22    
           
Cell motility 
BI289085 Vnn1      -2.25    
           
Energy metabolism/ Oxidative phosphorylation 
NM_012812 Cox6a2      2.10    
           
Glycolysis/ Gluconeogenesis 
NM_013098 G6pc   -1.46   -1.66  -1.48 -1.61 
U07993 G6pc   -1.42   -1.56  -1.41 -1.54 
           
Ion transport 
J05510 Itpr1      -1.25    
NM_022270 Slc22a4      1.31    
BF410740 Slc41a2_pre      1.38    
NM_031650 Slco1b2      -1.27    
           
Lipid metabolism 
AA818262 Angptl4      -3.44    
L46791 Ces3   -2.84  -2.01 -3.23  -2.03 -2.79 
NM_016999 CYP4A10      -3.60    
M33648 Hmgcs2      -5.61    
           
Lipid metabolism/ Bile Acid metabolism 
NM_017300 Baat      -2.18    
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Table 9 (continued) 
 

Accession 
number 

Gene name Myclobutanil 
10�M 

Myclobutanil 
30 �M 

Myclobutanil 
100 �M 

Propiconazole 
10 �M 

Propiconazole 
30 �M 

Propiconazole 
100 �M 

Triadimefon 
10 �M 

Triadimefon 
30 �M 

Triadimefon 
100 �M 

Lipid metabolism/ Fatty Acid metabolism 
NM_130747 Acot12      -1.46    
M23995 Aldh1a4     2.92     
M33936 CYP4A14   -2.19   -3.78    
AA893326 CYP4A14   -1.83   -3.03    
NM_017306 Dci      -2.73    
NM_057197 Decr1      -2.06    
NM_133606 Ehhadh      -1.92    
NM_024132 Faah      -1.29    
NM_012556 Fabp1   -2.08   -2.74    
NM_053445 Fads1         1.89 
NM_031344 Fads2      1.62   1.82 
AW525471 Gcat   1.38  1.36 1.69   1.39 
BE107760 Scd2   1.77   2.33  1.93 1.99 
NM_031841 Scd2   3.27  3.35 3.78  3.35 4.37 
BI850137 Scd2      1.27   1.35 
NM_031736 Slc27a2      -2.47    
           
Lipid metabolism/ Steroid metabolism 
NM_017235 Hsd17b7   1.25   1.30    
           
Lipid metabolism/ Sterol metabolism 
D13921 Acat1      -1.64    
AA899304 Acat1      -1.21    
AI412322 Acat2   1.52  1.45 1.74   1.59 
D45252 Lss   1.31   1.60   1.34 
NM_031062 Mvd      1.42    
AI717733 Pon1      1.72    
           
Membrane transport/ ABC transporters 
AF257746 Abcb1a      1.45    
NM_031013 Abcc6      -1.22    
AI105042 Cabc1      -1.56    
           
Nervous system 
AI170387 Cxcl9        2.11 2.23 
AI044222 Cxcl9         2.33 
           
Nucleotide metabolism/ Pyrimidine metabolism 
NM_031705 Dpys      -1.80   -1.47 
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Table 9 (continued) 
 

Accession 
number 

Gene name Myclobutanil 
10�M 

Myclobutanil 
30 �M 

Myclobutanil 
100 �M 

Propiconazole 
10 �M 

Propiconazole 
30 �M 

Propiconazole 
100 �M 

Triadimefon 
10 �M 

Triadimefon 
30 �M 

Triadimefon 
100 �M 

Peroxisome protein 
NM_031587 Pxmp2      -1.69    
           
Signal transduction 
BI296347 Acad11_pre      -1.78    
BF544958 Akap2        1.36  
BI295971 Edg1   -1.40   -1.46   -1.41 
           
Transcription factor 
BF282264 Creb3l3      -2.47    
AW532697 Meis1_pre      -1.22   -1.21 
AI179123 Nfe2l1_pre   1.24   1.32    
           
Xenobiotic metabolism 
AI231779 Gstk1      2.29    
AA858993 Ugt2ba      -1.74    
 
Note. Suffix _pre = probe sets with predicted annotation.  
a also involved in Androgen and Estrogen metabolism 
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Table 10 Significant gene expression changes in human primary hepatocytes by triazoles: 72 hour exposure. 
 
  Myclobutanil 

 
Propiconazole 

 
Triadimefon 

 
PB 

 
Rif 

 

Accession 
number 

Gene name 10�M 30 �M 100 �M 10�M 30 �M 100 �M 10�M 30 �M 100 �M 1000 �M 30 �M 

Amino Acid metabolism 
N21030 NRBP2      -1.76    -1.70  
             
Carbohydrate metabolism/ Galactose metabolism 
BG474736 GALK1        -1.35    
             
Cell cycle/ cell growth 
M17863 IGF2        -1.26    
NM_002758 MAP2K6        -1.23    
             
Cell communication 
AW338791 IGFALS     -1.41  -1.41 -1.41    
             
Cell death/ Apoptosis 
BC002538 SERPINB9        2.01 2.07 1.97 2.37 
BC002794 TNFRSF14         -1.31   
             
Glycolysis/ Gluconeogenesis 
M69051 GCK     -1.37   -1.45 -1.41   
AI239772 GLYCTK        -1.44    
             
Immune system 
BE672390 PGLYRP2        -2.11 -2.38   
             
Lipid metabolism/ Fatty Acid metabolism 
AL135960 CYP4A11         -2.23   
             
Lipid metabolism/ Steroid metabolism 
BC003660 ARSD         -1.34   
U55764 SULT1E1        -1.34    
             
Membrane transport/ ABC transporters 
NM_003742 ABCB11        -1.31    
NM_022436 ABCG5         -1.89   
             
Proteolysis 
BF195709 CAPN5        -1.53 -1.55   
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Table 10 (continued) 
 

  Myclobutanil 
 

Propiconazole 
 

Triadimefon 
 

PB 
 

Rif 
 

Accession 
number 

Gene name 10�M 30 �M 100 �M 10�M 30 �M 100 �M 10�M 30 �M 100 �M 1000 �M 30 �M 

Signal transduction 
NM_002436 MPP1        -1.36 -1.41   
H15920 MRGPRF     -1.23 -1.27 -1.22 -1.24 -1.25   
             
Tumorigenesis 
NM_004684 SPARCL1         -1.83   
             
Xenobiotic metabolism 
AF153821 ADH1A     -2.35   -2.53 -2.51 -2.29  
M24317 ADH1B     -4.67   -5.42 -6.20   
M21692 ADH1B     -4.39   -5.42 -7.06   
M15943 ADH4        -1.81 -1.89   
NM_000767 CYP2A7P1// 

CYP2B6 
     2.36    2.61  

J02843 CYP2E1        -3.83 -3.95   
AF182276 CYP2E1        -3.58 -3.86   
 
Note. Suffix _pre = probe sets with predicted annotation.
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Table 11 Significant gene expression changes in adult Wistar Han IGS testis by triazoles: GD6-PND92 exposure. 
 

Accession number 
 
Gene name 

Myclobutanil 
32.9 mg/kg/day 

Myclobutanil 
133.9 mg/kg/day 

Propiconazole 
31.9 mg/kg/day 

Propiconazole 
169.7 mg/kg/day 

Triadimefon 
33.1 mg/kg/day 

Triadimefon 
139.1 mg/kg/day 

Amino Acid metabolism 
NM_017134 Arg1    1.47   
NM_017074 Cth    1.26   
NM_017233 Hpd    1.54   
NM_022403 Tdo2    1.48   
        
Cell communication 
NM_012901 Ambp    1.57   
NM_012826 Azgp1    1.40   
AI169984 Ccl9    1.27   
BM390253 Dcn      1.59 
AF020045 Itgae 1.37      
NM_053649 Kremen1 1.24      
        
Cell growth/ proliferation 
NM_031546 Rgn    1.27   
        
Fertility 
NM_133516 Svs5      1.52 
        
Glycolysis/ Gluconeogenesis 
AI058911 G6pc3    1.21   
        
Immune system 
AI639117 Cfb    1.26   
NM_024157 Cfi    1.36   
AA963815 F9    1.25   
NM_012582 Hp    1.55   
NM_133428 Hrg    1.59   
NM_012696 Kng1    1.38   
AI137930 Saa4    1.38   
NM_031531 Serpina3n    1.38   
BG377322 Serpinc1     1.68   
NM_024382 Serpind1    1.26   
        
Intracellular signaling/ transport 
BI294910 Car8 1.44      
NM_017278 Psma1 1.22      
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Table 11 (continued) 
 

Accession number 
 
Gene name 

Myclobutanil 
32.9 mg/kg/day 

Myclobutanil 
133.9 mg/kg/day 

Propiconazole 
31.9 mg/kg/day 

Propiconazole 
169.7 mg/kg/day 

Triadimefon 
33.1 mg/kg/day 

Triadimefon 
139.1 mg/kg/day 

Ion transport 
NM_012532 Cp    1.42   
NM_031730 Kcnd2     1.41  
AF276870 Slc38a5    1.28   
NM_031650 Slco1b2    1.39   
        
Lipid metabolism 
NM_017300 Baat    1.37   
AA859049 Es2    1.32   
AI029455 Ttpa    1.24   
        
Lipid metabolism/ Arachidonic Acid metabolism 
U04733 CYP2C23    1.35   
M58041 CYP2C70a    1.52   
NM_019623 CYP4F2    1.24   
M24396 Uox    1.29   
        
Lipid metabolism/ Fatty Acid metabolism 
NM_012819 Acadl 1.26    1.21 1.22 
        
Lipid metabolism/ Steroid metabolism 
NM_012693 CYP2A2    1.30   
AI454613 CYP2B2    2.03   
J02861 CYP2B13    1.76   
NM_017080 Hsd11b1 1.38      
        
Lipid metabolism/ Sterol metabolism 
NM_053539 Idi1 1.27      
AI717733 Pon1    1.51   
        
Oxidative stress 
NM_019292 Ca3    1.24   
        
Oxygen transport 
X05080 Hbb     1.44  
NM_033234 Hbb     1.63  
        
Proteolysis 
NM_053617 Cpb2    1.26   
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Table 11 (continued) 
 

Accession number 
 
Gene name 

Myclobutanil 
32.9 mg/kg/day 

Myclobutanil 
133.9 mg/kg/day 

Propiconazole 
31.9 mg/kg/day 

Propiconazole 
169.7 mg/kg/day 

Triadimefon 
33.1 mg/kg/day 

Triadimefon 
139.1 mg/kg/day 

Spermatogenesis 
NM_020301 Adam7    1.34   
NM_024136 Erabp    2.58   
AI029734 Mtmr1_preb    -2.30 -2.52  
        
Transcription 
AI229534 Med6_pre 1.22      
BI296277 Surb7_pre 1.24      
        
Transport        
X76456 Afm    1.25   
        
Xenobiotic metabolism 
AB008424 CYP2D13    1.22   
M25143 CYP2D9    1.27   
NM_031543 CYP2E1    1.52   
M13506 Udpgtr2    1.38   
NM_031533 Ugt2b    1.84   
M31109 Ugt2b3    1.36   
 
Note. Suffix _pre represents probe sets with predicted annotation. 
a also involved in xenobiotic metabolism. 
b also involved in cell communication. 
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Table 12 Significant gene expression changes in H295R cells by triazoles: 48 hour exposure. 
 

Accession 
number 

Gene name Myclobutanil 
10�M 

Myclobutanil 
30 �M 

Myclobutanil 
100 �M 

Propiconazole 
10 �M 

Propiconazole  
30 �M 

Propiconazole 
100 �M 

Triadimefon 
10 �M 

Triadimefon 
30 �M 

Triadimefon 
100 �M 

Amino Acid metabolism/ Glutathione metabolism 
AF237813 ABAT      -1.31 1.21   
NM_001673 ASNS   1.51   2.90    
NM_021154 PSAT1   1.33   1.86    
BC004863 PSAT1   1.43   1.93    
           
Cell cycle/ growth 
M63889 FGFR1   -1.24   -1.38    
BE467261 FGFR1      -1.58    
M60485 FGFR1      -1.25    
BG329175 GAS5   1.30   2.55    
BF316352 GAS5   1.33   2.54    
AW105301 GAS5      1.20    
NM_001448 GPC4  1.25 1.45   1.73   1.21 
AF064826 GPC4  1.26 1.46   1.61   1.23 
           
Cell death/ Apoptosis 
AB033060 PDCD6   1.26   2.04  1.21 1.29 
           
Chromosome organization 
NM_003516 HIST2H2AA3   -1.37   -1.74    
AI313324 HIST2H2AA3   -1.35   -1.72    
NM_003528 HIST2H2BE   -1.41   -1.62    
BC001193 HIST3H2A      1.23    
           
Inflammation response 
NM_000014 A2M  1.22 1.25   1.41    
           
Intracellular signaling cascade 
BE220587 ASB4   -1.33   -2.14    
NM_014424 HSPB1  1.35 1.36  1.29 1.55   1.36 
           
Lipid metabolism 
NM_014762 DHCR24      -1.37    
NM_001360 DHCR7   -1.23       
AW150953 DHCR7   -1.22       
AL512760 FADS1   -1.34   -1.30    
BE540552 FADS1      -1.32    
BG165833 FADS1      -1.26    
NM_004265 FADS2   -1.37   -1.86    
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Table 12 (continued) 
 

Accession 
number 

Gene name Myclobutanil 
10�M 

Myclobutanil 
30 �M 

Myclobutanil 
100 �M 

Propiconazole 
10 �M 

Propiconazole  
30 �M 

Propiconazole 
100 �M 

Triadimefon 
10 �M 

Triadimefon 
30 �M 

Triadimefon 
100 �M 

Lipid metabolism/ Fatty Acid metabolism 
BC005807 SCD -1.28  -1.54   -1.33    
AB032261 SCD   -1.88   -1.44    
AA678241 SCD   -1.45   -1.37    
AF116616 SCD   -1.44   -1.31    
AL571375 SCD5      -1.36    
           
Lipid metabolism/ Steroid biosynthesis 
BE044480 CYB5D2      -1.29    
AF361370 CYB5R2      -1.21    
NM_000781 CYP11A1      -1.24    
NM_000102 CYP17A1      -2.24    
M17252 CYP21A2   -1.22   -1.23    
NM_000786 CYP51A1        1.23  
           
Membrane Transport/ ABC transporters 
AF016535 ABCB1      -1.33    
AA887211 ABCB1      -1.21    
AF277184 ABCB10       1.22   
AB005289 ABCB7      1.32    
AI539710 ABCC1      1.29    
NM_000033 ABCD1      -1.27    
BC009712 ABCD3      -1.31    
AI002002 ABCE1      1.30    
NM_004915 ABCG1  -1.23 -1.21       
           
Metal Ion binding/ Arginine and Proline metabolism 
U75667 ARG2  1.22    1.96    
           
Phosphate transport 
NM_001855 COL15A1  1.35 1.27   1.66    
BC036669 COL25A1   1.33   1.30   1.40 
           
Retinoic acid receptor signaling pathway 
NM_019885 CYP26B1      -1.32    
           
Signal transduction 
AA772285 VDR  1.21        
NM_000376 VDR  1.31 1.23     1.20 1.21 
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Table 12 (continued) 
 

Accession 
number 

Gene name Myclobutanil 
10�M 

Myclobutanil 
30 �M 

Myclobutanil 
100 �M 

Propiconazole 
10 �M 

Propiconazole  
30 �M 

Propiconazole 
100 �M 

Triadimefon 
10 �M 

Triadimefon 
30 �M 

Triadimefon 
100 �M 

Transcription 
BC003637 DDIT3   1.27   3.09    
NM_004176 SREBF1 -1.22 -1.21 -1.55   -1.87   -1.26 
NM_005080 XBP1   1.21   2.26    
           
Wnt/beta-catenin signaling pathway 
NM_020130 C8orf4   1.28   1.29  1.26 1.23 
           
Xenobiotic metabolism 
NM_000499 CYP1A1   1.47  1.33 3.01  1.21 1.76 
NM_000846 GSTA1   -1.21   -1.32   -1.27 
NM_001512 GSTA4      -1.24    
NM_000850 GSTM4      -1.26    
BC000906 NQO1   1.31   1.43  1.22 1.26 
AI039874 NQO1      1.27    
NM_000903 NQO1        1.21  
 
Note. Suffix _pre = probe sets with predicted annotation. 
 
 


