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Propiconazole is a triazole-containing fungicide that is used agriculturally on grasses, fruits, grains, seeds,
hardwoods, and conifers. Propiconazole is a mouse liver hepatotoxicant and a hepatocarcinogen that has
adverse reproductive and developmental toxicities in experimental animals. The goal of this study was to
investigate the cytotoxic responses of propiconazole and its metabolites to determine if metabolism of
this agent differentially affected its cytotoxic activities in hepatic tumor cell lines and in primary hepa-
tocytes. To this end the cytotoxic effects of propiconazole and five of its metabolites were examined in
three hepatic cell types: The mouse hepatoma Hepa1c1c7 cell line, the human hepatoma HepG2 cell line,
and primary cultures of mouse hepatocytes. We initially compared the responses of propiconazole expo-
sure in both Hepa1c1c7 and HepG2 cell lines over a concentration range of 0–200 lM using two assay
systems: The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay and the neutral
red assay. Concentration-related cytotoxic responses were evident in both cell lines using both endpoints
with the MTT assay providing enhanced sensitivity.
The relative cytotoxic effects of propiconazole and five propiconazole metabolites were further assessed by
the MTT assay using Hepa1c1c7 and HepG2 tumor cell lines. The cell cultures were exposed to various con-
centrations of propiconazole and five of its metabolites over a range of 0–400 lM. Propiconazole was cyto-
toxic in both cell lines in a dose-dependent manner. All five metabolites were less cytotoxic in both cell lines
compared to the parent compound. The most cytotoxic metabolites in Hepa1c1c7 and HepG2 cells among
the five were 3-(2-((1H-1,2,4-triazol-1-yl)methyl)-2-(2,4-dichlorophenyl)-1,3-dioxolan-4-yl)propan-1-ol
and 1-(2-((1H-1,2,4-triazol-1-yl)methyl)-2-(2,4-dichlorophenyl)-1,3-dioxolan-4-yl)propan-2-ol. Propico-
nazole was cytotoxic in primary mouse hepatocytes; however none of the five propiconazole metabolites
exerted cytotoxic activities. There was a linear relationship between the cLogP and the cytotoxic effects
of propiconazole and its five metabolites in Hepa1c1c7 cells.
We conclude that these propiconazole metabolites would not contribute to the propiconazole-induced
cytotoxicity process in primary mouse hepatocytes. Furthermore, since in tumor cell lines the metabolites
were less cytotoxic than the parent propiconazole, our results suggest that in the tumorigenesis process as
tumor cells are formed they would be more susceptible to the cytotoxic effects of propiconazole compared
to the metabolites.

Published by Elsevier Ltd.
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Propiconazole (±-(1-[[2-(2,4-dichlorophenyl)-4-propyl-1,3-
dioxolan-2-yl]methyl]-1H-1,2,4-triazole, TILT) is an environmen-
tally-important triazole systemic fungicide. Propiconazole is a
member of a class of conazole fungicides that contain the 1,2,4-tri-
azole moiety. It has fungicidal activity that protects against powdery
mildew, rusts, and leaf spot disease (INCHEM, 1987). While conaz-
oles are designed to protect crops from fungal infections, many have
adverse effects in other organisms. For example, fenbuconazole,
triadimefon, and imazilil each induce thyroid and liver tumors in ro-
dents (INCHEM, 1981, 1997, 2001). Propiconazole can exert adverse
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effects in mammals, fish, insects, mollusks, and zooplankton (IN-
CHEM, 1987; Pesticideinfo.org, 2008). Mice fed propiconazole for
two years, developed hepatocellular adenomas and carcinomas,
while rats did not develop tumors (INCHEM, 1987). Propiconazole
was also demonstrated to promote the formation of hepatic prene-
oplastic foci in rats after dimethylnitrosamine treatment (Hakoi et
al., 1992). Propiconazole induced hepatomegaly in both mice and
rats after daily gavage at 150 mg/kg and hepatic necrosis in rats at
450 mg/kg doses (INCHEM, 1987; Sun et al., 2005).

The metabolism of xenobiotics can be considered as a detoxifica-
tion process converting lipophilic substances to less toxic water sol-
uble forms through oxidation, and conjugation and then excretion
of these molecules. However, some xenobiotics undergo metabo-
lism of the parent molecule to more toxic metabolites, and this pro-
cess of metabolic activation is considered to be a key component of
their toxicity pathways. This has been demonstrated for polycyclic
aromatic hydrocarbons, aromatic amines, and nitrosamines (Miller
and Miller, 1983; Xue and Warshawsky, 2005). Some pesticides also
demonstrate this requirement. Thiamethoxam and several chloro-
acetanilides are some examples. Thiamethoxam metabolites are
more hepatotoxic than thiamethoxam itself and are key metabolic
intermediates in the formation of mouse liver tumors (Green et al.,
2005a,b; Pastoor et al., 2005). The chloroacetanilides alachlor and
acetochlor, both induce nasal tumors in rats through metabolism
to reactive quinone-imine metabolites. These metabolites bind to
nasal proteins which induce cytotoxicity, cell death, compensatory
hyperplasia, and nasal adenomas (Green et al., 2000).

The metabolism of propiconazole has been studied in mam-
mals. Metabolism can occur at the propyl side chain leading to a
series of alcohols, acids, and a-hydroxy-carboxy acids and by
cleavage of the dioxolone ring (INCHEM, 1987).

The goal of this study was to investigate the cytotoxic responses
of propiconazole and its metabolites to determine if metabolism of
this agent differentially affected its cytotoxic activities in hepatic
tumor cell lines and in primary hepatocytes. We approached this
goal by evaluating the cytotoxic effects of known propiconazole
metabolites and comparing their effects to that of propiconazole
(Fig. 1). We employed a mouse hepatoma cell line (Hepa1c1c7), pri-
mary mouse hepatocytes, as well as a human hepatoma cell line
(HepG2) in these investigations. We used two cytotoxicity bioas-
says, the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) bioassay and the neutral red bioassay to compare
the cytotoxic effects of propiconazole, and the MTT bioassay to
examine the cytotoxic effects of the propiconazole metabolites.
MTT is a water soluble yellow tetrazolium dye, which is reduced
to the water insoluble purple formazan in the mitochondria of living
cells. This reduction takes place only when mitochondrial reductase
enzymes are active, and therefore conversion is directly related to
the number of viable cells (Mosmann, 1983). Neutral red is eurhodin
dye and a vital stain that readily penetrates cell membranes by non-
ionic diffusion, accumulating in the cell. Damaged or dead cells lose
their ability to retain neutral red which is then removed during the
wash procedure. Cell viability is related to the quantity of extracted
dye from the intact viable cells (Borenfreund and Puerner, 1984).

We found that all five metabolites were less cytotoxic compared to
the parent propiconazole in each cell type suggesting that these
metabolites ofpropiconazole would not play a significant role in prop-
iconazole induced hepatic toxicity in both normal and tumor cells.
2. Material and methods

2.1. Chemicals and reagents

Propiconazole was a gift of Syngenta Crop Protection Inc.
(Greensboro, NC). Five propiconazole metabolites (CGA 118244,
CGA 118245, CGA 91304, CGA 91305, and CGA 136735) were pro-
vided by Dr. John Kenneke (US EPA, National Exposure Research
Laboratory-Athens). Culture flasks and plates were purchased from
Corning Inc. (Corning, NY). Eagle’s Minimum Essential Medium
(EMEM) (containing 2 mM L-glutamine, 1.0 mM sodium pyruvate,
0.1 mM nonessential amino acids, and 1.5 g/L sodium bicarbonate),
Alpha Minimum Essential Medium (AMEM) (containing 1.5 g/L so-
dium bicarbonate without nucleosides), and fetal bovine serum
(FBS) were obtained from the American Type Culture Collection
(ATCC, Rockville, MD, USA). Williams E Medium (WEM) supple-
mented with 5 U/ml penicillin, 5 lg/ml streptomycin, 0.1 lM
dexamethasone, ITS+ (insulin, transferrin, and selenium complex),
L-glutamine, and HEPES were purchased from CellzDirect, Inc.
(Pittsboro, NC). Trypsin–EDTA (0.25% (w/v) trypsin–0.53 mM
EDTA) and phosphate-buffered saline (PBS) and Dubecco’s PBS
(D-PBS) were obtained from Gibco (Grand Island, NY). Acetone,
benzo[a]pyrene, neutral red, and MTT were purchased from Sig-
ma–Aldrich Chemical Co. (St. Louis, MO).

2.2. Cell lines and culture

The human hepatoma cell line (HepG2) and the mouse hepa-
toma cell line (Hepa1c1c7) were obtained from the ATCC. HepG2
cells (passage 82–86) were grown in 25 cm2 culture flasks in
EMEM supplemented with 10% FBS, at 37 �C in a humidified 5%
CO2/95% air atmosphere. Media were changed every 3–4 days
and cells were passaged when reached to 80–90% confluence. To
subculture cells, the culture medium was aspirated and cells were
briefly washed with PBS and 0.25% (w/v) Trypsin-0.53 mM EDTA
before incubation with trypsin–EDTA (1 ml) for 5–10 min. The de-
tached cells were passed through a 25 gauge, 5/8” needle attached
to a 1 ml tuberculin syringe (BD Bioscience, San Jose, CA) to sepa-
rate clumps of cells, and appropriate aliquots of the cell suspension
were added to the EMEM supplemented with 10% FBS with a sub-
cultivation ratio of 1:4. The culturing procedure for Hep1c1c7 cells
was performed as described above except that the Hep1c1c7 cells
were grown in AMEM supplemented with 10% FBS using cell pas-
sage 10–15, and with a sub-cultivation ratio of 1:10. Pre-plated
fresh primary mouse hepatocytes (approximately 26,000/well)
from male CD-1 mice (eight week old) from each of three mice
were obtained from CellzDirect (Durham, NC) and were preserved
in cold preservation media in 96-well microtiter plates.

2.3. Cell viability assays

2.3.1. Neutral red assay
The method used was described by Borenfreund and Puerner

(Borenfreund and Puerner, 1984). Briefly, Hepa1c1c7 cells were
seeded in 96-well plates at a density of 3 � 103 cells/well in
200 lL of AMEM supplemented with 10% FBS, and incubated at
37 �C in 5% CO2/95% air. When cells reached 60–70% confluence
(�24 h), non-adherent cells and serum-containing AMEM were re-
moved and propiconazole-treated serum-free AMEM were applied.
Propiconazole-treated stocks were initially prepared in acetone,
and diluted with serum-free AMEM to the appropriate concentra-
tion for each experiment. The final acetone concentration did not
exceed 0.5%. The cells were then treated with various concentra-
tions of the propiconazole-treated serum-free AMEM stocks for
24 h. At the end of the treatment period the media was removed
and replaced with 250 lL fresh warm D-PBS. Serum-free AMEM
medium containing 0.003% neutral red dye was added (200 lL
per well). After a 3-h incubation at 37 �C, the neutral red medium
was decanted and each well was rinsed once with 200 lL warm D-
PBS. The neutral red dye taken up by viable cells was extracted
with 100 lL of ethanol/acetic acid (1% glacial acetic acid solution,
50% ethanol, 49% H2O) for 30 min with gentle shaking protected
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Fig. 1. Chemical structures of propiconazole and five of its metabolites. The chemical names of the metabolites are: CGA 118245, 3-(2-((1H-1,2,4-triazol-1-yl)methyl)-2-(2,4-
dichlorophenyl)-1,3-dioxolan-4-yl)propan-1-ol; CGA 118244, 1-(2-((1H-1,2,4-triazol-1-yl)methyl)-2-(2,4-dichlorophenyl)-1,3-dioxolan-4-yl)propan-2-ol; CGA 136735,
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1305, 1-(2,4-dichlorophenyl)-2-(1H-1,2,4-triazol-1-yl)ethanol.
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from light (NIH, 2001). The absorbance was measured at 540 and
690 nm on a Molecular Devices SpectraMax 340 spectrophotome-
ter (Sunnyvale, CA). The percent of viable cells was then deter-
mined according to: Viability (%) = [(A540–A690 of experimental
well)�mean of (A540–A690 of blank control wells)]/[mean of
(A540–A690 of vehicle control wells)� mean of (A540–A690 of
blank control wells)]. The procedure for the HepG2 cells was the
same as described above except the medium used was EMEM.

2.3.2. MTT assay
The cytotoxic effects of propiconazole and the propiconazole

metabolites were determined by the MTT assay in Hepa1c1c7
and HepG2 cell lines and primary mouse hepatocytes using the
method described by Gerlier and Thomasset (Gerlier and Thomas-
set, 1986) based on Mossman (Mosmann, 1983) with some modi-
fications. Briefly, Hepa1c1c7 cells were seeded in 96-well plates at
a density of 3 � 103 cells/well in 200 lL of AMEM supplemented
with 10% FBS, and incubated at 37 �C in 5% CO2/95% air. When cells
reached 60–70% confluence (�24 h), non-adherent cells and ser-
um-containing AMEM were removed and chemically-treated ser-
um-free AMEM were applied. Chemical-treated stocks were
initially prepared in acetone, and diluted with serum-free AMEM
to the appropriate concentration for each experiment. The final
acetone concentration did not exceed 0.5%. The cells were then
treated with various concentrations of the chemically-treated ser-
um-free AMEM stocks for 24 h. The MTT solution (20 lL, 5 mg/ml)
was added to each well 3 h prior to the end of the 24-h chemical
treatment exposure period. The media was removed at the end
of the 24-h exposure period. The insoluble purple formazan crys-
tals were dissolved in 100 lL DMSO/well and the absorbance was
detected at 570 nm and 690 nm using a microplate SpectraMax
340 spectrophotometer. The cell viability percentage was calcu-
lated as follows: Viability (%) = [(A570–A690 of experimental
well)�mean of (A570–A690 of blank control wells)]/[mean of
(A570–A690 of vehicle control wells)�mean of (A570–A690 of
blank control wells)]. The procedure for the HepG2 cells was the
same as described above except the medium used was EMEM.

For primary mouse hepatocytes, the cold preservation media
from each well was immediately replaced with fresh serum-free
WEM, after receiving the cells. The hepatocytes were then acclima-
tized in a humidified 5% CO2/95% air incubator at 37 �C overnight
prior to use. The preparation of various concentrations of chemical
solutions and the MTT assays of propiconazole and metabolites
was described above. Briefly, the WEM was removed before dosing
and then the mouse hepatocytes were treated for 48 h with chem-
ical solutions prepared in serum-free WEM. The MTT solution was
added to each well 3 h prior to the end of the exposure period.
After 48 h of chemical exposure, the MTT containing media were
removed, and the formazan crystals were dissolved in 100 lL
DMSO/well for the absorbance determinations as described above.

The cytotoxicity assays were carried out using six replicates at
each concentration for HepG2 and Hepa1c1c7 cells and using indi-
vidual studies on primary hepatocytes isolated from three mice.
The highest concentration selected was 400 lM based on solubility
considerations. During the experimental period, all the wells were
microscopically observed twice daily for cell mortality, chemical
precipitation, and formazan formation. No visible precipitation of
any test compound was found in any treatments at any of the end-
points. For each cell type, the controls consisted of a vehicle control
with 0.5% acetone, a positive control, benzo[a]pyrene (0.4–50 lM),
and blank controls including cells without any chemical treat-
ments and wells without cells. The study was repeated with prop-
iconazole with separate sets of stock solutions.

2.4. Data analysis

Data are represented as mean ± SD. Statistical analyses were
performed by one-way ANOVA followed by Dunnett’s multiple
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comparison method using JMP 6.0 (SAS Institute, Cary, NC), or
SigmaStat (SPSS, Chicago, IL). Student’s t-tests were performed
with SigmaStat. Differences between treatment and control
groups were considered statistically significant at p < 0.05. The
concentrations of propiconazole that produced a 50% viability re-
sponse with 95% confidence intervals (95% C.I.s), and the statisti-
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Table 1
Comparison of the cytotoxic effects of propiconazole in Hepa1c1c7 and HepG2 cell lines u

Propiconazole (lM) Hepa1c1c7 cells

MTT assay (% Viability) Neutral red assay (% Viabil

Mean SD Mean SD

0 100 100
25 83.5 8.3 100 12.6
50 66.5 10.4 85.9 8.9
100 55.1 4.1 83.7 10
150 28.4 3.7 47.9 11.8
200 2.9 1.5 1.4 1

a The chemical treatment exposure time was 24 h. Each mean and SD are the results
b Statistical analyses were performed by fitting the linear part of the concentration cur

assay and each cell line. For Hepa1c1c7 cells, the Y-intercepts for the MTT and neutral red
(p < 0.041), while the slopes were not statistically different. For the HepG2 cells, the M
intercepts.

c ND, not determined.
cal comparisons of propiconazole MTT and neutral red
concentration responses were determined using Prism software
(GraphPad, San Diego, USA) where data were fitted to the Hill
equation. Calculated LogP (cLogP [log of the octanol–water parti-
tion coefficient) estimates were calculated by ChemSketch
V10.02 (ACD Labs, Toronto, ON).
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sing the MTT and Neutral red assaysa,b

HepG2 cells

ity) MTT assay (% Viability) Neutral red assay (% Viability)

Mean SD Mean SD

100 100
106.5 18.3 68.1 10.5
NDc NDc 69 9.3
106.7 15.9 76.4 9.5
33.2 10.2 35.8 4.3
37.4 16.6 12.7 2.0

of six replicate data points.
ve to a linear function and testing for differences in slopes and Y-intercepts for each
assays were 96.3 ± 3.0 and 111.1 ± 9.2, respectively, and were statistically different

TT and neutral red assay responses did not give significantly different slopes or Y-
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3. Results

The results of the comparative sensitivity of the MTT and neu-
tral red assays to detect propiconazole-induced cytotoxicity in He-
pa1c1c7 and HepG2 cell lines are found in Table 1. Cells were
treated for 24 h over a concentration range of 0–200 lM. Concen-
tration-related responses were evident in all four studies. The data
were fitted to a linear function and tested for statistical differences
between MTT and neutral red assays for each cell line. There were
Table 2
Cytotoxicity of propiconazole and five of its metabolites in liver cells at the highest conce

Chemical Hepa1c1c7 cells (% Viability, mean ± SD) Primary mouse

Propiconazole 1.65 ± 1.51b,c 0b

CGA 136735 24.2 ± 6.7b,d 110.9 ± 24.8
CGA 118245 51.1 ± 5.1b 102.7 ± 20
CGA 118244 64.3 ± 16.4b 112.2 ± 20.1
CGA 91304 76.1 ± 6.3 72.1 ± 12.1
CGA 91305 86.1 ± 26.2 86.4 ± 20.6

a The chemical treatment exposure time was 24 h for Hepa1c1c7 and HepG2 cell line
(n = 6 for each concentration in HepG2 and Hepa1c1c7 cells; n = 3 mice for each concen

b Significantly different from the control by Dunnett’s multiple comparison test (p < 0
c Significantly different from each other by Student’s t-test (p < 0.05).
d Significantly different from each other by Student’s t-test (p < 0.05).
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cell lines, and primary male CD-1 mouse hepatocytes using the
MTT assay. Treatments were conducted in serum-free media to
prevent the ability of serum proteins to bind to these agents and
alter the results due to different amounts of unbound agents avail-
able in the media. Propiconazole demonstrated a clear concentra-
tion-related response in % viability reduction in Hepa1c1c7 cells,
HepG2 cells, and in primary mouse hepatocytes over a concentra-
tion range of 0–400 lM for each cell type (Fig. 2A). The calculated
concentrations that produced a 50% viability for Hepa1c1c7 cells
was 85.4 lM (95% C.I. = 62.9–116.0 lM), and for HepG2 cells was
148.4 lM (95% C.I. = 126.7–173 lM). Analyses of these concentra-
tions that gave a 50% viability response by the Student’s t-test indi-
cated that the values were statistically different from each other at
p < 0.01. Based on the dose response data, propiconazole exerted
the highest cytotoxicity response in Hepa1c1c7 cells. Analysis of
the cytotoxic responses of propiconazole in the three hepatic cell
types at 400 lM concentration indicated that propiconazole in-
duced a 100% cytotoxic response in primary mouse hepatocytes,
while Hepa1c1c7 cells were more sensitive than HepG2 cells to
this agent (Table 2). Hepa1c1c7 cells were also more sensitive than
HepG2 cells to metabolite CGA 136735 the a-hydroxylated metab-
olite of propiconazole (Fig. 2B, Table 2), while no observable effects
in primary mouse hepatocytes were observed. Metabolite CGA
118245 the c-hydroxylated metabolite of propiconazole exerted
statistically significant effects on cell viability at several concentra-
tions in Hepa1c1c7 cells (Fig. 2C) and similar significant effects in
HepG2 cells at 400 lM (Fig. 2C, Table 2). CGA 118245 had no effect
in primary mouse hepatocytes. Propiconazole metabolite CGA
118244, the b-hydroxylated metabolite of propiconazole was cyto-
toxic in both tumor cell lines (Fig. 3A, Table 2), with no effects on
primary mouse hepatocytes. The two propiconazole metabolites,
CGA 91304 and 91305, in which the dioxolone ring had been met-
abolically cleaved from the molecule had no statistically significant
effects on cell viability in each of the hepatic cells evaluated (Fig. 3B
and C, Table 2). The positive control, benzo[a]pyrene, produced
dose-dependent cytotoxic effects in Hepa1c1c7 and HepG2 cells
at 0.7–50 lM. Benzo[a]pyrene did not induce significant cytotoxic-
ity in primary mouse hepatocytes at the concentrations evaluated
(Fig. 3D), possibly due the abbreviated incubation times as longer
times are necessary to obtain full induction of the Cyp1a1 and
Cyp1b1 needed to metabolize benzo[a]pyrene to its cytotoxic
intermediates (Michalopoulos et al., 1976; Hengstler et al., 2000).
A comparison of the effects of propiconazole and its five metabo-
lites on the viability of the three hepatocellular cell types at the
same molar concentration (400 lM) suggests that the ranking of
the six agents in both Hepa1c1c7 cells and HepG2 cells were sim-
ilar with the exception of CGA 136735 which was ranked second in
cytotoxicity in the Hepa1c1c7 cells and fourth in the HepG2 cells
(Table 2). While all three hepatic cell types responded to propico-
nazole, only the two tumor cell lines were sensitive to the cyto-
toxic effects of the three of the metabolites.
4. Discussion

The triazole-containing conazole class of fungicides has been re-
ported to undergo metabolic transformations including side chain
hydroxylation, aromatic ring hydroxylation, sulfate, and glucuro-
nide conjugation. Many triazole-containing conazoles are also
metabolized to free triazole, triazoylalanine, and triazolyacetic acid
(Schermerhorn et al., 2005). The metabolism of propiconazole has
been studied in several species: Rat, mouse, and goat. In general,
metabolism occurs at the propyl side chain, at the dioxolone ring,
and with the release of free triazole (INCHEM, 1987). To date, there
have been no reported studies on the cytotoxic effects of many of
these metabolites. While metabolism can be a detoxification pro-
cess converting lipophilic agents to their water soluble forms,
metabolism can also be a toxification process converting inactive
parent molecules to reactive toxic forms. Our goal was to use
two tumorigenic hepatocellular cell lines and primary mouse
hepatocytes to evaluate the cytotoxic effects of propiconazole
and five of its metabolites to identify whether metabolism was a
toxification or detoxification process for propiconazole for each cell
type. For propiconazole, the most sensitive cell line was the mouse
tumor cell line Hepa1c1c7, an interesting finding as propiconazole
induces mouse liver tumors as reported from a 2-year feeding
study (INCHEM, 1987). While propiconazole exerted cytotoxic ef-
fects in primary mouse hepatocytes, none of the five metabolites
were cytotoxic in these cells. Primary hepatocytes contain active
glucuronyl transferases which could conjugate the hydroxylated
metabolites to more water soluble and less toxic forms. The levels
of these enzymes are generally higher in primary cells than in
transformed tumor cells (Smith et al., 2005; Westerink and Schoo-
nen, 2007).

A recent toxicogenomic analysis of hepatic tissues from mice
treated with propiconazole revealed significant increases in hepa-
tic cell proliferation, hypertrophy, and CYP enzyme activities (Allen
et al., 2006). Microarray analyses of these hepatic tissues indicated
alterations in the expression of oxidative stress genes, cell cycle
and cell proliferation genes, and signaling pathways (Ward et al.,
2006). Propiconazole induced the over-expression of a number of
oxidative stress related genes including aldo–keto reductases,
aminolevulinic acid synthase, heat shock proteins, glutathione
transferases, UDP glucuronyl transferases, and sulfotransferases
(Ward et al., 2006). There are known relationships between oxida-
tive stress and toxicity and oxidative stress and carcinogenesis. In-
creased cellular oxidant levels can alter proteins, lipids, and
nuclear and mitochondrial DNA as well as alter cell growth regula-
tory pathways (Klaunig and Kamendulis, 2004). Furthermore, cel-
lular stresses induced by chemicals can cause mammalian cell
death via endogenous reactive oxygen species (ROS) (see (Kobay-
ashi et al., 2002) and references therein). In a related cytotoxicity
study of ketoconazole using primary rat hepatocytes, Rodriguez
and Acosta proposed that the cytotoxic effects of ketoconazole
could be related to its ability to inhibit cholesterol biosynthesis
through the inhibition of lanosterol 14 a-demethylase. Cholesterol
is a major component of membranes in animals and its depletion
would result in the loss of plasma membrane integrity (Rodriguez
and Acosta, 1995). Inhibition of lanosterol 14 a-demethylase also
results in the accumulation of toxic oxysterol intermediates
(Guardiola et al., 1996). We have shown that propiconazole can de-
crease serum cholesterol levels in mice which could result in oxy-
sterol formation and decreased plasma membrane integrity (Allen
et al., 2006). Rodriguez and Acosta also studied the inhibitory ac-
tion of azoles in rat liver mitochondria and found that ketocona-
zole and other conazoles inhibited complex I of the respiratory
chain reducing ATP formation which could explain their hepato-
toxic action (Rodriguez and Acosta, 1996). At present, the mecha-
nisms of hepatic toxicity of propiconazole and its metabolites in
mouse liver or mouse liver cells have not yet been elucidated
although ROS formation, inhibition of cholesterol biosynthesis,
oxysterol formation, inhibition of mitochondrial function and
alterations in signaling pathways are viable possibilities.

Of the many physicochemical measures of chemicals, LogP, the
logarithm of the partition coefficient, the ratio of the solubility of a
compound between octanol and water, has been studied exten-
sively with regard to toxicity. LogP describes the lipophilicity of a
chemical and has been found to be correlated with cytotoxic,
mutagenic, and carcinogenic activities of chemicals (Debnath et
al., 1994; Bradbury, 1995; Franke et al., 2001; Smith et al., 2002).
Studies in fish (Lu et al., 2005) and other organisms (Miyazaki et
al., 2002) have shown a linear increase in toxicity for a series of
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Fig. 4. Linear relationship between the viability of propiconazole and its metab-
olites in Hepa1c1c7 cells and cLogP estimates of the agents.
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compounds as LogP increases. In rat liver hepatocytes a direct rela-
tionship was reported between LC50 and LogP for a series of 31
phenols (Moridani et al., 2003). We have shown that a linear rela-
tionship exists between the viability response of six propiconazole
agents in Hepa1c1c7 cells and their calculated Log P (cLogP) values
(Fig. 4), that is, as cLogP increases, viability decreases. Chemicals
with higher cLogP values are more likely to cross biomembranes,
and interact with biological macromolecules such as enzymes
and DNA and therefore have a greater potential to exert toxic activ-
ities (Smith et al., 2002).

The relationships between toxicity and carcinogenesis are
complex. Many of the same insults that lead to toxicity can also
lead to tumorigenesis. DNA and protein damage, modified gene
expression, and altered signaling pathways are some examples of
these insults. We found that none of the propiconazole metabolites
were cytotoxic to primary mouse hepatocytes, while several of the
propiconazole metabolites were cytotoxic to tumor cells; however,
their responses were less than that of the parent molecule,
propiconazole. The role of the propiconazole metabolites in the
mouse liver propiconazole tumorigenesis process has yet to be
determined.

In summary, we conclude that these propiconazole metabolites
would not contribute to the propiconazole-induced cytotoxicity
process in primary mouse hepatocytes and therefore metabolism
of propiconazole is a detoxification event. Our results using hepa-
totumorigenic cell lines suggest that in the in vivo propiconazole
hepatotumorigenesis process, incipiently formed tumor cells
would be more susceptible to the cytotoxic effects of the parent
propiconazole compared to the propiconazole metabolites.
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