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Tebuconazole Disrupted Aromatase Activity
and Reduced 17-Estradiol Concentration in
Pubertal Developmental Rats
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Abstract

Lu, S.Y., Chen, M. C,, Liao, J. C., and Tsai, W. R. 2019. Tebuconazole disrupted aromatase activity
and reduced 173-estradiol concentration in pubertal developmental rats. Taiwan Pestic. Sci. 7: 81-
110.

Around the world, triazoles are used as fungicides for fruit, grain, vegetable, and flower
production and as pharmaceuticals for the treatment of human diseases. One type of triazole,
tebuconazole, has been reported to combine with other endocrine disrupting pesticides, such
as expoxiconazole, mancozeb, prochloraz, and procymidone, leading to dose-additive effects
that impair parturition, cause pup mortality, affect sexual differentiation, and disrupt
kisspeptin neurons in rats. However, the mechanisms by which tebuconazole effects thyroid
function as well as the phase of pubertal development that this compound acts upon remain
unclear; therefore, this study investigated pubertal developmental and thyroid function in
rats. Our experiments were in accordance with US EPA OCSPP Harmonized Test Guide-
lines Series Number 890. For female rats, treatments (control; 5 mg/kg/day 17a-ethinyl
estradiol [EE]; or 15, 50, or 150 mg/kg/day tebuconazole) were administered daily by oral
gavage from postnatal day (PND) 22 to 42. For male rats, treatments (control; 0.4 mg/kg/day
testosterone propionate (TP); 3 mg/kg/day flutamide; or 15, 50, or 150 mg/kg/day tebucon-
azole) were administered daily by oral gavage from PND 23 to 53. Our results showed that
tebuconazole did not affect absolute organ weight nor the concentrations of serum blood
urea nitrogen (BUN) or creatinine in either male or female rats. In contrast, high doses of
tebuconazole decreased the uterus and ovary weights of female pubertal rats, whereas in

male pubertal rats, high doses of tebuconazole increased relative testis weight and penis
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width but decreased the relative weights of the prostate, seminal vesicle (both with and with-
out fluid), bladder, and levator ani plus bulbocavernosus muscles (LABC). In female rats,
low doses of tebuconazole also delayed the age of vaginal opening (VO) and increased rat
body weight at the time that VO was first observed. Furthermore, tebuconazole significantly
decreased serum 17p-estradiol (E2) but did not affect the concentrations of serum testos-
terone, luteinizing hormone (LH), or follicular stimulating hormone (FSH). It did, however,
decrease serum aromatase activity in male or female rats. Finally, tebuconazole did not affect
the concentrations of serum thyroxine (T4), thyroid stimulating hormone (TSH), or triiodo-
thyronine (T3) at any dosage level. However, dosage levels of 15 and 150 mg/kg/day tebu-
conazole increased the concentration of serum T3 in male rats. Taken together, our results
suggest that tebuconazole primarily inhibits aromatase (CYP19) activity in pubertal male
and female rats. However, the underlying mechanism of this inhibition needs to be more

comprehensively elucidated.
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Introduction

Around the world, imidazoles and tria-
zoles are employed as fungicides for fruit,
grain, vegetable, and flower production and as
pharmaceuticals for the treatment of human dis-
eases ¥, Triazole antifungal agents inhibit fun-
gal lanosterol-14a-demethylase (CYP51) activ-
ity and are effective in preventing the spread of
many fungal species (1% 1), Furthermore, some
azole fungicides have been reported to exhibit
cytochrome P450 enzyme activities, and the
ability of these fungicides to inhibit aromatase
(CYP19), which converts androgens to estro-

gens, is well known G4 4452, 34.39) - Cytochrome

P450 monooxygenases (CYPs) are a large
group of enzymes that are found in most organ-
isms, from bacteria to mammals D, Moreover,
several highly substrate-selective cytochrome
P450 enzymes are responsible for regulating
steroid hormone synthesis “!. In mammals,
sexual development can be disrupted by genetic
and/or environmental factors ). This is because
perinatal hormones have permanent imprinting
effects on the hypothalamus. These effects are
expressed early on as morphological sex differ-
ences in the brain, which later lead to physio-
logical and behavioral differences between the
sexes (20-33),

Most previous studies which investigated

the influence of exogenous chemicals on the



gonadal actions of male rats focused on behav-
ioral and anatomical effects. Specifically, these
effects result from endogenous hormonal effects
that occur when testosterone levels surge 3,
especially during the neonatal period 4539, It
is well known that azole fungicides increase
gestation length, lead to virilization in female
pups, and alter steroid hormone levels in rat
fetuses and/or dams “¥. For example, the azo
chemical prochloraz was found to induce repro-
ductive and developmental malformations in
androgen-dependent tissues of male rat offspring
(%, Tebuconazole was reported to demasculin-
ize male offspring and was found to cause the
same endocrine effects as prochloraz 44, Peri-
natal exposure to tebuconazole was further
found to cause neurobehavioral deficits and
neuropathologies in rats, but the compound did
not alter immunological or reproductive func-
tions in rats 33).

Tebuconazole has also been found to sup-
press the invasion and migration of human
trophoblasts by affecting the expression of pro-
teases, hormones, angiogenic factors, growth
factors, and cytokines 9. Tebuconazole does
not inhibit the aromatase activity of CYP19;
rather, this compound exhibits anti-androgenic
activities and shows potent CYP3 A4 inhibition
(28,58)_ In fact, we daily faced a mixture of chem-
icals; some previous researchers have investi-
gated persistent developmental toxicity in rat

offspring exposed to a low dose of an endocrine
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disrupting pesticide mixture. In those studies,
tebuconazole was found to combine with other
endocrine disrupting pesticides, such as expoxi-
conazole, mancozeb, prochloraz, and procymidone,
leading to dose-additive effects that impaired
parturition, increased pup mortality, affected
sexual differentiation, and disrupted kisspeptin
neurons in rats 21-22.23,3%),

Though tebuconazole was reported to
induce endocrine disrupting activities at different
endpoints of an important phase of pubertal
development, its effects on thyroid function
The

Screening and Testing Advisory Committee of

remain unclear. Endocrine Disrupter
the USEPA recommended a screening strategy
to investigate endocrine-disrupting compounds
that inhibit steroid biosynthesis, alter thyroid
hormone function, or act as agonists/antagonists
to estrogen and/or androgen receptors (19,
Pubertal female and male rat models have been
designed to investigate the effects of fungicides
on pubertal development, thyroid function, and
hypothalamic-pituitary-thyroid (HPT) function
in both male and female rats. In these models,
22- or 23-day-old weanling female and male
rats were exposed to the test substance for 20 or
30 days during the pubertal development period
(11,12)

HPT function has been studied extensively
in vertebrates, teleosts, amphibians (- %), and
mammals % 37, When the thyroid gland is

functioning normally, thyrotropin-releasing
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hormone (TRH) is secreted from the hypothal-
amus. TRH then travels to the anterior pituitary
and triggers the release of thyroid-stimulating
hormone (TSH), or thyrotropin, from thyro-
trophic cells in the pars distalis of the adenohy-
pophysis. An increase in TSH production in
turn leads to an increase in thyroid hormone
(TH) synthesis. TSH binds to receptors on the
membrane of thyroid follicle cells, thereby stimu-
lating the biosynthesis of the iodine-containing
THs, thyroxine (T4), and triiodothyronine (T3).
T4 is the primary TH secreted by the thyroid
gland; however, it is quickly metabolized into
T3, the more potent form of TH. Both T3 and
T4 can exert negative feedback control over the
anterior pituitary gland to inhibit further TSH
release G30-30),

Based on previous reports which investi-
gated the inhibition of aromatase (CYP19)
activity, we hypothesized that tebuconazole may
disturb thyroid-related functions in pubertal
male and female rats. Therefore, in this research,
we sought to link the potential effects of tebu-
conazole on thyroid function and on HPT func-
tion through a study on pubertal development
and thyroid function in male and female Wistar

rats.

Materials and methods

1. Chemicals

The following materials were obtained
from Sinon Co. (Taichung, Taiwan, ROC):
testosterone propionate (TP, purity > 97%),
flutamide (purity > 97%), corn oil (0.9 g/ml),
17a-ethinyl estradiol (EE, purity > 98%)
(Sigma-Aldrich Co., St. Louis, MO, USA), and
tebuconazole (purity > 97%).

2. Animals

All experimental animal protocols were
reviewed and approved by the Institutional
Animal Care and Use Committee of the Taiwan
Agricultural Chemicals and Toxic Substances
Research Institute. Five-week-old male and
female Wistar rats were purchased from Bio-
LASCO (Taipei, Taiwan, ROC). The rats were
acclimated to the laboratory environment for 7
days in which conditions were as follows:
temperature (21 + 2°C), humidity (40 ~ 70%),
frequency of ventilation (at least 10/h), and
lighting (alternating 12-h cycles of light and
darkness). Rats were provided with a rodent
pellet diet and water ad libitum until they were
sacrificed. At 12 weeks of age, the 18 male and
18 female rats within each treatment group
were allowed to mate over a 14-day period.
Gestation day (GD) 0 was defined as the day
that sperm was observed in the vagina of the
female following mating. Dams were allowed
to deliver their pups naturally. Any litters with
fewer than eight pups (including both males and



females) or that had not been delivered by GD
23 were excluded from the study. The eight-pup
threshold was adopted to ensure that at least 7-
10 female pups and 10 male pups were included
in each treatment group and to avoid the need
to place pups from the same litter in the same
treatment group. We also ensured that the pop-
ulation of female and male pups was as homo-
geneous as possible by excluding both the heav-
iest and lightest pups from the study. Therefore,
mean body weight and body weight variance
of rats in all groups were similar. Nonetheless,
animals were allocated to treatment groups on
the basis of body weight, randomization to
ensure unbiased weight distribution across all

treatment groups.

3. Chemical Treatments

Prior to treatment, male rat pups were
weighed and clinically observed daily. Treat-
ments (control; 0.4 mg/kg/day TP; 3 mg/kg/day
flutamide; or tebuconazole administered at a
dose of 15, 50, or 150 mg/kg/day) were deliv-
ered daily by oral gavage from postnatal day
(PND) 23 to 53. Beginning on PND 30 or ear-
lier, male rat pups were examined daily for pre-
putial separation (PPS). On PND 53, male rat
pups received a final dose of the treatment and
were then sacrificed two hours later. Female rat
pups were also weighed and clinically observed

daily prior to treatment. Treatments (control; 5
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mg/kg/day 17a-ethinyl estradiol [EE]; or tebu-
conazole administered at a dose of 15, 50, or
150 mg/kg/day) were delivered daily by oral
gavage from PND 22 to 42. Beginning on PND
30, female rat pups were examined daily for
vaginal opening (VO). On PND 42, or earlier
females received a final dose of the treatment

and were then sacrificed two hours later.

4. Monitoring of clinical signs and
body weights

Throughout the study period, we examined
each female and male rat at least once per day
to determine whether clinical signs of toxicity
related to chemical treatment were present.
On working days, all cages were checked in the
mornings and afternoons for dead or moribund
animals. Finally, the body weight of each rat
was recorded (to the nearest 0.1 g) daily prior

to treatment.

5. Determination of organ weights

All rats (both females and males) were
sacrificed 24 hours after the final treatment via
3 mg/kg/day Zoletil in the same sequence that
the test substance was administered. Uteri and
ovaries were dissected and carefully trimmed of
fat to avoid loss of luminal content. The body
of each uterus was cut just above its junction

with the cervix as well as at the junction where
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the uterine horns meet the ovaries. Uteri were
then weighed with and without luminal content.
Thyroids, livers, kidneys, pituitary glands,
adrenal glands, ovaries, seminal vesicles, coag-
ulating glands (with and without fluid), pros-
tates, levator ani plus bulbocavernosus muscles
(LABC), epididymides, testes, and penises

were also carefully dissected and weighed.

6. Monitoring of vaginal openings (VO)

Each female rat was examined daily for
VO beginning at PND 21. On the day that VO
was first observed, the age and body weight of
the rats were recorded. Vaginal lavage was
collected daily from the day after VO was
observed until the end of the study. This was
achieved by repeatedly pipetting 0.9% saline
into the rat vagina. The lavage fluid was then
applied to a clean glass slide, and the smear was
immediately observed under low magnification
(x100) with a microscope. Lavage cytology
was evaluated, and the stage of the estrous cycle
was determined using the method described by
Everett et al. (1989) (3. In addition to recording
the day that complete VO was observed, we
also recorded the days that a small “pinhole”
and/or vaginal threads were observed. The day
of complete VO was the endpoint in the analy-
sis which was used to elucidate the average age at
which VO occurred; however, note that pinholes

and threads did not represent complete VO. If

any animal within any treatment group showed
an incomplete opening (indicated by persistent
threads or a pinhole) for more than 3 days, they
were included in a separate analysis which was
conducted using the ages at which incomplete
openings were first observed. Even if VO
otherwise appeared complete, documentation
of vaginal threads was crucial. It was also crucial
for us to record the “initiation” of VO. Note
that, as much as possible, we recorded VO
observations after dosing. However, VO obser-
vations were always recorded at approximately
the same time each day, regardless of whether

this was before or after dosing.

7. Monitoring of estrous cyclicity

From the day of VO up to and including
the day of necropsy, daily vaginal smears were
collected and evaluated for leukocytes, nucle-
ated epithelial cells, and cornified epithelial
cells under a low-power light microscope. The
stages of vaginal smears were classified and rec-
orded daily. Specifically, these stages included
the diestrus stage (predominance of leukocytes
mixed with some cornified epithelial cells), the
proestrus stage (predominance of round, nucle-
ated clumps of epithelial cells), and the estrus
stage (predominance of cornified epithelial
cells). Note that metestrus was classified as an
early part of the diestrus stage rather than as a

late part of the estrus stage. The ages at which



vaginal estrus were first observed were also
recorded.

At the end of the study period, the overall
estrus pattern of each female rat was character-
ized as being regular (recurring 4- to 5-day cy-
cles), irregular (cycles with periods of diestrus
longer than 3 days or with periods of cornifica-
tion longer than 2 days), or as non-existent (pro-
longed periods of vaginal cornification or leu-
kocytic smears). In cases where there were too
few days between VO and the end of the study
period for more than one cycle to be observed,
estrus patterns were classified using available
data. In these cases, if the partial data indicated
that rats had a regular estrus cycle, we classified
the cycle as regular. If the partial data did not
indicate whether the estrus cycle was irregular
or non-existent, the estrus pattern was classified

as irregular.

8. Monitoring of preputial separation
(PPS)

Preputial separation, the separation of the
foreskin of the penis from the glans, is a relia-
ble, early marker of the pubertal progression
that normally occurs between 40 and 50 days of
age. For many rat species, the average age at
which PPS occurs is 43 days 9. In the present
study, PPS was monitored from PND 22 to 53.
All males were examined at approximately the
same time each day. Although partial separa-

tions, in which the foreskin and glans are
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mostly separated but threads of cartilage remain
between the glans and the prepuce, were also
recorded, only the day of complete separation
was used in data analysis. Partial and complete
PPS as well as persistent threads of cartilage were
all recorded on the days that they were observed.
The day of complete PPS was adopted as the
endpoint in the analysis, which was conducted
to determine the age at which PPS occurred.
However, if any animal in any treatment group
showed incomplete separation (including per-
sistent threads) for more than three days, they
were included in a separate analysis that was
conducted using the ages at which partial sepa-
ration was first observed. Even if PPS other-
wise appeared complete, documentation of a
thread was crucial. It was also crucial for us to
record the “initiation” of PPS. Note that, as
much as possible, we recorded PPS observa-
tions after dosing, which were always recorded
at approximately the same time each day,
regardless of whether this was before or after

dosing.

9. Hematochemistry

At the end of the study period, blood sam-
ples were collected and allowed to coagulate for
30 min in an SST II tube (#367953, BD Co.,
Plymouth, UK) placed in an ice bath. After coag-
ulation was complete, the blood was centrifuged

at 3,000 x g for 15 min. The blood serum was
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then transferred into siliconized microcentri-
fuge tubes and stored at -80°C until use. Serum
creatinine and blood urea nitrogen (BUN)
levels were detected using an automated
chemistry analyzer (DRI-CHEM
40001, Fujifilm Co., Tokyo, Japan).

clinical

10. Determination of hormone levels

Levels of luteinizing hormone (LH), folli-
cle-stimulating hormone (FSH), T4, T3, and TSH
in serum were determined using a magnetic
bead panel (#RPTMAG-86K, #PTHYMAG-
30K, Millipore Co., St. Charles, MI, USA).
Levels of testosterone (T) and estradiol (E2) in
serum were determined using an EIA assay kit
(#582701, #582251, Cayman Co.). Levels of
luteinizing hormone (LH), follicle-stimulating
hormone (FSH), total thyroxine (T4), triiodo-
thyronine (T3), and thyroid-stimulating hormone
(TSH) in serum were determined using a magnetic
bead panel (#RPTMAG-86K, #PTHYMAG-
30K, Millipore Co.). A cytochrome P450 19A1
ELISA kit (CSB-EL006394RA, Cusabio Co.)
was used to determine aromatase levels in

s€rum.
11. Statistical analysis

In this study, data are expressed as the
mean + standard deviation (SD). Data pertain-
ing to mean initial weight, body weight at the

time of necropsy, mean age, body weight upon

VO or PPS, organ weight, and hormone levels
were analyzed for homogeneity of variance
using Bartlett’s test. When samples were found
to be homogeneous, nonparametric analysis of
variance was applied. Analysis of covariance
(in which body weight at the time of necropsy
was used as a covariate) was performed to
determine absolute organ weight. When a
significant treatment effect was observed, Dun-
nett’s test (control vs. treatment groups) was
performed. The level of statistical significance

was set a priori at o = 0.05.

Results

1. Effects on body and organ weights

During the study period, there were no
clinical signs of toxicity in any group of male
or female rats. However, EE significantly
decreased the body weights of the female rats at
PND 24 to 42 (Fig. 1A). EE also significantly
reduced weight gain in female rats. Conversely,
tebuconazole did not significantly affect the
body weight of either female (Fig. 1A) or male
rats (Fig. 1B). In male rats, neither TP, flutamide,
nor tebuconazole had any significant effect on
body weight or weight gain (Table 1).

In female rats, treatment with 150 mg/kg/day
tebuconazole significantly increased absolute
liver weight by 11%, decreased absolute ovary

weight by 34%, and decreased uterus blotting
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Table 1. General growth in the female and male rats

Treatments® Vehicle ~ EEV TP?  Flutamide Tebuconazole
Control 5 0.4 3 15 50 150
Female
Sample size (n) 10 10 10 10 10
Initial body weight (g) 54 +3 5616 56+5 56+4 54+2
Final body weight (g) 164+ 11 116 +8™ 170+ 12 164+11 160+9
Final body weight (%) 100 71 104 100 97
Body weight gain (g) 110+12 60+ 8™ 113+13 108 +10 105+8
Male
Sample size (n) 10 10 10 10 10 10
Initial body weight (g) 64 +2 65+4 66+ 4 60+6 65+4 63+4
Final body weight (g) 298 + 18 290£26 304+16 300+£33 297+17 277+23
Final body weight (%) 100 97 102 101 100 93
Body weight gain (g) 234 + 18 225+24 238+14 239433 232+17 213+21

D EE: 17a-ethinyl estradiol; p-value = * < 0.05, ** < 0.01, *** < 0.005
2 TP: Testosterone Propionate
) Treatment dose: mg/kg/day
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Fig. 1. Body weight changes in female Wistar rats treated with 5 mg/kg/day 170-ethinyl estradiol (EES) and
male Wistar rats treated with 0.4 mg/kg/day testosterone propionate (TP 0.4) and 3 mg/kg/day flutamide
(Flu 3) and both female and male Wistar rats treated with 15, 50, or 150 mg/kg/day tebuconazole (Tebu
15, Tebu 50, and Tebu 150). Female rats were dosed daily from 21 days of age until necropsy was
performed on day 42 (A). Male rats were dosed daily from 22 days of age until necropsy was performed
on day 53 (B). Data are expressed as the mean + SD of 10 animals per treatment group. The * symbol
indicates that the mean body weight was significantly different from that of the control, P <0.05.
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by 26% (note that none of these changes were
dose-dependent). Treatment with 15 mg/kg/day
tebuconazole also significantly increased 13%
of thyroid w/o trachea in female rats (Table 2).
EE significantly increased the relative weight
of the uterus (both with and without fluid),
while tebuconazole significantly decreased the
relative weight of the uterus without fluid when
administered at a dose of 150 mg/kg/day (Fig.
2) but did not affect relative uterus weight in
any other cases. EE did not affect the relative
weight of the ovaries whereas tebuconazole
significantly decreased the relative weight of
the ovaries when administered at a dose of 150
mg/kg/day but did not affect relative ovary
weight when administered at other dosage levels
(Fig. 3). Finally, in female rats, EE significantly
increased the relative weights of the thyroid
(Fig. 4A) and pituitary (Fig. 5SA) glands, but

BUW()/BW
* @ UW(nf)/BW

Relative weight (% of BW)

EE Tebuconazole
Control
5 15 [ 50 |

150

Fig. 2. Relative weights of uterii with and without
fluid in female Wistar rats treated with 5
mg/kg/day 17a-ethinyl estradiol (EES); or
15, 50, or 150 mg/kg/day tebuconazole
(Tebu 15, Tebu 50, and Tebu 150). Data are
expressed as the mean £ SD of 10 animals
per treatment group. The * symbol indicates
that the mean relative uterus weight was sig-
nificantly different than that of the control, P
< 0.05. UW(f): uterus weight with fluid;

UW(nf): uterus weight without fluid; BW:

tebuconazole did not. body weight.
Table 2. Organ weight at necropsy in the female rats
Treatments? Vehicle EEV Tebuconazole

control 5 15 50 150
Sample size (n) 10 10 10 10 10
Liver (g) 8.1+0.9 6.2+0.7" 83+0.9 8.5+0.7 9.0+0.8"
Kidney (g) 1.6 £0.2 1.2+£0.1™ 1.6+1.2 1.6+£0.2 1.5+0.1
Pituitary (mg) 91+13 11.0+2.3" 8.8+0.9 95+1.5 79+ 1.7
Adrenals (mg) 523455 37.0 £ 6.3" 53.0+5.8 50.4 +£5.7 50.2 £ 6.8
Ovaries (mg) 98.4+354 64.3 +33.5" 84.8 +6.2 87.8+129  64.7+19.0"
Uterus, wet (mg) 373.0£ 196  449.0 + 101 3420+ 181  327.0+127 239.0 + 54
Uterus, blotted (mg) 316.0 + 87 338.0+£25 286.0 + 95 294.0 + 68 235.0 + 54°
Thyroid w/trachea (mg) 136.4+10.3 110.5+7.7"" 1383+7.8 137.8+129 128.0+8.0
Thyroid w/o trachea (mg)  15.6 +3.2 14.7+2.1 17.7+3.3" 164 +£2.5 17.1£3.9

D EE: 17a-ethinyl estradiol; p-value = * < 0.05, ** < 0.01, *** < 0.005

2 Treatment dose: mg/kg/day.



In the male rats, TP significantly increased
the absolute weights of the following: seminal
vesicles plus coagulating glands (both with and
without fluid), prostates, LABCs, left and right
epididymides, and left and right testes. Flutam-
ide significantly decreased the absolute weights
of seminal vesicles plus coagulating glands,
LABC:s, epididymides, and penises but signifi-
cantly increased the absolute weight of the tes-
tes. Treatment also significantly changed the
absolute weight of the penis when administered
at a dose of 150 mg/kg/day but did not affect
penis weight when administered at any other
dosage level (Table 3).

TP, flutamide, and tebuconazole did not
significantly change the relative weights of the

thyroid (Fig. 4B) nor pituitary (Fig. 5B) glands
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Fig. 3. Relative ovary weights of female Wistar rats
treated with 5 mg/kg/day 17a-ethinyl estra-
diol (EES); or 15, 50, or 150 mg/kg/day tebu-
conazole (Tebu 15, Tebu 50, and Tebu 150).
Data are expressed as the mean = SD of 10 an-
imals per treatment group. The * symbol indi-
cates that mean relative ovary weight was sig-
nificantly different from that of the control, P
<0.05. OW: ovary weight; BW: body weight.
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Fig. 4. Relative thyroid weight in female Wistar (A) and male Wistar (B) rats treated with 5 mg/kg/day 17a-
ethinyl estradiol (EES) (females); 0.4 mg/kg/day testosterone propionate (TP 0.4) (males); 3 mg/kg/day
flutamide (Flu 3) (males); or 15, 50, or 150 mg/kg/day tebuconazole (Tebu 15, Tebu 50, and Tebu 150)

(both females and males). Data are expressed as the mean £ SD of 10 animals per treatment group. The

* symbol indicates that mean relative thyroid weight was significantly different than that of the control,
P<0.05. ThW: thyroid weight; BW: body weight.
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Fig. 5. Relative pituitary weight in female Wistar (A) and male Wistar (B) rats treated with 5 mg/kg/day 17
ethinyl estradiol (EES) (females); 0.4 mg/kg/day testosterone propionate (TP 0.4) (males); 3 mg/kg/day
flutamide (Flu 3) (males); or 15, 50, or 150 mg/kg/day tebuconazole (Tebu 15, Tebu 50, and Tebu 150)

(females and males). Data are expressed as the mean + SD of 10 animals per treatment group. The *

symbol indicates that mean relative pituitary weight was significantly different than that of the control,
P<0.05. PiW: pituitary weight; BW: body weight.

Table 3. Organ weight at necropsy in the male rats

Treatments? Vehicle TP Flutamide Tebuconazole
control 0.4 3 15 50 150

Sample size (n) 10 10 10 10 10 10
Liver (g) 140+13 133+1.7 147+1.6 152+1.8 147+1.3 157+1.5
Kidney (g) 25403 24402 2.5+0.1 25403 24+£02 24403
Pituitary (mg) 10,6 +£1.7 10.7+1.7 10.9+0.0 10.8+1.6 11.2+£23 102+1.2
Adrenals (mg) 58.6+9.7 63.1+£10.0 64.1+13.1 60.2+8.8 56.1+£8.0 57.8+9.2
Seminal vesicle + coagulating 712 + 186 961 £ 108" 441 + 82" 695+ 173 630+ 102 485+ 64

gland, with fluid (mg)
Seminal vesicle + coagulating 488 + 112 593 +53" 356+ 61" 490+ 85 445+54 363 +38

gland, without fluid (mg)
Prostate (mg) 185 +39 218+30° 124 +32 188 +49 178 +23 138 +28
LABC (mg)? 611 +97 750 +£53% 478 + 85" 640 + 104 560 + 154 450+ 79
Left epididymis (mg) 204 +23 155+26° 167+ 18" 205+27 206+17 177+11
Right epididymis (mg) 205 £ 24 155+21" 163+ 18" 204 +30 204+17 178+ 14
Left testis (mg) 1267+ 108 744 +36" 1383 +64" 1221 +3121342 + 1021312 + 138
Right testis (mg) 1282+ 112 757 £359" 1390+ 73" 1216 +40 1340 +94 1316+ 116
Thyroid with trachea (mg) 179 £ 13 180 + 14 195+ 16" 179+12 183+10 172+16
Thyroid without trachea (mg) 20+4.5 17.8+3.1 18.2+3.0 17.6 +38 21.0+4.6 189+4.4
Penis (mg) 230+ 18 244 + 17 205+ 19" 231425 222416 202+ 14"

D TP: Testosterone Propionate; p-value = * < 0.05, ™ < 0.01, *** < 0.005.

2 LABC: levator ani plus bulbocavernosus muscles.

9 Treatment dose: mg/kg/day.



in male rats. TP and flutamide significantly in-
creased and decreased the relative weight of
LABC, respectively. Tebuconazole signifi-
cantly decreased the relative weights of the
bladder and LABC when administered at a dose
of 150 mg/kg/day (Fig. 6) but did not affect the
relative weights of these organs when adminis-
tered at any other dosage level. TP significantly

decreased the relative weights of the testis and
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Fig. 6. Relative bladder and levator ani plus
bulbocavernosus muscle weights in male
Wistar rats treated with 0.4 mg/kg/day testos-
terone propionate (TP 0.4); 3 mg/kg/day
flutamide (Flu 3); or 15, 50, or 150 mg/kg/day
tebuconazole (Tebu 15, Tebu 50, and Tebu
150). Data are expressed as the mean + SD of
10 animals per treatment group. The * symbol
indicates that the mean relative organ weight
was significantly different than that of the con-
trol, P<0.05. BIW: bladder weight; LABC:
levator ani plus bulbocavernosus muscles;

BW: body weight.

Tebuconazole disrupted aromatase in rats 93

epididymis. Flutamide increased the relative
weight of the left testis but decreased the relative
weight of the epididymis. Tebuconazole signifi-
cantly increased the relative weight of the testis
when administered at a dose of 150 mg/kg/day
(Fig. 7) but did not affect relative testis weight
when administered at any other dosage level.
TP significantly increased the relative weight

of the prostate and seminal vesicle (both with

B LTW/BW

& RTW/BW

%  BLEW/BW

w * @ REW/BW

0.6

Relative weight (% of BW)
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Control
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Fig. 7. Relative weights of testis and epididymis in
male Wistar rats treated with 0.4 mg/kg/day
testosterone propionate (TP 0.4); 3 mg/kg/day
flutamide (Flu 3); or 15, 50, or 150 mg/kg/day
tebuconazole (Tebu 15, Tebu 50, and Tebu
150). Data are expressed as the mean £ SD of
10 animals per treatment group. The * symbol
indicates that mean relative organ weight was
significantly different than that of the control,
P<0.05. LTW: left testis weight; RTW: right
testis weight; LEW: left epididymis weight;
REW: right epididymis weight; BW: body
weight.
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and without fluid) but decreased the relative
weight of the scrotum. Flutamide significantly
decreased the relative weight of the prostate and
seminal vesicle (both with and without fluid).
Tebuconazole significantly decreased the relative
weights of the prostate and seminal vesicle
(both with and without fluid) when adminis-
tered at a dose of 150 mg/kg/day (Fig. 8) but did

not affect the relative weights of these organs
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Fig. 8. Relative weights of prostate, scrotum, and
seminal vesicles with and without fluid in
male Wistar rats treated with 0.4 mg/kg/day
testosterone propionate (TP 0.4); 3 mg/kg/day
flutamide (Flu 3); or 15, 50, or 150 mg/kg/day
tebuconazole (Tebu 15, Tebu 50, and Tebu
150). Data are expressed as the mean £ SD of
10 animals per treatment group. The * symbol
indicates that relative organ weight was signif-
icantly different than that of the control, P<
0.05. PrW: prostate weight; SW: scrotum
weight; SVW(f): seminal vesicle with fluid;
SVW(nf): seminal vesicle without fluid; BW:
body weight.

when administered at any other dosage level.
TP significantly increased the relative weight
and width of the penis. Conversely, flutamide
significantly decreased the relative weight of
the penis. Tebuconazole increased the relative
width of the penis when administered at a dose of
150 mg/kg/day (Fig. 9) but did not affect relative
penis weight when administered at any other

dosage level.
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Fig. 9. Relative weights, lengths, and widths of pe-
nises in male Wistar rats treated with 0.4
mg/kg/day testosterone propionate (TP 0.4); 3
mg/kg/day flutamide (Flu 3); or 15, 50, or 150
mg/kg/day tebuconazole (Tebu 15, Tebu 50,
and Tebu 150). Data are expressed as the
mean + SD of 10 animals per treatment group.
The * symbol indicates that the mean weight,
length, or width value was significantly differ-
ent than that of the control, P<0.05. PeW:
penis weight; PeL: penis length; PeWi: penis
width; BW: body weight.



2. Effects on blood urea nitrogen (BUN)
and creatinine in serum

In investigating the effects of tebucona-
zole on blood chemistry, blood urea nitrogen
(BUN) and creatinine were used as indicators.
In female rats, tebuconazole significantly
decreased BUN by 17% and 15% when admin-
istered at dosage levels of 15 and 150 mg/kg/day,
respectively, compared to the controls. In male
rats, tebuconazole decreased BUN by 25% and
29% when administered at dosage levels of 50
and 150 mg/kg/day, respectively. Tebucona-
zole did not affect creatinine in either female or
male rats; however, EE, TP, and flutamide did
affect both BUN and creatinine in female and
male rats (Table 4).
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3. Effects on VO and estrous cyclicity
in female rats

For female rats in the control group, mean
age and body weight at the time when VO was
first observed were 29.0 days and 95.0 g, respec-
tively. Treatment with EE significantly advanced
VO to 26.2 days of age and significantly reduced
mean body weight at the time of VO to 69.0 g,
and VO was first detected at 24 days of age in
most EE-treated rats. Treatment with 15 mg/kg/day
tebuconazole significantly delayed VO (to 32.6
days of age) and significantly increased mean
body weight at the time of VO to 121.2 g. For
female rats treated with 50 and 150 mg/kg/day
tebuconazole, the mean age and body weight at
the time when VO was first observed were com-

parable to those of controls (Fig. 10A).

Table 4. BUN, creatinine in the female and male rats

Treatments® Vehicle EED TP?  Flutamide Tebuconazole
control 5 0.4 3 15 50 150
Female
Sample size (n) 10 10 10 10 10
BUN (mg/dL)?¥ 225+3.0 23.5+35 18.6+19" 21.7+47 19.1+34
Creatinine (mg/dL) 03+02 05+0.9 028+00 0.28+00 0.28+0.0
Male
Sample size (n) 10 10 10 10 10 10
BUN (mg/dL)?¥ 199129 193+£22 17.6+3.5 17.1£20 15.0+£1.6" 14.1+4.6"
Creatinine (mg/dL) 0.3 +0.1 03+00 03+00 03400 03+00 03+0.1

Y EE: 170-ethinyl estradiol
2 TP: Testosterone Propionate

3 BUN: blood urea nitrogen; p-value = * < 0.05, ™ < 0.01.

4 Treatment dose: mg/kg/day.
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The estrous cycles of individual female
rats were evaluated from the day after VO until
the end of the study period. Most control rats
exhibited regular cycling.

4. Effects on PPS in male rats

For male rats in the control group, mean

age and body weight at the time when PPS was

A

160

B Vaginal open
EBW at VO

Age (Day) and body weight (g) at VO

EE Tebuconazole

5 15

Control
D

first observed were 31.0 days and 123.9 g,
respectively. TP significantly advanced the
mean age of PPS to 29.0 days and significantly
reduced mean body weight at the time of PPS
to 110.8 g. Conversely, flutamide significantly
delayed the mean age of PPS to 33.1 days and
significantly increased mean body weight at the
time of PPS to 145.3 g. The mean ages as well
as body weights at the time when PPS was first
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Fig. 10. Mean age and body weight at the time when vaginal opening (VO) was first observed in female Wistar
rats treated with 5 mg/kg/day 17o-ethinyl estradiol (EES); or 15, 50, or 150 mg/kg/day tebuconazole
(Tebu 15, Tebu 50, and Tebu 150) (A). Mean age and body weight at the time when preputial separa-

tion (PPS) was first observed in male Wistar rats treated with 0.4 mg/kg/day testosterone propionate
(TP 0.4); 3 mg/kg/day flutamide (Flu 3); or 15, 50, or 150 mg/kg/day tebuconazole (Tebu 15, Tebu
50, and Tebu 150) (B). Female rats were dosed daily from 21 days of age. The body weight of female

rats was recorded for 21 days, starting from the day when VO was first observed. Male rats were dosed

daily from 22 days of age. The body weight of male rats was recorded for 31 days, starting from the

day when PPS was first observed. The * symbol indicates that mean age or mean weight was signifi-
cantly different from that of the control, P <0.05.



observed in male rats treated with 15, 50, and
150 mg/kg/day tebuconazole were 31.6, 31.2,
and 32.3 days as well as 127.3, 125.9, and 128.1
g, respectively, and these values were compara-

ble to those of the controls (Fig. 10B).

5. Effects on serum hormone concen-
trations in female and male rats

In female rats, EE significantly increased
the concentration of serum 17B-estradiol (E2)
by 113%. Tebuconazole significantly decreased
the concentration of this hormone by 55%, 45%,
and 74% when administered at dosages of 15,
50, and 150 mg/kg/day (Fig. 11), respectively.
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Fig. 11. Concentrations of serum 17f-estradiol (E2)
in female Wistar rats treated with 5
mg/kg/day 17o-ethinyl estradiol (EES5); or
15, 50, or 150 mg/kg/day tebuconazole
(Tebu 15, Tebu 50, and Tebu 150). The *
symbol indicates that the mean concentration
of E2 was significantly different than that of
the control, P <0.05.
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EE significantly decreased serum luteinizing
hormone (LH) (Fig. 13A) and follicular stimulat-
ing hormone (FSH) (F. 14A) while tebuconazole
did not. EE, however, did not significantly affect
serum aromatase activity, while tebuconazole did
significantly decrease the activity of this enzyme
in a dose-dependent manner (Fig. 15A). Neither
EE nor tebuconazole significantly changed the
concentrations of serum thyroxine (T4) (Fig.
16A) or triiodothyronine (T3) (Fig. 17A). EE
significantly increased the concentration of
serum thyroid stimulating hormone (TSH), but
tebuconazole did not (Fig. 18A).
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Fig. 12. Concentration of serum testosterone in male
Wistar rats treated with 0.4 mg/kg/day testos-
terone propionate (TP 0.4); 3 mg/kg/day
flutamide (Flu 3); or 15, 50, or 150 mg/kg/day
tebuconazole (Tebu 15, Tebu 50, and Tebu
150). The * symbol indicates that the mean
concentration of testosterone was significantly
different than that of the control, 2 <<0.05.
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Fig. 13. Concentration of serum luteinizing hormone (LH) in female Wistar rats treated with 5 mg/kg/day 17a-
ethinyl estradiol (EES); or 15, 50, or 150 mg/kg/day tebuconazole (Tebu 15, Tebu 50, and Tebu 150)
(A). Concentration of LH in male Wistar rats treated with 0.4 mg/kg/day testosterone propionate (TP
0.4); 3 mg/kg/day flutamide (Flu 3); or 15, 50, or 150 mg/kg/day tebuconazole (Tebu 15, Tebu 50, and
Tebu 150) (B). The * symbol indicates that the mean concentration of LH was significantly different
than that of the control, P <<0.05.
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Fig. 14. Concentration of serum follicular stimulating hormone (FSH) in female Wistar rats treated with 5
mg/kg/day 17a-cthinyl estradiol (EES); or 15, 50 or 150 mg/kg/day tebuconazole (Tebu 15, Tebu 50,
and Tebu 150) (A). Concentration of FSH in male Wistar rats treated with 0.4 mg/kg/day testosterone
propionate (TP 0.4); 3 mg/kg/day flutamide (Flu 3); or 15, 50, or 150 mg/kg/day tebuconazole (Tebu
15, Tebu 50, and Tebu 150) (B). The * symbol indicates that mean FSH concentration was signifi-
cantly different than that of the control, P <0.05.
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Fig. 15. Serum aromatase activity treated in female Wistar rats treated with 5 mg/kg/day 17a-ethinyl estradiol
(EES); or 15, 50, or 150 mg/kg/day tebuconazole (Tebu 15, Tebu 50, and Tebu 150) (A) Serum aro-
matase activity in male Wistar rats treated with 0.4 mg/kg/day testosterone propionate (TP 0.4); 3
mg/kg/day flutamide (Flu 3); or 15, 50, or 150 mg/kg/day tebuconazole (Tebu 15, Tebu 50, and Tebu
150) (B). The * symbol indicates that serum aromatase activity was significantly different than that
of the control, P<<0.05.
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Fig. 16. Concentration of serum thyroxine (T4) in female Wistar rats treated with 5 mg/kg/day 17¢-ethinyl
estradiol (EES); or 15, 50, or 150 mg/kg/day tebuconazole (Tebu 15, Tebu 50, and Tebu 150) (A).
Concentration of T4 in male Wistar rats treated with 0.4 mg/kg/day testosterone propionate (TP 0.4);

3 mg/kg/day flutamide (Flu 3); or 15, 50, or 150 mg/kg/day tebuconazole (Tebu 15, Tebu 50, and Tebu
150) (B).
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Fig. 17. Concentration of serum triiodothyronine (T3) in female Wistar rats treated with 5 mg/kg/day 170,
ethinyl estradiol (EES); or 15, 50, or 150 mg/kg/day tebuconazole (Tebu 15, Tebu 50, and Tebu 150)
(A). Concentration of T3 in male Wistar rats treated with 0.4 mg/kg/day testosterone propionate (TP
0.4); 3 mg/kg/day flutamide (Flu 3); or 15, 50, or 150 mg/kg/day tebuconazole (Tebu 15, Tebu 50, and

Tebu 150) (B). The * symbol indicates that the concentration of T3 was significantly different than
that of the control, P<<0.05.

A B
3500 * 8 TSH 3500 [0 B TSH
3000 3000
E 2500 = 2500
g €
o, o0
= 2000 S 2000
E g
£ 1500 8 1500
=i =
[ =]
o o
5 1000 % 1000
© o}
500 500
0 0
EE Tebuconazole TP |Flutamide Tebuconazole
Control Control
5 5 [ so | 1s0 0.4 3 15 [ so [ 1s0

Fig.18. Concentration of serum thyroid stimulating hormone (TSH) in female Wistar rats treated with 5
mg/kg/day 17a-ethinyl estradiol (EES); or 15, 50, or 150 mg/kg/day tebuconazole (Tebu 15, Tebu 50,
and Tebu 150) (A). Concentration of TSH in male Wistar rats treated with 0.4 mg/kg/day testosterone
propionate (TP 0.4); 3 mg/kg/day flutamide (Flu 3); or 15, 50, or 150 mg/kg/day tebuconazole (Tebu

15, Tebu 50, and Tebu 150) (B). The * symbol indicates that the concentration of TSH was signifi-
cantly different than that of the control, P<<0.05.



For male rats, flutamide significantly
increased the concentration of serum testosterone,
while tebuconazole decreased it when adminis-
tered at a dosage level of 50 mg/kg/day (Fig.
12). TP significantly decreased the concentra-
tions of serum LH (Fig. 13B) and serum FSH
(Fig. 14B); however, flutamide significantly
increased the concentrations of these serums,
while tebuconazole did not affect them. Neither
TP nor flutamide affected serum aromatase
activity, while tebuconazole decreased the
activity of this enzyme when administered at a
dosage level of 150 mg/kg/day (Fig. 15B). TP,
flutamide, and tebuconazole did not affect the
concentrations of serum T4 (Fig. 16B), T3 (Fig.
17B), or TSH (Fig. 18B); however, 15 and 150
mg/kg/day tebuconazole increased the concen-

tration of serum T3.

Discussion

This study investigated whether tebucona-
zole inhibits aromatase activity, thereby disturb-
ing thyroid-related functions in pubertal male and
female rats. We concluded the following. Tebu-
conazole induced slight changes in the ovaries,
testes, epididymides, seminal vesicles, bladders,
and LABCs of female and male pubertal rats. Fur-
thermore, tebuconazole slightly delayed VO in
female pubertal rats. However, the most notable
effects that were associated with tebuconazole

were significant decreases in serum aromatase
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activity and 17B-estradiol (E2) concentration.
Tebuconazole was also found to slightly increase
serum T3 concentrations in pubertal male rats.
Reproductive and developmental toxicity
are known to disrupt endocrine activity, but do not
equal endocrine disrupting activity. Based on the
endocrine disrupting activity that we observed for
tebuconazole, we can infer that tebuconazole
disrupted aromatase and led to a reduction of E2
in female pubertal rats. This finding supports a
previous report that investigated neurobehavioral
deficits and neuropathologies which were induced
in adult rats following perinatal exposure to tebu-
conazole 3. Our finding may also support a pre-
vious study which reported on (1) virilization in
female rat offspring by increasing anogenital
distance (AGD) at postnatal day (PND) 0 and (2)
feminizing effects in male offspring by increasing
nipple retention. The effects observed in that
study may have been induced by a reduced testos-
terone concentration in fetal male rats “Y. That
study also reported that tebuconazole increased
testicular concentrations of progesterone and 170~
hydroxyprogesterone in male rat fetuses, which
suggests that tebuconazole directly impacts the
steroid synthesis pathway in Leydig cells 9. In
the current research, we found that the decreases
in serum aromatase activity and 178-estradiol
(E2) concentration induced by tebuconazole were
also related to the report of high-frequency of
post-implantation loss ¢, In female rats, the

delay in VO onset induced by tebuconazole was
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comparable to the delay in VO onset induced
by epoxiconazole © (i.e., the delays induced by
both tebuconazole and epoxiconazole were
slight).

We did not measure parameters related to
androgen receptors (ARs) in this study; how-
ever, tissues from the following organs were
found to be affected by chemical treatments in
pubertal male rats: testis, epididymis, seminal
vesicle, bladder, and LABC. Moreover, a previ-
ous report showed that certain triazoles, includ-
ing tebuconazole, exhibited dose-dependent
antiandrogenic effects in human ARs %),
Another report further confirmed that certain
triazoles, including econazole, epoxiconazole,
propiconazole, tebuconazole, and vinclozolin,
were potent antiandrogenic disruptors ), There
was also an earlier report postulating that the
mechanism which underlies the anti-androgenic
effects of certain triazoles, such as tebucona-
zole, involve an inhibition of testosterone-induced
AR activation, which in turn leads to decreases
in testosterone secretion in murine Leydig cells
(40 Triazoles of different sizes and functional
moieties have distinct anti-androgenic activities
in human ARs. Tebuconazole, which has shown
the greatest potential to disrupt human ARs, has
a chemical structure which includes a side
chain with a tertiary butyl and hydroxyl group
(28).

In the present study, we confirmed that

tebuconazole can decrease aromatase activity

(CYP19, which is the enzyme responsible for
converting testosterone to estrogen) in pubertal
male and female rats. Linking to the possible
anti-androgenic activity as above the androgenic
disrupting effects may be also induced indirectly
to due to the interference of enzymatic activities
and function of steroidogenic CYP450s is
related to the biosynthetic pathways of endoge-
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nous steroid hormones or “ cross-talk” path-
ways relevant to AR signaling % 4D, Steroido-
genic CYP enzymes control steroidogenesis
and are able to induce changes in steroid hor-
mone concentrations. Some triazoles possess the
ability to inhibit the activity of CYP19, thereby
disturbing normal steroid hormone synthesis
(1, Some triazoles have also been reported to
disturb the enzymatic activity of CYP19 in
human placental microsomes “» or in rainbow
trout ovarian microsomes 32, Moreover, the
inhibition of both testosterone-induced AR
activation and testosterone secretion in murine
Leydig cells, tebuconazole was reported to
disrupt steroidogenesis in Xenopus laevis by
suppressing the activity of CYP17, even at low
dosage levels @®. Therefore, there are likely
multiple mechanisms which underlie the anti-
androgenic effects of triazoles.

In performing a thyroid function and
pubertal developmental study to investigate
reproductive and developmental toxicity, we
did not measure typical parameters. Our finding

that tebuconazole induced slight disturbances



in the ovary, testis, epididymis, seminal vesicle,
bladder, and LABC in female and male pubertal
rats suggests that this chemical is linked to
reproductive and developmental toxicity. The
aromatase inhibitor letrozole is known to delay
sexual maturation in both sexes 37 and is also
known to cause a dose-dependent increase in
post-implantation loss of embryos (4830),
Furthermore, some triazoles have been reported
to induced reproductive and developmental
toxicity. These
(NTO) @7, itraconazole - 49, fluconazole (1>

29, 47) propiconazole * 33, 3-amino-5-mercapto-

include 1,2,4-triazol-5-one

1,2,4-triazole @, efinaconazole(!?), triadimefon
(9, flusilazole U4, and paclobutrazol ®. Con-
versely, it also been reported that some tria-
zoles, such as mefentrifluconazole “® and ultra-
2-(3°,5’-di-tert-butyl-2’-hy-

droxyphenyl)-5-chlorobenzotriazole, do not

violet absorber
induce developmental toxicity ® ?. Findings
from the current study have confirmed that
tebuconazole can disturb the activity of aroma-
tase, lead to a reduction in serum E2 concentra-
tion, and induce slight reproductive and devel-
opmental toxicity. Nonetheless, the mechanisms
which underlie aromatase disruption as well as
reproductive and developmental toxicity need

to be more comprehensively elucidated.
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