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Abstract: The response of synthetic substrates of sex steroid hormones—cholesterol (CHO), pregnenolone
(PREG), and progesterone (PROG)—in the serum and testes of male tilapia (Oreochromis niloticus) to the
environmental estrogen pesticide methomyl (0.2, 2, 20, and 200 µg·L−1) was evaluated using static-
water contact toxicity tests. The results showed that low methomyl concentrations (0.2 and 2 µg·L−1)
had no significant effects on the contents of CHO, PREG, and PROG in the serum and testes of male
tilapia (p > 0.05). Consequently, the concentration of 2 µg·L−1 could be used as a preliminary reference
threshold for the non-effective dose of methomyl in male tilapia. Exposure to high methomyl
concentrations (20 and 200 µg·L−1) significantly inhibited the levels of CHO, PREG, and PROG
in the serum and testes of male tilapia (p < 0.05) and showed a dose–response relationship. Sex
steroid hormone synthesis substrate damage to male tilapia caused by less than 20 µg·L−1 methomyl
was reversible, while the damage caused by equal to or greater than 200 µg·L−1 methomyl was
irreversible when tilapia were transferred to methomyl-free water for 18 days. Thus, a concentration
of 200 µg·L−1 could be used as a reference threshold for irreversible damage caused by methomyl
in male tilapia.

Keywords: pesticide; freshwater fish; cholesterol; pregnenolone; progesterone; depuration period

1. Introduction

Methomyl (C5H10N2O2S) is a widely used carbamate pesticide that plays an important
role in pest control and agricultural product harvest. Methomyl has been found in food
crops and surface water due to its high solubility in water (57.9 g L−1 at 25 ◦C) and only
weak or moderate adsorption in soil [1]. Methomyl residues in concentrations as high as
55.3 µg L−1 have been reported in natural water [2]. Because methomyl is often detected in
natural water bodies and has the potential to disrupt the endocrine system in animals [3],
its toxicity to aquatic animals has attracted extensive attention [4–7].

Recent evidence suggests that numerous compounds present in the environment
act as hormone mimics and interfere with the reproductive status of vertebrates through
effects ranging from alterations in plasma reproductive hormone levels to sterility [8].
An alteration in steroid hormone synthesis is an important biological response from a
toxicological standpoint [9–11]. This is because the biological effects of pollutant exposure
in organisms can be investigated through several molecular and biochemical biomarkers
reflecting the onset of various cellular alterations [12,13]. These responses have been
widely adopted as sensitive and reliable early warning signals for biological exposure to
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pollutants [14,15]. Therefore, this study aims to investigate the alterations in precursor
molecules (cholesterol (CHO), pregnenolone (PREG), and progesterone (PROG)) in steroid
hormone synthesis, concerning the methomyl dosage in the blood and testes of male tilapia
(Oreochromis niloticus), to understand the toxic effects of methomyl on fish reproduction,
and to protect the quality of natural water bodies.

2. Materials and Methods
2.1. Fish and Chemicals

Male Nile tilapia were obtained from a fish farm hatchery of Freshwater Fisheries
Research Center of the Chinese Academy of Fishery Science (Wuxi, China), with an average
weight of 112.24 ± 9.48 g and an average length of 17.06 ± 0.91 cm. Tilapia were farmed
in 200-L glass aquaria to acclimatize to the laboratory conditions for 4 weeks before the
experiment. Dechlorinated tap water (pH: 7.0 ± 0.5, temperature: 25 ± 0.5 ◦C, and
dissolved oxygen: 6.3–7.0 mg L−1) was used in the experiment. A commercial feed
purchased from Ningbo Tech-Bank Co., Ltd., China, was used to feed tilapia at a daily
quantity of 2% of body weight. The photoperiod was 12-h light/12-h dark. Methomyl
(CAS 16752-77-5) with a purity of 97% (w/w) was used. All other reagents were purchased
from Sigma-Aldrich (St. Louis, MO, USA) or Sangon Biotech (Shanghai, China) and were
of analytical grade.

2.2. Experimental Design

Thirty tilapia were randomly stocked in the glass aquaria with a volume of 300 L,
and the volume of test water was 200 L. Fifteen glass aquaria were, in fact, used for
the experiment. Five groups were set in the experiment. The nominal concentrations
of methomyl were set as 0 (control), 0.2, 2, 20, and 200 µg L−1, respectively, and each
group had three replicates. The concentration of methomyl ranges was chosen according
to the following information: the 96-h LC50 of methomyl to tilapia (430 µg L−1) from our
previous research [7]; the residue levels of methomyl reported in the natural environmental
water was in the range of 0–55.3 µg L−1 [2]; the maximum permissible concentration for
methomyl in drinking water of 200 µg L−1 published by the United States Environmental
Protection Agency (EPA) in 2012. Half of the water in the tank was changed daily, and
methomyl was added as needed to maintain the nominal concentrations. The experiment
lasted for 48 days, during which the tilapia were exposed to methomyl for 30 days and
recovered in methomyl-free water for 18 days.

2.3. Quantification of Methomyl

An improved method called the ULTRA-performance liquid chromatography tandem
mass spectrometry method was established to determine actual methomyl concentrations
in the test water. The water samples in the 0 (control), 0.2, 2, 20 and 200 µg L−1 groups were
sampled, respectively, just after the fish were exposed and after exposure for 24 h, with
3 replicates per treatment. The water sample was filtered through HLB column. Methomyl
on the HLB column was eluted using methanol, and the eluted solution was concentrated
to 1 mL by rotary evaporation and was then blown to dryness by nitrogen gas. Then,
the residue was dissolved with acetonitrile and water (v/v, 19:1). The detection limits,
standard addition recoveries, and RSD of methomyl were 0.063 µg L−1, 87.9–109%, and
3.6–8.5%, respectively. The specified QA/QC procedures and methods are described in our
previously published paper [16].

2.4. Sampling and Biochemical Analysis

Testes and serums (n = 6 per group) were sampled at 10 min (day 0) and on days 6, 12,
18, 24, and 30 in the methomyl exposure period (note: only the samples sampled at day
30 were used in this study) and at 18 days in the tilapia that recovered in methomyl-free
water for 18 days. Tilapia were euthanized using 250 mg L−1 MS-222, and their length
and weight were measured. Blood was collected from the caudal vein of the fish and then
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centrifuged at 1040× g for 15 min at 4 ◦C. The separated serum samples were stored at
−80 ◦C for biochemical analysis. The testes were sampled immediately after sampling
blood, snap-frozen using liquid nitrogen, and stored at −80 ◦C until analysis.

CHO, PREG, and PROG in the serum and testes of male tilapia were measured us-
ing ELISA kits following the manufacturer’s protocols. The kits were purchased from
Shanghai Zhaorui Biotechnology Co., LTD. Protein levels were estimated by the Bradford
method [17] using bovine serum albumin as a standard. An electric homogenizer (PRO200;
PRO Scientific Bio-Gen, Oxford, CT, USA), a refrigerated centrifuge (Sigma 2–16K, Os-
terode am Harz, Germany), and an ultraviolet-visible spectrophotometer (UV-Vis 759S,
Shanghai, China) were used for homogenization, centrifugation, and quantification, of the
samples, respectively.

2.5. Statistical Analysis

The levels of CHO, PREG, and PROG in the serum and testes of tilapia were compared
with the levels in the controls for each sampling day; results were expressed as a percentage
of the control. Statistical analyses were performed using SPSS 15.0. All data are expressed
as the mean ± SD (n = 6), and significant differences were analyzed with one-way analysis
of variance (ANOVA). Data were tested for normality of distribution (Shapiroe-Wilk test)
and homogeneity of variance (Levene’s test) prior to analysis. Data that did not meet
assumptions of normality and homoscedasticity were transformed (lg) and then analyzed
by one-way ANOVA. Tukey’s multiple comparisons and Student’s t-test were used for
statistical comparisons, with p < 0.05 considered significant.

3. Results

The actual methomyl concentrations in the 0 (control), 0.2, 2, 20, and 200 µg L−1 groups
were 0, 0.23 ± 0.02, 2.12 ± 0.13, 21.50 ± 1.21, and 182.0 ± 8.96 µg L−1, respectively, just after
the fish were exposed and 0, 0.21 ± 0.03, 1.92 ± 0.14, 18.52 ± 1.43, and 179.0 ± 9.12 µg L−1,
respectively, after exposure for 24 h. The results are discussed in relation to the nominal
concentrations.

The effects of chronic exposure to pesticide methomyl on sex steroid hormones CHO,
PREG, and PROG in the serum and testes of male tilapia and recovery patterns are shown
in Figure 1. No significant changes (p > 0.05) were observed in the sex steroid hormones
CHO, PREG, and PROG in the serum and testes of male tilapia exposed to 0.2 µg L−1

and 2 µg L−1 methomyl, whereas male tilapia exposed to 20 or 200 µg L−1 methomyl
showed significant changes (p < 0.05): CHO, PREG, and PROG both in serum and testes
were significantly decreased (p < 0.05). Moreover, dose–response relationships were found
between methomyl and CHO, PREG, and PROG in both serum and testes. Specifically,
CHO, PREG, and PROG, both in the serum and testes, decreased with an increase in
methomyl concentration.

When the tilapia were transferred to methomyl-free water for 18 days, CHO, PREG,
and PROG in both the serum and testes of male tilapia in each group recovered com-
paratively. There were no significant differences in CHO, PREG, and PROG both in the
serum and testes of male tilapia exposed to 2 and 20 µg L−1 methomyl compared with the
controls. Conversely, significant differences (p < 0.05) in the 200 µg L−1 treatment group
were observed compared to the control group.
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Figure 1. Cholesterol (CHO), pregnenolone (PREG), and progesterone (PROG) levels in testes (a,c,e) and serum (b,d,f) of 
male O. niloticus exposed to methomyl for 30 days and after an 18-day recovery period in methomyl-free water (R18). 
(Note: All the data were expressed as Average ± SD (n = 6). “*” means significant difference from the control. Different 
lower-case letters indicate significant difference among concentrations at the same exposure period, and different upper-
case letters indicate difference between exposure and recovery periods at the same methomyl concentration, with p < 0.05 
considered significant). 
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Figure 1. Cholesterol (CHO), pregnenolone (PREG), and progesterone (PROG) levels in testes (a,c,e) and serum (b,d,f) of
male O. niloticus exposed to methomyl for 30 days and after an 18-day recovery period in methomyl-free water (R18).
(Note: All the data were expressed as Average ± SD (n = 6). “*” means significant difference from the control. Different
lower-case letters indicate significant difference among concentrations at the same exposure period, and different upper-case
letters indicate difference between exposure and recovery periods at the same methomyl concentration, with p < 0.05
considered significant).
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4. Discussion
4.1. Effect of Methomyl on Sex Steroid Hormone Synthesis Substrates

CHO is a precursor of the sexual steroid hormones testosterone (T), 11-ketotestosterone
(11-KT), and 17β -estradiol (E2). The basic process of CHO synthesis in fish is shown in
Figure 2 [18]. CHO is transported from the mitochondrial outer membrane to the inner
membrane under the action of steroidogenic acute regulatory protein (StAR) [19]. CHO is
converted to PREG by the action of the CHO side-chain cleavage enzyme (CYP11A1) [20].
PREG is converted into PROG catalyzed by 3β-hydroxysteroid dehydrogenase (3β-HSD)
in the smooth endoplasmic reticulum [18], and 17α hydroxylase (P45017α) catalyzes the
conversion of PREG and PROG to androgen [18]. Androgen is converted into estradiol
under the catalysis of aromatase [21].
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Figure 2. The sex hormone biosynthesis pathway in fish. (Note: CHO (Cholesterol), PREG (Preg-
nenolone), PROG (Progesterone), P450scc (Cholesterol side chain cleavage enzyme/CYP11A1),
3β-HSD (3β-hydroxysteroid dehydrogenase), CYP17 (Cytochrome P450 17α-hydroxylase), 17α-
HPREG (17α-Hydroxypregnenolone), 17α-HPROG (17α-Hydroxyprogesterone), DHEA (Dehy-
droepiandrosterone), ADSD (Androstenedione), 17β-HSD1 (17β-hydroxysteroid dehydrogenase
type I), 17β-HSD2 (17β-hydroxysteroid dehydrogenase type II), 17β-HSD3 (17β-hydroxysteroid de-
hydrogenase type III), E1 (Estrone), E2 (17β-estradiol), T (Testosterone), 11-KT (11-ketotestosterone),
11β-HT (Hydroxytestosterone), DHP(17α,20β-dihydroxy Progesterone)).

In this study, methomyl had no significant effect on CHO content in serum and testes
at low concentrations (0.2 and 2 µg L−1) (p > 0.05), but a significant (p < 0.05) decrease in
CHO content in serum and testes at high methomyl concentrations (20 and 200 µg·L−1)
was found. Mu et al. [22] studied the effect of difenoconazole on CHO in zebrafish and
found that low concentrations of difenoconazole (0.1% and 10 µg L−1) had no significant
effect on CHO content (p > 0.05). High concentrations (500 µg L−1) significantly reduced
CHO content (p < 0.05), which was consistent with the change trends of CHO in our study.
Other studies have also shown that environmental estrogen could alter gonadal steroid
production at specific sites within the steroidogenic pathway, that is, downstream of CHO
mobilization to side-chain cleavage of P450scc and/or conversion of CHO to PREG [23].
The decreased levels of PREG produced by the testes of methomyl-treated tilapia suggest
that methomyl may affect CHO availability or reduce the activity of the side-chain cleavage
enzyme P450scc, which mediates the conversion of CHO to PREG [8].

Similarly, the response of PREG and PROG to methomyl in serum and testes showed
no effect at low concentrations (0.2 and 2 µg L−1) (p > 0.05) and significantly decreased
at high concentrations (20 and 200 µg L−1). However, a significant (p < 0.05) decrease
in the present experiment, consistent with that of CHO in the serum and testes, was ob-
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served. PREG is transformed from CHO under the catalysis of CYP11A1 [20], and PROG is
transformed from PREG under the catalysis of 3β-HSD in the smooth endoplasmic reticu-
lum [18]. Therefore, a decrease in CHO content inevitably leads to a decrease in PREG and
PROG content. At the same time, our previous study showed that the expression of testes
3β-HSD mRNA was significantly inhibited at high concentrations (20 and 200 µg L−1)
(p < 0.05), and the inhibition intensity increased with an increase in methomyl concentra-
tion [5]. This suggests that decreased levels of 3β-HSD in the testes further inhibited the
conversion of PREG to PROG, thereby exacerbating the decline in PROG levels.

The liver is the main site of CHO synthesis in the body, as well as an important organ
to maintain CHO demand and the stability of blood CHO content [24]. Therefore, the
significant decrease in serum CHO content in this study indicates that its synthesis in the
liver is blocked to some extent. Meanwhile, CHO, which is used as a steroid hormone
synthesis substrate in teleost fish, is mainly exogenous CHO absorbed from plasma [25].
Under the action of lipoproteins, CHO is transported from the synthesis or absorption site
to the functional site through blood circulation. The sex hormone synthesis pathway is
initiated only when CHO is transported into the inner membrane of mitochondria [18].
Transmembrane transport of CHO from the mitochondrial outer membrane to the intima
is a rate-limiting step in sex hormone synthesis [26]. The CHO transport process in fish
is completed by high-density lipoprotein (HDL) [27], and StAR is an important CHO
transporter involved in CHO metabolism. Therefore, damage to the StAR protein could
lead to obstruction of the CHO transport pathway [18]. The simultaneous study of our
experiment showed that methomyl had no significant (p > 0.05) effect on the expression of
StAR mRNA in the testes at low concentrations (0.2 and 2 µg L−1) but significantly (p < 0.05)
inhibited its expression at high concentrations (20 and 200 µg L−1) [5]. Consequently,
the decreased CHO content in the testes induced by methomyl at high concentrations
(20 and 200 µg L−1) was due to both the obstruction of CHO synthesis and transport
pathways. CHO, PREG, and PROG are the primary precursors of sex steroid hormones.
The synthesis of steroid hormones and their primary precursors is an important and critical
factor in the physiological development of organisms, including growth, development,
and reproduction [28]. Therefore, the decrease in CHO, PREG and PROG levels affects the
synthesis of sex steroid hormones and ultimately affects the reproductive development
of fish [18].

4.2. Recovery Pattern

Recovery tests showed that the levels of CHO, PREG, and PROG in the serum and
testes of tilapia exposed to 2 and 20 µg L−1 methomyl recovered when tilapia were trans-
ferred to methomyl-free water for 18 days. However, the degree of recovery differed for
different methomyl concentrations. The above parameters in the 20 µg L−1 recovery group
were not significantly different than those in the control group (p > 0.05), and all of them
returned to normal levels. However, in the 200 µg L−1 recovery group, their levels still
significantly differed from those in the control group (p < 0.05) and were not restored to
normal levels after 18 days. In conclusion, the damage to male tilapia steroid synthetic
substrates caused by ≤20 µg L−1 methomyl could be recovered, while that caused by
≥200 µg L−1 methomyl could not be recovered within 18 days. Hence, 200 µg L−1 can
be used as the reference threshold value for irreversible damage caused by methomyl
in male tilapia.

5. Conclusions

Methomyl exposure at low concentrations (0.2 and 2 µg L−1) had no significant effects
on the contents of cholesterol (CHO), pregnenolone (PREG), and progesterone (PROG) in
the serum and testes of male tilapia (p > 0.05). An amount of 2 µg L−1 can be preliminarily
used as the reference threshold value of a “no-effect dose” of methomyl in male tilapia.

Methomyl at high concentrations (20 and 200 µg L−1) significantly inhibited the
contents of cholesterol (CHO), pregnenolone (PREG), and progesterone (PROG) in the
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serum and testes of male tilapia (p < 0.05) and showed a dose-response relationship. Since
cholesterol is a synthetic substrate for sex steroid hormones, a decrease in cholesterol levels
can affect the synthesis of sex steroid hormones, which, in turn, affects the reproductive
function of tilapia.

The damage of steroid synthetic substrates in male tilapia caused by the lower
methomyl levels of 20 µg L−1 was reversible within 18 days after exposure, but the damage
caused by 200 µg L−1 methomyl was irreversible.
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