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Triphenyltin chloride (TPT) is present in a wide range of human foods. TPT could disrupt
testis function as a potential endocrine disruptor of Leydig cells. However, the effect of
TPT on pubertal Leydig cell development is still unclear. The objective of the current
study was to explore whether exposure to TPT affected Leydig cell developmental
process and to clarify the underlying mechanisms. Male Sprague-Dawley rats at 35
days of age were randomly divided into four groups and received normal corn oil
(control), 0.5, 1, or 2 mg/kg/day TPT for 18 days. Immature Leydig cells isolated
from 35-day-old rat testes were treated with TPT (10 and 100 nM) for 24 h in vitro.
In vivo exposure to ≥0.5 mg/kg TPT lowered serum testosterone levels and lowered
Star mRNA. TPT at 2 mg/kg also lowered Lhcgr, Cyp11a1, Hsd3b1, Hsd17b3 as well
as pAKT1/AKT1, pAKT2/AKT2, and pERK1/2/ERK1/2 ratios. In vitro exposure to TPT
(100 nM) increased ROS production and induced cell apoptosis rate in rat immature
Leydig cells. In conclusion, TPT exposure disrupts Leydig cell development possibly via
interfering with the phosphorylation of AKT1, AKT2, and ERK1/2 kinases.

Keywords: reproductive toxicity, triphenyltin, Leydig cells, kinase, development, ROS, apoptosis, rats

INTRODUCTION

Organotins are one of the classes of chemicals as endocrine disruptors. Among them, triphenyltin
chloride (TPT) has been intensively used in industry and agriculture, as plastic stabilizers,
pesticides, and marine antifouling paints. Concerns about environmental pollution of TPT have
arisen due to its high affinity for particulate matter and its tendency to be enriched in the sediments
(de Araujo et al., 2018). TPT has been detected in blood samples of Finnish people and TPT levels
in fishermen were higher because they ate more sea-foods (Rantakokko et al., 2008).

An earlier study found that TPT could effectively cause infertility in both male and female
flies (Kenaga, 1965). This promoted researchers to raise the possibility that TPT might also
affect the reproduction of mammals. Researchers from Battelle Research Laboratories conducted
a dose (1, 2, 3, 6, and 12 mg/kg body weight/day) range-finding study for TPT toxicity on male
reproduction in rats (Battelle, 1981) and found that TPT at a dose of 12 mg/kg caused the
reduced fertility in male rats. Although the exact mechanism of TPT toxicity on male reproductive
system is not clear, in vitro studies indicated that the Leydig cells could be the target of TPT.
In an in vitro study using isolated pig Leydig cells, TPT was found to be a direct inhibitor of
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17β-hydroxysteroid dehydrogenase 3 (HSD17B3, an Hsd17b3
product), an enzyme catalyzing the last-step testosterone
biosynthesis from androstenedione, with a half maximal
inhibitory concentration (IC50) of 48 nM, therefore inhibiting
androgen production (Ohno et al., 2005). TPT was also a
moderate inhibitor of P450 reductase with IC50 value of 22.8 µM
(Ohno et al., 2005), thus suppressing 17α-hydroxylase/17-20lyase
(CYP17A1, a Cyp17a1 product), which uses P450 reductase as
its electron carrier. However, whether TPT disrupts Leydig cell
development during puberty is unclear.

Leydig cells existing in the interstitial compartment of
the testis are unique endocrine cells, producing almost 95–
99% of circulatory testosterone amount (Teerds and Rijntjes,
2007). Androgen production relies not only on the capacity
of steroidogenesis of the Leydig cell per se, but also on the
number of Leydig cells (Ye et al., 2017). In the rat, Leydig cell
development during puberty is conceptually defined into four
stages, which starts with the appearance of progenitor Leydig
cells at 21 days postpartum from the commitment of stem
Leydig cells, undergoes transition through immature Leydig
cells at 35 days postpartum, and finishes the maturation into
adult Leydig cells at 49–52 days postpartum (Ye et al., 2017).
The late-stage maturation of Leydig cells from immature into
adult cells not only has the increased capacity of pituitary
luteinizing hormone (LH)-stimulated androgen production but
also has the upregulated expression of steroidogenic proteins,
such as LH receptor (LHCGR, an Lhcgr product) (Chen
et al., 2017), cholesterol-transporter high-density lipoprotein
receptor (SCARB1, a Scarb1 product) and steroidogenic
acute regulatory protein (STAR, a Star product), cholesterol
side chain cleavage enzyme (CYP11A1, a Cyp11a1 product),
3β-hydroxysteroid dehydrogenase 1 (HSD3B1, an Hsd3b1
product), Cyp17a1, and Hsd17b3 (Ge et al., 2005; Stanley et al.,
2011). This maturation changes the primary androgen from
5α-androstanediol into testosterone in adult Leydig cells (Ge
and Hardy, 1998). Interestingly, this late-stage maturation
has 11β-hydroxysteroid dehydrogenase 1 (HSD11B1, an
Hsd11b1 product) expression being eightfold increase (Ge et al.,
2005), serving a good biomarker for maturation of Leydig
cells.

Since the effects of TPT on pubertal development of Leydig
cells and underlying mechanism is not clear, in the current study,
we exposed male rats to different doses of TPT from 35 days to
52 days postpartum and then observed the impairment of Leydig
cell developmental process.

MATERIALS AND METHODS

Chemicals and Animals
Triphenyltin chloride (purity 96.0%) was purchased from J&K
Scientific (Beijing, China). Immulite2000 Total Testosterone Kit
was obtained from Sinopharm Group Medical Supply Chain
Services (Hangzhou, China). Trizol kit was purchased from
Invitrogen (Carlsbad, CA, United States). Reverse transcriptase
kit was purchased from Promega (Madison, WI, United States).
Quantitative PCR (qPCR) reagent kit was purchased from Takara

(Otsu, Japan). The primer information for qPCR was listed
in Supplementary Table S1. The antibody information for
Western blot and immunohistochemical staining was listed in
Supplementary Table S2. All other reagents were obtained from
Sigma-Aldrich (St. Louis, MO, United States). Male Sprague-
Dawley rats (28 days of age) were purchased from Shanghai
Animal Center (Shanghai, China). All animal studies were
conducted according to the research protocol approved by
Wenzhou Medical University Institutional Animal Care and Use
Committee and were performed in accordance with the Guide for
the Care and Use of Laboratory Animals.

Animal Administration
Male rats, aged 28 days, were raised in a 12 h dark/light cycle
temperature at 23± 2◦C with relative humidity of 45–55%. Water
and food were provided ad libitum. After 1 week of adjustment
in the new environment. Animals were randomly divided into
four groups (seven rats per group): 0 (corn oil, as control),
0.5, 1, and 2 mg/kg body weight/day TPT groups, respectively.
TPT was dissolved in corn oil and was gavaged daily to rats
starting on days 35 postpartum. Body weight of each rat was
recorded daily. Rats were sacrificed on days 52 postpartum by
asphyxiation with CO2. Trunk blood was collected and sera were
prepared for the measurement of hormones [testosterone, LH,
and follicle-stimulating hormone (FSH)]. Testes were taken out
and weighed. One testis each animal was frozen in the liquid
nitrogen for the measurement of testicular mRNA and protein
levels. The contralateral testis was fixed in Bouin’s solution for
the immunohistochemical analysis.

Measurement of Serum Testosterone
Concentration
Serum testosterone concentration was measured using
Immulite2000 Total Testosterone Kit according to the according
to the manufacturer’s instruction. The minimal detection limit
of testosterone was 0.1 ng/ml. The intra-assay and inter-assay
coefficients of variation were within 10%.

ELISA for Serum LH and FSH Levels
Serum levels of LH and FSH were measured with ELISA kits
according to the manufacturer’s instruction (Chemicon, CA,
United States) as described (Wu et al., 2017). Briefly, serum
sample was added to the pre-coated well and incubated with
peroxidase-conjugated IgG anti-LH or anti-FSH for 2 h. Then,
substrate solution was added and the enzyme reaction results
were measured by a microplate reader at 550 nm with correction
wavelength at 450 nm.

Immunohistochemistry
One testis each rat was used for immunohistochemical staining
(Vector Laboratories, Inc., Burlingame, CA, United States)
according to the manufacturer’s instructions. Testis blocks were
prepared according to a stereological method as previously
described (Akingbemi et al., 2004). Six testes per group were
randomly selected and cut into eight disks with each disk being
cut to two pieces and one piece each testis was randomly selected
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TABLE 1 | General toxicological parameters after treatment of triphenyltin.

Parameters Triphenyltin (TPT) dosage (mg/kg)

0 0.5 1 2

Animal number 7 7 7 7

Body weight (g)

Before TPT 170.0 ± 5.2 176.3 ± 0.8 172.5 ± 11.2 166.6 ± 10.4

After TPT (PND52) 250.2 ± 6.5 249.2 ± 9.3 227.3 ± 13.6 212.4 ± 8.8

Epididymis weight (g)

After TPT (PND52) 0.63 ± 0.01 0.68 ± 0.02 0.62 ± 0.01 0.60 ± 0.03

Testes weight (g)

After TPT (PND52) 1.42 ± 0.06 1.45 ± 0.04 1.40 ± 0.03 1.38 ± 0.06

PND, postnatal day. Mean ± SEM, n = 5–7. No significant difference between groups was observed.

FIGURE 1 | Regimen of TPT and serum testosterone, LH, and FSH levels after TPT treatment. (A) Regimen of TPT; (B–D) serum T, LH, and FSH levels, respectively.
Mean ± SEM, n = 5–7; ∗P < 0.05 and ∗∗P < 0.01 indicate significant difference when compared to the control (0 mg/kg).

and dehydrated in ethanol and xylene and then embedded
in paraffin in a tissue array. Six micrometer-thick transverse
sections were cut and mounted on glass slides. Approximately
10 sections were used. Avidin-biotin immunohistochemical
staining for CYP11A1 (the general a marker for all Leydig
cells), HSD11B1 (a specific biomarker for Leydig cells at the
advanced stage) or SOX9 (a biomarker for all Sertoli cells)
was conducted following manufacturer’s instructions. Antigen
retrieval was done by heating at 100◦C in 10 mM (pH 6.0)
citrate buffer for 10 min. H2O2 (0.5%) of methanol was incubated
with sections for 30 min to block the endogenous peroxidase.
Sections were incubated with the CYP11A1, HSD11B1, or
SOX9 polyclonal antibodies (diluted 1:200) for 1 h at room
temperature. Diaminobenzidine was used for visualizing the
antibody-antigen complexes, positively labeling Leydig cells by
a brown cytoplasmic staining or labeling Sertoli cells by a
brown nuclear staining. Mayer hematoxylin was applied in

the counterstaining. The sections were dehydrated in graded
concentrations of alcohol and cover-slipped with resin (Thermo
Fisher Scientific, Waltham, United Kingdom). Non-immune
rabbit IgG was used in the incubation of negative control sections
with working.

Counting Leydig and Sertoli Cell Number
by Stereological Method
To count CYP11A1 or HSD11B1-positive Leydig cells or SOX9-
positive Sertoli cells, sampling of the testis was performed
according to a fractionator method as previously described
(Akingbemi et al., 2004). About 10 testis sections per rat
were sampled from each testis. The histochemical staining was
performed as above. The total number of Leydig or Sertoli cells
was calculated by multiplying the number of Leydig or Sertoli
cells counted in a known fraction of the testis by the inverse of
the sampling probability.
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FIGURE 2 | Immunohistochemical staining of CYP11A1, HSD11B1, and SOX9 in rat testis sections and the enumeration of Leydig and Sertoli cell numbers after
TPT treatment. Representative images were used. Black arrow points to CYP11A1- or HSD11B1-positive Leydig cells. White arrow points to the SOX9-positive
Sertoli cell. Bar = 30 µm. Mean ± SEM, n = 5–7. No significant difference between groups was observed.

FIGURE 3 | Leydig cell size, cytoplasmic size, and nuclear size in rat testis
sections after TPT (0–2 mg/kg) treatment. Mean ± SEM, n = 5–7. ∗∗ Indicates
significant difference when compared to the control (TPT 0 mg/kg) at
P < 0.01.

Computer-Assisted Image Analysis of
Leydig Cell Size and Nuclear Size
Leydig cells were identified by staining HSD11B1 as above. The
Leydig cell size, nuclear size, and cytoplasmic size were calculated
as previously described (Liu et al., 2016). Six randomly selected

fields in each of three non-adjacent sections per testis were
captured using a BX53 Olympus microscope (Tokyo, Japan)
equipped with a digital camera interfaced to a computer. The
images that were displayed on the monitor represented partial
area of a testis. Cell size and nuclear size were estimated using
the image analysis software (Image-Pro Plus; Media Cybernetics,
Silver Spring, MD, United States). More than 50 Leydig cells
were evaluated in each testis. The cell size and nuclear size were
recorded as µm3 and cytoplasmic size was calculated by cell size
minus nuclear size.

Semi-Quantitative Measurement of
CYP11A1, HSD11B1, and SOX9
CYP11A1 and HSD11B1 are the proteins of Leydig cells and
SOX9 is the Sertoli cell protein. CYP11A1, HSD11B1, and
SOX9 protein levels were measured using semi-quantitative
measurement of the density for cell per se as previously described
(Liu et al., 2016). Immunohistochemical stainings of CYP11A1,
HSD11B1, and SOX9 were performed as above. Target protein
density and background area density were measured using the
image analysis software. More than 50 Leydig cells were evaluated
in each testis and the protein density of each sample was averaged.

Frontiers in Pharmacology | www.frontiersin.org 4 August 2018 | Volume 9 | Article 833

https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


fphar-09-00833 August 9, 2018 Time: 9:8 # 5

Li et al. Triphenyltin Delays Leydig Cell Maturation

FIGURE 4 | Expression levels of Leydig and Sertoli cell genes in the TPT-treated testis on the postnatal day 52. Leydig cell genes: Lhcgr (A), Scarb1 (B), Star (C),
Cyp11a1 (D), Hsd3b1 (E), Cyp17a1 (F), Hsd17b3 (G), Hsd11b1 (H), and Nr5a1 (I). Sertoli cell genes: Fshr (J), Dhh (K), and Sox9 (L). Mean ± SEM, n = 5–7.
Asterisks indicate significant difference when compared to the control (TBT 0 mg/kg) at ∗P < 0.05, ∗∗P < 0.01, and ∗∗∗P < 0.001, respectively.

Real-Time PCR (qPCR)
Total RNAs were purified from testes using a TRIzol solution
according to the manufacturer’s instructions (Invitrogen, CA,
United States). The concentration of total RNA was measured
by reading the OD value at 260 nm using NanoDrop 2000.
RNA integrity was assessed in a randomly chosen subset of
samples using agarose gel electrophoresis, and the OD ratio of
28S to 18S rRNA was consistently greater than 1 for each sample
checked, indicating high quality. Then, cDNA was synthesized
using a Reverse-Transcriptase Reagents Kit according to the
manufacturer’s instructions (Invitrogen, CA, United States).
A SYBR Green qPCR Kit (Takara, Otsu, Japan) was applied
to amplify the transcript and to analyze the gene expression
levels of Lhcgr, Scarb1, Star, Cyp11a1, Hsd3b1, Cyp17a1, Hsd17b3,
Hsd11b1, Nr5a1, Fshr, Dhh, and Sox9 in the testis. The reaction

mixture had 10 µl SYBR Green Mix, 1.6 µl forward and reverse
primer mix, 1 µg diluted cDNA sample and 5–8 µl RNase-free
water. The reaction process was set as follows: 95◦C for 2 min,
followed by 40 cycles of 95◦C for 10 s, and 59◦C for 30 s. The Ct
value was read out and the expression level of the target mRNA
was calculated using a standard method as previously described
(Lin et al., 2008). The relative expression of genes was normalized
to Rps16, the house-keeping gene, as the control. Melting curve
was examined for the quality of PCR amplification for each
sample. The primers were listed in Supplementary Table S1.

Western Blotting
Testes were homogenized at the ice-cold PBS buffer and then
were lysed with radio immunoprecipitation assay buffer (Bocai
Biotechnology, China) to obtain protein samples. The protein
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FIGURE 5 | Protein levels of Leydig cell gene products in the TPT-treated testis on the postnatal day 52. (A) Gel images; (B) quantitative result. Leydig cell proteins:
LHCGR, SCARB1, STAR, CYP11A1, HSD3B1, and CYP17A1. Mean ± SEM, n = 3. Asterisks indicate significant differences when compared to the control (TPT
0 mg/kg) at ∗P < 0.05, ∗∗P < 0.01, and ∗∗∗P < 0.001, respectively.

concentrations in the supernatants were measured using the
BCA Assay Kit (Takara, Japan) according to the manufacturer’s
instructions. Sample proteins (30 µg) were subjected to the
electrophoresis separation in 10% polyacrylamide gel containing
sodium dodecyl and then the separated proteins were transferred
into a polyvinylidene fluoride membrane. After being blocked
with 5% free-fat milk in Tween 20-containing Tris-buffered
saline for 2 h, the membrane was incubated overnight at
4◦C with primary antibody against the following antigens:
LHCGR, SCARB1, CYP11A1, HSD3B1, CYP17A1, pAKT1,
AKT1, pAKT2, AKT2, pERK1/2, ERK1/2, and ACTIN (Antibody
information was listed in Supplementary Table S2), respectively.
The membrane was then washed and incubated with HRP-
conjugated anti-rabbit or anti-goat IgG secondary antibody
(1:2000, Bioword, United States) for 2 h at room temperature
and washed three times. The protein bands were visualized
with an enhanced chemiluminescence kit (Pierce Chemical Co.,
Rockford, IL, United States). The intensity of proteins was
quantified using Image J software and adjusted to the ACTIN, the
house-keeping protein.

Isolation of Immature Leydig Cells
Male rats (35 days of age) were used for isolation of immature
Leydig cells. The rats were sacrificed by asphyxiation with CO2.
Testes were removed and digested with collagenase as well as
Leydig cells were purified as described previously (Shan et al.,
1993). In brief, the removed testes were perfused with a M199

solution containing 0.1 mg/ml collagenase via the testicular
artery, digested with a mixture of 0.25 mg/ml collagenase and
0.25 mg/ml DNase for 15 min, filtered through two-layer 100-µm
nylon mesh, and the cells were separated under Percoll gradient
centrifugation. The cells with density of 1.070–1.088 g/ml were
collected and washed. Purities of immature Leydig cell fractions
were evaluated by histochemical staining for HSD3B1 by adding
0.4 mM etiocholanolone as the steroid substrate and NAD+ as
a cofactor and nitroblue as the staining solution (Payne et al.,
1980). The purity of immature Leydig cells was >95%. Total three
isolations were prepared.

Culture of Immature Leydig Cells
Immature Leydig cells were seeded into the 6-well culture plates
after isolation with a density of 5 × 105 cells per well. Leydig
cells were treated with 0, 10, and 100 nM TPT in 2.0 mL
DMEM: F12 medium (Gibco, Grand Island, NY, United States)
for 24 h. The concentrations were selected based on the previous
study that showed TPT had a direct inhibition on steroidogenic
enzyme 17β-hydroxysteroid dehydrogenase 3 activity from pig
Leydig cells with IC50 of 48 nM (Ohno et al., 2005). Leydig cells
were harvested for the analysis of reactive oxygen species (ROS)
generation and apoptosis of Leydig cells.

Measurement of Intracellular ROS Levels
Reactive oxygen species production was measured with the
fluorescence dye 2′,7′-dichlorofluorescin diacetate (DCFH-DA)
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FIGURE 6 | Semi-quantitative measurement of CYP11A1, HSD11B1, and SOX9 densities in rat testis after TPT treatment. (A,B) CYP11A1 staining; (D,E) HSD11B1
staining; (G,H) SOX9 staining; (A,D,G) control; (B,E,H) 2.0 mg/kg TPT. (C,F,I) Quantification of CYP11A1, HSD11B1, and SOX9 density, respectively. Mean ± SEM,
n = 5–7. Asterisk indicates significant difference when compared to the control (TPT 0 mg/kg) at ∗P < 0.05.

assay kit (Qcbio Science and Technologies Co., Shanghai, China)
according to the manufacturer’s instruction. Briefly, isolated
immature Leydig cells were plated into the 6-well plates at
the density of 5 × 105 cells per well and stabilized for
24 h. Then, cells were incubated with 0, 10, or 100 nM TPT
for 24 h. Thereafter, cells were collected by digestion with
trypsin, after which cells were suspended and incubated with
200 µL DCFH-DA for 20 min at 37◦C in dark. Phosphate
buffered saline (PBS) washing step was repeated and fluorescence
intensity was determined by a DTX800 Multimode Detector
(Beckman Coulter, Fullerton, CA, United States) with excitation
of 485 nm and emission of 535 nm to determine ROS
levels.

Annexin V and PI Assay for Apoptosis
Immature Leydig cells freshly isolated as above were planted into
a 6-well plate in a density of 5 × 105 cells per well. Cells were
incubated with 0, 10, or 100 nM TPT for 24 h. An Annexin
V-FITC/PI Apoptosis Detection Kit (Nanjing KeyGEN Biotech,
Nanjing, China) was used to evaluate both infant and terminal
cellular apoptosis under the manufacturer’s instruction. Leydig

cells were then collected by digestion with trypsin, washed with
cold PBS, and resuspended in 200 µL Annexin V-binding buffer.
Cells were further stained with FITC-labeled Annexin V and
PI. Fluorescence of cells was detected by the Flow Cytometer as
above.

Statistical Analysis
Data are presented as the mean ± standard error (SEM).
Statistical significance was analyzed by one-way ANOVA
followed by ad hoc Turkey’s multiple comparison between two
groups. Statistical analyses were performed using GraphPad
Prism (version 6, GraphPad Software Inc., San Diego, CA,
United States). Values were considered significant at P < 0.05.

RESULTS

General Toxicological Parameters of TPT
Rat body weights were recorded during the course of TPT
treatment and the testis and epididymal weights were recorded
at the end of TPT treatment. TPT did not alter rat body weights,
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FIGURE 7 | Protein levels of kinases and phosphorylated kinases in the TPT-treated testis on the postnatal day 52. (A) Gel images; (B–D) quantitative result.
Proteins: AKT1 (B), AKT2 (C), and ERK1/2 (D). Mean ± SEM, n = 5. Asterisk indicates significant difference when compared to the control (TPT 0 mg/kg) at
∗P < 0.05.

testis weights, and epididymal weights. Two rats at 2 mg/kg TPT
group were dead at postnatal day 47. No other abnormal activities
were observed during the course of TPT treatment (Table 1).

TPT Reduces Serum Testosterone Levels
Triphenyltin chloride (0, 0.5, 1, and 2 mg/kg body weight/day)
were gavaged to male rats starting from 35 days to 52 days
postpartum (Figure 1A). TPT dose-dependently lowered serum
testosterone levels (Figure 1B), being significant at 0.5 mg/kg
and the higher doses. However, serum LH (Figure 1C) and FSH
(Figure 1D) levels did not change when compared with the
control. This indicated that TPT directly inhibited rat Leydig cell
development.

TPT Does Not Affect Leydig and Sertoli
Cell Numbers
CYP11A1 is a general biomarker for all Leydig cells in the
Leydig cell lineage (Guo et al., 2013). HSD11B1 is a specific
biomarker of Leydig cells at the advanced stage (immature
and adult Leydig cells) (Phillips et al., 1989; Guo et al., 2013).
We counted the cell number of CYP11A1-positive cells and
HSD11B1-positive cells in the interstitium of the testis at the
end of TPT treatment (Figure 2). It was found that TPT did not
alter both CYP11A1-positive and HSD11B1-positive cell number,
indicating that Leydig cell number was not altered after TPT
treatment. We also stained Sertoli cells with the biomarker of
SOX9 and found that the SOX9-positive cell number was not
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FIGURE 8 | ROS production in immature Leydig cells after TPT treatment. (A) Count of ROS; (B), quantitation data. Mean ± SEM, n = 3. Asterisk represents
significant difference when compared to the control (0 nM TPT) at ∗∗∗P < 0.001.

FIGURE 9 | FACS analysis of Annexin V-FITC labeling of apoptotic Leydig cells treated with TPT in vitro. Cells in the Q1-LR quadrant were designated apoptotic
(PI-negative/Annexin V-FITC-positive), cells in Q1-LL were designated living (PI-negative/Annexin V-FITC-negative), cells in Q1-UL were designated dead
(PI-positive/Annexin V-FITC-positive), and cells in Q1-UR were designated damaged (PI-positive/Annexin V-FITC-negative). (A–C) The FACS spectrum after 0, 10,
and 100 nM TPT treatment, respectively; (D) quantitative data, mean ± SEM, n = 3. Leydig cells treated with TPT (100 nM) for 24 h (C) showed increased
frequencies of apoptotic labeling in the Q1-LR quadrant relative to untreated controls (A). Asterisk indicates significant difference when compared to control (0 nM
TPT) at ∗∗P < 0.01.

altered either by TPT, indicating that TPT did not affect Sertoli
cell number (Figure 2).

TPT Lowers Leydig Cell Size and
Cytoplasmic Size
We further analyzed Leydig cell population by morphological
measurement and found that TPT treatment decreased Leydig
cell size and cytoplasmic size without having effects on the
nuclear size (Figure 3). Usually, the more mature the Leydig cell

is, the larger the cell is. This indicated that TPT might delay
Leydig cell maturation process.

TPT Downregulates Some Leydig Cell
Gene Expression
The expression levels of Leydig (Lhcgr, Scarb1, Star, Cyp11a1,
Hsd3b1, Cyp17a1, Hsd17b3, Hsd11b1, and Nr5a1) and Sertoli
(Fshr, Dhh, and Sox9) cell genes were measured at the end of
TPT treatment (Figure 4). TPT significantly downregulated the
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expression levels of Star and Hsd3b1 at 0.5 mg/kg and the higher
doses. It also significantly lowered the expression levels of Lhcgr,
Scarb1, Cyp11a1, Cyp17a1, and Hsd17b3 genes at 2 mg/kg dose.
TPT did not affect Hsd11b1, Nr5a1, Fshr, Dhh, and Sox9 gene
expression levels. These results suggested that Leydig cells were
more sensitive to TPT than Sertoli cells.

TPT Decreases Some Leydig Cell Protein
Levels
The levels of Leydig cell (LHCGR, SCARB1, STAR, CYP11A1,
HSD3B1, CYP17A1, and HSD11B1) proteins were measured by
Western blot. TPT lowered these protein levels in parallel with
their mRNA expression levels (Figure 5). We further used a semi-
quantitative measurement of CYP11A1 and HSD11B1 (Leydig
cell proteins), as well as SOX9 (Sertoli cell protein) densities in
the individual cell and found that TPT lowered CYP11A1 but not
HSD11B1 and SOX9 densities (Figure 6). These results suggested
that TPT impaired Leydig cell functions without affecting Sertoli
cell functions at 2 mg/kg dose.

Effects of TPT on Kinase
Phosphorylation
Many studies have demonstrated that AKT and ERK1/2
pathways participated in development of Leydig cells (Manna
et al., 2006, 2007; Shiraishi and Ascoli, 2007). In the current
study, we investigated the downstream signals after TPT
treatment in the testis. TPT significantly decreased the ratios
of pAKT1/AKT1 at 2 mg/kg and pAKT2/AKT2 at ≥1 mg/kg
doses although it increased AKT2 at 2 mg/kg. TPT significantly
decreased ERK1/2 and pERK1/2/ERK1/2 ratio (Figure 7).
These results indicated that ERK1/2 and AKT pathways
involved in the TPT-mediated suppression of Leydig cell
development.

TPT Increases ROS Production of
Immature Leydig Cells in vitro
As shown in Figure 8, there was a significant difference in
ROS generation between control and TPT treatment group after
exposure to 100 nM TPT for 24 h, indicating that at this
concentration TPT could cause ROS generation.

TPT Induces Apoptosis of Immature
Leydig Cells in vitro
As shown in Figure 9, there was a significant difference in
apoptosis rate between control and TPT treatment group after
exposure to 100 nM TPT for 24 h, indicating that at this
concentration TPT could cause apoptosis of Leydig cells.

DISCUSSION

The current study demonstrated that TPT significantly delayed
the development of adult Leydig cells during puberty, thus
lowering testosterone production. Apparently, TPT did not affect
the Leydig cell number but reduced the steroidogenic capacity

FIGURE 10 | Illustration of the mechanism of TPT-mediated inhibition of
testosterone production. TPT blocks the phosphorylation of AKT1, AKT2, and
ERK1/2, thus delaying the differentiation of immature Leydig cells into adult
Leydig cells and causing the decrease of testosterone production.

of the Leydig cell per se. TPT mainly downregulated many
steroidogenic proteins, especially HSD3B1 and STAR.

The current study used 0.5, 1, and 2 mg/kg/day TPT.
According to EPA reports (United States. Environmental
Protection Agency. Prevention et al., 1999), no observed
adverse effect level (NOAEL) and lowest observed adverse effect
level (LOAEL) for reproductive and developmental toxicity
(judged by the decreased litter, size, liver, and spleen weights)
of TPT in rats were 0.25 and 0.925 mg/kg/day (accession
number: 264667 to 264676), respectively, and the medium-
term NOAEL/LOAEL (judged by the decreased body weight
and gain and food consumption) for rats were <0.33 and
7.63 mg/kg/day (accession number: 00157771 and 261754),
respectively. Apparently, 0.5 mg/kg/day did not cause any
changes in body weights, testis weights, and epididymal weights
of rats. The current study showed lower circulating testosterone
levels, associated with unchanged FSH and LH levels in rats
treated with TPT from 35 days to 52 days postpartum even at
the dose of 0.5 mg/kg TPT, which did not cause overt toxicity.
This indicated a possible inhibition of Leydig cell development.
Indeed, Grote et al. (2004) examined 2, 6, or 12 mg/kg TPT on the
male sexual development from 23 days postpartum for 30 days
and found that the weights of reproductive organs were lower and
testosterone levels were decreased in 6 and 12 mg TPT groups.
Interestingly, when rats were exposed to 6 mg/kg TPT, serum LH
levels were increased and this increase was also observed in adult
mice, which had the elevated levels of serum LH and FSH levels
with lowered testosterone levels after 1–2 mg/kg TPT treatment
(Reddy et al., 2006). However, in the current study, we did not
observe any alteration of serum LH and FSH levels after TPT
treatment. This discrepancy could be due to the age difference
during the TPT treatment.

Lower testosterone level was not contributed by the reduced
Leydig cell number since both CYP11A1 and HSD11B1 Leydig
cell number was not changed, but was contributed by the
reduced capacity of androgen production of the Leydig cell
per se. It was true that TPT treatment significantly downregulated
many steroidogenic proteins including LHCGR, SCARB1, STAR,
CYP11A1, HSD3B1, CYP17A1, and HSD17B3. The most
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sensitive responsive genes after TPT treatment were Hsd3b1 and
Star, which were significantly decreased at as low as 0.5 mg/kg
TPT dose. Star encoded STAR protein, which was a rate-limiting
step for cholesterol transportation from cytosol of Leydig cells
into the inner membrane of the mitochondria for CYP11A1
catalysis (Manna et al., 2009). The serum testosterone levels were
correlated to the levels of Star mRNA.

The mechanisms of TPT to inhibit androgen production
could act at multiple levels. First, TPT could interfere
with the transcription of steroidogenic protein-related genes.
As shown in the present study, TPT downregulated many
steroidogenic gene expression such as Lhcgr, Scarb1, Star,
Cyp11a1, Hsd3b1, Cyp17a1, and Hsd17b3. A recent study using
another organotin tributyltin also showed that the expression
levels of SCARB1, CYP11A1, HSD3B1, CYP17A1, and HSD17B3
were downregulated in the adult male hamster testes after 65-
day treatment (Kanimozhi et al., 2017). Secondly, TPT directly
inhibited steroidogenic enzyme activities. Ohno et al. (2005)
reported that TPT directly inhibited pig testis HSD17B3 with
high potency (IC50 value of 48 nM) and P450 reductase with
moderate potency (IC50 value of 22.8 µM). P450 reductase is
an enzyme complex of CYP17A1 catalysis, at which it serves as
its electron carrier. CYP17A1 catalysis requires 2 one-electron
transfers from reduced nicotinamide adenine dinucleotide
phosphate via P450 reductase, binding of substrate and oxygen,
formation of the reactive heme-iron complex with oxygen, and
finally substrate oxidation (Yoshimoto and Auchus, 2015). The
mutation of P450 reductase could cause the impaired CYP17A1
activity (Fluck and Pandey, 2011).

We also examined the higher concentration (100 nM)
of TPT on ROS generation and apoptosis in vitro. Indeed,
this concentration increased ROS generation in rat immature
Leydig cells. Redox imbalances are closely involved in TPT
toxicity. Another organotin tributyltin has been shown to
induce intracellular Ca2+ levels and this Ca2+ increase in
Leydig cells might deplete anti-oxidant GSH (Mitra et al.,
2014). Decreased GSH was followed by the elevation of
ROS, which mediated lipid peroxidation (Cima and Ballarin,
2004) and had detrimental effects on critical components of
the steroidogenic pathway, particularly the rate-limiting STAR
(Diemer et al., 2003) and ROS increases could lead to the
Leydig cell apoptosis (Guo et al., 2017). Indeed, other toxicants
like the similar organotin tributyltin, nicotine from cigarettes,
and perfluorooctane sulfonate from the environmental exposure
increased ROS and induced Leydig cell apoptosis (Mitra et al.,
2014; Zhang et al., 2014; Guo et al., 2017). However, this ROS
pathway may not be the major one in TPT-mediated endocrine
disrupting effects.

Many studies demonstrated that AKT and ERK1/2 signaling
pathways took part in Leydig cell development (Manna et al.,
2006, 2007; Renlund et al., 2006; Shiraishi and Ascoli, 2007).
For example, epidermal growth factor, insulin-like growth factor
1, and LH can regulate AKT or ERK1/2 phosphorylation. AKT
is an important regulator of Leydig cell development. It was
found that AKT was mainly regulated by insulin-like growth
factor 1 (Tai et al., 2009) and kit ligand (Rothschild et al.,
2003). Indeed, previous studies showed that insulin-like growth

factor 1 knockout in mice downregulated the expression of
several Leydig cellg genes such as Star, Cyp11a1, Hsd3b1, and
Cyp17a1, reduced Leydig cell number, and lowered testosterone
biosynthesis (Baker et al., 1996; Hu et al., 2010). When kit ligand
signaling was blocked, testosterone production in Leydig cells
was also lowered (Rothschild et al., 2003). Insulin-like growth
factor 1 and kit ligand mainly activated phosphatidylinositol
3-kinase (Rothschild et al., 2003) and this activation of could
lead to increase in AKT phosphorylation (Tai et al., 2009; Zhou
et al., 2016). Epidermal growth factor binds to its receptor
caused activation of ERK1/2 in Leydig cells (Hirakawa and
Ascoli, 2003; Shiraishi and Ascoli, 2007, 2008). LH after binding
to LHCGR also activated ERK1/2 cascade in immature Leydig
cells partially via epidermal growth factor receptor (Hirakawa
and Ascoli, 2003; Shiraishi and Ascoli, 2007, 2008). Indeed,
STAR is the substrate of ERK1/2 and phosphorylaton of ERK1/2
participates in cholesterol transportation (Poderoso et al., 2008).
Although, we have not performed a complete characterization
of the pathways by which the TPT enhances AKT and ERK1/2
phosphorylation, the current data presented demonstrated that
AKT and ERK1/2 pathways were associated with Leydig cell
development (Figure 10).

CONCLUSION

We examined the effects of both in vivo and in vitro TPT
exposure on pubertal Leydig cells and demonstrated that TPT
was a potent inhibitor of Leydig cell development in rats. The
negative effects of TPT seems most likely via directly disrupting
many steroidogenic proteins, mainly STAR, thus leading to lower
testosterone production, possibly via regulation of AKT and
ERK1/2 phosphorylation.

AUTHOR CONTRIBUTIONS

XL and R-SG conceptualized the study design and analyzed the
data. LL, LX, LM, YC, XwC, FG, TH, LC, TH, XfC, and QZ
performed the experiments and collected the data. R-SG wrote
the manuscript.

FUNDING

This research was funded by National Natural Science
Foundation of China (81730042 and 31171425), Health and
Family Planning Commission of Zhejiang Province (11-CX29
and 2013ZDA017, 2016KYB199), and Zhejiang Provincial NSF
(LY15H310008 and LY18H040013).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fphar.2018.
00833/full#supplementary-material

Frontiers in Pharmacology | www.frontiersin.org 11 August 2018 | Volume 9 | Article 833

https://www.frontiersin.org/articles/10.3389/fphar.2018.00833/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2018.00833/full#supplementary-material
https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


fphar-09-00833 August 9, 2018 Time: 9:8 # 12

Li et al. Triphenyltin Delays Leydig Cell Maturation

REFERENCES
Akingbemi, B. T., Ge, R., Klinefelter, G. R., Zirkin, B. R., and Hardy, M. P. (2004).

Phthalate-induced Leydig cell hyperplasia is associated with multiple endocrine
disturbances. Proc. Natl. Acad. Sci. U.S.A. 101, 775–780. doi: 10.1073/pnas.
0305977101

Baker, J., Hardy, M. P., Zhou, J., Bondy, C., Lupu, F., Bellve, A. R., et al. (1996).
Effects of an Igf1 gene null mutation on mouse reproduction. Mol. Endocrinol.
10, 903–918.

Battelle (1981). Evaluation of the Teratogenicity of Triphenyltin Hydroxide (TPTH)
in the Sprague-Dawley Rat. Project Report NO. 723-0200. Columbus, OH:
Battele.

Chen, H., Wang, Y., Ge, R., and Zirkin, B. R. (2017). Leydig cell stem cells:
identification, proliferation and differentiation. Mol. Cell. Endocrinol. 445,
65–73. doi: 10.1016/j.mce.2016.10.010

Cima, F., and Ballarin, L. (2004). Tributyltin-sulfhydryl interaction as a cause
of immunotoxicity in phagocytes of tunicates. Ecotoxicol. Environ. Saf. 58,
386–395. doi: 10.1016/j.ecoenv.2003.07.011

de Araujo, J. F. P., Podratz, P. L., Merlo, E., Sarmento, I. V., Da Costa,
C. S., Nino, O. M. S., et al. (2018). Organotin exposure and vertebrate
reproduction: a review. Front. Endocrinol. 9:64. doi: 10.3389/fendo.2018.
00064

Diemer, T., Allen, J. A., Hales, K. H., and Hales, D. B. (2003). Reactive oxygen
disrupts mitochondria in MA-10 tumor Leydig cells and inhibits steroidogenic
acute regulatory (StAR) protein and steroidogenesis. Endocrinology 144,
2882–2891. doi: 10.1210/en.2002-0090

Fluck, C. E., and Pandey, A. V. (2011). Clinical and biochemical consequences
of p450 oxidoreductase deficiency. Endocr. Dev. 20, 63–79. doi: 10.1159/
000321221

Ge, R.-S., Dong, Q., Sottas, C. M., Chen, H., Zirkin, B. R., and Hardy, M. P. (2005).
Gene expression in rat leydig cells during development from the progenitor
to adult stage: a cluster analysis. Biol. Reprod. 72, 1405–1415. doi: 10.1095/
biolreprod.104.037499

Ge, R. S., and Hardy, M. P. (1998). Variation in the end products of androgen
biosynthesis and metabolism during postnatal differentiation of rat leydig cells.
Endocrinology 139, 3787–3795. doi: 10.1210/endo.139.9.6183

Grote, K., Stahlschmidt, B., Talsness, C. E., Gericke, C., Appel, K. E., and
Chahoud, I. (2004). Effects of organotin compounds on pubertal male rats.
Toxicology 202, 145–158. doi: 10.1016/j.tox.2004.05.003

Guo, J., Zhou, H., Su, Z., Chen, B., Wang, G., Wang, C. Q., et al. (2013).
Comparison of cell types in the rat Leydig cell lineage after ethane
dimethanesulfonate treatment. Reproduction 145, 371–380. doi: 10.1530/REP-
12-0465

Guo, X., Wang, H., Wu, X., Chen, X., Chen, Y., Guo, J., et al. (2017). Nicotine
affects rat Leydig cell function in vivo and vitro via down-regulating some
key steroidogenic enzyme expressions. Food Chem. Toxicol. 110, 13–24.
doi: 10.1016/j.fct.2017.09.055

Hirakawa, T., and Ascoli, M. (2003). The lutropin/choriogonadotropin receptor-
induced phosphorylation of the extracellular signal-regulated kinases in leydig
cells is mediated by a protein kinase a-dependent activation of ras. Mol.
Endocrinol. 17, 2189–2200. doi: 10.1210/me.2003-0205

Hu, G. X., Lin, H., Chen, G. R., Chen, B. B., Lian, Q. Q., Hardy, D. O., et al. (2010).
Deletion of the Igf1 gene: suppressive effects on adult Leydig cell development.
J. Androl. 31, 379–387. doi: 10.2164/jandrol.109.008680

Kanimozhi, V., Palanivel, K., Akbarsha, M. A., and Kadalmani, B. (2017).
Molecular mechanisms of tributyltin-induced alterations in cholesterol
homeostasis and steroidogenesis in hamster testis: in vivo and in vitro studies.
J. Cell. Biochem. 119, 4021–4037. doi: 10.1002/jcb.26564

Kenaga, E. E. (1965). Triphenyltin compounds as insect reproduction inhibitors.
J. Econ. Entomol. 58, 4–8. doi: 10.1093/jee/58.1.4

Lin, H., Ge, R. S., Chen, G. R., Hu, G. X., Dong, L., and Lian, Q. Q. (2008).
Involvement of testicular growth factors in fetal Leydig cell aggregation after
exposure to phthalate in utero. Proc. Natl. Acad. Sci. U.S.A. 105, 7218–7222.
doi: 10.1073/pnas.0709260105

Liu, S., Mao, B., Bai, Y., Liu, J., Li, H., Li, X., et al. (2016). Effects of methoxychlor
and its metabolite hydroxychlor on human placental 3beta-hydroxysteroid
dehydrogenase 1 and aromatase in JEG-3 cells. Pharmacology 97, 126–133.
doi: 10.1159/000442711

Manna, P. R., Chandrala, S. P., King, S. R., Jo, Y., Counis, R., Huhtaniemi,
I. T., et al. (2006). Molecular mechanisms of insulin-like growth factor-
I mediated regulation of the steroidogenic acute regulatory protein in
mouse leydig cells. Mol. Endocrinol. 20, 362–378. doi: 10.1210/me.2004-
0526

Manna, P. R., Dyson, M. T., and Stocco, D. M. (2009). Regulation of the
steroidogenic acute regulatory protein gene expression: present and future
perspectives. Mol. Hum. Reprod. 15, 321–333. doi: 10.1093/molehr/gap025

Manna, P. R., Jo, Y., and Stocco, D. M. (2007). Regulation of Leydig cell
steroidogenesis by extracellular signal-regulated kinase 1/2: role of protein
kinase A and protein kinase C signaling. J. Endocrinol. 193, 53–63. doi: 10.1677/
JOE-06-0201

Mitra, S., Srivastava, A., Khanna, S., and Khandelwal, S. (2014). Consequences of
tributyltin chloride induced stress in Leydig cells: an ex-vivo approach. Environ.
Toxicol. Pharmacol. 37, 850–860. doi: 10.1016/j.etap.2014.02.018

Ohno, S., Nakajima, Y., and Nakajin, S. (2005). Triphenyltin and Tributyltin inhibit
pig testicular 17beta-hydroxysteroid dehydrogenase activity and suppress
testicular testosterone biosynthesis. Steroids 70, 645–651. doi: 10.1016/j.
steroids.2005.03.005

Payne, A. H., Downing, J. R., and Wong, K. L. (1980). Luteinizing hormone
receptors and testosterone synthesis in two distinct populations of Leydig cells.
Endocrinology 106, 1424–1429. doi: 10.1210/endo-106-5-1424

Phillips, D. M., Lakshmi, V., and Monder, C. (1989). Corticosteroid
11β-dehydrogenase in rat testis. Endocrinology 125, 209–216. doi:
10.1210/endo-125-1-209

Poderoso, C., Converso, D. P., Maloberti, P., Duarte, A., Neuman, I., Galli, S., et al.
(2008). A mitochondrial kinase complex is essential to mediate an ERK1/2-
dependent phosphorylation of a key regulatory protein in steroid biosynthesis.
PLoS One 3:e1443. doi: 10.1371/journal.pone.0001443

Rantakokko, P., Turunen, A., Verkasalo, P. K., Kiviranta, H., Mannisto, S., and
Vartiainen, T. (2008). Blood levels of organotin compounds and their relation
to fish consumption in Finland. Sci. Total Environ. 399, 90–95. doi: 10.1016/j.
scitotenv.2008.03.017

Reddy, P. S., Pushpalatha, T., and Reddy, P. S. (2006). Reduction of
spermatogenesis and steroidogenesis in mice after fentin and fenbutatin
administration. Toxicol. Lett. 166, 53–59. doi: 10.1016/j.toxlet.2006.
05.012

Renlund, N., Jo, Y., Svechnikova, I., Holst, M., Stocco, D. M., Soder, O., et al. (2006).
Induction of steroidogenesis in immature rat Leydig cells by interleukin-1alpha
is dependent on extracellular signal-regulated kinases. J. Mol. Endocrinol. 36,
327–336. doi: 10.1677/jme.1.01963

Rothschild, G., Sottas, C. M., Kissel, H., Agosti, V., Manova, K., Hardy,
M. P., et al. (2003). A role for kit receptor signaling in Leydig cell
steroidogenesis. Biol. Reprod. 69, 925–932. doi: 10.1095/biolreprod.102.
014548

Shan, L. X., Phillips, D. M., Bardin, C. W., and Hardy, M. P. (1993).
Differential regulation of steroidogenic enzymes during differentiation
optimizes testosterone production by adult rat Leydig cells. Endocrinology 133,
2277–2283. doi: 10.1210/endo.133.5.8404681

Shiraishi, K., and Ascoli, M. (2007). Lutropin/choriogonadotropin stimulate the
proliferation of primary cultures of rat Leydig cells through a pathway
that involves activation of the extracellularly regulated kinase 1/2 cascade.
Endocrinology 148, 3214–3225. doi: 10.1210/en.2007-0160

Shiraishi, K., and Ascoli, M. (2008). A co-culture system reveals the involvement of
intercellular pathways as mediators of the lutropin receptor (LHR)-stimulated
ERK1/2 phosphorylation in Leydig cells. Exp. Cell Res. 314, 25–37. doi: 10.1016/
j.yexcr.2007.06.025

Stanley, E. L., Johnston, D. S., Fan, J., Papadopoulos, V., Chen, H., Ge, R. S., et al.
(2011). Stem Leydig cell differentiation: gene expression during development
of the adult rat population of Leydig cells. Biol. Reprod. 85, 1161–1166. doi:
10.1095/biolreprod.111.091850

Tai, P., Shiraishi, K., and Ascoli, M. (2009). Activation of the
lutropin/choriogonadotropin receptor inhibits apoptosis of immature
Leydig cells in primary culture. Endocrinology 150, 3766–3773.
doi: 10.1210/en.2009-0207

Teerds, K., and Rijntjes, E. (2007). “Dynamics of Leydig Cell Regeneration After
EDS,” in The Leydig Cell in Health and Disease, eds A. H. Payne and M. P. Hardy
(Totowa, NJ: Humana Press), 91–116. doi: 10.1007/978-1-59745-453-7_6

Frontiers in Pharmacology | www.frontiersin.org 12 August 2018 | Volume 9 | Article 833

https://doi.org/10.1073/pnas.0305977101
https://doi.org/10.1073/pnas.0305977101
https://doi.org/10.1016/j.mce.2016.10.010
https://doi.org/10.1016/j.ecoenv.2003.07.011
https://doi.org/10.3389/fendo.2018.00064
https://doi.org/10.3389/fendo.2018.00064
https://doi.org/10.1210/en.2002-0090
https://doi.org/10.1159/000321221
https://doi.org/10.1159/000321221
https://doi.org/10.1095/biolreprod.104.037499
https://doi.org/10.1095/biolreprod.104.037499
https://doi.org/10.1210/endo.139.9.6183
https://doi.org/10.1016/j.tox.2004.05.003
https://doi.org/10.1530/REP-12-0465
https://doi.org/10.1530/REP-12-0465
https://doi.org/10.1016/j.fct.2017.09.055
https://doi.org/10.1210/me.2003-0205
https://doi.org/10.2164/jandrol.109.008680
https://doi.org/10.1002/jcb.26564
https://doi.org/10.1093/jee/58.1.4
https://doi.org/10.1073/pnas.0709260105
https://doi.org/10.1159/000442711
https://doi.org/10.1210/me.2004-0526
https://doi.org/10.1210/me.2004-0526
https://doi.org/10.1093/molehr/gap025
https://doi.org/10.1677/JOE-06-0201
https://doi.org/10.1677/JOE-06-0201
https://doi.org/10.1016/j.etap.2014.02.018
https://doi.org/10.1016/j.steroids.2005.03.005
https://doi.org/10.1016/j.steroids.2005.03.005
https://doi.org/10.1210/endo-106-5-1424
https://doi.org/10.1210/endo-125-1-209
https://doi.org/10.1210/endo-125-1-209
https://doi.org/10.1371/journal.pone.0001443
https://doi.org/10.1016/j.scitotenv.2008.03.017
https://doi.org/10.1016/j.scitotenv.2008.03.017
https://doi.org/10.1016/j.toxlet.2006.05.012
https://doi.org/10.1016/j.toxlet.2006.05.012
https://doi.org/10.1677/jme.1.01963
https://doi.org/10.1095/biolreprod.102.014548
https://doi.org/10.1095/biolreprod.102.014548
https://doi.org/10.1210/endo.133.5.8404681
https://doi.org/10.1210/en.2007-0160
https://doi.org/10.1016/j.yexcr.2007.06.025
https://doi.org/10.1016/j.yexcr.2007.06.025
https://doi.org/10.1095/biolreprod.111.091850
https://doi.org/10.1095/biolreprod.111.091850
https://doi.org/10.1210/en.2009-0207
https://doi.org/10.1007/978-1-59745-453-7_6
https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles


fphar-09-00833 August 9, 2018 Time: 9:8 # 13

Li et al. Triphenyltin Delays Leydig Cell Maturation

United States. Environmental Protection Agency. Prevention, Pesticides, and
Toxic Substances (1999). Reregistration Eligibility Decision (RED): Triphenyltin
Hydroxide (TPTH). Washington, DC: EPA.

Wu, X., Guo, X., Wang, H., Zhou, S., Li, L., Chen, X., et al. (2017).
A brief exposure to cadmium impairs Leydig cell regeneration
in the adult rat testis. Sci. Rep. 7:6337. doi: 10.1038/s41598-017-
06870-0

Ye, L., Li, X., Li, L., Chen, H., and Ge, R. S. (2017). Insights into the development
of the adult Leydig Cell lineage from stem Leydig cells. Front. Physiol. 8:430.
doi: 10.3389/fphys.2017.00430

Yoshimoto, F. K., and Auchus, R. J. (2015). The diverse chemistry of cytochrome
P450 17A1 (P450c17, CYP17A1). J. Steroid Biochem. Mol. Biol. 151, 52–65.
doi: 10.1016/j.jsbmb.2014.11.026

Zhang, D. Y., Xu, X. L., Shen, X. Y., Ruan, Q., and Hu, W. L. (2014). Analysis
of apoptosis induced by perfluorooctane sulfonates (PFOS) in mouse Leydig
cells in vitro. Toxicol. Mech. Methods 25, 21–25. doi: 10.3109/15376516.2014.
971140

Zhou, P. H., Hu, W., Zhang, X. B., Wang, W., and Zhang, L. J. (2016). Protective
effect of adrenomedullin on rat Leydig Cells from lipopolysaccharide-induced
inflammation and apoptosis via the PI3K/Akt signaling pathway ADM on
rat Leydig Cells from inflammation and apoptosis. Mediators Inflamm.
2016:7201549. doi: 10.1155/2016/7201549

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Li, Xie, Ma, Chen, Chen, Ge, Huang, Chen, Hong, Chen, Zhu, Li
and Ge. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Pharmacology | www.frontiersin.org 13 August 2018 | Volume 9 | Article 833

https://doi.org/10.1038/s41598-017-06870-0
https://doi.org/10.1038/s41598-017-06870-0
https://doi.org/10.3389/fphys.2017.00430
https://doi.org/10.1016/j.jsbmb.2014.11.026
https://doi.org/10.3109/15376516.2014.971140
https://doi.org/10.3109/15376516.2014.971140
https://doi.org/10.1155/2016/7201549
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles

	Triphenyltin Chloride Delays Leydig Cell Maturation During Puberty in Rats
	Introduction
	Materials and Methods
	Chemicals and Animals
	Animal Administration
	Measurement of Serum Testosterone Concentration
	ELISA for Serum LH and FSH Levels
	Immunohistochemistry
	Counting Leydig and Sertoli Cell Number by Stereological Method
	Computer-Assisted Image Analysis of Leydig Cell Size and Nuclear Size
	Semi-Quantitative Measurement of CYP11A1, HSD11B1, and SOX9
	Real-Time PCR (qPCR)
	Western Blotting
	Isolation of Immature Leydig Cells
	Culture of Immature Leydig Cells
	Measurement of Intracellular ROS Levels
	Annexin V and PI Assay for Apoptosis
	Statistical Analysis

	Results
	General Toxicological Parameters of TPT
	TPT Reduces Serum Testosterone Levels
	TPT Does Not Affect Leydig and Sertoli Cell Numbers
	TPT Lowers Leydig Cell Size and Cytoplasmic Size
	TPT Downregulates Some Leydig Cell Gene Expression
	TPT Decreases Some Leydig Cell Protein Levels
	Effects of TPT on Kinase Phosphorylation
	TPT Increases ROS Production of Immature Leydig Cells in vitro
	TPT Induces Apoptosis of Immature Leydig Cells in vitro

	Discussion
	Conclusion
	Author Contributions
	Funding
	Supplementary Material
	References


