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Prenatal DEHP exposure induces lifelong testicular toxicity by 
continuously interfering with steroidogenic gene expression
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Background: Epidemiologic studies suggested the association between prenatal di-(2-ethylhexyl) phthalate 
(DEHP) exposure and disorders of sex development (DSD), adult male disorders, and reproductive aging. 
Inhibiting testosterone synthesis by interfering with steroidogenic gene expression induces testicular toxicity, 
however, whether prenatal DEHP exposure induces testicular toxicity through this mechanism remains 
uncertain.
Methods: C57BL/6JGpt male mice underwent different doses (0, 100, 500, 1,000 mg/kg) of prenatal 
DEHP exposure during gestational day 10 to delivery day, the testicular toxicity (genital development, 
testosterone, semen quality, and morphology of testis tissue) in the neonatal, post-puberal and middle-
aged stages was observed, and the steroidogenic gene (Lhcgr, Star, Cyp11a1, Cyp17a1, Hsd17b3, and Hsd3b2) 
expression was analyzed by quantitative polymerase chain reaction (qPCR) and Western blot (WB). The 
interference of steroidogenic gene expression in TM3 cells after mono-(2-ethylhexyl) phthalate (MEHP) 
exposure was also explored for verification.
Results: Prenatal DEHP exposure induced immediate testicular injury in the neonatal stage [reduced 
anogenital distance (AGD) and intratesticular testosterone], DSD in the post-puberal stage (poor genital 
development), and reproductive aging in the middle-aged stage (obesity, reduced testosterone and 
semen quality, and atrophic seminiferous tubules), especially in the high dose. Prenatal DEHP exposure 
continuously interfered with steroidogenic gene expression (Hsd3b2, Hsd17b3) in RNA and protein levels. 
MEHP inhibited testosterone synthesis of TM3 cells by interfering with steroidogenic gene expression 
(Hsd3b2, Hsd17b3) in RNA and protein levels.
Conclusions: Prenatal DEHP exposure induces lifelong testicular toxicity by continuously interfering with 
steroidogenic gene expression, thus indicating the association between prenatal exposure and DSD, adult 
male disorders, and reproductive aging.
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Introduction

The treatment of disorders of sex development (DSD) and 
adult male disorders (infertility, low testosterone) is full of 
challenges with poor therapeutic effects (1,2). More and 
more epidemiologic studies suggest that prenatal exposure 
to environmental endocrine disruptors (EEDs) is associated 
with lifelong testicular toxicity, such as DSD, adult male 
disorders, and even reproductive aging (3-5). However, the 
evidence is still weak, and the animal study that confirms 
the lifelong testicular toxicity of prenatal exposure is absent.

Di-(2-ethylhexyl) phthalate (DEHP), the most widely 
used plasticizer, is a typical EED. Mono-(2-ethylhexyl) 
phthalate (MEHP) is the main bioactive metabolite of 
DEHP (6). Previous studies have shown that prenatal 
DEHP exposure affected the puberal development of the 
genital system, adult reproduction (poor semen quality and 
damaged testicular histopathology), and serum testosterone 
of aged mice (7-10). Therefore, prenatal DEHP exposure 
may lead to lifelong testicular toxicity, but the evidence is 
not strong enough. It is essential to determine the lifelong 
testicular toxicity of prenatal DEHP exposure through 
animal study (I) as an experimental model to explain the 
long-term impacts (DSD, infertility, low testosterone, 
and reproductive aging) of prenatal exposure to EEDs in 
humans; (II) to attach importance to the prevention of 
prenatal exposure.

Prenatal DEHP/MEHP exposure reduced serum 
testosterone in mice offspring (10-13). However, the 
underlying mechanism of inhibiting testosterone synthesis 

is unclear. Testosterone is mainly synthesized by testicular 
Leydig cells (LCs) (14). Testosterone synthesis is a 
sequential process involving many enzymes to convert 
cholesterol into testosterone (15). The initial enzymes of 
testosterone synthesis include cytochrome P450 family 11 
subfamily A member 1 (CYP11A1), cytochrome P450 family 
17 subfamily A member 1 (CYP17A1), hydroxy-delta-5-
steroid dehydrogenase, 3 beta- and steroid delta-isomerase 
2 (HSD3B2) and (hydroxysteroid 17-beta dehydrogenase 
3 (HSD17B3) (15), whose activity and expression would 
be impacted by DEHP and MEHP (16-18). Luteinizing 
hormone/human chorionic gonadotropin receptor 
(LHCGR) receives the signal of luteinizing hormone/
human chorionic gonadotropin (LH/HCG) and then 
initiates testosterone synthesis of LCs (19). Steroidogenic 
acute regulatory (STAR) promotes the transfer of 
cholesterol into the mitochondria of LCs (20,21). Some 
EEDs reduce testosterone synthesis by interfering with the 
expression of LHCGR and STAR (22,23). Therefore, the 
interference of steroidogenic gene expression may be the 
main mechanism of testosterone synthesis inhibition by 
prenatal DEHP exposure.

Previous studies mainly used quantitative polymerase 
chain reaction (qPCR) detection to explore the interference 
of steroidogenic gene expression of prenatal DEHP 
exposure. Still, the results were sometimes contradictory and 
may be attributed to individual variation (16-18,20,21). In 
addition, these results were rarely verified by Western blot 
(WB) analysis. In this study, we not only utilized qPCR and 
WB analysis simultaneously, but also explored testosterone 
synthesis and steroidogenic gene expression in the neonatal 
testis and TM3 cells to verify mechanism. It was considered 
that the testicular toxicity of DEHP was dose-dependent, 
and exposure to different doses of DEHP induced different 
degrees of testicular injury (24,25). However, whether 
prenatal exposure to varying doses of DEHP leads to 
different interference of steroidogenesis gene expression 
remains uncertain. Lastly, whether prenatal DEHP exposure 
induces lifelong testicular toxicity through continuously 
interfering with steroidogenesis gene expression has not 
been determined. Therefore, the first aim of this study 
was to explore the lifelong testicular toxicity of prenatal 
DEHP exposure; the second was to investigate the critical 
role of interfering with steroidogenesis gene expression on 
testicular toxicity in vivo (DEHP) and in vitro (MEHP). 
We present this article in accordance with the ARRIVE 
reporting checklist (available at https://tau.amegroups.com/
article/view/10.21037/tau-23-503/rc).

Highlight box

Key findings
• The lifelong testicular toxicity of prenatal di-(2-ethylhexyl) 

phthalate (DEHP) exposure.
• Interfering with steroidogenic gene expression is the critical 

toxicological mechanism.

What is known and what is new?
• Prenatal DEHP exposure induced testicular toxicity.
• The lifelong testicular toxicity and continuous interference of 

steroidogenic gene expression prenatal DEHP exposure are 
presented in this study.

What is the implication, and what should change now?
• This study indicates the association between prenatal exposure 

and disorders of sex development, adult male disorders, and 
reproductive aging, thus preventing prenatal exposure is worthy of 
attention.
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Methods

Animal treatment, measurement, and sample harvesting

Animal treatment
C57BL/6JGpt female and male mice (6–8 weeks old, 
wild type) were purchased from Guangdong Yaokang 
Biotechnology Corporation (Foshan, China). Mice were 
housed in the specific pathogen-free (SPF) animal center 
at Sun Yat-sen University under 12-hour light/dark cycles 
and allowed to acclimate to the facility for at least 2 weeks 
before treatment. Female and male mice were mated 
together (1:2) in separate cages. The presence of vaginal 
sperm plug and ponderal growth confirmed successful 
mating. Then the pregnant mice were housed separately 
and treated daily by gavage with the vehicle (corn oil) alone 
or with the vehicle containing 100, 500, and 1,000 mg/kg/d  
of DEHP (Sigma-Aldrich, 36735-1G, St. Louis, MO, 
USA) from gestational day 10 to delivery day [which 
covers a critical period for male genital development and 
differentiation in mice (26)]. Doses were adjusted daily 
according to body weight. The male offspring were divided 
into DEHP 0 (n=40, from ten litters), 100 (n=30, from eight 
litters), 500 (n=30, from eight litters), and 1,000 mg/kg 
(n=40, from ten litters) groups, accordingly. Male offspring 
were sacrificed (anesthetized by pentobarbital sodium and 
then received cervical dislocation) and observed in the 
neonatal [postnatal day 1 (PND1)], post-puberal (PND56), 
and middle-aged [postnatal month 6 (PNM6)] stages  
(Figure 1). The female offspring were abandoned at PND21.

Measurement and sample harvesting
Body weight, anogenital distance (AGD; measured by 
electronic vernier calipers), weights of genital organs (testis, 
epididymis, seminal vesicle), the weight of epididymal fat, 
and penile length were measured.

At PND1, 20 male offspring were measured and sacrificed 
in each group; the body and testis weight, AGD, and penile 
length were recorded; the bilateral testes were harvested; 
testes of five mice were prepared for intratesticular 
testosterone detection; the remaining testes of 15 mice were 

for qPCR and WB analysis, and every three testes from 
three individual mice were put together as one sample; five 
mixed samples from right testes were for qPCR analysis, 
and five composite samples from right testes were for WB 
analysis. The remaining mice were fed till PND56.

At PND56, ten male offspring in each group were 
sacrificed; the body weight, AGD, weights of genital organs 
(testis, epididymis, seminal vesicle), and penile length were 
recorded; the blood samples were collected from inferior 
vena cava and prepared for testosterone detection; the right 
testis was prepared for qPCR (n=10), and the left was for 
WB (n=5) and HE staining (n=5). The remaining mice were 
fed till PNM6.

At PNM6, ten male offspring in DEHP 0 and 1,000 mg/kg  
groups were sacrificed. The methods of measurement and 
sample harvesting were identical to that at PND56.

Experiments were performed under a project license (No. 
SYSU-IACUC-2022-000208) granted by the Institutional 
Ethics Board of Sun Yat-sen University, in compliance with 
the regulations of Sun Yat-sen University for the care and 
use of animals. A protocol was prepared before the study 
without registration.

TM3 cells culture, treatment, and sample harvesting

TM3 cell line was purchased from the Cell Bank of Life 
Technology Corporation (Priscilla, Wuhan, China). TM3 
cells were cultured in Dulbecco’s modified Eagle’s medium 
(DMEM)/F-12 medium (Gibco, 10565018, Grand Island, 
CA, USA), supplemented with 10% horse serum (Gibco, 
S9050), 5% fetal bovine serum (Gibco, C04001-500), and 
1% penicillin-streptomycin (Sangon Biotech, Shanghai, 
China). The cell line was maintained in a humidified 
incubator at 37 ℃ with 5% CO2. MEHP (MCE, HY-
W018392, Monmouth Junction, NJ, USA), a major 
bioactive metabolite of DEHP in vivo (27,28), was used for 
TM3 cells treatment in vitro.

TM3 cells were inoculated in six-well plates at the 
concentration of 1×106 cells/well for 6 hours till adherence. 
The serum-containing medium was changed to add  

Figure 1 Mice treatment. PND, postnatal day; PNM, postnatal month.
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200 μmol/L MEHP (dissolved in 0.1% DMSO); the 
control group was added 0.1% dimethyl sulfoxide (DMSO) 
simultaneously. Fifty mIU/mL HCG (Ruige, Ningbo, China) 
was added to simulate the intrauterine environment and 
promote testosterone synthesis. After incubation for 24 hours  
in both test reagents, cell morphology was examined under 
an inverted phase contrast microscope (Olympus, Tokyo, 
Japan). After incubation for 72 hours with MEHP or 
vehicle, the cell sample was collected for qPCR and WB 
analysis, and the medium was for testosterone detection.

RNA isolation and RT-qPCR analysis

NucleoZOL (MN, 740404.200, Düren, Germany) was used 
to extract the total RNA of testis and TM3 cells following 
the manufacturer’s instructions. The concentration of 
RNA was measured and adjusted using the Nanodrop 
ONE System (Thermo Scientific, Waltham, MA, USA). 
Complementary DNA was then synthesized using a 
PrimeScriptTM RT Master Mix (Takara, RR036A, Beijing, 
China). Subsequent RT-qPCR analysis of steroidogenic 
genes (Lhcgr, Star, Cyp11a1, Cyp17a1, Hsd17b3, and 
Hsd3b2) was performed using a Hieff® qPCR SYBR® 
Green Master Mix (High Rox) (Yeasen, 11203ES08, 
Shanghai, China) on the StepOnePlus Real-Time PCR 
System (Applied Biosystems, Waltham, MA, USA). The 

relative expression of target genes was calculated using the  
2−ΔΔCt algorithm. We used Gapdh as the reference gene for all 
target genes. The primers for the genes are listed in Table 1.

Protein extraction and WB analysis

Protein extraction from the testis and TM3 cells was 
performed using radioimmunoprecipitation assay 
(RIPA) lysis buffer and a 10% protease inhibitor cocktail 
(MCE, HY-K0010). Lysates were centrifuged for 30 
min at 12,000 g at 4 ℃, and supernatants were collected. 
Protein concentration was measured using the PierceTM 
BCA Protein Assay Kit (Thermo Scientific, 23227) on a 
microplate reader (562 nm, BioTech Epoch, Winooski, VT, 
USA). The protein sample was adjusted and prepared with a 
concentration of 30 μg/20 μL by water and 5× loading buffer 
(Beyotime, P0015, Shanghai, China). Each track loaded  
30 μg/20 μL proteins. The proteins were separated by 
sodium dodecyl sulfate polyacrylamide gel electrophoresis 
(SDS-PAGE) gel electrophoresis and transferred to 
polyvinylidene fluoride (PVDF) membranes (0.45 μm, 
Merck Millipore, IPVH00010, Darmstadt, Germany). The 
membranes were sealed with 5% milk and then washed five 
times using Tris-buffered saline with Tween 20 (TBST). 
For WB analysis, the membranes were incubated with 
primary antibodies against LHR (SAB, 44352, Burlington, 
VT, USA), HSD3B2 (Affinity, DF6639, Montgomery, AL, 
USA), HSD17B3 (SAB, 31304), or β-tubulin (SAB, 48659) 
at 4 ℃ overnight. The primary antibody was diluted at a 
ratio of 1:1,000. The membranes were washed with TBST 
five times. They were then incubated with corresponding 
secondary antibodies at room temperature for 1 hour. 
The secondary antibody was diluted at a ratio of 1:5,000. 
Finally, an Immobilon Western Kit (Merck Millipore, 
WBKLS0500) was used to exhibit the protein band. All 
target proteins used β-tubulin as the reference protein.

Testosterone detection

The blood sample was centrifuged for 10 min at 5,000 g 
at 4 ℃ to acquire serum. The medium of TM3 cells was 
also centrifuged for 5 min at 5,000 g at 4 ℃, after which 
the supernatants were collected. The bilateral testes (about 
4 mg) of neonatal mice were lysed in 100 μL RIPA lysis 
buffer for 30 min and then underwent centrifugation for 
30 min at 12,000 g at 4 ℃, after which the supernatants 
were collected. The serum and supernatants were sent 
to the corporation (KingMed Diagnostics Group Co., 

Table 1 Primer sequences

Primer name Primer sequences Length

Lhcgr-F AATGAGTCCATCACGCTGAAAC 22

Lhcgr-R CCTGCAATTTGGTGGAAGAGA 21

Star-F ATGTTCCTCGCTACGTTCAAG 21

Star-R CCCAGTGCTCTCCAGTTGAG 20

Cyp17a1-F GCCCAAGTCAAAGACACCTAAT 22

Cyp17a1-R GTACCCAGGCGAAGAGAATAGA 22

Hsd17b3-F ATGGGCAGTGATTACCGGAG 20

Hsd17b3-R ACAACATTGAGTCCATGTCTGG 22

Cyp11a1-F AGGTCCTTCAATGAGATCCCTT 22

Cyp11a1-R TCCCTGTAAATGGGGCCATAC 21

Hsd3b2-F GGTTTTTGGGGCAGAGGATCA 21

Hsd3b2-R GGTACTGGGTGTCAAGAATGTCT 23

Gapdh-F AGGTCGGTGTGAACGGATTTG 21

Gapdh-R TGTAGACCATGTAGTTGAGGTCA 23
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Ltd., Guangzhou, China) for testosterone detection. 
Chemiluminescence Microparticle Immuno Assay 
(CMIA) was applied using ARCHITECT 2nd Generation 
Testosterone Reagent Kit (Abbott, 2P13.23, Shanghai, 
China, USA) following the manufacturer’s instructions. The 
coefficient of variation (CV) of CMIA is 2–5.1% for intra-
assay precision and 2.6–5.2% for inter-assay precision. The 
minimum detectable dose of testosterone is 0.01 ng/mL.

HE staining of testis

The resected testes were fixed overnight in Bouin’s solution 
(Biosharp, P0111, Hefei, China), dehydrated in 75% 
ethanol, embedded in paraffin, and sectioned at 5 μm. The 
sections were deparaffinized with xylene, hydrated with 
graded ethanol, and stained with hematoxylin and eosin 
for histological analysis using an inverted phase contrast 
microscope (Olympus, IX83).

Semen analysis

After dissecting the mice, the caudal epididymis was 
shredded and incubated in the sperm incubation solution at 
37 ℃ for 30 min. Then, the sperm suspension was placed 
in the counting chamber. Sperm count, concentration, and 
motility were measured using a computer-assisted sperm 
analysis system (Sperm Class Analyzer, Baoxing Medical 
Equipment Company, Xuzhou, China).

Statistical analysis

Statistical analysis was performed using the unpaired t-test 
or one-way analysis of variance (ANOVA) followed by 
the Dunnett posttest from the statistical program of the 
GraphPad Prism (version 4.02) package from GraphPad, 
Inc. (Boston, MA, USA). The mean and standard error of 
the mean (SEM) for the combined experiment results are 
presented. P<0.05 was considered statistically significant.

Results

Prenatal DEHP exposure induced immediate testicular 
injury in the neonatal stage by interfering with 
steroidogenic gene expression

The male offspring in the neonatal stage (PND1) were 
observed to determine the immediate testicular injury of 
prenatal DEHP exposure. As a result, the number of live 

birth, male/female ratio, litter size, appearance (data not 
shown), and birth weight (Figure 2A) of neonatal mice in 
four groups had no noticeable differences. Compared with 
the 0 mg/kg group, the 100, 500, and 1,000 mg/kg groups 
showed reduced AGD, testis weight, penile length, and 
intratesticular testosterone content in different degrees. 
The male mice recently exposed to DEHP, therefore, these 
results indicated that prenatal DEHP exposure induced 
immediate testicular injury (Figure 2B-2E).

The messenger RNA (mRNA) expression of Star, 
Hsd3b2, and Hsd17b3 in 500 and 1,000 mg/kg groups was 
down-regulated; mRNA expression of Lhcgr, Cyp11a1, and 
Cyp17a1 in 1,000 mg/kg group was also down-regulated 
(Figure 2F-2K). The protein expression of LHCGR and 
HSD3B2 was down-regulated after DEHP exposure (Figure 
2L-2O). Partial results were similar to our previous study (29). 
Therefore, DEHP induced immediate testicular injury in 
the neonatal stage by interfering with steroidogenic gene 
expression.

Prenatal DEHP exposure induced DSD in the post-puberal 
stage by interfering with steroidogenic gene expression

The male offspring in the post-puberal stage (PND56) 
were observed to determine the association between 
prenatal DEHP exposure and DSD. This study found 
that the unilateral testis weight in adult mice without 
DEHP exposure was >85 mg. If the testis was poorly 
developed, the whole genital organs (epididymis, seminal 
vesicle, and prostate) were poorly developed. Therefore, 
if the unilateral testis weight <85 mg, DSD was defined. 
Compared with the 0 mg/kg group, the mice in 500 (30%; 
P=0.21) and 1,000 mg/kg (50%; P=0.03) groups appeared 
to have higher incidences of DSD and poor development 
of the genital system (reduced testis, epididymis, and 
seminal vesicle weight; reduced AGD and penile length; 
Figure 3A-3G). Interestingly, the transient low dose  
(100 mg/kg/d) of prenatal exposure showed nearly normal 
genital development in the post-puberal stage. All in all, 
prenatal DEHP (high dose) exposure induced DSD in male 
offspring.

Compared with the 0 mg/kg group, only the 1,000 mg/kg  
group showed lower serum testosterone (Figure 3H). The 
semen quality and fertility in the four groups were normal 
(data not shown). Through HE staining of testes, we found 
that the testes were smaller, and the seminiferous tubules 
were hypogenetic, which manifested as reduced tubular 
diameter and length, in the 500 and 1,000 mg/kg groups 
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Figure 2 Prenatal DEHP exposure induced immediate testicular injury in the neonatal stage by interfering with steroidogenic gene 
expression. (A-E) Phenotypes; prenatal DEHP exposure induced immediate testicular injury. (A) Birth weight (n=20); (B) testis weight (n=20); 
(C) penile length (n=20); (D) AGD (n=20); (E) intratesticular testosterone (n=5). (F-O) Prenatal DEHP exposure interfered with steroidogenic 
gene expression in the neonatal stage. (F-K) qPCR analysis of Lhcgr, Star, Cyp11a1, Cyp17a1, Hsd3b2, and Hsd17b3 (n=5). (L-O) WB analysis of 
LHCGR, HSD3B2, and HSD17B3 (n=5). *, P<0.05; **, P<0.01; ***, P<0.001. DEHP, di-(2-ethylhexyl) phthalate; AGD, anogenital distance; 
mRNA, messenger RNA; LHCGR, luteinizing hormone/human chorionic gonadotropin receptor; qPCR, quantitative polymerase chain 
reaction; WB, Western blot.
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Figure 3 Prenatal DEHP exposure induced DSD in the post-puberal stage by interfering with steroidogenic gene expression. (A-G) 
Prenatal DEHP exposure induced DSD (poor genital development, smaller genial organs). (A) Testis appearance; (B) genital appearance; 
(C) testis weight (n=10); (D) epididymis weight (n=10); (E) seminal vesicle weight (n=10); (F) penile length (n=10); (G) AGD (n=10). (H,I) 
Prenatal DEHP exposure induced adult male disorders. (H) Serum testosterone (n=10); (I) HE staining (100×) of the testis. The arrow 
showed the seminiferous tubules was hypogenetic in the 500 and 1,000 mg/kg groups (smaller tubular diameter and length). (J-N) mRNA 
(n=10; J,K) and protein expression (n=6; L-N) of Hsd3b2 and Hsd17b3; prenatal DEHP exposure interfered with steroidogenic gene 
expression in the post-puberal stage. *, P<0.05; **, P<0.01; ***, P<0.001; ****, P<0.0001. DEHP, di-(2-ethylhexyl) phthalate; AGD, anogenital 
distance; mRNA, messenger RNA; DSD, disorders of sex development; HE, hematoxylin-eosin.
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(Figure 3I). According to the qPCR analysis, the mRNA 
expression of Hsd3b2 and Hsd17b3 was down-regulated 
in the 500 and 1,000 mg/kg group (Figure 3J,3K). These 
results were verified by WB analysis (Figure 3L-3N). Partial 
results were similar to our previous study (29). These results 
indicated that prenatal DEHP exposure induced DSD and 
adult male disorders by interfering with steroidogenic gene 
expression.

Prenatal DEHP exposure induced reproductive aging in 
the middle-aged stage by interfering with steroidogenic 
gene expression

The male offspring in the middle-aged stage (PND56) were 
observed to determine the association between reproductive 
aging and prenatal DEHP exposure. The middle-aged 
mice in the 1,000 mg/kg group showed obesity (increased 
weight of body and epididymal fat, Figure 4A-4D), reduced 
AGD, increased epididymis and seminal vesicle weight 
(Figure 4E-4G), and reduced serum testosterone (Figure 
4H). Curiously, the testis weight and penile length in 0 and 
1,000 mg/kg groups had no statistical differences (data not 
shown). In addition, the semen quality was also poorer in 
the 1,000 mg/kg group, which presented with low sperm 
density and impaired motility (Figure 4I-4K). Furthermore, 
the seminiferous tubules in the 1,000 mg/kg group were 
somewhat atrophic with thin and vacant tubes (Figure 4L). 
Partial results were similar to our previous study (29). These 
results indicated that prenatal DEHP exposure induced 
reproductive aging.

The mRNA expression of Hsd3b2 and Hsd17b3 in the 
1,000 mg/kg group was down-regulated (Figure 4M,4N), as 
well as the protein expression of HSD3B2 and HSD17B3 
(Figure 4O-4Q). In consequence, prenatal DEHP exposure 
induced reproductive aging in the middle-aged stage by 
interfering with steroidogenic gene expression.

MEHP inhibited testosterone synthesis by interfering with 
steroidogenic gene expression

Through microscopic examination, we found that  
200 μmol/L MEHP exposure rarely induced apoptosis 
of TM3 cells, but 400 μmol/L MEHP exposure induced 
apoptosis. According to previous studies (30,31) and our 
findings (29), 200 μmol/L MEHP was determined as the 
experimental group. Our cell experiments showed that 
MEHP inhibited the testosterone synthesis of LCs (Figure 
5A). The mRNA expression of Lhcgr, Hsd3b2, and Hsd17b3 

was down-regulated; mRNA expression of Star, Cyp11a1, 
and Cyp17a1 was up-regulated inversely (Figure 5B-5G), 
which may be a response to exposure. WB analysis showed 
that the MEHP downregulated the expressions of LHCGR, 
HSD3B2, and HSD17B3 (Figure 5H-5K). Partial results 
were similar to our previous study (29). In conclusion, 
MEHP inhibited testosterone synthesis by interfering with 
steroidogenic gene expression.

Discussion

This study systematically explored and determined the 
lifelong testicular toxicity of prenatal DEHP exposure. 
Epidemiologic studies suggested that male DSD or genital 
malformations (hypospadias, undescended testis, and 
micropenis) were associated with prenatal exposure to EEDs 
(5,32). In the fetal stage, especially the masculinization 
programming window, the testis is sensitive to EEDs (33).  
Prenatal exposure to EEDs interferes the testicular 
differentiation and development, which causes genital 
malformations. Infertility and low testosterone syndrome 
are two major adult male disorders, but the underlying 
pathogenesis remains unclear. Recent studies indicated 
that adult male disorders were associated with EEDs 
exposure (34,35), and the role of prenatal exposure was also  
suggested (36). However, further animal study is indispensable 
to reveal the associations between prenatal exposure and 
DSD, adult male disorders, and reproductive aging. This 
study used a mice model with prenatal DEHP exposure to 
confirm this theory. DEHP, a widely applied plasticizer, is 
easily contacted by pregnant women and causes prenatal 
exposure to male offspring. Epidemiologic and animal studies 
indicated that prenatal DEHP exposure was associated with 
male genital malformation (4,37,38). We confirmed that 
prenatal DEHP exposure induced immediate testicular injury 
at PND1 and DSD at PND56, revealing the association 
between prenatal DEHP exposure and DSD. Interestingly, 
although a low dose of (100 mg/kg) prenatal DEHP exposure 
induced immediate testicular injury in the neonatal stage, 
no DSD appeared when the mice grew up. However, a high 
dose (>500 mg/kg) of prenatal DEHP exposure induced 
DSDs and male reproductive disorders in the post-puberal 
stage, manifesting as poor genital development, reduced 
testosterone synthesis, and hypogenetic seminiferous tubules. 
These results also indicated the association between prenatal 
DEHP exposure and adult male disorders (infertility, low 
testosterone) in humans. Furthermore, we found prenatal 
DEHP exposure induced reproductive aging in middle-aged 
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Figure 4 Prenatal DEHP exposure induced reproductive aging in the middle-aged stage by interfering with steroidogenic gene expression. (A-L) 
Prenatal DEHP exposure induced reproductive aging (obesity; increased epididymal fat weight, epididymis and seminal vesicle; reduced AGD, 
serum testosterone and semen quality). (A) General appearance; (B) genital appearance; (C) body weight (n=10); (D) epididymal fat weight (n=10); 
(E) epididymis weight (n=10); (F) seminal vesicle weight (n=10); (G) AGD (n=10); (H) serum testosterone (n=10); (I-K) semen quality (n=5; 
400×); (L) HE staining of the testis (100×). The arrows show the seminiferous tubules was atrophic in the 1,000 mg/kg group (the seminiferous 
tubules were thin, and the lumen of seminiferous tubules was dilated). (M-Q) mRNA (n=5; M,N) and protein expression of Hsd3b2 and Hsd17b3 
(n=5; O-Q); prenatal DEHP exposure interfered with steroidogenic gene expression in the middle-aged stage. *, P<0.05; **, P<0.01; ****, 
P<0.0001. DEHP, di-(2-ethylhexyl) phthalate; AGD, anogenital distance; mRNA, messenger RNA; HE, hematoxylin-eosin.
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mice, which manifested as reduced AGD, serum testosterone, 
and semen quality. Thus, by observing the testicular toxicity 
in the neonatal, post-puberal, and middle-aged stages, we 
confirmed that prenatal DEHP exposure induced lifelong 
testicular toxicity in mice, including immediate testicular 
toxicity, DSD, and reproductive aging. We also found the 
dose dependence of testicular toxicity following prenatal 
DEHP exposure. Considering the unperfect therapeutic 
effect of congenital genital malformations and adult infertility 
(2,14) and ubiquitous EEDs, we call for avoiding prenatal 
exposure as much as possible.

In addition, we explored the role of interfering with 
steroidogenic gene expression in testicular toxicity 
following prenatal DEHP exposure through qPCR 
and WB analysis in vivo and in vitro. Fetal testosterone 
promotes the development of the male genital system. 

The deficiency of testosterone is the leading cause of male 
genital malformations (39,40). Steroidogenic genes, such as 
Lhcgr, Star, Cyp11a1, Cyp17a1, Hsd17b3, and Hsd3b2, play 
essential roles in testosterone synthesis (22). Interfering 
with steroidogenic gene expression will be bound to 
impact testosterone synthesis. Therefore, determining 
the impact of prenatal DEHP exposure on steroidogenic 
gene expression benefits revealing the toxic mechanism. 
Unlike previous studies, we collected the treated testis at 
PND1 and technically placed every three testes as a sample. 
Due to the small size of the neonatal testis, our ingenious 
method would improve the accuracy of results. As a result, 
our mice study at PND1 found that prenatal DEHP 
exposure reduced fetal testosterone synthesis by interfering 
with steroidogenic gene expression (Lhcgr, Star, Cyp11a1, 
Cyp17a1, Hsd17b3, and Hsd3b2). Moreover, our TM3 cells 

Figure 5 Results of MEHP exposure to TM3 cells in vitro. (A) MEHP inhibited testosterone synthesis (n=3); (B-G) MEHP interfered with 
mRNA expression of Lhcgr, Star, Cyp11a1, Cyp17a1, Hsd3b2, and Hsd17b3 (n=3); (H-K) MEHP downregulated the expressions of LHCGR, 
HSD3B2, and HSD17B3 (n=3). *, P<0.05; **, P<0.01. MEHP, mono-(2-ethylhexyl) phthalate; mRNA, messenger RNA; LHCGR, luteinizing 
hormone/human chorionic gonadotropin receptor.
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experiment confirmed that MEHP reduced the testosterone 
synthesis of LCs by interfering with steroidogenic gene 
expression. As the mice with prenatal DEHP exposure 
grew up, the ability of testosterone synthesis did not restore 
completely, and their steroidogenic gene expression was also 
impacted. The continuous interference of steroidogenic 
gene expression explained the lifelong testicular toxicity of 
prenatal DEHP exposure, including immediate testicular 
injury, DSD, and reproductive aging (poor semen quality, 
low testosterone, and even obesity) (41). Furthermore, our 
study found that the interference of steroidogenic gene 
expression following prenatal DEHP exposure was dose-
dependent, and different steroidogenic genes presented 
different expression states (down- or up-regulated). The 
mRNA and protein expression of Hsd3b2 and Hsd17b3 was 
down-regulated and may be the critical targets of DEHP 
exposure. Not a few steroidogenic genes (Star, Cyp11a1, 
and Cyp17a1) were up-regulated as a response to exposure. 
Previous studies came to similar conclusions (42,43). All in 
all, we determined that prenatal DEHP exposure induced 
lifelong testicular toxicity by continuously interfering with 
steroidogenic gene expression.

An interesting change was found in the epididymis 
and seminal vesicle after prenatal DEHP exposure. In the 
post-puberal stage (8 weeks), the epididymis and seminal 
vesicle were relatively poorly developed after prenatal 
DEHP exposure, which was identical to previous studies 
(44,45). Due to the testosterone promotes the development 
of epididymis and seminal vesicle (46), the results in the 
post-puberal stage indicated the continuous deficiency of 
testosterone after prenatal DEHP exposure. However, the 
epididymis and seminal vesicle were enlarged in the middle-
aged stage, which meant that prenatal DEHP exposure 
induced reproductive aging. Fan et al. found that a low dose 
of prenatal DEHP exposure caused metabolic adaptation 
and obesity (47), which was similar to our results. Our 
study also showed that prenatal DEHP exposure induces 
obesity and increases epididymal fat, indirectly indicating 
reproductive aging and testosterone deficiency. On the one 
hand, the lifelong impact of the epididymis and seminal 
vesicle further verified the testicular toxicity of prenatal 
DEHP exposure. On the other hand, the results observed 
in the middle-aged stage indicated that prenatal DEHP 
exposure induced reproductive aging, which deserves 
further study.

The present study had some limitations. Notably, the 
mechanism was not explored deeply; it merely stayed on 
the interference of steroidogenic gene expression, and the 

underlying mechanism deserves further study. Moreover, 
the phenotypes of testicular toxicity after prenatal exposure 
had not been fully explored, such as phenotypes in the 
old-aged stage, LCs morphology, and remaining genes 
of steroidogenesis, which may restrict the comprehensive 
understanding of testicular toxicity following prenatal 
DEHP exposure. In addition, the mice model may be more 
insensitive to DEHP, this study only induced poor genital 
development with no hypospadias. Lastly, prenatal DEHP 
exposure mainly impact fetal LCs, the TM3 cells cannot 
simulate fetal LCs perfectly, the primary LCs extracting 
from fetal testis may be more representative for in vivo 
experiment. Even so, our study had special significance in 
understanding the lifelong testicular toxicity of prenatal 
DEHP exposure and the critical role of interfering with 
steroidogenic gene expression. Our study suggested the 
association between prenatal exposure and DSD and 
adult male disorders in humans, thus having some clinical 
significance.

Conclusions

Prenatal DEHP exposure induces lifelong testicular 
toxicity by continuously interfering with steroidogenic 
gene expression, thus indicating the association between 
prenatal exposure and DSD, adult male disorders, and even 
reproductive aging. Preventing prenatal exposure is worthy 
of attention.
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