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Abstract: Exposure to Mono(2-ethylhexyl)phthalate (MEHP) is known to impair the normal development of fetal 
testis, resulting in reproductive tract disorders such as Sertoli-cell-only syndrome, hypospadias, cryptorchidism, and 
impaired spermatogenesis. The embryonic period is particularly important for the development of the male repro-
ductive system. However, the exact changes in fetal testis after MEHP exposure are not well characterized. In this 
research, testes of 16.5 days post-conception (dpc) rat fetuses were isolated and cultured in the fetal testis assay 
system. At 3, 6, and 9 h after exposure to MEHP at different concentrations (0, 10 μM and 100 μM, respectively), 
apoptotic gene expressions were assessed and ultrastructural studies were conducted. Exposure to MEHP induced 
upregulation of Bax and Caspase-3 expression and downregulation of Bcl-2 expression. In addition, MEHP caused 
time- and dose-dependent mitochondrial degeneration in Sertoli cells and gonocytes characterized by swelling and 
loss of cristae. Apoptotic and necrotic cells were also detected after MEHP treatment. The apoptotic Sertoli cells 
exhibited marginated and condensed chromatin. Multinucleated gonocytes (MNGs) and increased electron density 
of gonocytes were identified after high-dose MEHP treatment. Moreover, broken basement membrane and intratu-
bular Leydig cells (ITLCs) were found in the seminiferous tubules. To conclude, MEHP treatment tended to induce 
apoptosis or necrosis of gonocytes and Sertoli cells; high-dose MEHP tended to induce the occurrence of MNGs 
and ITLCs. 
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Introduction

During the past 30 years, there are increasing 
reports about poor sperm quality, which are 
believed to result from exposure to endocrine-
disrupting chemicals (EDCs) [1, 2]. Phthalate 
esters, a common class of EDCs, have raised 
wide concerns. In particular, di-(2-ethylhexyl) 
phthalate (DEHP) is the most frequently used 
plasticizer in the plastics industry; thus, it is 
found in many daily commodities, such as toys, 
water bottles, tableware, and medical equip-
ment. Upon ingestion, DEHP is rapidly metabo-
lized by esterases in the gut and other tissues, 
leading to the production of corresponding 
active monoesters, such as MEHP, a testicular 
toxicant [3]. 

The embryonic period is a particularly impor-
tant period for the development of the male 

reproductive system [4]. The development and 
differentiation of germ cells is a closely regu-
lated process in which endocrine and paracrine 
signals play an important role [5, 6]. The gono-
cytes are precursors of type A spermatogonia 
and spermatogonial stem cells (SSCs) which 
determine the spermatogenic function of the 
adult [7, 8]. The fetal period is highly sensitive 
to EDCs, which can traverse the placental bar-
rier and enter the genital ridge [9]. In the past 
30 years, the fetal testis assay (FeTA) system 
has been developed, which allows the mainte-
nance of gametogenesis and steroidogenesis 
of rat fetal testis tissues [10, 11]. MEHP expo-
sure has been shown to induce a series of male 
reproductive disorders, including a reduction  
in testosterone, decreased proliferation and 
increased apoptosis of gonocytes, as well as 
the occurrence of vacuolated Sertoli cells [4, 
12, 13].
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Despite increasing evidence related to the 
reproductive toxicity of phthalates, relatively 
few studies have evaluated the ultrastructural 
changes of fetal testes after exposure to EDCs. 
Light microscopy does not provide adequate 
and precise histological characterization, while 
electron microscopy facilitates elucidation of 
subtle intracellular changes that are more 
directly related to the physiological processes. 
In this study, we conducted ultrastructural stud-
ies to evaluate the toxicity of MEHP on fetal 
testes.

Materials and methods

Animals and sample collection 

The experiments and protocol were approved 
by the Committee on Animal Research and 
Ethics of the Xi’an Jiaotong University (Xi’an, 
China) and were carried out in accordance with 
the Guidelines for Animal Experimentation of 
Xi’an Jiaotong University and the Guide for the 
Care and Use of Laboratory Animals published 
by the US National Institutes of Health (NIH 
Publication NO. 85-23, revised 2011). Two 
male and 12 female adult specific pathogen-
free Sprague-Dawley rats were obtained from 
the Experimental Animal Center of Xi’an 
Jiaotong University and housed under con-
trolled photoperiod conditions (lights on 08:00 
h-20:00 hr) with ad libitum access to tap water 
and a soy-free breeding diet. Female rats were 
subjected to vaginal smear examination to esti-
mate the estrous cycle. Female rats which were 
in proestrus and estrus were caged overnight 
with male rats in a ratio of 2:1. The vaginal 
smear was performed again the next day. The 
presence of sperm in the smear was indicative 
of 0.5 dpc. On 16.5 dpc, pregnant female 
Sprague-Dawley rats were anesthetized by 
intraperitoneal injection of 2% sodium pento-
barbital (Sigma-Aldrich Inc., St. Louis, MO, 
U.S.A.; 0.2 ml/100 g body weight). The fetal 
testes were isolated aseptically from the 16.5 
dpc fetuses under an anatomical microscope 
and then immedi ately explanted in vitro.

Organ culture and exposure

Testes were cultured on Millicell-CM Biopore 
membranes (Millipore Corp., Bedford, MA, 
U.S.A.) [14]. The culture solution was phenol 
red-free F12/Dulbecco’s Modified Eagle’s 
Medium (DMEM/F12) (Gibco, Grand Island, NY, 

U.S.A.) supplemented with 10% KnockoutTM 
Serum Replacement (KSR) (Gibco, Grand 
Island, NY, U.S.A.), penicillin (100 IU/ml) and 
streptomycin (100 IU/ml) (TransGen Biotech, 
Beijing, China). MEHP (Accustandard Inc., New 
Haven, CT, U.S.A.) was dissolved in 99.5% pure 
dimethylsulfoxide (DMSO) (Sigma-Aldrich Inc., 
St. Louis, MO, U.S.A.) to prepare stock solutions 
of 100 mM. Testes were exposed to vehicle 
(control), MEHP (10, 100 μM, respectively), and 
the final concentration of DMSO in each group 
was 0.1%. The cultured testes were incubated 
at 37°C in a humidified atmosphere of 95% air 
and 5% carbon dioxide. The harvesting was car-
ried out at 3, 6, and 9 hr after culture; nine 
groups were formed in this study (CTRL3, 10 
μM3, 100 μM3; CTRL6, 10 μM6, 100 μM6; 
CTRL9, 10 μM9, 100 μM9). Twelve testes were 
used in each group, and 6 testes in each group 
were used for real time quantitative polymerase 
chain reaction (RT-qPCR) and transmission 
electron microscopy, each.

In a pilot study, 10 μM of MEHP was added to 
the culture system, and only 0.3% of MEHP was 
present in the cultured testis; this corresponds 
to a concentration of approximately 2500 μg/l, 
which is relevant to the environmental expo-
sure in humans [12, 15]. The no observable 
adverse effect level (NOAEL) of MEHP for 
human germ cells ranges between 1 μM and 
10 μM [13]. The maximal concentration of 
MEHP in neonatal cord blood samples is 10 μM 
(mean value: 2 μM) [16]. Moreover, the mean 
concentration of MEHP in fetal cord blood sam-
ples is approximately 36 μM [17]. In the clinical 
setting, such as exposure to DEHP from a blood 
transfusion, the concentration of MEHP in fetal 
cord blood can be as high as one to two orders 
of magnitude over the general exposure level 
[18]. Therefore, the relevant doses of 10 μM 
and 100 μM were chosen in this study.

RNA extraction and RT-qPCR 

Total RNA was extracted from fetal testis using 
a total RNA extraction kit (Fastagen Biotech 
Co., Ltd., Shanghai, China) and then reverse 
transcribed using RevertAid™ First Strand 
cDNA synthesis kit (Thermo Fisher Scientific, 
Inc., Waltham, MA, U.S.A.). RT-qPCR was per-
formed using the Bio-Rad Real-Time PCR sys-
tem (IQ5; Bio-Rad). GAPDH was used as an 
endogenous control. Relative gene expression 
was analyzed using a 2-ΔCq algorithm. Primers 
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Figure 1. Exposure to 10 μM 
MEHP for 3, 6, and 9 hr and 100 
μM MEHP for 6 and 9 hr caused a 
significant increase in Caspase-3 
expression compared with corre-
sponding control (P<0.05). More- 
over, exposure to 10 μM MEHP for 
9 hr caused a significant increase 
in Caspase-3 expression com-
pared with 10 μM MEHP exposure 
for 3 hr (P<0.05). Exposure to 100 
μM MEHP for 9 hr caused a signifi-
cant increase in Caspase-3 ex- 
pression compared with 100 μM 
MEHP exposure for 3 and 6 hr and 

Table 1. Gene-specific primers used in the study
Gene name Accession no. Specific primer (5’ to 3’)
Caspase-3 NM_012922.2 Forward: TGGAACGAACGGACCTGTG

Reverse: CGGGTGCGGTAGAGTAAGC
Bax NM_017059.2 Forward: CAGGATGCGTCCACCAAGAA

Reverse: CGTGTCCACGTCAGCAATCA
Bcl-2 NM_016993.1 Forward: GGGATGCCTTTGTGGAACTATATG

Reverse: TGAGCAGCGTCTTCAGAGACA
GAPDH NM_017008.4 Forward: TGGGTGTGAACCACGAGAA

Reverse: GGCATGGACTGTGGTCATGA
Bcl-2: B-cell lymphoma-2, Bax: Bcl-2-associated x protein, GAPDH: glyceralde-
hyde-3-phosphate dehydrogenase.

satisfied the following criteria: melting tempera-
ture (Tm), approximately 60-64°C; GC content, 
approximately 35-65%. All primer sequences 
for gene targets are listed in Table 1.

Transmission electron microscope

The harvested-testes were promptly washed 
with 0.1 M phosphate buffer saline (PBS), 
immersed in 2.5% glutaraldehyde plus 4% 
paraformaldehyde in phosphate buffer for 2 h 
at 4°C. Then, the testes were washed with 0.1 
M phosphate buffer for 30 min, postfixed in 1% 
osmium tetroxide in phosphate buffer for 2 hr 
at 4°C, washed for 20 minutes with PBS again, 
dehydrated in a graded series of ethanol (30, 
50, 70, 80, 90, 95, and 100% ethanol), 
immersed overnight in a mixture of propylene 
oxide plus epon 812 at 37°C, and embedded in 
polymerization. Ultrathin sections were stained 
with uranyl acetate and lead hydroxide and 
examined with a HITACHI H-7650 transmission 
electron microscope at 80 kV. 

Statistical analysis

Data are presented as mean ± standard  
error of the mean (SEM) and analyzed using 
GraphPad Prism 5 (GraphPad, USA). Stati- 
stical analysis was conducted using one-way  
analysis of variance, followed by Tukey’s test.  
P values <0.05 were indicative of statistical 
significance.

Results

In vitro exposure to MEHP altered the expres-
sion of apoptotic genes

The expressions of apoptotic genes (Caspase-3, 
Bax, and Bcl-2) in each group are presented in 

10 μM MEHP exposure for 9 hr (P<0.05). 
Exposure to 100 μM MEHP for 6 and 9 hr 
caused a significant increase in Bax expression 
compared with corresponding control (P<0.05). 
Exposure to 100 μM MEHP for 9 hr caused a 
significant increase in Bax expression com-
pared with 100 μM MEHP exposure for 3 hr, 
and that of 10 μM MEHP exposure for 9 hr 
(P<0.05). Exposure to 100 μM MEHP for 3, 6, 
and 9 hr and that of 10 μM MEHP for 9 hr 
caused a significant decrease in Bcl-2 expres-
sion compared with the corresponding control 
(P<0.05). Exposure to 10 μM MEHP for 9 hr 
caused a significant decrease in Bcl-2 expres-
sion compared with 10 μM MEHP exposure for 
3 hr (P<0.05).

Effects of MEHP exposure on Sertoli cell ultra-
structure

Figure 2A and 2B show the ultrastructure of 
Sertoli cells in the control group; no morpho-
logical defects were seen after culture. Sertoli 
cells showed normal morphological character-
istics, including regularly shaped nuclei and a 
number of mitochondria and rough endoplas-
mic reticula. Ten μM MEHP treatment for 3 hr 
caused no degenerative changes in Sertoli 
cells (data not shown). After 10 μM MEHP treat-
ment for 6 hr and 100 μM MEHP for 3 hr, swol-
len mitochondria were observed in Sertoli cells 
(Figure 2C, 2D). After 10 μM MEHP treatment 
for 9 hr, apoptotic Sertoli cells were identified in 
seminiferous tubules (Figure 2E). Apoptotic 
Sertoli cells were characterized by cytoplasm 
shrinkage with still functioning cell organelles 
and no membrane rupture. The nuclei of apop-
totic Sertoli cells were densely packed with 
marginated and condensed chromatin (Figure 
2E). One hundred μM MEHP treatment for 6 
and 9 hr caused more advanced alterations, 
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Figure 1. MEHP-induced changes in the mRNA levels of apoptosis-related genes. *P<0.05 vs. corresponding CTRL; 
#P<0.05 vs. 100 μM9; &P<0.05 vs. 10 μM9. Data presented as mean ± SE.

and necrotic Sertoli cells were identified (Figure 
2F). Necrotic Sertoli cells were characterized by 
ruptured mitochondria, plasma membrane 
lysis, as well as spilt cell contents. 

Effects of MEHP exposure on gonocytes ultra-
structure

In the control group, normal gonocytes were 
observed in the seminiferous tubules with 
extensive mitochondria, rough endoplasmic 
reticulum, and ribosomes (Figure 3A, 3B). Ten 
μM MEHP treatment for 3 and 6 hr did not 
induce any degenerative changes in the gono-
cytes (data not shown). After 10 μM MEHP 
treatment for 9 hr, swollen mitochondria were 
observed in gonocytes (Figure 3C). After 100 
μM MEHP treatment for 3 hr, apoptotic go- 
nocytes were identified in seminiferous tu- 
bules (Figure 3D). Apoptotic gonocytes were 
characterized by cytoplasmic shrinkage and 
condensed chromatin (Figure 3D). After 100 
μM MEHP treatment for 6 and 9 hr, large  
multinucleated gonocytes (MNGs) were ob- 
served (Figure 3E), while some of the gono-
cytes showed increased electron density 
(Figure 3F).

Apoptotic cells and apoptotic body 

After 10 μM MEHP treatment for 9 hr and 100 
μM MEHP treatment for 6 and 9 hr, some apop-
totic cells were found to have been swallowed 
by the adjoining Sertoli cells (Figure 4A, 4B). 
We also found a Sertoli cell in the process of 
swallowing an apoptotic cell (Figure 4C). Typical 
apoptotic bodies that originated from apoptotic 
cells were seen in the seminiferous tubules 
(Figure 4D).

Effects of MEHP exposure on Leydig cell and 
basement membrane 

In the control group, normal fetal Leydig cells 
were observed, and the basement membrane 
was complete (Figure 5A). After 100 μM MEHP 
treatment for 9 hr, all of the degenerative 
changes stated above were observed. The 
number of necrotic and apoptotic cells tended 
to gradually increase in a time-and dose-depen-
dent manner. Furthermore, the basement 
membrane of some seminiferous tubules was 
broken, and some Leydig cells referred to as 
intratubular Leydig cells (ITLCs) were aberrantly 
located inside the seminiferous tubules (Figure 
5B, 5C). 

Discussion 

Apoptosis is a highly regulated process of cell 
death, which plays an important role in balanc-
ing cell proliferation and differentiation [19]. 
The Bcl-2 family of proteins includes several 
crucial apoptosis regulatory factors [20]. While 
Bcl-2 is an antiapoptotic protein, Bax is a pro-
apoptotic protein. Caspases are a classic fami-
ly of cysteinyl aspartate proteinases which are 
mainly involved in apoptosis. Among the down-
stream caspases, Caspase-3 plays a critical 
role in mediating apoptosis. In this study, MEHP 
increased the mRNA expression levels of 
Caspase-3 and Bax, and decreased the level of 
Bcl-2 in a time- and dose-dependent manner; 
these findings indicate that MEHP may induce 
apoptosis in testicular tissue.

In the control group, fetal testes showed nor-
mal ultrastructure after culture. Sertoli cells 
were mostly situated at the basal lamina, 
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Figure 2. Degenerative changes in Sertoli cells (SC) after MEHP treatment. A, B. Normal ultrastructure of Sertoli cells was seen in the control group with normal 
ultrastructure of mitochondria (M) and endoplasmic reticulum (black arrow). C, D. Swollen mitochondria with loss of cristae were seen after MEHP treatment. E, F. 
Apoptotic Sertoli cells (ASC) and necrotic Sertoli cells (NSC) were also identified after MEHP treatment. Chromatin condensed in margin (white arrow) was seen in 
the nuclei (N) of ASCs. Nu: nucleolus, G: gonocyte, BV: blood vessel.



Ultrastructural changes in rat testes after MEHP exposure

3994 Int J Clin Exp Med 2020;13(6):3989-3999

Figure 3. Ultrastructural changes of gonocytes (G) after MEHP treatment. A, B. Normal ultrastructure of gonocytes was shown in the control group. C. Swollen mi-
tochondria (M) with loss of cristae were observed after MEHP treatment. D, E. Apoptotic gonocytes (AG) and multinucleated gonocytes (MNG) were observed after 
MEHP treatment. F. The electron density of many gonocytes increased. N: nuclei, SC: Sertoli cell, NC: necrotic cell, AB: apoptotic body.
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Figure 4. Ultrastructure of apoptotic cells (AC) and apoptotic body (AB) after MEHP treatment. A, B. Apoptotic cells were swallowed by adjacent Sertoli cells (SC). C. 
A Sertoli cell was swallowing an apoptotic cell. D. The apoptotic body was observed.
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Figure 5. Degenerative changes of Leydig cells (LC) and basement membrane after MEHP treatment. A. Normal basement membrane (black arrow) was observed in 
the control group. B, C. After MEHP treatment, the basement membrane was broken (white arrow) and some nearby Leydig cells (LC) got in the seminiferous tubule. 
G: gonocyte, SC: Sertoli cells.
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whereas most gonocytes were located at the 
center of seminiferous tubules and were larger 
in size than Sertoli cells [10, 18]. MEHP expo-
sure initially damages the Sertoli cells; subse-
quently, the gonocytes are damaged due to 
impaired Sertoli cells [13, 21, 22]. In this study, 
after MEHP exposure, the first degenerative 
change was mitochondrial swelling in Sertoli 
cells. With exposure level increasing, MNGs 
and degenerative cells were observed. The 
occurrence of MNGs is an evident change of 
the “phthalate syndrome” in rodents and is 
considered to be independent of phthalate-
induced decreased testosterone [23, 24]. 

The potential mechanism of occurrence of 
MNGs may be related to the interference of the 
membrane interactions between gonocytes 
and Sertoli cells. Mitochondrial swelling would 
disturb the function of Sertoli cells and lead to 
the appearance of MNGs. The migration of 
gonocytes guided by Sertoli cells from the cen-
ter to the periphery of the seminiferous tubules 
is crucial for their normal differentiation and 
survival. Gonocytes remaining at the center of 
the tubule after 5 days postpartum are target-
ed for apoptosis [25-27]. MNGs which have dif-
ficulty in migrating towards the basement 
membrane due to their large volume and dam-
aged Sertoli cells would be destined for apop-
tosis [13, 28]. Moreover, dysfunctional Sertoli 
cells do not effectively support the gonocytes 
and transmit an apoptotic signal to induce the 
death of gonocytes [18]. 

We observed an increased electron density of 
gonocytes named dark cells with no blebbing 
of the plasma, mitochondrial swelling, or dis-
tention of endoplasmic reticula. Dark-cell 
degeneration has been described in the degen-
eration of neuronal cells and chondrocytes; it 
was reported to be an apoptosis-like and 
hypoxia-related type of cell degeneration [29, 
30]. Neurons undergoing dark-cell degenera-
tion scarcely expressed caspase-3 [31]. 
Therefore, these dark cells are not identical to 
the classical apoptotic cells. However, it 
remains unclear whether dark cells could result 
in the loss of gonocytes and whether they rep-
resent the early stage of apoptotic cells.

After MEHP treatment at 100 μM, we also 
observed ITLCs, which is consistent with previ-
ous studies [12, 32]. One study indicated that 

fetal Leydig cells were just trapped when semi-
niferous tubules formed [32]. In this study, the 
basement membrane of the seminiferous 
tubule was broken, which facilitated the entry 
of Leydig cells into the seminiferous tubules. It 
is likely that fetal Leydig cells invaded the semi-
niferous tubules due to the impaired structural 
integrity of the basement membrane. 

The functional significance of the ITLCs is still 
unclear. ITLCs may interfere with the normal 
development of Sertoli cells and disturb gono-
cytes’ long-term survival and normal spermato-
genesis, resulting in the appearance of Sertoli-
cell-only tubules in adulthood [32, 33]. 
Moreover, ITLCs have also been observed in 
cryptorchids and patients with Sertoli-cell-only 
syndrome (SCOS) [34, 35]. Therefore, ITLCs 
may be a credible signal of testicular hypopla-
sia. On the other hand, testosterone production 
is disrupted after exposure to MEHP or in 
patients with cryptorchidism and SOCS. 
Testosterone can easily reach the tubular 
lumen if Leydig cells are located within the 
tubules. Therefore, the occurrence of ITLCs 
may represent a mechanism to compensate for 
impaired testosterone production [34].

To summarize, our research indicated that 
MEHP exposure induces deleterious ultrastruc-
tural effects in rat fetal testes; such as apopto-
sis, MNGs, and ITLCs, which provides addition-
al insight into the ultrastructural changes relat-
ed to the testicular toxicity of MEHP. Further 
studies are required to fully understand the 
mechanisms involved in MEHP-induced repro-
ductive toxicity.
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