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Abstract: Environmental estrogens (EEs) have been correlated with abnormalities in the male urogenital system. 
However, the mechanism underlying the effect of these molecules remains unclear. In vitro and in vivo experiments 
were performed to examine the expression level and mechanism of relaxin family peptide receptor 2 (RXFP2) in 
the gubernaculum of fetal mice following diethylstilbestrol (DES) treatment. The in vivo results demonstrate that 
DES treatment increased the stillbirth rate gradually, decreased the gubernacular cone volume significantly, and 
disrupted the tissue structure, leading to incomplete testicular descent. In vitro experiments reveal that DES ad-
ministration resulted in abnormal cellular morphology and structural disorder of gubernacular cells, which lost their 
original morphology in a dose-dependent manner. Moreover, DES-induced F-actin rearrangement and stress fiber 
formation in cultured cells. Protein quantitative analysis showed that the RXFP2 level in each experimental group 
was significantly lower than that of the normal group. In conclusion, DES affects the morphology and alters the 
gubernaculum structure, as well as the expression of RXFP2 protein. These data demonstrate that DES is toxic to 
gubernaculum in fetal mice, and that RXFP2 is associated with the abnormal gubernaculum morphology induced by 
DES. Taken together, these data suggest that RXFP2 may be a novel potential biomarker for abnormal differentiation 
of the gubernaculum. 

Keywords: Diethylstilbestrol (DES), relaxin family peptide receptor 2 (RXFP2), insulin like factor 3 (INSL3), bio-
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Introduction

Many epidemiological studies have proven that 
the reproductive capability of humans has 
gradually declined over the past few decades. 
Abnormalities in the development of the male 
genitourinary system have significantly in- 
creased, which may be closely related to expo-
sure to environmental estrogens (EEs) during 
pregnancy [1-4]. The influence of EEs on hu- 
man male reproductive health mainly mani-
fests as congenital malformation, such as 
cryptorchidism, hypospadias, and disorders of 
sexual development (DSD), abnormal reproduc-

tion and sexual function, and urogenital system 
tumors in adults. These diseases are a part of 
what is known as testicular dysgenesis syn-
drome (TDS), which is caused by disrupted tes-
ticular development in utero [5-8]. As a core 
governing organ, the testicle influences or 
induces development of the entire male repro-
ductive system. Therefore, studies to determine 
the factors that influence normal testicular 
descending development are particularly im- 
portant.

Normal development of the testicles consists of 
two descent stages, transabdominal and ingui-
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nal scrotal. In the transabdominal stage, the 
testicle descends to the groin, gubernacular 
cells rapidly proliferate, and the cranial suspen-
sory ligament simultaneously degenerates. In 
the inguinal scrotal stage, the gubernaculum 
degenerates, and the testicle descends from 
the bottom of the abdominal cavity to the bot-
tom of the scrotum [9-11]. In transabdominal 
descent, the gubernaculum typically undergoes 
proliferation, differentiation, migration, con-
traction and hormone metabolism [12]. Cu- 
rrently, the regulatory factor with widely accept-
ed critical roles in this stage is insulin like factor 
3 (INSL3), which has been shown to stimulate 
gubernaculum hyperplasia and control its 
development [13-16].

INSL3 plays its biological role by binding to a 
specific receptor called RXFP2 and forming the 
INSL3-RXFP2 ligand-receptor complex [17, 18]. 
In previous studies, EEs have been shown to 
inhibit INSL3 generation in Leydig cells in the 
testicles by varying degrees and further influ-
encing testicular descent and testicle develop-
ment, which may be indirectly realized by 
affecting the morphology and function of the 
gubernaculums [19]. However, the influence of 
EEs on gubernacular development remains 
unclear. There have been many reports describ-
ing the influence of EEs on INSL3 [14, 20], but 
the data regarding their direct effect on RXFP2 
are still lacking.

To confirm whether EEs effects on the develop-
ment of gubernaculum are directly related to 
RXFP2, a testicular descent mouse model and 
cultured gubernacular cells were established 
previously [7, 21]. In this study, we sought to 
investigate the mechanism of RXFP2 that is 
affected by estrogen during gubernaculum 
development. We exposed the mice and guber-
nacular cells to diethylstilbestrol (DES) to 
observe its influence on the morphology, struc-
ture, and RXFP2 of the gubernaculum tissues 
and gubernacular cells. Our data provide a new 
theoretical basis for the reproductive toxicity 
mechanism of EEs.

Materials and methods

Antibodies and reagents

Diethylstilbestrol (DES) and trypan blue were 
purchased from Sigma Aldrich (St. Louis, MO, 
USA). Dulbecco’s modified Eagle’s medium 
(DMEM) with high sugar content and no pheno-

lic red was purchased from Applichem Bio- 
technology (Darmstadt, Germany). Fetal bovine 
serum (FBS) without estrogen was purchased 
from BioInd (Haemek, Israel). Dimethyl sulfox-
ide (DMSO) was purchased from Sangon Bio- 
tech (Shanghai, China). Cell Counting Kit-8 
(CCK-8) was purchased from Dojindo Molecular 
Technologies (Tokyo, Japan). Goat anti-mouse 
RXFP2 polyclonal antibody was purchased  
from Santa Cruz Biotechnology (Dallas, Texas,  
USA). Fluoresceinisothiocyanate (FITC)-con- 
jugated rabbit anti-goat IgG was purchased 
from BOSTER Biological Technology (Wuhan, 
China).

Animals

Kunming mice aged 8 to 10 weeks were pur-
chased and maintained at the Animal Research 
Laboratory in the Medical College of Shantou 
University. These mice were maintained under 
controlled conditions at a fixed temperature 
(23±1°C) and under a 12-h night/dark cycle, 
with free access to water and laboratory chow. 
All animals received excellent nutrition, were 
drug-free, and exhibited normal mental and 
neurological states. The Shantou University 
Medical College Animal Experimental Ethics 
Committee approved the use of Kunming mice 
for protocol purposes (NO. SUMC 2018-064). 
The procedures for care of the Kunming mice 
were in accordance with the guidelines for the 
treatment of experimental animals (Beijing 
Science Press (2016).

Grouping and treatment

Kunming mice were raised in cages with a 
female/male ratio of 2:1. Female mice were 
considered pregnant when a vaginal plug was 
found, at which point the gestational age was 
recorded as embryonic day 0 (ED 0). Pregnant 
mice were randomly assigned to one of six 
groups: normal, control, or an experimental 
group (DES at 0.10, 1.00, 10.00, and 100.00 
μg/kg·d) (n = 10). Mice in the experimental 
groups were subcutaneously injected with DES 
during ED 9-ED 17, and those in the control 
group were subcutaneously injected with DMSO 
+ physiological saline (1:2,000) of equal vol-
ume. Mice in the normal group were not 
medicated.

Calculating the gubernacular cone volume  

Pregnant mice were euthanized by removing 
the cervical vertebra to immediately extract the 



RXFP2 as biomarker for gubernacular toxicity of DES

3717 Am J Transl Res 2020;12(7):3715-3727

fetal mice. The lower abdomen of the fetal mice 
was fixed in 10% neutral formaldehyde to make 
sections. After hematoxylin and eosin (H&E) 
staining, microscopy was performed to visual-
ize the gubernaculum and observe the morpho-
logical changes.

Sections of the specimens were made with the 
same thickness (d), except for the last one (d1), 
which was different from the others (d). A total 
of n sections and n+1 cross sections were 
obtained. The area of the cross section of the 
gubernacular cone under the microscope was 
measured (S), and the volume was calculated 
as: V = 3

d  [S0+Sn-2+2(S2+S4+…+Sn-4) + 4(S1+S3+…
+Sn-3)] + 

6
d d1+^ h [2Sn+2Sn-2 - 

d
d1  Sn-2 - 

d1
d  Sn+ 

dd1
d d1 2+^ h  Sn-1] [22]. 

Scanning electron microscopy for observing 
the extent of testicular descent

The extent of testicular descent was observed 
under the scanning electron microscope and 
standardized. The distance between the inferi-
or pole of the kidney to the bladder neck (a) was 
considered as 100 U, and that to the testicle 
center on the same side (b) and thus the extent 
of testicular descent was (b/a) × 100 U. A high-
er value indicated more complete testicular 
descent.

Immunohistochemical staining

The specimens were continuously sectioned at 
a thickness of 4 μm and were then dewaxed. 
After inactivation of endogenous enzymes and 
antigen repair by microwaving, primary anti-
body (goat anti-mouse RXFP2 polyclonal anti-
body, 1:100) was added, and the sections were 
incubated overnight. Then, the sections were 
washed three times with phosphate-buffered 
saline (PBS), and secondary antibody (horse-
radish peroxidase (HRP)-conjugated rabbit 
anti-goat IgG, 1:500) was added. The samples 
were incubated at 37°C for 20 min, developed 
with 3,3’-diaminobenzidine (DAB), dehydrated, 
cleared with xylene, sealed, and observed 
under the microscope. Detection of positive 
antibody signal was indicated by a pale brown 
or dark brown precipitate. PBS was used in 
place of the primary antibody as a negative 
control. Images were taken using a microscope 
and analyzed using Image Pro Plus (IPP) 6.0 
software. Ten sections were selected from 

each group to record the optical density (OD) 
value of the positive substance.

Western blot analysis

The gubernaculum tissue was cut into pieces, 
lysed with radioimmunoprecipitation assay 
(RIPA) protein lysis buffer, completely ground 
on ice, and centrifuged at 12,000 × g for  
30 min at 4°C to obtain a supernatant. The  
proteins were separated by 10% sodium dodec-
yl sulfate-polyacrylamide gel electrophoresis 
(SDS-PAGE). After 1 h, the proteins were trans-
ferred onto a polyvinylidene difluoride (PVDF) 
membrane using wet transfer. The PVDF mem-
brane was blocked with skim milk for 1 h before 
incubation with primary antibody (1:100, goat 
anti-mouse RXFP2 polyclonal antibody) at 4°C 
overnight. The membrane was washed three 
times with Tris-buffered saline (TBS) containing 
0.1% Tween-20 (TBST), and incubated with sec-
ondary antibody (1:1,000, HRP-rabbit anti-goat 
IgG) at room temperature for 1-2 h. After the 
chemiluminescence reaction, the gel results 
were scanned and photographed with a gel 
imaging system, and the OD of the target band 
was analyzed using ImagePro software. The 
ratio of the measured protein gray value to the 
internal reference gray value indicated the rela-
tive protein level. These experiments were per-
formed in triplicate, and the values were 
averaged.

Culture and grouping of gubernacular cells

The gubernaculum tissue was removed using a 
3 × magnification surgical magnifying glass. 
The tissue was digested in Dulbecco’s modified 
Eagle’s medium (DMEM) containing Type I col-
lagenase (1 mg/ml) at 37°C for 1 h, and then 
diluted in a 3- to 4-fold higher volume of medi-
um without estrogen. The medium was decant-
ed, filtered through a 25-μm filter, centrifuged 
at 1,000 rpm for 5 min (centrifugation radius 
15 cm), and the supernatant was then discard-
ed. The cell pellet was added to DMEM contain-
ing fetal bovine serum (FBS) but lacking estro-
gen (10% v/v), aerated to create a single-cell 
suspension, seeded into a 25-ml culture flask, 
and incubated in a 5% CO2 incubator at 37°C 
with saturated humidity. Cells were randomly 
assigned to a normal, solvent control, or experi-
mental group (four doses of DES at 0.01, 0.10, 
1.00, and 10.00 μg/ml).
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Gubernacular cell counting and determination 
of the survival rate

The cells in suspension at the time of subcul-
ture were counted. After using alcohol to wash 
the counting plate, a cover slip was placed on 
the plate. A small amount of uniform cell sus-
pension was dropped into the gap between the 
plate and glass, and observed under a micro-
scope to determine the quantity of cells that 
was uniformly dispersed. Cells in the four cor-
ners were counted, and those on the line were 
counted only when they were in the left upper 
corner, not in the right lower corner. The cell 
suspension concentration was calculated using 
the following equation: (number of cells/ml) = 
(total number of cells in four corners) × 10,000 
× dilution fold.

Cell viability was detected using trypan blue, 
which stains only dead cells. A uniform cell sus-
pension was thoroughly mixed with 0.2% try-
pan blue (9:1) and was maintained at room 
temperature for 2 to 3 min. Next, 10 μl of cell 
suspension was added to the gap between the 
counting plate and cover slip, and then 
observed under an inverted microscope. Cell 
viability the cells in the four corners of the 
counting plate was calculated as follows: cell 
viability (%) = [number of living cells/(number of 
living cells + number of dead cells)] × 100.

Immunofluorescence

Cells were subcultured for 1 to 2 days in a 
monolayer and exhibited good morphology. 
After discarding the culture medium, cells were 
added to medium containing DES at final con-
centrations of 0 (control group), 0.01, 0.10, 
1.00, and 10.00 μg/ml (1 μl). The normal con-
trol group did not receive any DES. After cultur-
ing the cells for 48 h, the cover slip was washed 
lightly with PBS, and the cells were fixed with 
4% paraformaldehyde for 15 min, washed three 
times with PBS, permeabilizaed in 0.2% Triton 
X-100 in PBS for 10 min, and blocked with 1% 
BSA. Then, primary antibody (goat anti-mouse 
RXFP2 polyclonal antibody, 1:100) was applied 
to the cover slip before storage in a wet box at 
4°C overnight. The next day, the cover slip was 
washed three times with PBS, and fluorescein 
isothiocyanate (FITC)-conjugated rabbit anti-
goat IgG secondary antibody (1:500) was 
applied. F-actin was detected by incubation 

with 5 μg/ml FITC-phalloidin in PBS for 40 min. 
The cover slip was incubated at room tempera-
ture for 60 min, washed three times with PBS, 
sealed with glycerin, and visualized by a fluores-
cence microscopy.

Western blot analysis

Gubernacular cells from each group were lysed 
with RIPA buffer, and after centrifugation, pro-
tein was extracted from the supernatant. The 
proteins were separated by SDS-PAGE, and 
then transferred onto nitrocellulose membrane. 
The membrane was blocked with skim milk, 
rinsed, and then incubated with goat anti-
mouse RXFP2 polyclonal antibody (1:100) at 
4°C overnight, followed by incubation with the 
secondary antibody (HRP-rabbit anti-goat IgG 
1:500) for 1-2 h at room temperature. After 
chemiluminescent reaction, the gel results 
were scanned and photographed with a gel 
imaging system, and the OD of the target band 
was analyzed using ImagePro software. The 
ratio of measured protein gray value to the 
internal reference gray value indicated relative 
protein level. These experiments were per-
formed in triplicate, and the values were 
averaged.

Statistical analysis

All data are expressed as the mean ± standard 
deviation (SD). SPSS 20.0 software was used 
to analyze the data. The constituent ratio was 
determined by the chi-square test, and multiple 
comparisons between groups were analyzed by 
the homogeneity test of variances and one-way 
analysis of variance (ANOVA). Pairwise compari-
son was analyzed from two independent sam-
ples using the Student’s t-test. P < 0.05 was 
considered as statistically significant.

Results

Dose-dependent relationship between stillbirth 
rate and DES exposure

We established a mouse model of DES expo-
sure by subcutaneous injection of DES during 
pregnancy (Figure 1A). In the experimental 
groups, some pregnant mice exhibited vaginal 
bleeding with a high stillbirth rate. The stillbirth 
rates in the normal and control groups were 
2.22% (2/90) and 2.15% (2/93), respectively. 
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However, the stillbirth rate of animals exposed 
to 0.1, 1.0, 10, and 100 μg/kg·d DES was 
6.82% (6/88), 11.24% (10/89), 18.48% (17/ 
92), and 30.68% (27/88), respectively, demon-
strating an increase in stillbirth rate with 
increasing DES exposure. No statistical differ-
ence was found between the control mice and 
those treated with 0.1 μg/kg·d DES compared 
with the normal group (chi-square test, P > 
0.05). However, the other experimental groups 
(DES at 1.0, 10, and 100 μg/kg·d) displayed a 
dose-dependent effect compared with the nor-
mal group (chi-square test, P < 0.05 or P < 
0.001) (Figure 1C).

Disruption of the gubernaculum and guber-
nacular cone volume morphology with DES 
exposure

H&E staining illustrates the normal and control 
groups have well-developed gubernaculum, 
and that the gubernacular cone appears round 
with mesenchymal tissues and sparse cells in 
the center and muscle-derived cells in a den- 
se pattern in the periphery. The boundaries 
between the mesenchymal tissue and muscle-
derived cells were clear. In the experimental 
groups, the gubernaculum was not well-devel-
oped and exhibited irregular morphology, 

Figure 1. Influence of DES on the stillbirth rate and gubernaculum development. A. Establishment of animal models. 
Pregnant mice were subcutaneously injected with DES during ED9-ED17. The lower abdomen of fetal mice was fixed 
in formaldehyde to make sections. B. Changes in morphological structure of the gubernaculum in each group. From 
left to right: the normal group, solvent control group, and experimental groups (DES 0.1, 1.0, 10, 100 μg/kg·d). As 
the DES dose increased, the gubernaculum became more poorly developed and the morphology became more ir-
regular. No obvious boundary was observed between mesenchymal tissues and muscle-derived cells, and the tissue 
structure was relatively disordered with the gubernacular cone volume decreasing gradually. C. Comparison of the 
stillbirth rate. The stillbirth rate of fetal mice increased as the DES dose increased. D. The gubernacular cone vol-
ume of each group compared with the normal group. The volume continued to decrease significantly with increasing 
DES dose. *P < 0.05 vs. the normal group, ***P < 0.001 vs. the normal group.
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namely diffuse boundaries and disordered tis-
sue structure (Figure 1B). Moreover, the guber-
naculum bands in the normal and control 
groups were short, while the gubernacular 
cones were well-developed and large with a 
cylindrical shape. The gubernaculum bands in 
the experimental groups were long and poorly 
developed, possessing a small volume. With 
increasing DES dose, the volume decreased 
significantly compared with the normal group 
(one-way ANOVA, P < 0.001) (Figure 1B and 
1D).

Decrease in testicular descent in fetal mice 
exposed to DES

We also examined the extent of testicular 
descent by scanning electron microscopy. 
Animals in the normal and control groups pos-
sessed testicles that had descended to the 
neck of the bladder, which was relatively far 
from the inferior pole of the kidney. The testicle 

and gubernaculum were well-developed in 
these mice (Figure 2A). In contrast, the testicle 
and gubernaculum were poorly developed in 
the DES experimental groups, with testicular 
descent far removed from the neck of the blad-
der and near to the inferior pole of the kidney 
(Figure 2B). The testicular descent distances in 
the experimental groups were shorter than 
those in the normal and control groups (one-
way ANOVA, P < 0.001) (Figure 2C). Correlation 
analysis between the gubernacular cone vol-
ume and relative distance of testicular descent 
indicated that the length became shorter as 
the volume of the gubernacular cone shrank (r 
= 0.9816, P < 0.001) (Figure 2D).

Dose-dependent decrease in RXFP2 protein 
level in gubernacular tissue based on DES 
exposure

The immunohistochemistry results demon-
strate that RXFP2-positive cells were pale 

Figure 2. Examination of the extent of testicular descent by scanning electron microscopy. A. The testicle and gu-
bernaculum were well-developed in the normal group. The testicles descended to the neck of the bladder, which 
was relatively far from the inferior pole of the kidney. B. The testicle and gubernaculum were poorly developed in 
the DES-treated groups. Testicular descent was short, ending far from the neck of the bladder and near the inferior 
pole of the kidney. C. The relative distance of testicular descent in each group compared with the normal group. The 
distance of testicular descent in the DES-treated groups was shorter than those in the normal or control groups. D. 
The gubernacular cone volume had a positive correlation with the relative distance of testicular descent. ***P < 
0.001 vs. the normal group.
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brown or dark brown and expressed in muscle-
derived cells, while the mesenchymal tissues in 
the gubernaculum consisted mainly of muscle-
derived cells (Figure 3A-F). No statistical differ-
ence was found between the normal and the 
control groups (two independent samples, 
Student’s t-test, P > 0.05). Moreover, positive 
staining was relatively weak in each experimen-
tal group compared with the normal group, with 
a higher DES dose producing in more signifi-
cant reduction (one-way ANOVA, P < 0.001) 
(Figure 3G). Quantitative analysis of RXFP2 pro-
tein level in fetal mouse gubernacular tissue 
indicated that there was no significant differ-
ence in RXFP2 expression between the normal 
and the control groups (two independent sam-
ples, Student’s t-test, P > 0.05). However, the 
experimental groups exhibited a significant 

decrease in RXFP2 protein that was dependent 
on DES dosage. (one-way ANOVA, P < 0.001) 
(Figure 3H and 3I).

DES alters the morphology and decreases the 
survival rate of gubernacular cells

Most gubernacular cells in the normal and con-
trol groups were fibroblast-like while a few had 
an epithelioid cell phenotype. The cell body dis-
played either a fusiform shape or an irregular 
triangular shape, with a protruding cytoplasm. 
After subculture, the fibroblast-like cells grew 
with high homology and a 90% survival rate 
(Figure 4A, 4B and 4H). Growth of the experi-
mental group cells was significantly inhibited as 
the DES dose increased, growing slowly with a 
smaller protuberance but a larger intercellular 

Figure 3. Examination of RXFP2 expression in gubernacular tissue by immunohistochemistry and western blot. 
RXFP2-positive cells exhibit a pale brown or dark brown signal, and were found in muscle-derived cells and the 
mesenchymal tissues in the gubernaculum. No statistical difference was found between the (A) normal group and 
(B) control group. Positive staining was relatively weak (C-F) in each experimental group compared with the (A) 
normal group. (G) Comparison of RXFP2 expression in the gubernaculum tissue between groups indicates that the 
reduction in RXFP2 expression induced by DES is dose-dependent. Positive optical density represents the relative 
quantity of RXFP2 expression. (H, I) Quantitative analysis of RXFP2 protein in the fetal mouse gubernacular tissue 
indicates that there was no significant difference between RXFP2 expression in the normal and the control groups. 
However, RXFP2 expression in the experimental groups was decreased significantly. Higher DES dose led to lower 
expression of RXFP2. ***P < 0.001 vs. the normal group.



RXFP2 as biomarker for gubernacular toxicity of DES

3722 Am J Transl Res 2020;12(7):3715-3727

gap junction (Figure 4C-F). A higher DES dose 
led to loss of fibroblast morphology and 
decreased cytoplasm, as well as exhibition of 
an irregular elliptical shape (Figure 4F). The 
number of cells and survival rate were also 
decreased in the experimental group (one-way 
ANOVA and chi-square test, P < 0.001) (Figure 
4G and 4H). Taken together, these data demon-
strate that DES affects the morphology and 
survival rate of gubernacular cells. 

DES impairs the actin cytoskeleton of guber-
nacular cells

FITC-phalloidin against F-actin was used to 
examine whether the actin cytoskeleton dif-
fered between untreated and DES-treated 

gubernacular cells. We found that the normal 
and control groups exhibited short processes 
and a diffusive filamentous staining with FITC-
phalloidin, mainly around the cell periphery 
(Figure 5A). However, the stress fibers of DES-
exposed cells were distributed throughout the 
cytoplasm (Figure 5B), suggesting that DES 
impairs the actin cytoskeleton of gubernacular 
cells in vitro.

Subcellular localization of RXFP2 and influ-
ence of DES on RXFP2 expression in guber-
nacular cells

The results from our immunofluorescence 
experiments indicated that RXFP2 was 
expressed on the cell membrane with relatively 

Figure 4. Influence of DES on gubernacular cell morphology, growth, and survival rate. Most of the gubernacular 
cells in the (A) normal group and the (B) control group were fibroblast-like cells while only a few were epithelioid 
cells. The cell body exhibited a fusiform or irregular triangular shape with a protruding of the cytoplasm. (C-F) Cell 
growth in the experimental groups was significantly inhibited as the DES dose increased. Cells grew slowly, with 
less protuberance, and an enlarged intercellular gap junction. (F) A higher DES dose led to a loss of morphology of 
fibroblasts, with decreased cytoplasm, generation of cells with an irregular elliptical shape. (G) Comparison of cell 
count in each group. Dark gray color represents low cell counts, and light gray color represents high cell counts. (H) 
The homology in the normal group was high, and the survival rate was 90%. However, the rate in the DES groups 
was reduced. ***P < 0.001 vs. the normal group.
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high intensity (Figure 6A-C). Western blot analy-
sis demonstrated that there was no significant 
difference in RXFP2 expression in gubernacu-
lar cells between the normal and control groups 
(two independent samples, Student’s t-test, P > 
0.05); however, the level of RXFP2 protein was 
significantly decreased in the experimental 
groups (one-way ANOVA, P < 0.001) (Figure 6D 
and 6E).

Discussion

With social development and increasing indus-
trialization, environmental contamination and 
disruption of the ecological balance when con-
quering and transforming nature have severe 
effects on human health, especially reproduc-
tive health [23-26]. Environmental estrogen, 
also called exogenous estrogens (EEs), is found 
widely in the environment and possesses estro-
gen-like activity that can damage the endocrine 
balance, leading to a series of undesired clini-
cal outcomes [27-29]. Studies in both animals 
and epidemiology have shown that EEs can 
cause multiple abnormalities and deformities 
in the urogenital system [30-32]. Laboratories 
of the National Institute of Environmental 
Health Sciences use DES as a reference estro-

cent was incomplete, with the distance to the 
kidney still very short on day 18 of pregnancy. A 
higher dose of DES led to more obvious abnor-
malities, suggesting a dose-dependent effect. 
These data suggest that DES exerted a toxic 
effect on the gubernaculum and could affect 
the growth and development of mesenchymal 
tissues and myogenous cells, further influenc-
ing gubernaculum development and testicular 
descent. All of the results indicated that DES 
significantly inhibited the development of the 
gubernaculum.

The first stage of testicular transabdominal 
descent in mice takes place in the fetus, where 
proliferation, differentiation, migration, shrink-
ing, and hormone metabolism of the gubernac-
ulums occurs [9, 11]. Gubernacular cell con-
tractility and morphological changes coordinate 
with each other [9]. After DES administration, a 
smaller gubernacular cone volume and less 
complete testicular descent occurred with a 
significant positive correlation. These data sug-
gest that the morphology of the gubernaculum 
was influenced by DES, which further affected 
contractility, leading to incomplete testicular 
descent.

Figure 5. DES impairs the F-actin cytoskeleton of gubernacular cells. A. The 
normal and control groups exhibited short processes and a diffuse filamen-
tous staining pattern with FITC-phalloidin that was localized mainly around 
the cell periphery. B. Cells exposed to DES exhibited stress fibers distributed 
throughout the cytoplasm, not just around the cell periphery. DES impairs 
the actin cytoskeleton of gubernacular cells.

gen in the studies focused on 
the effects of EEs [15, 33-35]. 
Thus, in the current study, 
DES was used as an interven-
tion method to investigate the 
reproductive toxicity of EEs.

Our results indicated that, on 
day 18 of pregnancy in mice, 
the gubernaculums in the nor-
mal and control groups were 
well-developed, and that testi-
cles descended to a site near 
the neck of the bladder, which 
is relatively far from the kid-
neys. After administration of 
DES, the stillbirth rate gradu-
ally increased, the gubernacu-
lar cone volume significantly 
decreased, and tissue struc-
ture became disordered. The 
boundary between the mes-
enchymal tissues and myoge-
nous cells was diffuse, the 
gubernaculum band was thin 
and long, and testicular des- 



RXFP2 as biomarker for gubernacular toxicity of DES

3724 Am J Transl Res 2020;12(7):3715-3727

To exclude interference from other endocrine 
factors, gubernacular cells were cultured in 
vitro and examined for their response to DES 
treatment. We found that DES administration 
resulted in abnormal cellular morphology and 
structure in gubernacular cells. With increasing 
DES dose, the cells lost their original morphol-
ogy in a dose-dependent manner. Moreover, 
DES induced F-actin rearrangement and stress 
fiber formation in the cultured cells. With 
increased numbers of stress fibers, cells sus-
tain a sub-stress state over the long term, 
decreasing the contraction and reaction capac-
ity of the cultured cells significantly. These 
results suggest that gubernacular cells were 
affected by the significant toxicity of DES, which 
inhibited the growth and development of guber-
nacular cells. These data are consistent with 
the abnormalities observed in gubernaculum 
morphology and structure caused by DES at 
the tissue level.

The development of descending testicles is 
very complicated and occurs in two stages that 
involving multiple factors that influence or regu-
late the process [36-38]. Studies have estab-
lished that INSL3 plays a critical role in the first 
stage. INSL3 and RXFP2 bind together to form 
a receptor-ligand complex INSL3-RXFP2 that 
mediates the biological effects [17, 18]. Al- 
though in vivo toxicity studies during the embry-
onic period and in vitro gubernacular cell cul-
ture studies have demonstrated the effect of 
DES on gubernaculum development, the under-
lying mechanism remains unclear [39]. 

In this study, we found that RXFP2 was highly 
expressed in the gubernaculum and was mainly 
distributed on the cell membrane. Interestingly, 
both in vitro and in vivo experiments indicated 
that RXFP2 protein was reduced in response to 
DES treatment in a dose-dependent manner. 
As a specific receptor of the critical regulatory 

Figure 6. Influence of DES on RXFP2 expression in gubernacular cells. A-C. Immunofluorescence experiments dem-
onstrate that RXFP2 was expressed on the cell membrane with relatively high intensity. D, E. Quantitative analysis 
of RXFP2 protein in mouse gubernacular cells indicated that there was no significant difference between RXFP2 
expression in the normal and the control groups; however, RXFP2 expression was significantly decreased in the DES-
treated groups. ***P < 0.001 vs. the normal group.
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factor INSL3 during the first stage of testicular 
descent, reduction of RXFP2 expression de- 
creases complex formation with INSL3, thereby 
blocking testicles from descending through the 
abdomen [17, 18, 40, 41]. Collectively, these 
data suggest that the effect of DES on the  
morphological structure of the gubernaculum 
occurs via RXFP2, suggesting that RXFP2 may 
be involved in mediating the effect of DES on 
gubernaculum development.

Conclusions

In conclusion, in vitro and in vivo studies dem-
onstrate that DES causes abnormal morpholo-
gy in the gubernaculum, as well as reduces the 
expression of RXFP2 in this tissue. These 
results indicate that DES imparts reproductive 
toxicity on the gubernaculum in fetal mice, and 
that RXFP2 is associated with the morphologi-
cal abnormalities induced by DES. Thus, our 
data suggest that RXFP2 is a novel potential 
biomarker for abnormal differentiation of the 
gubernaculum, which may reflect its primary 
role in INSL3-mediated signaling.
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