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Abstract: Obesity is a complex metabolic disease, which causes serious impairment to the health of people. This
study aimed to determine the influence of different-doses of soy isoflavones (SIF) on testicular morphology, testos-
terone levels and the expression of genes and proteins related to testosterone synthesis in diet-induced obesity
(DIO) male rats. We used high-fat diet (HFD) to establish a DIO male rat model, then obese rats orally received SIF
at doses of 0, 50, 250 and 500 mg/kg per day for four weeks. Results revealed that the body weight was obviously
increased, and seminiferous tubules were significantly deformed in obese rats compared with that in normal diet
fed controls. After SIF treatment, DIO male rats exhibited decreased body weight in a dose-dependent manner,
accompanied with significantly alleviated testicular damages, as well as increased testosterone levels and steroido-
genic acute regulatory (StAR), cytochrome P450 11A1 (CYP11A1), cytochrome P450 17A1 (CYP17), hydroxysteroid
dehydrogenase-3 (HSD3p), and hydroxysteroid dehydrogenase-17 (HSD17() protein and mRNA levels. In conclu-
sion, SIF could alleviate testicular damages, increase testosterone levels, and upregulate the expression of proteins
and genes related to testosterone synthesis in DIO male rats, which would be important for obesity male reproduc-

tion treatment.
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Introduction

The prevalence of overweight and obesity con-
tinue to rise in the world, which result from the
imbalance between energy intake and energy
output, endocrine, genetic factors, as well as
other factors [1]. One of the more significant
factors that influence obesity is the change in
food consumption, such as consuming high-fat
Westernized fast food or local fast food [2]. In
addition, obesity can lead to further morbidity
caused by diabetes [3], atherosclerosis [4],
hypertension [5], and cardiovascular diseases
[6]. At the same time, many adverse effects of
obesity on female reproduction have been
reported, such as menstrual disorder, anovula-
tion, polycystic ovarian syndrome, increased
risk of miscarriage, and reduced conception
rate [7, 8]. Moreover, obesity may also impair
male reproduction [9-12]. Obesity has been
reported to reduce semen quality and impact
fertility by affecting spermatogenesis [13]. A

high incidence of infertility in association with
metabolic disturbances and hormonal dysregu-
lation was confirmed in obese men [14].

On the other hand, due to the lower frequency
of obesity and related diseases in Asian coun-
tries, attention has been turned toward to the
Asian diet, which consists highly of soy and soy-
based products [15]. SIF, a phytoestrogen, has
a structure similar to estrogen 17B-estradiol
that enables them to bind the estrogen recep-
tor [16]. Genistein and daidzein are present at
high concentrations in soybeans [17]. Evidence
indicated that genistein and daidzein acted as
estrogen receptors alpha and beta agonists
and/or antagonists, and had the capacity to
regulate cell proliferation, growth, and function
[18]. Many effects and functions of SIF have
been reported. For example, supplied soy pro-
tein to young women for one month was found
to affect endocrine profiles and cause altera-
tions in menstrual cycles [19]. Furthermore,
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Table 1. Composition of soy isoflavone ex-
tracts

Compounds Content
Daidzin 50.98%
Glycitin 30.36%
Genistein 8.80%
Daidzein 1.20%
Glycitein 0.24%
Genistin 0.06%
Total isoflavones 91.64%

premenopausal women fed with dietary soy
protein for 14 days exhibited mammary gland
tissue proliferation associated with increased
expression of the progesterone receptor [20].
At present, literatures involving SIF and its
effects are controversial. For example, a recent
multigenerational study linked genistein to
mammary hyperplasia in male rats, but found
no adverse effects on androgen-sensitive end-
points [21]. However, other studies found that
serum testosterone levels were elevated in
groups of rats exposed to dietary isoflavones in
the perinatal period, while soy and soy products
interferes with reproductive development and
causes anomalies of the male reproductive
tract [22-24].

Therefore, we established a DIO male rat model
by HFD and feeding different-doses of SIF to
investigate the change in male testicular mor-
phology and testosterone levels, as well as the
expression of proteins and genes related to tes-
tosterone synthesis.

Materials and methods
Animals and treatments

Seventy-five male Sprague Dawley (SD) rats
(five weeks old; Dashuo, China) were randomly
divided into two groups: control group (n=15),
fed with a normal diet (54% corn, 14% wheat
bran, 13% alfalfa meal, 10% cotton meal, 6%
fish meal, 1.5% vitamin and mineral, 1% lime-
stone, 0.3% sodium chloride, and 0.2% dicalci-
um phosphate); and obesity group (h=70), fed
with HFD (69.5% normal diet, 15% pork fat,
15% sucrose and 0.5% pig bile) for nine weeks.
The criterion for DIO rat is that the body weight
of rat in the HFD group is 1.4 times more than
that in the control group [25]. The DIO rats were
further randomly divided into four groups (n=8/
group), and were fed with HFD with O, 50, 250
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and 500 mg/kg doses of SIF (NF-20140806,
North China Pharmaceutical Co., China) for four
weeks. The compounds of the SIF extracts were
quantified by high-performance liquid chroma-
tography (HPLC), and are shown in Table 1.
These rats were decapitated for subsequent
experiments. The use of rats, as well as all
experimental procedures that involve animals,
were approved by the Sichuan Agricultural
University Animal Care and Use Committee.

Body weight and plasma measurements

Body weight was measured weekly. The blood
sample was collected from the lateral tail vein.
A 1- to 2-mm section was cut from the tip of the
tail with a sterile scalpel blade. Then, blood was
milked from the base of the tail to the tip until a
sufficient volume of blood was collected for
blood biochemical analysis (Beckman CX4,
USA). Rat plasma lipids including triglycerides
(TG), total cholesterol (TC), high density lipopro-
tein (HDL) and low density lipoprotein (LDL)
were measured at the last week of feeding with
HFD (week 9), and after additional feeding with
SIF at the second and fourth week (week 11
and 13).

Histopathologic evaluation

Part of the testicle tissues were fixed in 4%
paraformaldehyde. Then, hematoxylin and eo-
sin (H&E) staining and Oil-Red-0 staining were
performed according to manufacturer’s instruc-
tions (Beyotime, China). Photomicrographs we-
re obtained using a digital microscope camera
system (Nikon DS-Ril, Japan). The morphologi-
cal structure of the seminiferous tubules were
tested by Image Pro Plus software (Media
Cybernetics, USA). 40 fields (five fields per rat,
x400 magnification) in eight rats were random-
ly selected to count total cells in each tube and
calculate the mean diameter of seminiferous
tubules in one group. The lipid droplets in the
testis were determined by integrated optical
density (I0D). Briefly, the image were analyzed
using Image Pro Plus software. By selecting the
“colour-chosen target” in the option bar of the
morphologic analysis system, all lipid droplets
in the field were marked in color. Then, “calcu-
lating” in the option bar was selected to auto-
matically calculate the 10D value.

Immunohistochemistry

Testicle paraffin sections were dewaxed in
xylene, rehydrated through a graded series of
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Table 2. Antibodies used in immunohistochemistry

graphs of the testicle were taken

using a digital microscope camera

Name Company Cat# Source Dilution - )
StAR Bioss, China  bs-3570R  Rabbit  1:200 Z’;itﬁrze(c'\ii'gﬁ” fai'zgaiagfrg'ozoi
CYP11A1 Bioss, China ~ bs-10099R Rabbit 1:200 5 ’ o

) ) ) ) mm? from each area of the image
CYP17 Bioss, China bs-3905R Rabbit 1:200 were analyzed using Image Pro
HSD3pB Bioss, China bs-16552R Rabbit 1:200 Plus software (Media Cybernetics,
HSD17 Boster, China BA2814-1 Rabbit 1:200 USA). By selecting the “colour-cho-

Table 3. Real-time fluorescence quantitative PCR primer

sen target” in the option bar of the
morphologic analysis system, all
positive immunoreactive cells in

sequence the field were marked in color.
Product ™ Then, “calculating” in the option
Gene Primer Sequences (5'-3) size o) bar was selected to automatically
(bp) calculate the 10D value.
StAR F TTCCGACTGGAGGTGCTGCTA 109 55
R CCTTGATTTCCTTGACATTTGGGT Quantitative real-time PCR
CYP11A1 F CGATGACCTATTCCGCTTTGC 131 56 .
R TGTGGAACATCTGGTAGACGGC Total RNA was extracted from tis-
sues using RNAiso Plus (9108/
CYP17 F CAATCTCTGGGCACTGCATCAC 119 56 9109, Takara, Japan). RNA was
R GCAAGTAACTCTGCGTGGGTGTA subjected to reverse transcription
HSD3B F GAGTGCCAGCCTTCGTCTACA 151 55 with reverse transcriptase accord-
R ACTACCTTCTCGGCCATCCTTAT ing to manufacturer’s instructions
HSD173 F  TGACCAAGACCGCCGATGA 149 55 (RRO4T7A, Takara, Japan). Reverse
R GTACCACTGGCATTGTGATG transcription reactions were stored
B-actin F  ATCTTCATGGTGCTAGGAGC 135 56 at -80°C. Quantitative real-time
R TCCCAGCACCCTTCATAGCAT PCR was performed using the Bio-

ethanol solutions, washed in distilled water and
PBS, and endogenous peroxidase activity was
blocked by incubation with 3% H,O, in metha-
nol for 20 minutes. The sections were saturat-
ed with normal 10% goat sera and 0.3% triton
for 30 minutes in order to eliminate non-specif-
ic irrelevant proteins staining, and were incu-
bated with the primary (rabbit) antibodies
(Table 2) for 17 hours at 4°C (working dilution:
1:200). After washing in PBS, the slices were
exposed to 1% biotinylated goat anti-rabbit IgG
secondary antibody (10J26C, Boster, China) for
one hour at 37°C, and incubated with streptav-
idin-biotin complex (SABC; 10J26C, Boster,
China) for 30 minutes at 37°C. In order to visu-
alize the immunoreaction, the sections were
immersed in diaminobenzidine hydrochloride
(DAB; AR1000, Boster, China); then, the slices
were monitored microscopically, and was
stopped by immersion in distilled water as soon
as blue staining was visible.

In this study, protein expression levels of the

testis regulatory molecules were determined by
integrated optical density (I0OD). Briefly, photo-
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Rad iQ5 system. 2 pl cDNA tem-
plate, 1 pl of forward/reverse prim-
ers, 8.5 yl of RNase-free water and 12.5 pl of
SYBR Premix Ex Tag™ Il system (DRR820A,
Takara, Japan) were added in each reaction.
Reactions were incubated at 95°C for 3 min,
followed by 40 cycles of denaturation (95°C, 10
s), annealing (55-56°C depending on the prim-
er sets, 30 s) and dissociation (95°C, 10 s;
65°C to 95°C, 5 min). Chicken B-actin expres-
sion was used as an internal reference house-
keeping gene. Oligonucleotide primers were
designed using Primer 5 software and synthe-
sized at Takara (Dalian, China; Table 3).

Enzyme linked immunosorbent assay (ELISA)

For testosterone extracts and assay, fresh tes-
ticles (0.1 g) were grounded in liquid nitrogen,
and suspended in a 0.9 ml solution containing
10 mM of PBS (pH 7.4), 2 seconds/time, 10
seconds at a time by Ultrasonic crusher (Scientz
JY 92-1IN, China) last for 30 minutes gained the
homogenate, then centrifuged at 4°C for 10
minutes at 2,500 rpm, and the resulting super-
natant was collected to determine testosterone
level activities, according to manufacturer’s
instructions (ml002868, MIbio, China).

Int J Clin Exp Pathol 2017;10(9):9202-9212
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Figure 1. Different doses of SIF can mitigate the body weight of DIO male rats, as well as plasma TC and LDL con-
centrations. A. Quantification shows the body weight of rats fed with normal diets and HFD. B. Quantification shows
no difference in food intake of rats feed with normal diets and HFD. C. Quantification shows the body weight trend of
control rats fed with normal diets and DIO rats fed with HFD with the addition of different doses of SIF. D. Quantifica-
tion shows the food intake trend of DIO rats feed with HFD and the addition with different doses of soy isoflavones.
E-H. Quantification shows the TG, TC, HDL and LDL concentration in control rats fed with normal diets and DIO rats
fed with HFD with the addition of different doses of SIF. The values are presented as means * standard deviation.
*P<0.05, **P<0.01 vs. Control group; ¥P<0.05, P<0.01 vs. Obesity group.

Statistical analysis one-way ANOVA test with LSD correction was

used compare with different groups. Data were
Comparisons between the control group and expressed as mean + standard deviation (X *
obesity group were conducted using t-test, and SD). Analyses were performed using the SPSS

9205 Int J Clin Exp Pathol 2017;10(9):9202-9212
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Figure 2. Representative images of H&E staining and Oil-Red-O show the seminiferous tubule in the control and
obesity groups, as well as different doses of SIF groups (scale bar: 200 um and 50 ym).
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Figure 3. The influence of different doses of SIF on testicular morphology and lipid levels. A. Quantification shows
the diameter of seminiferous tubules of control rats and DIO rats fed with HFD with the addition of different doses
of SIF. B. Quantification shows the mean number of the total cells per tubule in control rats and DIO rats fed with
HFD with the addition of different doses of SIF. C. The influence of different doses of SIF on lipid droplets levels in
the seminiferous tubule. The values are presented as means + standard deviation. *P<0.05, **P<0.01 vs. Control
group; *P<0.05, P<0.01 vs. Obesity group.

20.0 software (IBM Corp, USA) for windows. P< Pathological observation of testicles

0.05 was considered statistically significant.
H&E staining revealed that the seminiferous

Results tubules were deformed, seminiferous epithelia

were significantly atrophic and necrotic, and
Effect of SIF on body weight in DIO male rats cell adhesions between spermatogenic cells

and sertoli cells were loosely arranged in OB
After nine weeks of feeding, DIO male rats (Figure 2). However, the pathological lesions of
gained more body weight than rats in the con- testis were significantly alleviated compared
trol (Ctr) group (Figure 1A). After fed with differ- with those in obesity group (Figure 2). Oil-Red-0O
ent-doses of SIF, the body weight of the DIO staining indicated that a small number of red
male rats was significantly reduced (Figure 1C), lipid droplets were found in the Ctr group
accompanied with a remarkable reduction in (Figure 2). However, these droplets were found
TC and LDL concentrations (Figure 1F and 1H). in large numbers at the edge of seminiferous
These data indicate that SIF could mitigate the tubules, which were scattered manner inside
body weight of DIO male rats in a dose-depen- the cytoplasm of cells in OB. And the addition of
dent manner, which was consistent with our SIF to the diet could significantly improve this
previous work [25]. phenotype, especially in MSI (P<0.01) and HSI

9206 Int J Clin Exp Pathol 2017;10(9):9202-9212
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Figure 4. Expression of StAR, CYP11A1, CYP17, HSD3p3 and HSD17( protein in the testis (Immunohistochemistry,

scale bar: 100 um).

(P<0.01) group, the lipid droplets levels signifi-
cantly decreased (Figure 3C).

Seminiferous tubule diameter and the mean
number of total cells per tubule

The diameter of seminiferous tubules and total
cells per tubule in the OB group were signifi-
cantly lower than Ctr group (P<0.05 or P<0.01)
and SIF groups (P<0.05 or P<0.01) (Figure 3A
and 3B).

Expression of proteins related to testosterone
synthesis by immunohistochemistry

Stained in blue-purple, immunochemical local-
ization of testosterone synthesis proteins were
expressed in the Leydig cell of testis (Figure 4).
These protein expression levels were highest in
Ctr group. Compared with the OB group, these
protein expression levels significantly increased
in the SIF groups, as shown in Figure 5A.
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Testosterone synthesis regulatory mRNA ex-
pression by RT-PCR

The expression of testosterone synthesis regu-
latory mRNA are shown in Figure 5B. Compared
with the Ctr group, mRNA expression levels of
CYP11A1, CYP17, HSD3B and HSD17 signifi-
cantly decreased in the OB (P<0.01). Compared
with OB group, the mRNA expression levels of
StAR, CYP11A1, and CYP17 markedly increased
in the LSI group (P<0.01), and the mRNA
expression level of StAR, CYP11A1, CYP17,
HSD3B and HSD17pB were significantly upregu-
lated in the MSI and HSI group (P<0.01).

Testosterone levels by ELISA
The levels of testosterone are shown in Figure
5C. The testosterone levels were highest in Ctr

group and lowest in the OB. Compared with the
OB, testosterone levels were significantly ele-

Int J Clin Exp Pathol 2017;10(9):9202-9212
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Figure 5. The influence of different doses of SIF on testoster-
one levels and the expression of proteins and genes related
to testosterone synthesis in DIO male rats. A. Integrated op-
tical densities (I0Ds) of StAR, CYP11A1, CYP17, HSD3pB and
HSD17p3 protein expression in the testis. B. StAR, CYP11A1,
CYP17, HSD3B and HSD17p3 mRNA expression levels in the
testis. C. The levels of testosterone in the testis. The values are
presented as means + standard deviation. *P<0.05, **P<0.01
vs. Control group; #P<0.05, P<0.01 vs. Obesity group.

vated in the MSI (P<0.01) and HIS groups
(P<0.05).

Discussion

The incidence of obesity continuous to increase
in the world, and threatens the health of sever-
al people. In order to study the effect of obesity
on male testis, we used HFD to establish a DIO
male rat model. This was conducted with the
hope of mimicking the pathophysiology induced
by obesity in humans [26]. The present study
shows that HFD can promote rat obesity devel-
opment due to the increase in plasma lipid lev-
els, along with TG, TC and LDL, which was
accompanied by significant weight gain. The
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low frequency of obesity and related metabolic
disorders in Asian populations has drawn atten-
tion towards soy, which is a characteristic com-
ponent in Asiatic diets. SIF, which is a phytoes-
trogen, has been reported to affect adiposity
either directly by modulating lipogenesis, lipoly-
sis and adipogenesis, or indirectly by modulat-
ing the appetite or energy expenditure [27].
Clinical studies have also suggested that soy
protein or isoflacones may improve metabolic
parameters. For instance, many reports dem-
onstrated the significant reduction in plasma
concentrations of TC and LDL in humans
exposed to soy proteins [28-31]. In this study,
when we fed obesity rats with SIF, we found
that SIF could reduce the body weight of DIO

Int J Clin Exp Pathol 2017;10(9):9202-9212
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Figure 6. Schematic diagram of the intervention of SIF in testosterone synthesis. SIF may exert anti-estrogenic ef-
fects in obesity rats, and increase in both luteinizing hormone (LH) and follicle-stimulating hormone (FSH) secretion,
which in turn would increase testosterones in the SIF groups. LH can stimulate the phosphorylation of StAR protein,
then, the cholesterol is converted into pregnenolone by CYP11A1, and pregnenolone moves out of the mitochondria
and into the smooth endoplasmic reticulum where it is acted upon, in succession, by CYP17, HSD3p and HSD17(,
in order to form progesterone, androstenedione and testosterone, respectively.

male rats, especially in rats in the MSI and HSI
group. This was accompanied by a significant
decrease in TC and LDL concentration, which
suggest that SIF can mitigate abnormalities in
HFD-induced obese male rats. Furthermore,
the effects on adiposity are dose-dependent,
since the magnitude of adipose weight reduc-
tion correlates with increasing doses of soy-
derived phytoestrogens [32]. This result is con-
sistent with previous literatures [33-35].

The prevalence of infertility is approximately
15%, with male factors accounting for 30 to
50% of this rate [36]. Environmental effects,
metabolic dysfunction, and genetic polymor-
phisms apparently associated with a decline in
male reproductive ability [37], while only obesi-
ty has been shown conclusively to be involved
in this phenomenon [13, 14, 38, 39]. In an
attempt to further uncover how obesity affects
the male testis, we examined the morphologi-
cal structure of rat testis through H&E staining
and Oil-Red-0 staining, since it has been report-
ed that the most susceptible part of the male
genital organ is the germinal epithelium of sem-
iniferous tubules [40]. In OB rats, obvious path-
ological changes in the testicles were charac-
terized by atrophic, necrotic, and distorted
seminiferous tubules. After SIF supplement,
testicular damages were significantly alleviat-
ed. SIF treatment protected against the HFD-
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induced falling mean number of total cells per
tubule and seminiferous tubule diameter. Be-
sides, middle and high doses of SIF have less
lipid accumulation in testicular tissue, which
indicates that SIF may inhibit adipose tissue
deposition and promote the clearance of lipid
droplets in obese male rats. These results are
consistent with previous studies, showing that
SIF could inhibit adipose tissue deposition and
promote lipolysis [27, 32, 34]. Although a previ-
ous study revealed atrophy of testis in the epi-
didymis of Beagle dogs [41], as well as in mice
[42] treated with high doses of purified isofla-
vone, we found that HSI exposure did not
induce an adverse effect on testicular morphol-
ogy in obese rats.

Clinical studies on obesity revealed that fatty
tissue accumulation was closely associated
with the decreases in plasma levels of testos-
terone [43, 44], which concurs with our results.
SIF, which is a plant-derived estrogen, may
exert both anti-estrogenic and estrogenic eff-
ects on metabolism, depending on several fac-
tors including its concentration, the concentra-
tions of endogenous estrogens, and individual
characteristics [34]. In this present study,
results revealed that SIF may exert anti-estro-
genic effects in obesity rats, which would weak-
en the estrogen negative effect. This would
lead to the increase in both luteinizing hormone

Int J Clin Exp Pathol 2017;10(9):9202-9212
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(LH) and follicle-stimulating hormone (FSH)
secretion, which in turn would increase testos-
terones in the SIF groups. Although serum LH
and FSH levels were not assayed in the present
study, many studies has reported thatincreased
LH and FSH levels has been attributed to
increased cholesterol availability and utilization
[45-48]. Besides, SIF can enhance circulating
leptin levels in HFD rats by elevating the effi-
ciency of translating leptin mRNA into leptin
protein [49] which stimulates the secretion of
GnRH and LH [50, 51]. In mammalian species,
Leydig cell development is regulated by the
pituitary gonadotropin LH and steroid hor-
mones [52]. LH can stimulate the phosphoryla-
tion of StAR protein, which is critical for the
translocation of cytosolic cholesterol into the
mitochondrial [53]. Then, the cholesterol is
converted into pregnenolone by CYP11A1, and
pregnenolone moves out of the mitochondria
and into the smooth endoplasmic reticulum
where it is acted upon, in succession, by CYP17,
HSD3B and HSD17(3, in order to form pro-
gesterone, androstenedione and testosterone,
respectively [54]. Therefore, the amount and
activity of these enzymes are associated with
the amount of testosterone produced.

Conclusion

This study showed that SIF exposure in obese
rats could decrease the body weight with a
dose dependent manner. In addition, SIF played
a protective role in testis and testicular dam-
age induced by obesity, accompanied with
increased testosterone levels and the upregu-
lation of testosterone synthesis proteins and
MRNAs. Therefore, SIF could be considered as
a promising therapeutic approach for the treat-
ment of testicular dysfunction in obese males.
According to previous studies and our results,
the testosterone synthesis mechanisms of SIF
were summarized in Figure 6.
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