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Abstract

Soy protein isolate (SPI) is a prevalent ingredient in various dairy, meat products, and health drinks. Concerns have been raised regarding
potential adverse effects of soy consumption on male health, such as feminization and infertility. This concern is attributed to phytoestrogens,
specifically isoflavones present in soy, acting as estrogen substitutes and modulators. This study aims to investigate the effects of soy protein
isolate supplementation on testosterone hormone levels and the expression of genes associated with testosterone synthesis. Male rats (n = 18)
were evenly divided into three groups: Group 1 (Normal Control) received oral administration of a saline vehicle. Group 2 (Low Dose) received
450 mg/kg body weight of soy protein isolate for 30 days. Group 3 (High Dose) received 900 mg/kg body weight of soy protein isolate for 30
days. All administrations were conducted intragastrically. Testosterone hormone levels were decreased with a disturbance in the mRNA
expression of genes (Hsd17b6, SRD5A1, Akrlc3, Cypl7al and Hsd3b) involved in the biosynthesis of testosterone hormone in the low and
high dose groups in in comparison to the control group. In the testes of the high dosage group, histopathological analysis showed a noticeable
irregularity around the periphery of the seminiferous tubules. Our results have shown damage to testicular tissue and reduced genetic expression
of certain genes responsible for the formation of testosterone hormones, followed by a reduction of testosterone hormones in the group of rats

that were given a high dose of SPI for 30 days.
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Introduction

Proteins play a pivotal role in human growth, nutrition, and
health. While conventional wisdom has traditionally
emphasized animal proteins as the primary dietary source, a
notable shift in recent years has redirected focus towards
plant-based proteins [1]. Globally, soybeans stand out as a
principal crop, serving as a key source for protein and oil
seed. They are utilized in the production of animal feed,
various food ingredients, and non-food items.
Approximately 40% of soybeans consist of proteins, 15% of
mono- and/or poly-saccharides, 15% of fibers, and 20% of
lipids [2]. Soy belongs to the legume family, sharing lineage
with lentils, beans, and peas [3]. Soy is unique in that it has
high-quality protein despite coming from plants. Various
processing methods can be used to extract soy protein,
producing a range of ingredients that can be used in different
food preparations, including textured soy protein, soy flour,
soy protein concentrate, and soy protein isolates [4].

A secondary metabolite found in soybean called
phytoestrogens. It functions and is structurally similar to
mammalian estrogens. The three main bioactive classes of
phytoestrogens are lignans, coumestans, and isoflavones
which can function as both an estrogen substitute and an
estrogen activity modulator [5]. The complex mechanism of
action of this compound involves its interaction with the
nuclear estrogen receptor isoforms, ERa and ERB, producing

effects that are both estrogen agonist and antagonistic.
Phytoestrogens can function as estrogen agonists or
antagonists, depending on their concentration and
bioavailability in different plant sources, such as soybean
[6]. Isofavone, has been investigated for its physiological
effects and role in nutrition [7]. The phenolic ring of
isofavones has both antagonistic and agonistic effects on the
ERP and ERp [8]. There have been worries expressed
regarding the possible harm that soy consumption may cause
to men, including feminization and infertility [9.10].

Sources of soy protein in concentrated form are the
foundation for a wide variety of foods. According to Codex,
the main components of soy protein are SPI, soy protein
concentrate (SPC), and soy flour, that have respective
protein contents of > 90, 65-90, and 50-65% [11]. The
distinct spatial structure of SPI is made up of various amino
acids. Food additives containing SPI are frequently used to
improve processing capabilities, including foaming, gelling,
emulsifying, and structuring qualities [12]. SP1 is the purest
form of soybean protein and is frequently utilized in food
processing to enhance the quality of food products because
of its high protein content [13]. SPI are used extensively in
the food industry, such as the main component of health
drinks and as extenders in a variety of dairy and meat
products. Different suppliers have varying amounts of
isoflavone in SPI [14]. Consuming whole soy foods can
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result in higher intakes of isoflavones, whereas foods
prepared with pure soy protein may contain 1.0-1.5 mg of
isoflavones per gram of protein. [15].

When germ cells mature in the testicular seminiferous
tubules, spermatogenesis is a sequential biological event that
supports this maturation [16, 17]. Production of luteinizing
hormone (LH) and follicle stimulating hormone (FSH) by
the anterior pituitary gland, as a result of secretion of
gonadotropin releasing hormone (GnRH) from the
hypothalamus, is necessary for the development and
maintenance of both qualitative and quantitative
spermatogenesis. GnRH stimulates gonadotropin production
and secretion by gonadotropic cells from the anterior
pituitary in discrete pulses into the systemic circulation to
regulate the development, maturation and function of the
gonads [18]. LH stimulates the release of testosterone, which
is thought to be essential for efficient spermatogenesis,
secondary sexual traits and functions [19-21]. On the other
hand, FSH keeps Sertoli cells' supporting role in
spermatogenesis intact, which increases testosterone action.
The dual roles of the adult testes in reproduction and virility
depend on the interaction of these hormones [22]. FSH is
known to influence both the quantity and quality of sperm,
even though testosterone is the master switch of
spermatogenesis [23, 24]. Testosterone is a crucial steroid
hormone that supports male growth and development,
fertility maintenance, and material metabolism [25-27].
Adolescent and young adult men in the USA had 25% lower
testosterone levels in 2015-2016 compared to sixteen years
earlier, according to a cross-sectional survey [28]. Male
sexual dysfunction, accelerated organ aging, systemic
disease onset, and other negative effects on quality of life are
caused by low testosterone [29, 30]. Also, It is formed by
Leydig cells, which are found in the testes' interstitial
compartment and responsible to the production of sperm in
the seminiferous tubules [31], the maintenance of accessory
sex organs [32], sexual behavior in adulthood [33], sexual
development and testes descent during the fetal period [34].
Leydig cells can be divided into two different populations:
fetal and adult Leydig cells, Male reproductive tract
development and testes descent depend on testosterone and
Dihydrotestosterone (DHT) [34]. Testosterone, which is
necessary for preserving spermatogenesis and male
secondary sexual traits in adulthood, is produced by adult
Leydig cells during puberty [35].

Testosterone  biosynthesis  involves at least four
steroidogenic enzymes in Leydig cells, both in fetal and
adult forms. Cholesterol is the first substrate used in
testosterone biosynthesis. The cholesterol side chain
cleavage enzyme (CYP11Al), which is found in the
mitochondria's inner membrane, is the first steroidogenic
enzyme. Three consecutive reactions from cholesterol to
pregnenolone are catalyzed by the enzyme. From the
mitochondria, pregnenolone diffuses into the surrounding
smooth endoplasmic reticulum, which is home to three other
steroidogenic ~ enzymes:  cytochrome P450  17a-
hydroxylase/17,20-lyase (CYP17Al1), 17B- hydroxysteroid
dehydrogenase 3 (HSD17B3), and 3B-hydroxysteroid
dehydrogenase (HSD3B). These three steroidogenic
enzymes react sequentially to convert pregnenolone to
testosterone. [36]. Rat testes was used to initially
demonstrate the 4 pathway (pregnenolone — progesterone
— androstenedione — testosterone) [37]. Once testosterone
is formed, it is metabolized by various types of 5a-
reductases (SRD5A1, 2 and 3) to more potent androgen,
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DHT in Leydig cells or peripheral tissues [38]. Male
reproductive tract malformation can result from a mutation
in the SRD5A2 gene [39, 40]. DHT stimulates the
development of the prostate, sebaceous gland activity, male
pattern baldness, and the growth of body, facial, and pubic
hair throughout adolescence and adulthood [41].

This study aims to assess the impact of soy protein isolate
supplementation, administered in both low and high doses
over a 30-day period, on testosterone, FSH, and LH hormone
levels, genes involved in the testosterone biosynthesis
pathway, and histopathological changes in rat testes. Given
the conflicting findings in previous researches, this
investigation seeks to provide clarity on the effects of soy
protein isolate in a controlled experimental setting.

2. Material and Methods
2.1. Chemicals and doses preparation
Soy protein isolate was used insulated from the market by
IMTENAN Company, Cairo, Egypt. It has 88% protein.
(Code: FO50079- Sp19). Doses were prepared by adding SPI
powder to water (20°C) and stir it [42].
2.2. Animals

At the Animal House of the National Research Centre in
Giza, Egypt, eighteen male Wistar rats (8 weeks old)
weighing 180 + 10 g were provided. Before the experiments
started, the rats were kept in cages made of polypropylene
and given three days to get used to a particular set of
pathogen-free surroundings. Under a 12-hour light/dark
cycle, the rats were kept at 24 + 1 °C and between 55 and 65
percent humidity. A standard rodent diet consisting of
17.48% protein, 6.85% fat, 62.99% carbohydrates, 4.08%
ash, and 2.16% minerals and vitamins was fed to the rats
along with unlimited water. The National Research Center's
Medical Research Ethical Committee's ethical guidelines for
animal handling were followed, and the procedure was
approved with the number "09410923".

2.3. Experimental setting

After the time for acclimatization, the rats (n = 18) were
weighed and divided equally into three groups.

Group 1: Normal control group (n = 6), administered saline
orally.

Group 2: Low dose soy protein isolate group (n = 6), orally
administered with 450 mg/kg body weight soy protein
isolate (0.09 gm/2.5 ml water) for 30 days intragastrically
[43, 44].

Group3: High dose soy protein isolate group (n = 6).), group,
orally administered with 900 mg/kg body weight soy protein
isolate (0.18 gm/2.5 ml water) for 30 days intragastrically
[43, 44].

2.4. Samples collection

Using clean and dry centrifuge tubes, blood samples were
removed from the retro-orbital plexus of rats and allowed to
clot in order to separate the sera. Centrifugation was used to
separate serum samples at 4000 r/min for 10 min at 4°C. For
additional hormonal assay determination, serum aliquots
were frozen and kept at -20 °C. Testes were removed, and
the right testes were preserved for histological examination
in 10% phosphate-buffered formalin (pH 7.4), while the left
testes were removed right away, blotted, and then kept at -
80 C until they were needed for the analysis of Hsd17b6,
SRD5A1, Akrlc3, Cypl7al, and Hsd3b gene expression.



IMPACT OF SOY PROTEIN ISOLATE SUPPLEMENTATION ON TESTOSTERONE HORMONE LEVELS 459

2.5. Methods
2.5.1. Hormonal assays

Enzyme-linked immunosorbent assay (ELISA) kits were
used to measure the levels of testosterone hormone, follicle-
stimulating hormone (FSH) and luteinizing hormone (LH)
for rats (Shanghai Korain Company, bioassay technology
laboratory (BT-Lab)),

Cat. No. E0259Ra, EA0015Ra and EA0013Ra respectively,
following the manufacturer’s instructions.

2.5.2. RNA extraction and cDNA synthesis

Testes specimens weighing approximately 30 mg were
homogenized using a mortar and pestle in liquid nitrogen,
derived from stored test tissue samples from all animals.
Employing the Thermo Scientific Gene JET RNA
Purification Kit, total RNA was isolated from tissues.
Utilizing a spectrophotometer (ND-1000; NanoDrop), RNA
was quantified through spectrophotometry. RevertAid First
Strand cDNA Synthesis Kit (Thermo Scientific) was used to
extract cDNA from a 1 mg sample of tissue-derived RNA
(high capacity cDNA), and the gradient thermal cycler (Bio-
Rad) was used for the incubation.

Table 1. Specific primer sequences

Gene Forward Sequence

GAPDH 5 -AGTGCCAGCCTCGTCTCATA-3"
Cypl7al 5" -TCAAAGCCTCTTGTCGGACC-3°
Hsd3b 5" -CAGGGCCCAACTCCTACAAG-3’
Akrilc3 5" -GGTCAACTTCCCATCGTCCA-3

Hsd17b6 5°- GACTGCTCCCTGACTTGCAT-3"

SRD5A1 5 - GAGTTGGATGAGCTGTGCCT-3

2.5.4. Histological procedures

Testes specimens from all animals were removed as soon as
it died and preserved for at least 12 hours in a 10% neutral-
buffered formalin solution. Following a thirty-minute soak
in tap water, each specimen was dehydrated using increasing
alcohol grades, cleared in xylene, and then embedded in
paraffin. Haematoxylin and eosin was used to cut and stain
serial sections that were 3 pum thick for histopathological
analysis [46]. Picture analysis system with Olympus CX41
light microscope and SC100 video camera connected to PC
was used in the pathology lab at the National Research
Centre to take pictures. Version 8.0 of Adobe Photoshop was
used to process photomicrographs that were taken at various
magnifications.

2.5.5. Statistical analysis

The Prism 8.0.1 software for Windows was used to conduct
the analysis. The displayed data was mean + SEM. Utilizing
one-way analysis of variance (ANOVA) and Tukey's test,
differences between low dose and high dose groups with
respect to the control group were examined for statistical
significance. In every analysis of the data, P < 0.05 was
considered significant.

3. Results

3.1. Effects of SPI supplementation on testosterone, FSH
and LH hormones concentrations male rats

A shown in figure (1), serum testosterone levels decreased
significantly for low and high doses groups of SPI relative
to the control group (P<0.05) but in figure (2) and (3), serum
FSH, and LH levels did not show remarkable differences
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2.5.3. Quantitative real-time gene expression analysis
(QRT-PCR)

Using a gilent Technologies Stratagene Mx3000P Real-
Time PCR System, quantitative real-time gene expression
analysis was performed. Maxima SYBR Green gPCR
Master Mix from Thermo Scientific was used to conduct the
gRT-PCR in duplicate for every sample. Ten microliters of
SYBR Green Master Mix, four microliters of cDNA (100
ng/mL), and twenty microliters of nuclease-free water made
up the reaction mixture, which had a total volume of twenty-
five microliters. Using GAPDH, a housekeeping gene, each
gene's expression was adjusted. The primer sequences for
the various genes (Hsd3b, SRD5A1, Akrlc3, Hsd17b6, and
Cypl7al) are shown in Table 1. The program for the thermal
cycler was as follows: 94 °C for 15 s in 40 cycles, 95 °C for
5 min, 60 s of annealing (depending on the melting point that
works best for each primer set), and 10 s of extension at 72
°C. The fold difference in gene expression was calculated
using the 2-AACT formula, which is a relative quantification
method of mMRNA [45].

Reverse Sequence

5" -GATGGTGATGGGTTTCCCGT-3"

5" TGTCCGTCAGGCTGGAGATA-3"

5" -AAGGCAAGCCAGTAGAGCAG-3

5 - GCTGGAGTCCGCTTGTACTT-3

5 - AGTCACCTGTGCCAAACCAA-3

5°- CTCCACGAGCTCCCCAAAAT-3"
between groups with low and high doses of SPI when
compared with control group.
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Figure (1): Effect of soy protein isolate

supplementation (low and high doses) on
testosterone hormone of male rats compared
with control group. Data are represented as
mean + SEM (n=6).*P<0.05.
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Figure (2): Effect of soy protein isolate
supplementation (low and high doses) on FSH
hormone of male rats compared with control group.
Data are represented as mean £ SEM (n = 6). * P <
0.05.
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Figure (3): Effect of Effect of soy protein isolate
supplementation (low and high doses) on LH hormone of
male rats compared with control group. Data are

represented as mean + SEM (n = 6). * P < 0.05.

3.2. Effect of SPI supplementation on Hsd17b6 and
SRD5A1, Akrlc3, Cypl7al and Hsd3b mRNA
expression of male rats

As shown in figure 4, there was a significant (P < 0.05)
down- regulation in mRNA expressions of SRD5A1 and
Hsd17b6 genes in groups with low and high doses of SP1 in
comparison with control group. In figure 5, a significant (P
< 0.05) down- regulation in mMRNA expressions of Akrlc3
gene by fold change (0.44) in high dose group of SPI
compared with control group was observed (Fig5). On the
contrary, comparative gene expression analysis by RT-PCR
in figure 6 revealed that there was significant (P < 0.05) up-
regulation in mRNA expressions of Cyp17al by fold change
(1.65), and (4.8) in low and high dose SPI groups,
respectively compared to normal control. While there was
insignificant up- regulation in Hsd3b gene in low and high
dose SPI groups compared to control group. In figure 7, data
indicated that the T level negatively correlated with
Cypl7algene. On the other hand, testosterone is positively
correlated with HSda7b6 and SRD5A1 genes.
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Figure (4): Effect of soy protein isolate supplementation
(low and high doses) on the mRNA expression levels
expression of SRD5A1 and Hsd17b6 genes. The fold
change of mMRNA in low dose and high dose groups is
compared to control group. Data are represented as
mean £ SEM (n = 6). * P < 0.05.
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Figure (5): Effect of soy protein isolate supplementation
(low and high doses) on mRNA expression levels of
Akrlc3 gene. The fold change of mRNA in low dose and
high dose groups is compared to control group. Data are
represented as mean £ SEM (n =6). * P < 0.05.
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Figure (6): Effect of soy protein isolate supplementation
(low and high doses) on mRNA expression levels of
Cypl7al and Hsd3b genes. The fold change of mMRNA in
low dose and high dose groups is compared to control
group. Data are represented as mean + SEM (n =6). *P
< 0.05.
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Figure (7): Correlation coefficients and significance
values between testosterone and gene expression of
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Cypl7al, Hsd3b, Akrlc3, HSda7b6, and SRD5AI.
Correlation is significant at P < 0.05.

3.3. Effect of SPI supplementation on testicular histology
in male rats comparable to control group

Fig 8 shows the histological  cross-sections
(Photomicrography) of testes tissue of various groups to
investigate overall morphological changes. The control
group without SPI (Figure 8.A) and the group with low dose
of SPI (Figure 8.B) showing normal shape of seminiferous
tubules and clear lumen (ST Lumen) with normal
arrangement of spermatogonia and Sertoli cells resting on
intact basement membrane (Black arrows) and separated
with average Leyding cells (L) where the group with high
dose of SPI (Figure 8.C) showing destructed seminiferous
tubules (Blue arrow) with some of spermatogonia and Sertoli
cells showing pyknotic degeneration (Brown arrows) they
are widely separated (Black star).

Figure (8): (A): A Photomicrography of testes tissue,
(G1: Control testes). (B): A Photomicrography of testes
tissue, (G2: Low dose testes). (C): A Photomicrography
of testes tissue, (G3: High dose testes) (H&E 100x& 200x)

4, Discussion

Isoflavones are bioactive phytoestrogenic compounds,
commonly known as plant estrogens, predominantly found
in soybeans [47, 48]. The three primary isoflavones in
soybeans are genistein, daidzein, and glycitein. According to
Kitizova et al. [49], isoflavones exhibit a structural and/or
functional resemblance to steroidal estrogens in mammals.
Due to this similarity, isoflavones can influence various
estrogen-regulated systems, including the reproductive
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system, leading to estrogenic or anti-estrogenic effects [50,
51]. The goal of this study was to investigate the impact of
SPI supplementation, a soy product rich in phytoestrogens,
on the fertility of male rats. This was assessed by measuring
testosterone, FSH, and LH hormone levels, examining the
expression of genes responsible for testosterone hormone
biosynthesis, and evaluating the histopathology of testes
tissues across groups of male rats. The results were
compared between groups administered low and high doses
of SP1 and the control group.

Dietary intake of soy may significantly affect the growth and
function of male reproductive tissues [52]. In adult male rats
fed a high phytoestrogen diet, there was a notable increase
in seminiferous tubule lumen and testes diameter [53].
However, conflicting findings indicate that tubular diameter
and interstitial spaces were reduced in size in other studies
[54]. Soy consumption in rodents resulted in cellular debris
in seminiferous tubules, sloughing of germ cells, and the
absence of maturing spermatids [55, 56], along with
hyperplasia of Leydig cells [57]. Genistein and soy, in vivo,
decreased sperm counts in testes [54]. While soy isoflavones
(SIF) were found to promote spermatogenesis in diet-
induced obese male rats [58], they also decreased serum
testosterone levels in rodents [59, 60]. Phytoestrogens were
reported to cause hormonal imbalances in men [61, 62].
Conversely, some studies indicated that consuming soy
protein or isoflavones had no impact on serum testosterone
levels in rats [63].

In accordance with the findings of Badger et al. [64, 65], SPI
emerges as a prevalent constituent in processed food items,
meat substitutes, and soy-based infant formulas. Beyond its
isoflavone content, notably genistein and daidzein, which
are intricately associated with potentially bioactive proteins
and peptides, SPI constitutes a multifaceted amalgamation
of phytochemicals [66]. Estrogen receptors (ERS) can be
bound and activated by isoflavones in conjunction with the
metabolite equol, which is derived from the microbiota and
is a dietary supplement. Given that they have the ability to
impede fertility and reproductive development, these
substances fall under the category of endocrine disrupting
chemicals (EDCs) [67].

It is commonly known that testosterone plays a crucial role
in the development of spermatids and germ cells. Reduced
levels of this hormone cause spermatids to undergo
apoptosis, which in turn causes sperm to undergo apoptosis
[68, 69].

In male rats exposed to varying doses of SPI, a noteworthy
decrease in serum testosterone levels was observed
compared to the control group. This finding aligns with prior
research on rodents [54, 70-77]. The reduced serum
testosterone levels are linked to the estrogenic activity of
isoflavones present in SP1 and the inhibition of steroidogenic
enzymes [59]. Isoflavones may impede the activity of
enzymes involved in the steroidogenic pathway by
disrupting the metabolism of steroid hormones [78]. Studies
have indicated that isoflavones elevate the production of sex
hormone binding globulin in the liver, leading to the binding
of biologically active testosterone and a subsequent
reduction in both testosterone levels and its bioavailability
to target cells [61, 79]. Conversely, the levels of follicle-
stimulating hormone (FSH) and luteinizing hormone (LH)
remained unchanged when comparing the results of groups
receiving low and high doses of SPI with the control group.
This outcome is consistent with the findings of Ohno et al.
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[73] and suggests that there is no adverse impact of SPI on
the hypothalamic-pituitary-adrenal (HPA) axis.

Several steroidogenic enzymes, including cytochrome P450
17_-hydroxylase/20-lyase (CYP17al), 3_-hydroxysteroid
dehydrogenase (Hsd3b1 in rodents and Hsd3b2 in humans),
and 17_-hydroxysteroid dehydrogenase type 3 (Hsd17b3),
play crucial roles in the cascade of hydroxylation, cleavage,
dehydrogenation, and isomerization reactions necessary for
the synthesis of testosterone from cholesterol [80].
Testicular Leydig cells possess the capability to
biosynthesize testosterone from cholesterol. Testosterone
and its metabolically activated product dihydrotestosterone
are essential for the development of the male reproductive
system and spermatogenesis. The production of testosterone
involves at least four steroidogenic enzymes: cholesterol
side chain cleavage enzyme (CYP1lal), which converts
cholesterol into pregnenolone inside the mitochondria; 33-
hydroxysteroid dehydrogenase (Hsd3b), which transforms
pregnenolone into progesterone; 17a-hydroxylase/17,20-
lyase (Cypl7al), which transforms progesterone into
androstenedione; and 17p-hydroxysteroid dehydrogenase
(Hsd17b6), which converts androstenedione into
testosterone [81].

Additionally, in Leydig cells and peripheral tissues, two
isoforms of So-reductase 1 (SRD5A1) and 2 (SRD5A2)
metabolically activate testosterone to more potent androgen
dihydrotestosterone.  Numerous endocrine  disruptors
function as antiandrogens by directly blocking one or more
enzymes involved in metabolic activation and testosterone
biosynthesis. According to Leping et al. [35], these
substances include industrial materials (perfluoroalkyl
compounds, phthalates, bisphenol A, and benzophenone) as
well as pesticides and biocides (methoxychlor, organotins,
1, 2-dibromo-3-chloropropane, prochloraz, and genistein).
According to Liu et al. [82], isofavones may also change the
activity of enzymes involved in the synthesis and
metabolism of hormones. In our study m.RNA expression of
Akrlc3, Hsd17b6, SRD5A1, Cypl7al and Hsd3b genes
were carried out.

Akrlc3, also known as (Hsd17b5) , is the primary enzyme
in the prostate that carries out the conversion of
androstenedione to testosterone [83]. The expression of
Akrlc3 in group with high dose of SPI was significantly
down regulated when compared with the control group. This
result means that when Akrlc3 gene is expressed in low
level, the conversion of androstenedione to testosterone will
be affected and the testosterone production was reduced in
group of high dose of SPI. As shown in our results of
testosterone hormone concentration, it was decreased in
group of low and high doses of SPI.

Dihydrotestosterone (DHT) and other androgens are critical
for male sexual maturation, masculinization, and fertility.
The canonical androgen production pathway is used to
produce testosterone, which is necessary for both normal
testicular function and masculinization. A series of
enzymatic reactions known as androgen biosynthesis
transform steroid precursors into the more potent DHT and
testosterone, the two biologically active androgens. The first
step needed to create androgens is cholesterol, just like with
all steroid hormones. This means that the Leydig cells
require a steady supply. The Leydig cells can start the
androgen synthesis process by obtaining free cholesterol.
The conversion of cholesterol to pregnenolone, which takes
place in the inner membrane of the mitochondria of Leydig
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cells, is the initial stage of steroidogenesis [84, 85]. The
luteinizing hormone/choriogonadotropin receptor (LHCGR)
phosphorylates the steroidogenic acute regulatory (STAR)
protein more when luteinizing hormone (LH) binds to it.
This process controls the transfer of cholesterol to the inner
mitochondrial membrane. The enzyme CYP11A1, which
catalyzes cholesterol side-chain cleavage, subsequently
transforms cholesterol into pregnenolone [85]. Pregnenolon
exits the mitochondria by passive diffusion, and the smooth
endoplasmic reticulum of the cell is the site of all ensuing
androgen biosynthesis processes [86].

In our investigation, we conducted mRNA expression
analyses of several genes involved in testosterone
biosynthesis. Notably, we observed a significant down-
regulation in the expression of Hsd17b6 and SRD5A1 genes,
encoding 17b-hydroxysteroid dehydrogenase type 6 and
Steroid 5Sa-reductase type | enzymes, respectively, in both
low and high doses of SPI compared to the control group.
These findings align with the work of Evans et al. [87], who
demonstrated that isoflavone components, specifically
genistein and daidzein present in SPI, exhibit inhibitory
effects on Sa-reductase activity. This inhibition leads to a
decrease in levels of DHT in the plasma of male rats.
Additionally, our results are consistent with the findings of
Amanda et al. [88], who investigated the impact of dietary
SPI supplementation on the androgen biosynthesis pathway
in men. Significantly reduced levels of
dehydroepiandrosterone sulfate (DHEAS) were observed
with SPI preparation compared to soy alone. This implies
that the isoflavones present in SPI may influence the
steroidogenic pathway or the sulphation/desulfation of
dehydroepiandrosterone (DHEA). Our results corroborate
and extend these previous findings, highlighting the
potential adverse effects of SPI on the conversion of
testosterone to dihydrotestosterone, a more potent androgen
crucial for male sexual maturation, masculinization, and
fertility.

On the other hands, our study showed a significant up-
regulation of the expression of Cypl7algene and non-
significant up-regulation of HSD3B gene in low and high
SPI1 dose groups compared to control group which is
consistent with Sherrill et al. [89]. It was discovered that
exposing male rats to soy isoflavones during their early
development led to the proliferation of Leydig cells and
elevated levels of Cyp17al and HSD3B, which counteracted
the decline in Hsd17b3 steroidogenic enzyme activity.
Furthermore, compared to male rats fed a normal diet, male
rodents exposed to genistein during perinatal development
had decreased testicular mass, lower testosterone serum
levels, and shorter anogenital distances [90, 91].

The current histological analysis of the testes in our study
revealed that rats given a high dose of SPI for 30 days
destroyed their seminiferous tubules, and some of their
spermatogonia and Sertoli cells displayed pyknotic
degeneration, which is characterized by their wide
separation. This result is in line with previous studies that
have demonstrated that isoflavone (genistein) in SPI delays
spermatogenesis in male rats (55, 56, 62, 92). The presented
data indicated that the testosterone level negatively
correlated with Cypl7algene. On the other hand,
testosterone is positively correlated with HSda7b6 and
SRD5AL1 genes.
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5. Conclusion

The findings of our study have demonstrated a deleterious
impact on testicular tissue in male rats subjected to elevated
doses of soy protein isolate (SPI), characterized by a down
regulation in the genetic expression of specific genes
associated  with  testosterone  hormone  synthesis,
subsequently leading to a reduction in testosterone levels.
Prolonged and high-dose administration of soy protein
isolate is implicated in potential adverse effects on male
fertility. Caution is warranted in its usage due to the presence
of phytoestrogens, particularly isoflavones, which exhibit
structural similarities to endogenous female estrogen.

6. References

1. Pingxu Q., Taoran W., Yangchao L.A review on
plant-based proteins from soybean: Health benefits
and soy product development Journal of
Agriculture and Food Research 2022; (7),100265

2. FAOSTAT. Food and Agriculture Organization of
the United Nations. 2023;
https://www.fao.org/faostat/en/#thome.

3. Chen, K. 1., Erh, M. H., Su, N. W., Liu, W. H.,
Chou, C. C., & Cheng, K. C.. Soyfoods and
soybean products: from traditional use to modern
applications. Applied Microbiology and
Biotechnology 2012; 96(1), 22872103.

4. Medic, J., Atkinson, C., & Hurburgh Junior, C. R.
Current knowledge in soybean composition.
Journal of the American Oil Chemists’ Society
2014; 91(3), 363-384.

5. Messina, M. Soy and health update: evaluation of
the clinical and epidemiologic literature. Nutrients
2016; 8(12), 754.

6. Surendra Patra, Sukhamoy Gorai, Soumitra
Pal, Kuntal Ghosh, Shrabani Pradhan, Sudipta
Chakrabarti. A review on phytoestrogens: Current
status and future direction 2023; 37(7) 3097-3120

7. Sugano M.: Soy in Health and Disease Prevention
2021; Routledge & CRC Press n.d. https:/
www.routledge.com/Soy-in-Health-and-Disease-
Prevention/Sugano/p/ book/9780367454050.

8. Mueller, S.0., Simon, S., Chae, K., Metzler, M.,
Korach KS. Phytoestrogens and their human
metabolites show  distinct  agonistic  and
antagonistic properties on estrogen receptor alpha
(ERalpha) and ERbeta in human cells. Toxicol Sci.
2004; 80 (1):14-25.

9. Martinez J, Lewi JE. An unusual case of
gynecomastia associated with soy product
consumption. Endocr Pract. 2008; 14 (4):415-8.

10. Chavarro JE, Toth TL, Sadio SM, Hauser R. Soy
food and isofavone intake in relation to semen
quality parameters among men from an infertility
clinic. Hum Reprod. 2008; 23(11):2584-90.

Egypt. J. Chem. 67, No. 6 (2024)

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Codex. General Standard for Soy Protein Products
1989; Codex Standard 1751989.

Jian, H., Qiao, F., Yang, P., Guo, F., Huang, X.,
Adhikari, B., & Chen, J. Roles of soluble and
insoluble aggregates induced by soy protein
processing in the gelation of myofibrillar protein.
International Journal of Food Science &
Technology 2016; 51(2), 480-489.

Made Astawan and Ayu P.G. Prayudani. The
Overview of Food Technology to Process Soy
Protein Isolate and Its Application toward Food
Industry. World Nutrition Journal 2020;4 (1) 12-17

Eldridge, A.C. Determination of isoflavones in
soybean flours, protein concentrates, and isolates.
J. Agr. Food Chem. 1982; 30 (2): 353-355.

Setchell, K.D.R. The history and basic science
development of soy isoflavones. Menopause 2017;
24 (12), 1338-1350.

Murk, D.D.; Cheng, C.Y. The Mammalian Blood-
Testis Barrier: Its Biology and Regulation. Endocr.
Rev. 2015; 36 (5), 564-591.

Steinberger, E.; Steinberger, A. Spermatogenic
function of the testis. In Handbook of Physiology;
Greep, R.O., Hamilton, D.W., Eds American
Physiological Society: Washington, DC, USA,
1975; pp. 1-10.

Ramaswamy, S.; Weinbauer, G.F. Endocrine
Control of Spermatogenesis: Role of FSH and
LH/Testosterone Spermatogenesis 2014; 4:2,
€996025.

Anderson, R.A.; Baird, D.T. Male Contraception.
Endocr. Rev. 2002; 23 (16), 735-762.

McLachlan RI, O’Donnell L, Meachem SJ, Stanton
PG, De Kretser DM, Pratis K, et al. Identification
of specific sites of hormonal regulation in
spermatogenesis in rats, monkeys, and man. Recent
Prog Horm Res. 2002; 57:149-79.

Huhtaniemi, 1. Mechanisms in Endocrinology:
Hormonal Regulation of Spermatogenesis: Mutant
Mice Challenging OIld Paradigms. Eur. J.
Endocrinol. 2018; 179 (3), R143-R150.

Oduwole, 0.0.; Huhtaniemi, I.T. Feasibility of
Male Hormonal Contraception: Lessons from
Clinical Trials and Animal Experiments. Curr. Mol.
Pharmacol. 2014; 7, 109-118.

Hayes, F.J.; DeCruz, S.; Seminara, S.B.; Boepple,
P.A.; Crowley, W.F. Differential Regulation of
Gonadotropin Secretion by Testosterone in the
Human Male Absence of a Negative Feedback
Effect of Testosterone on Follicle Stimulating
Hormone Secretion. J. Clin. Endocrinol. Metab.
2001; 86 (1), 53-58.


https://onlinelibrary.wiley.com/authored-by/Patra/Surendra
https://onlinelibrary.wiley.com/authored-by/Gorai/Sukhamoy
https://onlinelibrary.wiley.com/authored-by/Pal/Soumitra
https://onlinelibrary.wiley.com/authored-by/Pal/Soumitra
https://onlinelibrary.wiley.com/authored-by/Ghosh/Kuntal
https://onlinelibrary.wiley.com/authored-by/Pradhan/Shrabani
https://onlinelibrary.wiley.com/authored-by/Chakrabarti/Sudipta
https://onlinelibrary.wiley.com/authored-by/Chakrabarti/Sudipta
https://onlinelibrary.wiley.com/toc/10991573/2023/37/7
https://www.routledge.com/search?author=Michihiro%20Sugano

464

N.A.Abd El-Latif et.al.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Manetti, G.J.; Honig, S.C Update on Male
Hormonal Contraception Is the Vasectomy in
Jeopardy? Int. J. Impot. Res. 2010; 22 (3),159-170.

Nieschlag E, Nieschlag S. ENDOCRINE
HISTORY: the history of discovery, synthesis and
development of testosterone for clinical use. Eur J
Endocrinol. 2019; 180(6):R201-12.

Chistiakov DA, Myasoedova VA, Melnichenko
AA, Grechko AV, Orekhov AN. Role of androgens
in cardiovascular pathology. Vasc Health Risk
Manag. 2018; 14:283-90.

Khosla S, Monroe DG. Regulation of bone
metabolism by sex steroids. Cold Spring Harb
Perspect Med. 2018; 8 (1): a031211.

Lokeshwar SD, Patel P, Fantus RJ, Halpern J,
Chang C, Kargi AY. Decline in serum testosterone
levels among adolescent and young adult men in
the USA. Eur Urol Focus 2020; S2405-
4569(20)30062-6.

Tsujimura A. The relationship between testosterone
defciency and men’s health World J Mens Health.
2013; 31(2):126-35.

Giagulli VA, Guastamacchia E, De Pergola G,
lacoviello M, Triggiani V. Testosterone defciency
in male: a risk factor for heart failure. Endocr
Metab Immune Disord Drug Targets. 2013;
13(1):92-9.

Awoniyi, C.A.; Santulli, R.; Sprando, R.L.; Ewing,
L.L.; Zirkin, B.R. Restoration of advanced
spermatogenic cells in the experimentally regressed
rat testis: Quantitative relationship to testosterone
concentration within the testis. Endocrinology
1989; 124 (3), 1217-1223.

Fujii, T. Roles of age and androgen in the regulation
of sex accessory organs. Adv. Sex Horm. Res.
1977; 3, 103-137.

Wilson, J.D. Prospects for research for disorders of
the endocrine system. J. Am. Med. Assoc. 2001;
285 (5), 624-627.

Huhtaniemi, 1.; Pelliniemi, L.J. Fetal Leydig cells:
Cellular origin, morphology, life span, and special
functional features. Proc. Soc. Exp. Biol. Med.
1992; 201, 125-140.

Leping Ye, Zhi-Jian Su and Ren-Shan Ge..
Inhibitors of Testosterone Biosynthetic and
Metabolic Activation Enzymes Molecules. 2011;
16, 9983-10001; doi:10.3390/molecules16129983

Ge, R.S.; Hardy, M.P. Regulation of Leydig cells
during pubertal development. In The Leydig Cell in
Health and Disease; Payne, A.H., Hardy, M.P.,
Eds.; Humana Press: New York, NY, USA, 2007;
pp. 55-70.

Egypt. J. Chem. 67, No. 6 (2024)

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

Payne, A.H.; O'Shaughnessy, P.J. Structure,
function and regulation of steroidogenic enzymes
in the Leydig cell. In The Leydig Cell; Payne, A.H.,
Hardy, M.P., Russell, L.D., Eds.; Cache River
Press: Vienna, IL, USA, 1996; pp. 259-286.

Eik-Nes, K.B. Production and secretion of 5-
reduced testosterone (DHT) by male reproductive
organs. J. Steroid Biochem. 1975; 6, 337-339.

Samtani, R.; Bajpai, M.; Ghosh, P.K.; Saraswathy,
K.N. SRD5A2 gene mutations—a populationbased
review. Pediatr. Endocrinol. Rev. 2010; 8, 34-40.

Maimoun, L.; Philibert, P.; Cammas, B.; Audran,
F.; Bouchard, P.; Fenichel, P.; Cartigny, M
Pienkowski, C.; Polak, M.; Skordis, N.; et al.
Phenotypical, biological, and  molecular
heterogeneity of 5alpha-reductase deficiency: An
extensive international experience of 55 patients. J.
Clin. Endocr. Metab. 2011; 96, 296-307.

Kinter J. Kevin; Razie Amraei; Aabha A. Anekar.
Biochemistry, Dihydrotestosterone. Stat Pearls
Publishing; 2023; Jan.

O’Flynn D.Timothy, Sean A. Hoganl, David
F.M.Daly, James A.O’Mahony and NoelA.Mc
Carthy, Molecules 2021; 26, 3015.

Zhang, J., Li, W., Ying, Z., Zhao, D., Yi, G., Li, H.,
& Liu, X. Soybean protein derived peptide
nutriment increases negative nitrogen balance in
burn injury-induced inflammatory stress response
in aged rats through the modulation of white blood
cells and immune factors. Food & Nutrition
Research. 2020; 64, 3677.

Zhao, F., Yu, Y., Liu, W., Zhang, J., Liu, X., Liu,
L., & Yin, H. Small molecular weight soybean
protein-derived peptides nutriment attenuates rat
burn injury-induced muscle atrophy by modulation
of ubiquitin-proteasome system and autophagy
signaling pathway. Journal of Agricultural and
Food Chemistry. 2018; 66 (11), 2724-2734.

Schmittgen T.D. and Livak K.J. Analyzing real-
time PCR data by the comparative Ct method.
Nature Protocols 2008; 3(6), 1101-1108

Drury R.A. and Wallington E.A. Carleton’s
Histological Techniques 1980; 5th Edition, Oxford
University Press, New York, 195.

Mizushina Y., Shiomi K., Kuriyama I., Takahashi
Y., Yoshida H. Inhibitory effects of a major soy
isoflavone,  genistein, on human DNA
topoisomerase Il activity and cancer cell
proliferation. Int J Oncol 2013; 43(4):1117-24.

Chen L.R., Ko N.Y. Chen K.H. Isoflavone
supplements for menopausal women: A systematic
review. Nutrients. 2019; 11(11): 2649


https://www.statpearls.com/
https://www.statpearls.com/

IMPACT OF SOY PROTEIN ISOLATE SUPPLEMENTATION ON TESTOSTERONE HORMONE LEVELS 465

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Kiizova L., Dadakova K., Kasparovska J.,
Kasparovsky T. Isoflavones. Molecules 2019;
24(6).

Ososki AL, Kennelly EJ. Phytoestrogens: a review
of the present state of research. Phytother Res.
2003; Sep; 17(8):845-69.

Rietjens IMCM, Louisse J, Beekmann K. The
potential health effects of dietary phytoestrogens.
Br J Pharmacol. 2017; 174 (11):1263-80.

Patisaul H.B. Endocrine disruption by dietary
phyto-oestrogens: impact on dimorphic sexual
systems and behaviours. Proc. Nutr. Soc. 2017
May 1; 76(2):130-44.

Assinder S., Davis R., Fenwick M., Glover A.
Adult-only exposure of male rats to a diet of high
phytoestrogen content increases apoptosis of
meiotic and post-meiotic germ cells. Reproduction.
2007; 133(1):11-9.

Adesanya O.A., Oyesola O.A., Adesanya R.A.,
Bamitale K.D.S., Odubela O.0. Effects of Soy-
flour Enriched Diet on the Testis and Gonadal
Hormone Status of Male Wistar Rats Control Low
dose soya diet High dose soya diet 2016; 4:1657—
61.

Serag El Din O.S., Batta, H. AE.A, Abd El Fattah
N. Effect of soybean on fertility of male and female
albino rats. J Am Sci. 2011;7(6):872-83

Norazit A., Mohamad J., Razak S.A., Abdulla
M.A., Azmil A., Mohd M.A. Effects of Soya Bean
Extract, Bisphenol A and 17f-Estradiol on the
Testis and Circulating Levels of Testosterone and
Estradiol Among Peripubertal Juvenile Male
Sprague Dawley Rats. Sains Malaysiana. 2012;
41(1):63-9.

Zhu Y., Xu H., Li M., Gao Z., Huang J, Liu L.
Daidzein impairs Leydig cell testosterone
production and Sertoli cell function in neonatal
mouse testes: An in vitro study. Mol Med Rep.
2016; Dec 1; 14(6):5325-33.

Faqgi A.S., Johnson W.D., Morrissey R.L., Mc
Cormick D.L. Reproductive toxicity assessment of
chronic dietary exposure to soy isoflavones in
male rats. Reprod. Toxicol. 2004; Jun; 18(4):605-
11.

Luo Q., Li Y., Huang C., Cheng D., Ma W., Xia
Y. Soy Isoflavones Improve the Spermatogenic
Defects in Diet-Induced Obesity Rats Through
Nrf2 / HO-1 Pathway. Molecules. 2019; 24(16):
2966.

Napier I.D., Simon L., Perry D., Cooke P.S., Stocco
D.M., Sepehr E. Testicular development in male

Egypt. J. Chem. 67, No. 6 (2024)

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

rats is sensitive to a soy-based diet in the neonatal
period. Biol. Reprod. 2014; 90 (2):1-12,

Tanaka M, Fujimoto K, Chihara Y, Torimoto K,
Yoneda T, Tanaka N. Isoflavone supplements
stimulated the production of serum equol and
decreased the serum dihydrotestosterone levels in
healthy male volunteers. Prostate Cancer Prostatic
Dis 2009; 12(3):247-52.

Goodin S, Shen F, Shih WJ, Dave N, Kane MP,
Medina P. Clinical and biological activity of soy
protein powder supplementation in healthy male
volunteers. Cancer Epidemiol Biomarkers Prev.
2007; 16(4):829-33.

Sathyapalan T., Rigby A.S., Bhasin S., Thatcher
N.J., Kilpatrick E.S., Atkin S.L. Effect of soy in
men with type 2 diabetes mellitus and subclinical
hypogonadism: A randomized controlled study. J
Clin Endocrinol. Metab. 2017; 1; 102 (2):425-33.

Badger T.M., Gilchrist .M., Pivik R.T.,Andres A.,
Shankar K.,Chen J.R., Ronis M.J. The health
implications of soy infant formula. Am. J. Clin.
Nutr. 2009; 89 (5):1668S-72S.

Badger T.M., Ronis M.J.,, Hakkak R.
Developmental effects and health aspects of soy
protein isolate, casein, and whey in male and
female rats. Int J Toxicol. 2001; 20 (3):165-74

Fang N., Yu S., Badger T.M. Comprehensive
phytochemical profile of soy protein isolate. J
Agric Food Chem 2004; 52 (12):4012-20.

Cederroth CR, Zimmermann C, Nef S. Soy,
phytoestrogens and their impact on reproductive
health. Mol Cell Endocrinol 2012; 355 (2):192-200

Asadi A, Ghahremani R, Abdolmaleki A, Rajaei F.
Role of sperm apoptosis and oxidative stress in
male infertility: A narrative review. Int J Reprod
Biomed 2021; 1; 19 (6): 493 — 504.

Smith L.B., Walker W.H. The regulation of
spermatogenesis by androgens. Semin Cell Dev
Biol. 2014; 30:2-13.

Zhang W.Z, Cui W.M., Zhang X., Wang W., Jia
X.D, Zhang XP. Subchronic Toxicity Study on Soy
Isoflavones in Rats. Biomed Environ Sci. 2009; 1;
22(3):259-64.

Musameh N.I., Zin S.R., Kassim N.M. Effects of
genistein on male sprague dawley rats reproductive
development. 2014; 25(3):391-400.

Weber K.S., Setchell K.D.R, Stocco D.M., Lephart
E.D. Dietary soy-phytoestrogens decrease
testosterone levels and prostate weight without
altering LH, prostate 5alpha-reductase or testicular
steroidogenic acute regulatory peptide levels in


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6719105/

466

N.A.Abd El-Latif et.al.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

adult male Sprague-Dawley rats. J Endocrinol.
2001; 170 (3):591-9.

Ohno S, Nakajima Y, Inoue K, Nakazawa H,
Nakajin S. Genistein administration decreases
serum corticosterone and testosterone levels in rats.
Life Sci 2003; 26; 74 (6):733-42.

Svechnikov K, Supornsilchai V, Strand ML,
Wahlgren A, Seidlova-Wuttke D, Wuttke W, et al.
Influence of long-term dietary administration of
procymidone, a fungicide with anti-androgenic
effects, or the phytoestrogen genistein to rats on the
pituitary-gonadal ~ axis and  Leydig cell
steroidogenesis. J Endocrinol. 2005; 187 (1):117-
24,

Pan L, Xia X, Feng Y, Jiang C, Huang Y. Exposure
to the Phytoestrogen Daidzein Attenuates
Apomorphine-Induced Penile Erection
Concomitant with Plasma Testosterone Level
Reduction in Dose and Time-Related Manner in
Adult Rats. Urology. 2007; 70 (3):613-7.

Akingbemi B.T., Braden T.D., Kemppainen B.W.,
Hancock K.D., Sherrill J.D., Cook S.J. Exposure to
phytoestrogens in the perinatal period affects
androgen secretion by testicular Leydig cells in the
adult rat. Endocrinology 2007; 148 (9):4475-4488.

Bae M, Woo M, Kusuma IW, Arung ET, Yang CH,
Kim YU. Inhibitory Effects of Isoflavonoids on Rat
Prostate Testosterone 5o0-Reductase. JAMS J
Acupunct Meridian Stud. 2012; 5 (6):319-22.

Hu GX, Zhao BH, Chu YH, Zhou HY, Akingbemi
BT, Zheng ZQ, et al. Effects of genistein and equol
on human and rat testicular 3beta-hydroxysteroid
dehydrogenase and 17beta-hydroxysteroid
dehydrogenase 3 activities. Asian J Androl. 2010;
12 (4):519-26.

Sivonnova MK, Kaplan P, Tatarkova Z,
Lichardusova L, Dusenka R, Jureéekova J.
Androgen receptor and soy isoflavones in prostate
cancer (Review). Mol Clin Oncol. 2019; 10
(2):191-204.

Martin  Luc J and Mohamed Touaibia.
Improvement of Testicular Steroidogenesis Using
Flavonoids and Isoflavonoids for Prevention of
Late-Onset Male Hypogonadism. Antioxidants
2020; 9 (3), 237-254

Stocco DM. StAR protein and the regulation of
steroid hormone biosynthesis. Annu Rev Physiol
2001; 63:193-213.

Liu Z, Kanjo Y, Mizutani S. A review of
phytoestrogens: their occurrence and fate in the
environment. Water Res. 2010; 44 (2):567-77.

Byrns M.C; Mindnich R.;Duan
L.;Penning, T.M.Overexpression of aldo-
ketoreductaselC3(AKR1C3) in LNCaP cells

diverts androgen metabolism towards testosterone

Egypt. J. Chem. 67, No. 6 (2024)

84.

85.

86.

87.

88.

89.

90.

91.

92.

resulting in resistance to the 5a-reductase inhibitor
finasteride. J. Steroid. Biochem. Mol.Biol.2012;
130(2), 7-15.

O’Shaughnessy, P.J.; Murphy, L. Steroidogenic
enzyme activity in the rat testis following Leydig
cell destruction by ethylene-1, 2-
dimethanesulphonate and during subsequent
Leydig cell regeneration. J. Endocrinol. 1991;
131(3), 451-457.

Lambeth, J.D.; Stevens, V.L. Cytochrome P-
450scc: Enzymology, and the regulation of
intramitochondrial cholesterol delivery to the
enzyme. Endocr. Res. 1984; 10 (3), 283-309.

Skinner, M.K. Encyclopedia of Reproduction;
Academic Press: Cambridge, MA, USA, 2018.

Evans C A Rice-, Miller N J, Bolwell P
G, Bramley P M, Pridham J B. The relative
antioxidant activities of plant-derived polyphenolic
flavonoids. Free Radic Res. 1995; Apr; 22(4):375-
83.

Amanda C. Swart, Inge D. Johannes. Thozhukat
Sathyapalan, Stephen L. Atkin. The Effect of Soy
isoflavones on steroid metabolism Sec. Cellular
Endocrinology 2019; 10: 229-239.

Sherrill, J.D.; Sparks, M.; Dennis, J.; Mansour, M.;
Kemppainen, B.W.; Bartol, F.F.; Morrison,
E.E.;Akingbemi, B.T. Developmental exposures of
male rats to soy isoflavones impact Leydig cell
dierentiation. Biol. Reprod. 2010; 83 (3), 488-501.

Strauss, L.; Makela, S.; Joshi, S.; Huhtaniemi, I.;
Santti, R. Genistein exerts estrogen-like e_ects in
male mouse reproductive tract. Mol. Cell.
Endocrinol. 1998; 144 (1), 83-93.

Roberts D., Veeramachaneni, D.N.; Schla_, W.D;
Awoniyi C.A. E_ects of chronic dietary exposure
to genistein, a phytoestrogen, during various stages
of development on reproductive hormones and
spermatogenesis in rats. Endocrine 2000; 13 (3),
281-286.

Delclos K B, Bucci T J, Lomax L G, Latendresse J
R, Warbritton A, Weis CC, et al. Effects of dietary
genistein exposure during development on male
and female CD (Sprague-Dawley) rats. Reprod
Toxicol 2001;15 (6):647-663


https://pubmed.ncbi.nlm.nih.gov/?term=Rice-Evans+CA&cauthor_id=7633567
https://pubmed.ncbi.nlm.nih.gov/?term=Miller+NJ&cauthor_id=7633567
https://pubmed.ncbi.nlm.nih.gov/?term=Bolwell+PG&cauthor_id=7633567
https://pubmed.ncbi.nlm.nih.gov/?term=Bramley+PM&cauthor_id=7633567
https://pubmed.ncbi.nlm.nih.gov/?term=Pridham+JB&cauthor_id=7633567
https://www.frontiersin.org/people/u/37435
https://www.frontiersin.org/people/u/282334
https://www.frontiersin.org/people/u/282334
https://www.frontiersin.org/people/u/282460

