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Abstract

Soy-based foods are consumed for their health beneficial effects, implying that the population

is exposed to soy isoflavones in the diet. Herein, male rats at 21, 35, and 75 days of age were

maintained either on a casein control diet, soybean meal (SBM), or control diet supplemented

with daidzin and genistin (G + D) for 14 days. Feeding of SBM and G + D diets decreased testicular

testosterone (T) secretion regardless of age. Altered androgen secretion was due to decreased

(P < 0.05) Star and Hsd17β protein in the testes and was associated with increased (P < 0.05) Lhβ

and Fshβ subunit protein expression in pituitary glands. Second, male rats were fed either a casein

control diet, control diet + daidzin, control diet + genistin, or control diet + genistin + daidzin

(G + D). Compared to control, feeding of all isoflavone-containing diets decreased (P < 0.05)

testicular T concentrations, and more so in the G + D diet group. Interestingly, Esr1 and androgen

receptor protein and pituitary Fshβ with Lhβ subunit protein were increased (P < 0.05) by feeding

of genistin and G + D diets, but not the daidzin diet. However, daidzein and genistein both caused

a concentration dependent inhibition (P < 0.05) of T secretion by Leydig cells in vitro with IC50 of

184 ηM and 36 ηM, respectively. Results demonstrated that altered testicular steroidogenic capacity

and pituitary FSHβ and LHβ subunit expression due to soy-based diets result from specific actions

by genistein and daidzein. Experiments to assess effects of isoflavone regulation of intratesticular

androgen concentrations on male fertility are warranted.
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Introduction

Soy-based food products are consumed worldwide due to their
putative nutritional and health beneficial effects. Raw soybeans
typically contain 36.5% protein, 19.9% lipids, low cholesterol,
high unsaturated fat, 9.3% dietary fiber, and a small amount of
isoflavones (<1%) [1]. Isoflavones (also called phytoestrogens or
phytochemicals) are nonsteroidal compounds, which are abundant
in soybeans and other legumes [2]. Interestingly, isoflavones are
similar in structure to and mimic the female hormone estrogen [3]
with the capacity to interfere with function of the endocrine axis. The
most abundant isoflavones in soybeans are present as β-glycoside
conjugates: 50–55% genistin, 40–45% daidzin, and less than 5%
glycetin [4, 5]. Genistin, daidzin, and glycetin are hydrolyzed in
the gastrointestinal tract to their genistein, daidzein, and glycitein
aglycones while daidzein is further broken down to equol in about
one-third of the population [6, 7].

Importantly, individuals with lactose intolerance consume
soymilk as alternatives to lactose-containing milk while vegetarians
substitute soy protein for meat, and consumption of soy-based prod-
ucts were linked to prevention of cancer [8–10] and other chronic
diseases [11, 12]. Furthermore, the American Heart Association
recommends consumption of soy-based food products for their low
cholesterol content [13], and the US Department of Agriculture has
endorsed use of soy-based protein as an alternative to animal protein
in lunch programs for preschoolers, and young and adolescent age
groups [14, 15]. Of particular concern are risks associated with
the use of hormone-supplemented rations in livestock production
[16] and feeding of several food products containing soy products,
other phytochemicals and dietary estrogens [17]. Also, the increasing
popularity of soy food products has raised public concerns regarding
exposure of the population to hormonally active compounds [18].
The most vulnerable groups are developing fetuses and infants
exposed in utero and/or during lactation and feeding of soy-based
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Table 1. Effects of diets on body weight and testicular size (Experiment 1).

Body weight (g) Paired testis weight (g) Gonadosomatic index (%)

Prepubertal (PND 21–35) Control 181.3 ± 4.0 2.2 ± 0.03 1.2 ± 0.02
SBM 188.3 ± 4.3 2.4 ± 0.08∗ 1.3 ± 0.02
G + D 177.3 ± 6.1 2.3 ± 0.08 1.2 ± 0.02

Pubertal (PND 35–49) Control 225.8 ± 4.6 2.2 ± 0.12 1.0 ± 0.06
SBM 234.8 ± 4.6 2.6 ± 0.10 1.1 ± 0.06
G + D 234.0 ± 6.8 2.5 ± 0.08 1.1 ± 0.03

Adult (PND 75–90) Control 351.2 ± 7.4 3.3 ± 0.12 0.9 ± 0.04
SBM 356.7 ± 8.8 3.3 ± 0.05 0.9 ± 0.02
G + D 347.3 ± 7.4 3.4 ± 0.06 1.0 ± 0.04

∗P = 0.0449.

Table 2. Serum concentrations of isoflavones (ng/mL).

Diets Genistein Daidzein

Total Free Conjugated Total Free Conjugated

Control 0.0 0.0 0.0 0.0 0.0 0.0
SBM 457.9 ± 43∗ 9.3 ± 2.0 448.6 ± 43∗ 249.6 ± 16∗ 23.11 ± 3∗ 226.5 ± 14∗
G + D 322.6 ± 10.0 10.4 ± 2.1 312.2 ± 9.0 98.4 ± 3.8 9.5 ± 0.3 88.9 ± 3.7

∗P < 0.05.

infant formulas. For example, thousands of infants in the United
States each year are raised on soy-based formulas [19, 20], which
may contain high isoflavone concentrations in the micromolar range
and achieve blood concentrations of 300–600 ηM [21]. The mean
daily consumption of isoflavones in 4-month-old infants maintained
exclusively on soy-based infant formulas was estimated at 6–
9 mg/kg of body weight, resulting in blood isoflavone concentrations
about 980 μg/L which is much higher than measured in infants
fed cow’s milk formulas or human breast milk (9.4 and 4.7 μg/L)
[22, 23].

Isoflavone effects were investigated in the male reproductive tract
due to their high expression levels of steroid hormone receptors [24–
26]. Epidemiological studies are few, but a study of adult Chinese
men with idiopathic infertility showed that adult men with high
urinary daidzein and genistein concentrations (>50 μg/g creati-
nine) had lower sperm counts in the range 38.5–118.4 × 106/mL
compared to individuals with lower urinary daidzein and genistein
levels (<50 μg/g creatinine) with sperm counts between 48.8 and
167.4 × 106/mL [27]. Similarly, animal studies demonstrated that
both endocrine and exocrine functions of testes are subject to
regulation by soy isoflavones. Exposure of pregnant female mice
to genistein at concentrations similar to human exposure levels (10
ηM) suppressed androgen secretion in male offspring [28]. Subcu-
taneous administration of genistein at 2.5 mg/kg/body weight/day
for a period of 9 days also decreased both serum and testicular
androgen concentrations in adult male mice [29]. Subcutaneous
administration of genistein at 4 mg/kg/day to neonatal rats for
16 days stimulated germ cell development [30], but long-term genis-
tein treatment decreased spermatogenesis in adult male rats [31].
We observed that feeding of soy-based diets to pregnant female rats
from gestational day 12 to postnatal day (PND) 21 induced Leydig
cell proliferation in testes early in development and suppressed
steroid hormone secretion in adult male offspring [32–34]. Results
of our in vitro assays showed that genistein treatment disrupted
coupling of luteinizing hormone (LH) receptors to G proteins in
Leydig cells and diminished LH stimulation of androgen biosynthesis

[35]. Isoflavones also have the capacity to impact neuroendocrine
function. For example, subcutaneous administration of 250 μg of
genistein at 12-h intervals in the first 48 h postpartum increased
the number of tyrosine hydroxylase neurons in the anteroventral
periventricular nucleus of the hypothalamus and disrupted sexual
differentiation in male rats [36]. Similarly, daily administration of
a high genistein dose (e.g., 1000 μg) in the first 10 days postpar-
tum decreased pituitary Lh secretion in response to gonadotropin-
releasing hormone (Gnrh) stimulation in pubertal male rats, but a
smaller dose (e.g., 100 μg) caused the opposite effect, i.e., increased
Lh secretion in response to GnRh stimulation [37]. Administration
of equol to adult male rats at 100 mg/kg/bodyweight for 5 days
upregulated the expression of both estrogen receptor 1 (Esr1) and
truncated estrogen receptor product 1, an estrogen-induced specific
Esr1 isoform that suppresses ligand-activated ESRs in the pituitary
gland [38]. Overall, the inconsistencies in observations from different
laboratories demonstrate that dose–response relationships of the two
isoflavones are not always linear and may be biphasic or attain a
plateau for many biological endpoints [39–41].

Our laboratory is interested in the regulation of androgen secre-
tion and gonadal function. Androgens are important for male repro-
ductive development both in utero and during postnatal develop-
ment [42–45]. The primary androgen testosterone (T) is produced
predominantly by Leydig cells under the direct control of pituitary
Lh [46]. Pituitary Lh is released in response to stimulation by
GnRh. Acting in concert with Sertoli cell-secreted factors, e.g., Anti-
Müllerian hormone (Amh) and inhibin Bβ, sex steroids feedback to
the pituitary gland and hypothalamus and control Lh-beta and GnRh
release [47–49]. Thus, isoflavones may act directly in testicular cells
and/or perturb the entire hypothalamus–pituitary–gonadal (HPG)
axis to regulate GnRh and gonadotropin secretion [37, 38, 50].

Information on age-related differences in isoflavone exposure
effects is limited [20]. Most studies focused on isoflavone exposures
occurring continuously through gestation, lactation, and the
postweaning period, making it difficult to isolate specific effects
associated with different developmental periods. Therefore, we
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Figure 1. Effects of soy-based diets on testicular androgen secretion. Male rats at 21 (n=45), 35 (n=36) and 75 days of age (n=18) were maintained on a control

diet (Con), whole soybean diet (SBM) or control diet supplemented with genistein and daidzein (G+D) for 14 days. After sacrifice, serum were separated from

blood to measure testosterone (T) concentration (A, B, C). Testicular explants were obtained and incubated in DMEM/Ham’s F-12 culture medium for 3 h without

(D, E, F) or containing 100 ηg/ml ovine LH (NIDDK, NIH) (G, H, I). Aliquots of spent media were analyzed to measure T concentrations. Hormone concentrations

were determined by RIA (∗P < 0.05, ∗∗P < 0.001).

used prepubertal, pubertal, and adult exposure paradigms to
assess whether isoflavone exposure effects are specifically due to
the presence of genistein and daidzein and if age and stage of
reproductive tract development are moderating factors. Second,
most studies on isoflavones on male reproductive axis have focused
on genistein [20] with little attention to daidzein, another major
isoflavone in soybeans [20, 51]. This is a significant omission because
both genistein and daidzein acted as agonists in a model of hepG2
human hepatoma cells transfected with rat Esr1 and Esr2 [52].
Moreover, genistein induced a higher rate of Esr binding to estrogen
response elements compared to daidzein [25]. However, it remains
to be determined that differential binding of transcriptional factors
in testicular cells influences the actions of hormonally active agents

in the male gonad. To determine specificity of isoflavone action, we
performed experiments to determine whether isoflavone effects in
testicular cells are due to individual action by daidzein and genistein
or result from both compounds acting together.

Materials and methods

Chemicals: Genistein and daidzein were obtained from Indofine
Chemical Company (Hillsborough, NJ). Trypsin inhibitor, EDTA,
HEPES, bovine serum albumin (BSA), bovine lipoprotein, sodium
bicarbonate (NaHCO3), Dulbecco Modified Eagle Medium
(DMEM) nutrient mixture (Ham’s F-12 (DMEM/F-12; 1:1 mixture
without phenol red]), albumin, Percoll, etiocholan-3β-ol-17-one,
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Figure 2. Effects of soy-based diets on androgen secretion by Leydig cells. Male rats at 21 (n=45), 35 (n=36) and 75 days of age (n=18) were maintained on a

control diet (Con), whole soybean diet (SBM) or control diet supplemented with genistein and daidzein (G+D) for 14 days. After sacrifice, testes were pooled to

isolate Leydig cells which were then incubated in DMEM/Ham’s F-12 culture medium for 3 h without (A, B, C) or containing 100 ηg/ml ovine LH (NIDDK, NIH) (D,

E, F). Spent media were analyzed to measure T concentrations by RIA (∗P < 0.05, ∗∗P < 0.001, ∗∗∗P < 0.0001).

and gentamicin were purchased from Sigma Chemical Company
(St. Louis, MO). Dulbecco phosphate-buffered saline (PBS), medium
199, and 10 × Hanks balanced salt solution were obtained from
Life Technologies, Inc. (Grand Island, NY). Collagenase, dispase,
and deoxyribonuclease (DNase) were purchased from Roche
Molecular Biochemicals (Mannheim, Germany). Ovine LH was
provided by the National Hormone and Pituitary Program (NIDDK,
Bethesda, MD).

Animal studies

All animal and euthanasia procedures were performed in accor-
dance with a protocol approved by the Auburn University Institu-
tional Animal Care and Use Committee based on recommendations
of the panel on Euthanasia of the American Veterinary Medical
Association.

Experiment 1

We performed experiments to determine whether altered sex hor-
mone secretion by testis was due specifically to isoflavone action
and are influenced by age at exposure. Male Long–Evans rats at
different ages (PND 21 [n = 45], 35 [n = 36] and 75 [n = 18]) were
obtained from Harlan-Teklad, (Madison, WI). Animals were allowed
to acclimatize for 3 days at the College of Veterinary Medicine
Division of Laboratory Animal Health Housing Facility. Depending
on size, animals were placed in groups of 1–3 per cage (length,
0.47 m; width, 0.25 m; height, 0.22 m) (Snyder Manufacturing

Company, Centennial, CO). Water was provided in glass water
bottles ad libitum. Housing of animals in plastic cages and use
of glass bottles was designed to minimize background exposure
to estrogens as may occur with resin-containing cages [20]. Ani-
mals were maintained under constant conditions of light (12 L:
12 D) and temperature (20–23.38 ◦C) with free access to pelleted
food. There were three experimental diets: (1) casein control; (2)
soybean diet; and (3) control diet supplemented with daidzin and
genistin (G + D). The SBM diet was formulated to contain 300
parts per million (ppm) genistein and 200 ppm daidzein based
on the natural content of genistin and daidzin in soybeans as
determined by the manufacturer (Harlan-Teklad, Madison, WI).
The G + D diet was formulated to contain genistein and daidzein
at 300 ppm and 200 ppm. All diets (control, SBM, and G + D)
were similar in total content of protein, carbohydrates, fat, energy,
and micronutrients (Harlan-Teklad, Madison, WI) (Supplementary
Table S1). Animals within each age group were randomized by
weight, constituted into three groups and maintained on the appro-
priate diet for a period of 14 days, i.e., PND 21–35 (prepubertal
exposure), PND 35–49 (pubertal exposure) and PND 75–89 (adult
exposure).

Experiment 2

We performed experiments to determine whether effects of soy-based
diets on steroid hormone secretion by testis are due to individual
action by daidzein and genistein or both compounds acting together.
Male Long–Evans rats at 35 days of age (n = 48), obtained from

https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioaa101#supplementary-data
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Figure 3. Effects of soy-based diets on testicular 17β-estradiol (E2) secretion. Male rats at 21 (n=45), 35 (n=36) or 75 days of age (n=18) were maintained on a

control diet (Con), whole soybean diet (SBM) or control diet supplemented with genistein and daidzein (G+D) for 14 days. After sacrifice, serum were obtained to

measure E2 concentration (A, B, C). Testicular explants were obtained and incubated in DMEM/Ham’s F-12 culture medium for 3 h without (D, E, F) or containing

100 ηg/ml ovine LH (NIDDK, NIH) (G, H, I). Aliquots of spent media were analyzed to measure E2 concentrations by RIA (∗P < 0.05).

Harlan-Teklad (Madison, WI), were housed and maintained as in
Experiment 1. There is general agreement that male reproductive
development, which is primarily androgen-dependent, occurs in
three phases: prepubertal, pubertal, and adult. Our laboratory and
others have demonstrated that the 35-day-old male rat signifies the
pubertal and intermediate phase of development [53–55]. There
were four experimental diets: (1) casein control; (2) control diet
plus daidzin (Dai, 200 ppm); (3) control diet plus genistin (Gen,
300 ppm); and (4) control diet plus 300 ppm genistin and 200 ppm
daidzin (G + D). All diets were similar in their content of pro-
tein, carbohydrates, fat, energy, and micronutrients (Harlan-Teklad,
Madison, WI) (Supplementary Table S2). Animals were randomized
by weight into four groups and maintained on the appropriate diet
for 14 days, i.e., PND 21–35.

Finally, we performed in vitro assays with primary Leydig cell
cultures in experiments designed to eliminate isoflavone effects due
to the soy or casein protein [25–27] and prevent isoflavone activity
occurring in the hypothalamus and pituitary gland [28]. Immature
Leydig cells, isolated from 35-day-old male rats not previously
exposed to isoflavones, were incubated in DMEM/F-12 culture
medium containing genistein or daidzein at 0, 0.01, 0.1, 1, and
10 μM in the presence of LH (10 ηg/mL ovine LH) for 18 h at a
temperature of 34 ◦C. Leydig cells isolated from testes of male rats
at 35 days postpartum exhibit features that are seen in prepubertal
rats (e.g., proliferative capacity) and adult animals (steroid hormone
secretion), and thus represent the intermediate stage of develop-
ment. After treatment, aliquots of spent media were analyzed for T
concentrations. We also determined the concentration of genistein

https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioaa101#supplementary-data
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Figure 4. Effects of soy-based diets on 17β-estradiol (E2) secretion by Leydig cells. Male rats at 21 (n=45), 35 (n=36) or 75 days of age (n=18) were maintained

on a control diet (Con), whole soybean (SBM) or control diet supplemented with genistein and daidzein (G+D) for 14 days. After sacrifice, testes were pooled

from animals in same group to isolate Leydig cells. Leydig cells were then incubated in DMEM/Ham’s F-12 culture medium in triplicate for 3 h without (A, B, C)

or containing 100 ηg/ml ovine LH (NIDDK, NIH) (D, E, F) Spent media were analyzed by RIA to measure E2 concentrations by RIA (∗P < 0.05).

and daidzein causing half-maximal inhibition (IC50) of T secretion
by Leydig cells.

Procedure for isolation of Leydig cells. Animals were killed by CO2

asphyxiation after which testes were collected and digested in a
dissociation buffer containing 0.25 mg/mL collagenase, 46 μg/mL
dispase, and 6 μg/mL DNase for 1 h in a shaking water bath at 34 ◦C.
Seminiferous tubules from immature testis were removed by passing
testicular fractions through a nylon mesh with a pore size of 0.2 μm
(Spectrum Laboratories, New Brunswick, NJ). The supernatant was
centrifuged at 2500 rpm for 15 min at 4 ◦C. Seminiferous tubules
obtained from adult testes were removed by gravity sedimentation
in dissociation buffer containing 10 mg/mL BSA. In all cases, cell
fractions were loaded onto a Percoll gradient (Sigma-Aldrich, St.
Louis, MO) and centrifuged at 13 500 rpm for 60 min at 4 ◦C.
Leydig cells were isolated from the Percoll gradient based on density,
i.e., progenitor Leydig cells at 1.063 (21 days), immature Leydig
cells (35 days) at 1.069–1.073, and adult Leydig cells (75 days) at
1.073–1.096 [56–58]. Leydig cell numbers were estimated using a
hemocytometer. The purity of Leydig cell fractions was assessed by
histochemical staining for 3βHSD using 0.4 mM etiocholan-3β-ol-
17-one as the enzyme substrate (Sigma-Aldrich, St. Louis, MO).

Measurement of serum hormones and isoflavones and testicular and
Leydig cell hormone secretion. Serum was separated from trunk blood
collected at sacrifice. Testicular explants (∼100 mg) and aliquots
of Leydig cells (0.1–0.2 × 106) were incubated in microcentrifuge

tubes containing DMEM/F-12 culture medium buffered with 14 mm
NaHCO3, 15 mm HEPES, 0.1% BSA, and 0.5 mg/mL bovine
lipoprotein. Incubations were conducted without (basal) and with
a maximally stimulating dose of ovine LH (100 ng/mL; LH-
stimulated) for 3 h at 34 ◦C. Steroid hormone concentrations (T,
17β-estradiol [E2]) were assayed in aliquots of serum and spent
media using a tritium-based radioimmunoassay with an inter-assay
variation of 7–8% [59]. Hormone production was normalized to
nanogram per testicular mass (milligrams) and 106 Leydig cells. The
concentrations of genistein and daidzein in serum were measured by
ultra performance liquid chromatography with mass spectrometry
detection using modifications of previously reported methods [32,
60, 61].

Sodium dodecyl sulfate polyacrylamide gel electrophoresis and western
blot analysis. We analyzed expression of several proteins in testes
(Amh, inhibin Bβ, Esr1, Ar, Star, Hsd17β) and pituitary glands
(Lhβ, Fshβ, Esr1, Ar). Tissues were homogenized in T-PER lysis
buffer (Pierce Biotechnology, Rockford, IL) that was freshly supple-
mented with a protease inhibitor cocktail (Catalog #78410; Pierce
Biotechnology, Rockford, IL). Tubes were centrifuged at 3000 rpm
for 14 min at 4 ◦C to remove cellular debris. Protein concen-
trations were determined using the Bio-Rad protein assay with
BSA as standard (Bio-Rad Laboratories, Hercules, CA). Aliquots
(50 μL) of whole-cell lysates were dissolved in an equal volume of
Laemmli buffer containing 5% β-mercaptoethanol and were boiled
for 5 min at 95 ◦C. All samples were resolved on varying percentages
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Figure 5. Effects of soy-based diets in the testis-pituitary gland axis. Pubertal male rats at 35 days of age were maintained on a control diet (Con), whole soybean

(SBM) or control diet supplemented with genistein and daidzein (G+D) for 14 days. After sacrifice, tissues were processed by western blot procedures to analyze

Mϋllerian inhibiting substance (MIS) (A) and inhibin Bβ in testes (B) and FSHβ (C) and LHβ subunit proteins in pituitary glands (D). Proteins were normalized to

actin (Actb) (Inhibin Bβ = 45 kDa, Amh = 74 kDa, Fshβ = 21 kDa, Lhβ = 22 kDa, Actb = 43 kDa. ∗, P < 0.05 vs. control).

of Tris-HCl acrylamide gels by sodium dodecyl sulfate polyacry-
lamide gel electrophoresis. Proteins were transferred to nitrocellulose
membranes (Catalog #1620147; Bio-Rad Laboratories) and sub-
sequently incubated in blocking buffer (5% whole milk in 0.1%
Tween 20 PBS) for 1 h at room temperature to reduce nonspecific
binding by antibodies. Membranes were then incubated in block-
ing buffer containing appropriate primary antibodies overnight at
4 ◦C. Parameters of primary antibodies used in the present study
are provided in Supplementary Table S3. On the next day, blots
were washed three times in 0.1% Tween 20 PBS to remove any
unbound primary antibody before incubation with the appropriate
horseradish peroxidase-conjugated secondary antibody. Afterward,
membranes were washed four times with 0.1% Tween 20 PBS and
then scanned using a LI-COR Odyssey Infrared Scanner (Lincoln,
NE). All protein measurements were normalized to β-actin.

Statistical analysis. Data are presented as the mean ± SEM. Within
each age group, data were analyzed by one-way ANOVA followed
by Dunnett test for multiple group comparisons, except for serum
isoflavones concentration which were analyzed by independent t-
test (GraphPad Prism software. San Diego, CA). Differences of ≤0.05
were considered to be significant.

Results

Experiment 1

General observations. No animal deaths were recorded in the course
of this study. Maintenance of animals on experimental diets did not
affect body weights. Although paired testicular weights were greater
(P < 0.05) in prepubertal rats fed the SBM diet compared to control
(Table 1), the gonadosomatic index was similar (P > 0.05) in all diet
groups at this stage of development. Biochemical analysis showed
that isoflavones were undetectable in serum from control animals.
Total and conjugated genistein and daidzein were greater (P < 0.05)
in the SBM diet group of animals compared to the G + D group.
However, daidzein, but not genistein, was greater (P < 0.05) in the
SBM than in G + D animals (n = 3) (Table 2).

Effect of age on isoflavone regulation of steroid hormone secretion.
Compared to control, serum, and basal and LH-stimulated testicular
T concentrations were generally decreased in rats from the SBM and
G + D diet groups regardless of age at time of exposure (P < 0.05)
and more so in adult animals (P < 0.001) (Figure 1). A similar
pattern of decreased basal and LH-stimulated Leydig cell T secretion

https://academic.oup.com/biolreprod/article-lookup/doi/10.1093/biolre/ioaa101#supplementary-data
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Figure 6. Effects of soy-based diets on steroidogenic proteins in the testis. Male rats at 35 (A, B) and 75 days of age (C, D) were maintained on a control diet

(Con), whole soybean (SBM) or control diet supplemented with genistein and daidzein (G+D) for 14 days. After sacrifice, testes were obtained and subjected to

western blotting procedures to measure steroidogenic acute regulatory protein (StAR) and the 17β -hydroxysteroid dehydrogenase enzyme (Hsd17β). Proteins

were normalized to actin (Actb) (Star = 30 kDa, Hsd17β = 35 kDa, Actb = 43 kDa ∗, P < 0.05 vs. control).

(P < 0.05) was observed in the SBM and G + D diet groups com-
pared to control (Figure 2). Serum E2 concentrations were equivalent
in all diet groups regardless of age (Figure 3A–C), whereas basal tes-
ticular E2 concentrations were decreased (P < 0.05) in adult animals
fed SBM and the G + D diet compared to control (Figure 3D–F). LH-
stimulated testicular E2 concentrations were decreased in pubertal
and adult animals fed the SBM and G + D diet; this effect was
seen only in prepubertal animals maintained on the G + D diet
(Figure 3G–I). Maintenance of animals on SBM and G + D diets
had no effect in Leydig cells from growing rats (Figure 4A and B),
but decreased (P < 0.05) basal E2 secretion by adult Leydig cells
(Figure 4C) compared to control. LH-stimulated Leydig cell E2
production showed a similar pattern (Figure 4E and F), but there
was decreased E2 production in prepubertal animals from the G + D
diet group (Figure 4D). Altogether, it appears that feeding of the SBM
and G + D diets decreased steroid hormone secretion to a greater
extent in pubertal and adult animals than in prepubertal animals.

Isoflavone regulation of protein expression in the pituitary–gonadal
axis. Results of western blot analysis showed that expression of
Sertoli cell-secreted Amh and inhibin Bβ were decreased (P < 0.05)
in pubertal male rats fed the SBM and G + D diet compared to

control (Figure 5A and B). The finding of decreased testicular Amh
and inhibin Bβ protein was associated with increased (P < 0.05)
Lhβ and Fshβ subunit protein expression in pituitary glands of
affected animals (Figure 5C and D). Analysis of the steroidogenic
pathway showed that Star and Hsd17β levels were decreased
(P < 0.05) in testes in pubertal (Figure 6A and B) and adult animals
(Figure 6C and D) fed the SBM and G + D diet compared to
control. These observations indicated that isoflavones have the
capacity to target and/or regulate specific proteins in the male
neuroendocrine axis.

Experiment 2

General observations. No animal deaths were recorded in the course
of this study. Maintenance of animals on experimental diets had no
effects on body weights, paired testicular weights, and gonadoso-
matic index (Table 3).

Singular and combined isoflavone effects on testicular androgen secre-
tion and protein expression in the pituitary–gonadal axis. Maintenance
of pubertal male rats on the Dai, Gen and G + D diets decreased
(P < 0.05) serum T concentrations only in animals fed the G + D diet
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Table 3. Differential effects of isoflavones on body weight and testicular size (Experiment 2).

Body weight (g) Paired testis weight (g) Gonadosomatic index (%)

Pubertal (PND 35–49) Control 247.7 ± 3.5 2.6 ± 0.10 1.1 ± 0.05
Dai 253.4 ± 4.0 2.4 ± 0.10 1.0 ± 0.05
Gen 251.1 ± 2.6 2.6 ± 0.10 1.0 ± 0.04
G + D 248.8 ± 4.8 2.6 ± 0.10 1.0 ± 0.03

Figure 7. Differential soy isoflavone effects on testicular androgen secretion. Pubertal male rats at 35 days of age were maintained on a control diet (Con) or control

diet supplemented with daidzein (Dai), genistein (Gen) or both isoflavones (G+D) for 14 days. After sacrifice, serum were obtained to measure testosterone (T)

concentrations (A). In addition, testicular explants and Leydig cells isolated from testes of animals in the same diet group were incubated in DMEM/Ham’s F-12

culture medium in triplicate for 3 h without (B, D) or containing 100 ηg/ml ovine LH (NIDDK, NIH) (C, E). Aliquots of serum and spent media were analyzed to

measure T concentrations by RIA (n = 48; ∗P < 0.05, ∗∗P < 0.001, ∗∗∗P < 0.0001).

compared to control (Figure 7A). However, basal and LH-stimulated
testicular T secretion were decreased in all male rats fed isoflavone-
containing diets compared to control and unexposed animals and
this effect was most profound in the G + D diet group (Figure 7B–E).
Furthermore, western blot analysis showed that expression of Esr1
and Ar protein in testes was increased by feeding of the Gen and
G + D diets, but this effect was absent in the Dai diet group
(Figure 8A and B). Expression of Esr1 and Ar protein in testes
was increased (P < 0.05) by feeding of all isoflavone-containing
diets compared to control (Figure 8C and D). Interestingly, the pat-
terns of pituitary FSHβ and LHβ protein expression were simi-
lar to Esr1 and Ar protein in testes, i.e., effects due to the Gen
and G + D diets were absent in the Dai diet group (Figure 8E
and F).

Isoflavone effects on androgen secretion by Leydig cells. Analysis of
isoflavone effects in primary Leydig cell cultures demonstrated that
both daidzein and genistein caused a concentration dependent inhi-
bition (P < 0.05) of T secretion by Leydig cells (Figure 9A and B).
The concentrations of daidzein and genistein causing half-maximal

inhibition of T secretion by Leydig cells (IC50) were calculated to be
184 ηM and 36.2 ηM, respectively (Figure 9C and D).

Discussion

Serum isoflavone concentrations achieved in the present study are
similar to those associated with consumption of soy-based diets in
the population [62]. Genistein aglycone concentrations were similar
in the SBM and G + D diets whereas daidzein aglycone measured
greater in serum from animals fed the SBM, but not G + D diet.
The production of greater daidzein than genistein aglycones after
consumption of soy-based diets has been a consistent pattern in our
studies utilizing both perinatal and neonatal exposure paradigms
[32, 33]. The impact of this finding on differential isoflavone expo-
sure effects in body tissues remains to be determined although
genistein appears to cause greater biological effects than daidzein
at least in male reproductive tract tissues (discussed later in this
section). There were no isoflavone-induced changes in body weights,
but testicular weights were increased in the SBM group, which were
probably due to the protein content of SBMs as was previously
reported [63]. Overall, we hereby demonstrate that rat testes at
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Figure 8. Differential soy isoflavone effects on gene expression in the testis-pituitary gland axis. Male rats at 35 days of age were maintained on a control

diet (Con) or control diet supplemented with daidzein (Dai), genistein (Gen) or both isoflavones (G+D) for 14 days. After sacrifice, tissues were obtained and

processed by western blotting procedures to measure testicular estrogen receptor-1 (Esr1) (A) and androgen receptor (Ar) (B) and pituitary Esr1 (C), AR (D),

Fshβ (E) and Lhβ subunit proteins (F). Proteins were normalized to actin (Actb) (Fshβ = 21 kDa, Lhβ = 22 kDa, Esr1 = 67 kDa, Ar = 98 kDa, Actb = 43 kDa; ∗P

<0.05 vs. control).

all stages of development are sensitive to hormonal activity due
to soy isoflavones acting alone or together. We also observed that
soy isoflavones in the diet impacted pituitary gonadotropin subunit
protein expression although it is not clear that changes in pituitary

gland gene expression were due to direct isoflavone action in pitu-
itary gonadotrophs. It is possible that isoflavone-induced changes
in sex steroid hormone secretion by the gonads disrupted negative
feedback regulation of GnRh and gonadotropin secretion.
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Figure 9. Effects of isoflavones on Leydig cell testosterone (T) production in vitro. Immature Leydig cells were isolated from 35 day-old male rats and incubated

in triplicate in DMEM/Ham’s F-12 culture medium containing genistein or daidzein (0, 0.1, 1 and 10 μM) and LH (10 ηg/mL; NIDDK, NIH) for 18 h. Spent media

were analyzed for T concentrations by RIA (A, B). In addition, the concentrations of daidzein and genistein causing half maximal inhibition of T production (IC50)

were calculated (C, D). Experiments were replicated 4-6 times (∗P < 0.05 vs. control).

Isoflavone inhibition of sex steroid hormone (T and E2) secretion
was evident in serum, testis, and Leydig cells. We confirmed that
inhibition of androgen biosynthesis was related to disruption of
steroidogenic protein expression, e.g., Star and Hsd17β, which have
specific roles in cholesterol mobilization and enzymatic conversion
of steroid substrates into androgens within Leydig cells. A previous
report also indicated that dietary isoflavones decreased expression of
Hsd17β in rat testes [64]. It is perhaps not surprising that testicular
E2 concentrations were affected by exposures to dietary isoflavones
because T is the substrate for E2 biosynthesis [65]. Metabolism of
T to E2 is catalyzed by the aromatase enzyme, and there is evidence
that soy isoflavones have the capacity to inhibit aromatase enzyme
activity [64, 66]. The aromatase enzyme is also highly expressed in
adipose tissue [67, 68]. Therefore, it is possible that, unlike in the
testis, isoflavone regulation of aromatase enzyme activity and E2
biosynthesis in adipose tissue is a confounding factor in E2
metabolism and measurements of serum E2 concentrations.
Isoflavones are known to inhibit steroid pathways for estradiol (E2)
and T biosynthesis and secretion. Although epidemiological findings
are limited and inconclusive, 3β-hydroxysteroid dehydrogenase type
2 (Hsd2 β3), which catalyzes production of sex steroid precursors,
and cytochrome P450 21 hydroxylase (CYP21A2) in human subjects
were inhibited by isoflavones [69, 70]. Also, ingestion of isoflavones
decreased in vivo DHEAS and A4 levels and inhibited 17,20 lyase
activity, thereby regulating the production of precursor androgens
and boosting the pool of active androgens, which potentially
intensifies clinical syndromes associated with androgen excess [71].
In the present study, we observed that testes from animals fed the
SBM and G + D diet exhibited decreased testicular Amh and inhibin
Bβ protein expression. Both proteins reflect on testicular maturation

and mediate feedback regulation of pituitary Lh and Fsh secretion.
Interestingly, decreased testicular Amh and inhibin Bβ protein were
coupled to increased Lhβ and Fshβ gonadotropin subunit protein
in the pituitary gland. This dataset supports the view that dietary
estrogens such as soy isoflavones have the capacity to disrupt
multiple levels of the HPG axis by acting directly in testicular cells
and pituitary gonadotrophs, and/or interfering with steroid hormone
feedback regulation of the hypothalamus–pituitary axis [31, 72, 73].
Further studies are warranted to investigate direct isoflavone effects
and the mechanisms of isoflavone modulation of steroid hormone
feedback regulation of the pituitary gland and hypothalamus in the
male.

Furthermore, we investigated the action of individual isoflavones
in the male reproductive axis. Serum T concentrations were unaf-
fected, but testicular and Leydig cell T secretion were decreased in
animals fed diets containing daidzein and/or genistein, implying that
both genistein and daidzein contribute to isoflavone suppression
of testicular androgen secretion. The presence of both genistein
and daidzein as major isoflavones in soybeans raises the possibility
that combined effects due to both chemicals may be more intense
from those associated with single chemicals. Analysis of chemi-
cal mixture effects is outside the focus of the present study, but
the effects of genistein and daidzein combination seemed additive.
Indeed, feeding of the G + D diet in Experiment 2 affected more
endpoints and caused greater decreases in androgen secretion than
were due to maintenance on either the Dai or Gen diet alone. On
the other hand, it is possible that the combination of genistein and
daidzein exerts no effects on other parameters if both chemicals
activate signaling pathways that counteract and mitigate each other’s
actions [74].
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Moreover, our results demonstrated that genistein might be a
more potent isoflavone inhibitor of Leydig cell steroidogenesis. For
example, basal Leydig cell T production was greater in animals
from the Dai compared to the Gen diet group. Second, our in vitro
studies showed that daidzein and genistein concentrations causing
half-maximal inhibition of Leydig cell T secretion were 184 ηM
and 36 ηM, respectively. These observations are supported by other
reports of greater hormonal effects due to genistein compared to
daidzein [25, 52, 75]. We also observed differential isoflavone effects
on pituitary Fshβ and Lhβ subunit protein expression. For example,
animals from the Gen diet group exhibited increased Fshβ and
Lhβ subunit protein than in the Dai diet group. These observations
reinforce the view that genistein might be the more hormonally active
soy isoflavone in reproductive tract tissues. Furthermore, there was
a lack of concordance between decreased serum T concentrations
and increased pituitary Lhβ subunit protein in male rats fed the
G + D diet (Experiment 2) because the latter failed to normalize
Leydig cell T secretion. Although we did not measure Lh receptor
expression in the present study, we observed previously that genistein
diminished Lh stimulation of androgen secretion by uncoupling Lh
receptors from G proteins in Leydig cells [35]. Also, we did not
measure serum LH concentrations and it remains a possibility that
isoflavone-induced posttranslational modifications prevented secre-
tion and release of pituitary Lh into peripheral blood to reach the
gonads and stimulate androgen secretion [76]. Although increased
expression of Esr1 and Ar protein after exposure to genistein was
reported in other studies [77], the biological significance of increased
pituitary and gonadal Ar and Esr1 protein as a factor in tissue
sensitivity to isoflavone exposure remains to be determined.

In conclusion, our results demonstrated that disruptions in testic-
ular androgen secretion associated with consumption of soy-based
diets are due to isoflavone exposure effects at all stages of devel-
opment. This clarification is important because the soy protein is
known to exert biological effects and/or activate signaling pathways
that regulate cellular function in many tissues [78]. Our finding
that both genistein and daidzein induced changes in pituitary Fshβ

and Lhβ expression support the view that the endocrine disrupting
effects of isoflavones are exerted at multiple levels of the HPG axis
[79, 80]. Our data are relevant to public health due to increased
consumption of soy-based products by all segments of the population
and the increasing incidence of reproductive anomalies in the pop-
ulation [81]. Additional studies are warranted to assess the impact
of isoflavone-induced changes in testicular androgen concentrations
on germ cell development, sperm production, and male fertility.

Supplementary data

Supplementary data are available at BIOLRE online.
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