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Abstract

Androgen production in the testis is carried out by the Leydig cells, which convert cholesterol into androgens. Previously, isoflavones
have been shown to affect serum androgen levels and steroidogenic enzyme activities. In this study, the effects of lifelong exposure to
dietary soy isoflavones on testicular microsomal steroidogenic enzyme activities were examined in the rat. F1 male rats were obtained from
a multi-generational study where the parental generation was fed diets containing alcohol-washed soy protein supplemented with increasing
amounts of Novasoy, a commercially available isoflavone supplement. A control group was maintained on a soy-free casein protein-based diet
(AIN93G). The diets were designed to approximate human consumption levels and ranged from 0 to 1046.6 mg isoflavones/kg pelleted feed,
encompassing exposures representative of North American and Asian diets as well as infant fed soy-based formula. Activities of testicular
3B-hydroxysteroid dehydrogenaseé3(BiSD), P450c17 (CYP17), Bfhydroxysteroid dehydrogenase EHSD) were assayed on post natal
day (PND) 28, 70, 120, 240 and 360 while-Beducatase was assayed on PND 28. At PND B&13$D activity was elevated by approximately
50% in rats receiving 1046.6 mg total isoflavones/kg feed compared to those on the casein only diet. A similar increase in activity was observed
for CYP17 in rats receiving 235.6 mg total isoflavones/kg feed, a level representative of infant exposure through formula, compared to those
receiving 0 mg isoflavones from the casein diet. These results demonstrate that rats fed a mixture of dietary soy isoflavones showed significantly
altered enzyme activity profiles during development at PND 28 as a result of early exposure to isoflavones at levels obtainable by humans.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction are becoming available and vegetarianism grows in popu-
larity. Published benefits of soy isoflavones include thera-
Many plants contain phytoestrogens, a class of compoundspeutic value for hormone replacement therapy in menopause
that have estrogenic properties and appear to function in anti-as well as antioxidant and antipromotional effects against
fungal defenc¢l,2]. Isoflavones are a type of phytoestrogen coronary heart disease, various cancers and osteoporosis
found in foods such as legumes, lentils and chickpeas. Soy[1,6—-10]
foods such as soybeans, soy milk products, soy flour and Research examining possible deleterious effects of phy-
soy-based infant formula,4] have the highest recorded toestrogens began during the 1940s, following the discovery
levels of isoflavones in food, and as such represent a largethat consumption of plants rich in phytoestrogens caused an-
source of dietary isoflavond8,5]. Human consumption of  imals to abort their fetusg41]. Some animal studies exam-
soy is on the rise as more soy based foods and supplement@ing the safety of isoflavone consumption have not shown
impairment of male sperm production or reproductive tract
* Corresponding author. Tel.-+1 613 957 0990; fax: +1 613 941 6959. developmenf12,13] while other studies have shown dele-
E-mail addressGerardCooke@hc-sc.gc.ca (G.M. Cooke). terious effects in terms of reproductive success and health
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[14-17] The isoflavone genistein has been shown to inhibit Table 1

the growth and proliferation of testicular cell lingk8], as Isoﬂavor_1es were _determined by HPLQ3rplucuronidase digested extracts
well as disrupt spermiation and decrease spermatozoa num2! exPerimental diets

ber present in epididymis of raf49]. In addition, a num- Diet  Protein  Genistein Daidzein  Glycitein . Total

ber of isoflavone studies have found significant alterations isoflavones

of serum testosterone production in rg28—25] mice[26] 1 Casein  ND ND ND ND

and fish[27]. Previous work from this laboratory has shown g ggz 25136 11022 ;:g gg

that levels of serum and testicular testosterone (T) and di-4 Soy 303 276 76 745
hydrotestosterone (DHT) levels, were significantly elevated 5 Soy 1244 909 20.5 23%

in rats at PND 120 following consumption of isoflavones at 6 Soy 5448 4123 89.5 1046

levels comparable to those found in some human {8k Diet 1 contained casein protein, while diets 2—6 contained an alcohol-washed

Testicular biosynthesis and metabolism of male steroid SO protein concentrate, and in diets 3-6. Novasoy was added to supplement
hormones involves a cascade of cholesterol transport pro_thedietswith isoflavones. (N.D.: not detectable) Data depicted as isoflavones
teins and steroidogenic enzymes regulated in part by the hy—(mg)/kg pelleted feed.
pothalamic pituitary axi29-31] The mechanisms by which ) o )
isoflavones may affect hormone production and circulating 9"aPhic Specialties (Montreal, QC). Novasoy soy isoflavone
levels have not been investigated in detail. concentrate (152—-400) and alcohol washed soy protein (Pro

However, some phytoestrogens have been shown to al-Fam 930) were obtained from Archer. Daniels Midland
ter the enzyme activities offg3hydroxysteroid dehydroge- ~€ompany (Decatur, IL). Casein protein was purchased
nase (B-HSD)[32,33] 17p-hydroxysteroid dehydrogenase from ICN (Cleveland, OH). Dimethyl sulfoxide (DMSO),
(178-HSD) [32,34] and Sx-reductasd35,36], which could Tris, diethyl pyrocarbonate (DEPC), nicotinamide cofactors
impact the production of androgens within the testis. (NADPH and NAD'), and g-mercaptoethanol were pur-

The following studies were designed to explore the mech- chased from Sigma Chemical Co. (St Louis, MO). Sucrose
anisms responsible for androgen level changes previouslyWas purchased from BDH Inc. (Toronto, ON). Ethidium
detected in F1 rats fed a mixture of dietary isoflavones con- Promide was purchased from Gibco BRL (Gaithersburg,
taining genistein, daidzein, and glycitein in conjugated (gly- MDP). Agarose, RNAse H ribonuclease and dNTPs were
cone) and unconjugated (aglycone) states for their entire livesPurchased from Roche Diagnostics Corporation (Indianapo-
[28]. The rats were fed diets containing various levels of liS; IN). Superscript Il RNAse H-reverse transcriptase, oligo
isoflavones ranging from 0mg isoflavones (diet 1) to low d(T1s) primers, custom PCR primerSgble ) and TRIzol
amounts representative of a typical North American diet (di- Were purchased from Life Technologies Inc. (Burlington,
ets 2-3)37,38], to modest vegetarian or Asian consumption ON)- Chill wax for PCR reactions was attained from MJ
levels (diet 4)39,40} to high dietary levels experienced by Résearch Inc. (Boston, MA). Tag DNA polymerase and
infants fed on soy-based formulae (dief4),42] Diet 6 rep- PCR buffers were purchased from Boehnnge_r Mannhgm
resents approximately 5 times the consumption of infants and(Laval, QC). NE-PER nuclear and cytoplasmic extraction
10 times the consumption of adults. The present investigation'€agents, Coomassie Plus Protein Assay reagents, bovine
examined the effects of dietary isoflavones on the activities, S€'um albumin standards and Supersignal ULTRA chemilu-
expression of MRNA and protein levels of the steroidogenic Minescent Substrate were purchased from Pierce (Rockford,

enzymes B-HSD, 17-hydroxylase/C-17,20 lyase (CYP17), IL). SDS—ponacrngmide and Coonjassie. Brilliant Blue
178-HSD and -reductase. R-250 were from Bio-Rad Laboratories (Richmond, CA).

Immobilon-P, polyvinylidene difluoride (PVDF) membranes
were purchased from Millipore (Bedford, MA). Tris buffered
saline containing 0.1% Tween-20 (TBS) were purchased
from ICN Biochemicals (Cleveland, OH); and 4% skim
2.1. Materials milk powder, was purchased from Nestle (Don Mills, ON).
Streptavidin was obtained from DAKO Diagnostics Canada

Unlabelled steroids were purchased from Steraloids Inc. Inc. (Missassauga, ON).
(Newport, RI). Aquasol and labelled steroids: [1,2,6,7-
SHIDHEA  (60.0Ci/mmol),  [1,2,6,H]progesterone  2.2. Animals
(114.4Ci/mmol), [1,2,6,72H], [1,2,6,73H]testosterone
(95.0 Ci/mmol) and [1,2,6,?H]androstenedione The male Sprague—-Dawley (SD) rats used in this study
(74.0 Ci/mmol) were bought from Dupont/NEN (Boston, were the F1 generation produced during a multi generation
MA). Organic solvents were purchased from EM Science study examining the effects of dietary isoflavones on growth,
Merck KgaA (Darmstadt, Germany) with the exception of developmentand reproductive physiology. The study adhered
formaldehyde, which was purchased from Fisher Scientific to the protocol for the Organization for Economic Coop-
(Nepean, ON). Plastic coated WhatmarPE SIL G silica eration and Development (OECD) Guideline 416 (OECD
gel chromatography plates were bought from Chromato- TG416, 2001). Results from this larger study will be pro-

2. Experimental
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vided elsewhere (Curran, I.H.A, Cooke G.M., and Gilani, (176,000x gmax), Were resuspended in the 50 mM Tris—HCI
G.S., in preparation). Animal care was provided according to buffer pH 7.4 containing 25AM NADPH for immediate use
the guidelines of the Canadian Council for Animal Care and in microsomal B-HSD, CYP17 (17-OHase, C17,20-lyase),
all procedures were reviewed and approved by the Health173-HSD and x-reductase assays. Microsomal and nuclear
Canada Animal Care Committee. The parental generationprotein, were estimated using the method of Lowry gt&].
(FO) were purchased from Charles River (St-Constant, PQ)  Testicular microsomal (3HSD, CYP17, 1B-HSD, 5x-
at the pubescent stage of development and were pair housedeductase) and nuclearo(Seductase) steroidogenic enzyme
with a 12 h light/dark cycle in hanging polycarbonate cages activities were assayed according to the modified methods
(Health Guard System, Research Equipment Company, Inc.,of Cooke et al[46,47] At PND 28, testes from the six diet
Byran, TX) containing corncob bedding and free access to groups of rats were tested for all enzyme activities, while only
food and fresh water. Weekly food consumption was recorded 33-HSD, CYP17 and 13-HSD were tested at PND 70, 120,
atregular intervals throughout the investigation. Parental gen-240 and 360 as young rats aged 20—40 days of age are able to
eration rats (FO) were acclimatized until postnatal day (PND) convert T to the more potent androgen DHT by the testicular
50 at which point they were assigned randomly to experimen- enzyme &-reductase, but as the rat approaches adulthood,
tal diets. After 70 days exposure to the experimental diets, ratsthis testicular activity diminishes to unmeasurable lefz1$.
were mated on PND 120 and the resulting (F1) progeny were  Aliquots of appropriate microsomal fractions were added
weaned at PND 21 and provided with the same diet as theirto: (1) 3ml Tris—HCI buffer (pH 8.4) containing DHEA
parents. (10-8M, 40,000 cpm3H/ml) for the PB-HSD assay; (2)
Male F1 progeny were sacrificed on PND 28, 70, 120, 3ml Tris—HCI buffer (pH 7.4) containing progesterone
240 and 360 by exsanguination, through cardiac puncture(10-6M, 40,000 cpm3H/ml) for the CYP17 assay; (3)
under isoflurane anaesthesia. Testes were weighed, imme3 ml Tris—HCI buffer (pH 7.4) containing 4-androstenedione
diately frozen in liquid nitrogen and stored -aB0°C until (10 M, 40,000 cpn?H/m) for the 1B-HSD assay; and (4)

assay for steroidogenic enzyme activities. 3 ml of DMGA buffer (pH 4.5 or 6.5) containing testosterone
(10~ M, 40,000 cpnPH/ml) for the Gx-reductase assay.
2.3. Experimental diets Enzyme reactions with labeled substrates were stopped

after 30, 60 and 90 min incubations with hexanes and appro-

Six semi-purified diets were formulated according to priate carrier steroids were added to facilitate localization of
American Institute of Nutrition (AIN) specification!3]. substrates and products by UV-light and exposure to iodine
One diet was casein-based (AIND93G) while the other diets vapor after separation by thin layer chromatography plates
were formulated by adding increasing amounts of a commer- using 9:1 = chloroform:methanol as a solvent. Regions cor-
cial mixture of isoflavones (Novasoy), to a base diet resem- responding to the substrate and product carrier steroids were
bling AIN93G, but containing alcohol-washed soy protein excised and quantified by scintillation counting (Packard Lig-
concentrate (Pro Fam 930) in place of casein. uid Scintillation Analyzer (Tri-Carb 2100TR)). Enzyme spe-

Once the diets were prepared, soy isoflavones contentcific activities were determined by linear regression analysis
(genistein, daidzein and glycitein) was determined by HPLC (r >0.95) and expressed as pmol product formed/minute/mg
[44] analysis of3-glucuronidase digested extracts of the di- protein, umol product formed/min/g testis tissue aachol
ets as shown iffable 1(Dr. Sarwar Gilani and Mr. Patrick  product formed/min/testis. Optimal conditions were deter-
Robertson of Health Canada, personal communication). All mined for all enzymes with respect to substrate and protein
diets were provided to the animals ad libitum in pelleted form. concentrations and linearity of product formation with time.

2.4. Specific enzyme activities 2.5. RNAisolation and RT-PCR

Decapsulated testes were homogenized in buffer con-  Total RNA isolation of 20 mg of thawed testes tissue were
taining 50 mM Tris—HCI, pH 7.4, 0.25M sucrose, 25mM carried out with TRIzol according to manufacturer’'s spec-
KCI, 5mM MgCl,, 7mM mercaptoethanol and 10M ifications. The concentrations and purity of total RNA iso-
NADPH. For PND 28 testes, the homogenates were cen-lated was determined spectrophotometrically, based on opti-
trifuged (1000x gmax, 10 min, 4°C) to pellet the nuclear cal density at 260 nm anllgo/280 ratio, respectively. RNA
fraction, which was then resuspended in dimethyl glutaric quality was verified by denaturing ethidium bromide stained
acid (DMGA) buffer (50mM DMGA, 50mM NaOH, formaldehyde RNA electrophoresisthrough agarosgi@a!
250nM NADPH, 5% glycerol, pH 6.5) forimmediate use in  All RNA samples were stored at80°C until reverse tran-
5a-reductase enzyme assays. The 18@p,ax supernatant  scriptase reactions were carried out.
was centrifuged at 10,000gmax for 10min at £C and cDNA was synthesized usingfg of total RNA and 200 U
the supernatants recovered and recentrifuged under theSuperscript Il RNAse H-reverse transcriptase in a total re-
same conditions to obtain a post-mitochondrial supernatant.action volume of 2Ql. The RT-reaction and subsequent
The microsomal fractions for all assays, obtained by steps were performed as per manufacturer's recommenda-
centrifugation of the post-mitochondrial supernatantant tions (Life Technologies Inc., Burlington, ON). The cDNA
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Table 2

PCR Primer Pairs

Target gene Forwards primer Reverse primer Fragment size GeneBank accesion #
(base pairs)

G3PDH ACC ACA GTC CAT GCC ATC AC TCCACCACCCTGTTGCTGTA 452 NRIL7008

SCC ATC ACA GAG ATG CTG GCA GGA GCA CGT TGA TGA GGA AGA TGG 481 J05156

3B-HSD ACT GGC AAATTC TCC ATA GCC TTC CTC CCA GGT GAC AAG TGG 402 L17138

CYP17 GTG CTG GCA CAC GAC AAG GAG GCC AGG ATC CAC TTG AGC ACA 478 NRIL2753

was then used immediately or stored-&0°C until needed western blots: (1) a polyclonal rabbit antibody against rat

for subsequent amplifications. SCC (1/10,000 dilution) (Chemicon International, Temecula,
CA) (2) a polyclonal rabbit antibody against purified human
2.6. Gene amplification placental B-HSD1 (1/500 dilution) (generous gift from Dr.

James L. Thomas, Mercer University, School of Medicine at
Target cDNA was amplified using 50 ng of initial total Macon, GA) (3) a polyclonal rabbit-anti porcine CYP17 anti-
RNA from the cDNA reaction in a 5@l volume contain- sera (1/10,000 dilution) (kindly supplied by Dr. Buck Hales,
ing (1x PCR buffer+Mg) 0.25mM each of forwards and University of Illinois at Chicago, IL[51]). Each antibody
reverse primersTable 9. Primers were designed using Sci- was added with streptavidin—horseradish peroxidase conju-
EdCentral Clone Manager Professional Suite (Scientific and gate (1/3000 dilution) in TBST with 4% skim-milk powder.
Educational Software, Durham, NC). Premature initiation of Blots were washed 8 5min with TBST before the addi-
the reaction was prevented by the addition of chill wax{85 tion of a donkey secondary anti-rabbit antibody coupled to
before addition of 2.5 U Tag DNA polymerase. PCR reactions horseradish peroxidase (1/5000 dilution) (Jackson Immuno
were optimized for each primer pair by temperature and cycle Research Laboratories Inc., West Grove, PA) in TBST with
gradients (data not shown). 4% skim-milk powder. Blots were washedxtb min before
The following were used as PCR cycles after initial dena- the chemiluminescentdetection of antigens by addition of Su-
turing 95°C (3 min): 95°C (605s), 58C (70s), 72C (705s). perSignal ULTRA Chemiluminescent Substrate as per man-
G3PDH, SCC and CYP17 were amplified with 25 cycles, ufacturer’s instructions in conjunction with Kodak Digital
while 23 cycles were used fop3HSD; PCR products were ~ Science Image Station 440 CF with Kodak ID Image Analy-
subjected to an extended final incubation (€2 5 min) to sis Software.
fully extend all partial DNA fragments. Thermocycled reac-
tion products were separated by 2% agarose gel electrophore2.8. Statistical analysis
sis followed by ethidium bromide staining and images
captured (Kodak Digital Science Image Station 440 CF) for ~ Linear and non-linear regressions were carried out us-
comparative densitometry analysis (Kodak ID Image Anal- ing Prism V3.02 1994-2000. (Graphpad Software Inc., San
ysis Software, Eastman Kodak Company, Rochester, NY). Diego, CA). One-way ANOVA was used to analyze-5
reductase enzyme activities and comparative densitometry
2.7. Western blotting analysis analysis of cDNA. Two-way ANOVA was used for analy-
sis of 3-HSD, CYP17, 1B-HSD, 17-hydroxyprogesterone:
Cytoplasmic and nuclear fractions from 50 mg of testis androstenedione ratio and microsomal protein concentra-
tissue were isolated with NE-PER nuclear and cytoplas- tions, followed up by all pairwise Tukey’s tests (Sigma
mic extraction reagents according to manufacturer’s instruc- Stat V2.031992-1997 for windows (SPSS Inc., Chicago,
tions. Protein concentrations were determined using Piercell).
Coomassie Plus Protein Assay reagents using bovine serum
albumin as a standard. Equal amounts of protein@bwvere
resolved with 10% SDS—polyacrylamide gel electrophoresis 3. Results
as described by Laemnj#i9] and transferred to Immobilon-
P PVDF membranes as described by Matsud&iég Pro- 3.1. Microsomal protein determination
teins were visualized on 10% SDS—polyacrylamide gels and
PVDF membranes by staining with Coomassie BrilliantBlue ~ The mean testis microsomal protein concentrations
R-250 to test for equal loading of wells and equal trans- (meant S.E.) for diet 1 rats were 2081.7, 17.0+0.5,
fer from gel to membrane (data not shown). The western 18.5+ 1.5, 20.94-0.7 and 17.1 1.5 mg/ml for PND 28, 70,
blots were blocked with Tris buffered saline containing 0.1% 120, 240 and 360, respectively. There were no significant
Tween-20 (TBST) and 4% skim milk powder (1 h, room tem- differences in protein concentrations between diet groups for
perature.). A number of antibodies were used to probe theany time examinedR> 0.05).
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3R-Hydroxysteroid dehydrogenase enzyme activity/mg microsomal
protein for F1 rats
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Fig. 1. 3-Hydroxysteroid dehydrogenaseSD) enzyme activity (nmol androstenedione (A4)/min/mg protein me&rE. of male rats). Statistical analysis

(2 way-ANOVA followed by all pairwise Tukey'’s tests) showed a significant increase in enzyme activity for diet 6 (£3®73 compared to diet 1 (9384891)

(*) (P<0.05) at PND 28. The inset represengs3SD activity (wmol A4/min/g testis meatt S.E.) at PND 28 in male rats. Statistical analysis showed a
significant increase in enzyme activity for diet 5 (1&.4.4) (+) and diet 6 (10.2 0.9) (*) compared with diet 1 (6.2 0.6) (P <0.05). The number of animals
sampled at PND 28=5 for diets 1-3n=6 for diets 4—6. For PND 70 rats=9 for diets 1 and 6n=8 for 2,4 and 6, and =6 for diet 3. There werea=8
animals sampled per dose for PND 120 except for diets 1 and 6 which-h@dFor PND 240 there were 8 rats sampled for all groups except for diets 3 and 5
in which 7 rats were sampled. PND 360 rats had 6 rats examined per dose with the exception of diet 4, which had 5 rats examined.

CYP17 enzyme activity/mg microsomal protein for F1 rats
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Fig. 2. CYP17 (17-OHase and C17,20-lyase) enzyme activity (nmol 17-hydroxyprogesterone (170H-P) + androstenedione (A4)/min/mg pratSifEthean
of male rats. Statistical analysis (2 way-ANOVA followed by all pairwise Tukey’s tests) showed a statistically significant increase in actifatydieeb
(220.5+ 14) compared with diet 1(1594 20) (*) (P<0.05) at PND 28. The inset depicts CYP17 activiiyr(ol 170H-P + A4/min/g testis meanS.E.) of
PND 28 male rats. Statistical analysis showed a significant increase in activity for diet 5(D92 compared with diet 1 (1.2#£0.2) (*) (P<0.05). The
number of animals sampled at PND 28 ware5 for diets 1-3 and & =6 for diets 4-5. For PND 70 rats=8 for diets 1,2,4 and 5=6 for diet 3 anch=9

for diet 6. There wera =6 animals sampled from diets 5+65 7 for diet 1,n=3 for diet 3 anch= 8 for diet 6 for PND 120 rats. For PND 240 rats there were
n=8 rats sampled for all groups except for diets 3 and 6 which had 8, and diet 1 which-Yadhts. There were 6 rats examined per dose with the exception
of diet 4, which had 5 rats examined at PND 360.
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3.2. PB-Hydroxysteriod dehydrogenase activity

3B-HSD activities tended to decrease with age, for ex-
ample at PND 28 the lowest values were 938%1.4
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variation between enzyme activities for the different diet
groups.

3.3. CYP17 activity

(diet 1)nmol androstenedione produced/min/mg protein,

which was decreased by 50% at PND 70, and then Progesterone is converted in a two step process to 17-
at older time points, all values tended to range from hydroxyprogesterone and then to androstenedione by one en-
219.4+ 37.3 (PND 120 diet 3) to 412:856.2 (PND zyme: 17-hydroxylase/C17,20-lyase (CYP17).

360 diet 4) nmol androstenedione produced/min/mg protein  The CYP17 enzyme activity (nmol androstene-

(Fig. 1). At PND 28, rats fed 1046.6 mg isoflavones/kg
feed (mg/kg) (diet 6) showed a significant increase
in 3B-HSD activity compared with those consuming
0 or 31.7mg/kg (approximately 42 and 47%), respec-
tively (P<0.05). Similarly animals, which had consumed
235.6 mg/kg (diet 5) exhibited a significant increase in
3B-HSD activity when compared with diets containing
0 or 31.7mg /kg, respectively (approximately 28 and

24%) (P<0.05). When the data were expressed as an-

dione/min/mg protein) detected in rats fed diet 5 at
PND 28 were significantly higher (approximately 38 and
52%) compared with from those found in rats fed diets 1
and 2, respectivelyR < 0.05). When the data were analyzed
as pmol androstenedione produced/min/g testis, diet 5
activity was again found to be significantly higher than
the activity of diet 1 (approximately 60%) at PND 28
(Fig. 2inset). Furthermore, when the data were expressed as
pmol androstenedione produced/min/testis, similar trends

drostenedione formed/min/g testis tissue, both diets 5were evident at PND 28 but no statistically significant

and 6 were approximately 50 and 46% higher than
diet 1 with Omg/kg P<0.05) Fig. 1 inset). There

was a statistically significant interaction between time
and isoflavone levels as determined by 2 way-ANOVA

changes in activities were detectd®d>0.05). Statistically
significant interactions occurred between time and dose
of isoflavones as determined by 2 way-ANOVA for all
three analyses of CYP17 activity?€0.001). Activities

(P=0.017). Results obtained when expressed as androstenefrom ages later than PND 28 exhibited no significant
dione formed/min/testis showed no significant differences differences between diet groupg8%0.05). In these assays,
between different diet groups at any age examined (data notthe ratio of 17-hydroxyprogesterone: androstenedione was
shown). Time points examined after PND 28 showed less not significantly different indicating that there were no

17R-Hydroxysteroid dehydrogenase enzyme activity/mg microsomal
protein for F1 rats
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Fig. 3. 1B-Hydroxysteroid dehydrogenase @-HSD) enzyme activity (nmol testosterone (T)/min/mg protein me&hE.) of male rats. Statistical analysis

(2 way-ANOVA followed by all pairwise Tukey'’s tests) showed no statistically significant differences in enzyme activity seggrf8D7activities P> 0.05).

The inset depicts 13HSD activity (wmol T/min/testis mead: S.E.) of PND 28 male rats. Statistical analysis of the inset data showed no significant changes
in enzyme activity P>0.05) for PND 28 rats. The number of animals sampled at PND 28 metefor diets 1-3n=6 for diets 4-6. For PND 70 animals

n=9 for diets 1 and 6n=8 for diets 2,4 and 5, amui=6 for diet 3. There wera=8 animals sampled per dose for PND 120 rats except for dietB) and

diet 6 (h=7). For PND 240 rats there were 8 rats sampled for all groups except for diet).(There were 6 rats examined per dose with the exception of

diet 4 (n=5) for PND 360.
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selective effects on C17,20-lyase activity X0.05) (data 3.6. Steroidogenic enzyme mRNA expression levels
not shown).
The initial step in androgen production is the conversion
3.4. 178-Hydroxysteroid dehydrogenase activity of cholesterol to pregnenolone through the action of the mi-
tochondrial cholesterol side chain cleavage enzyme (P450
The profile of 1B-HSD activity with age resembled the SCC). Enzyme activities were not determined for SCC, as
profiles for B-HSD and CYP17. At PND 28, the BZHSD appropriate radiolabelled substrates are not available com-
activities ranged from 178 2.1 (diet 2) to 21.% 3.4 (diet ~ mercially. However, isoflavone effects on SCC gene expres-
6) (nmol testosterone/min/mg protein), then decreased atSIon were examlned_by semi-quantitative RT-PCR in testis
PND 70 and for all later time points examined, into the Samples from each diet group at PND 28 (age when changes
range of 5.2:0.6 (PND 360 diet 5) to 10215 (PND in other steroidogenic enzyme activities were observed) and
120 diet 6) nmol testosterone/min/mg protefiii, 3). There 8t PND 120 (age when changes in serum and testicular andro-
were no significant differences in B&HHSD activity between ~ 9€n levels were evidefi28]). Amplifications of SCC cDNA
dose groups at any ages when the data were examined iffelative to a constitutive control (G3PDH) showed no signifi-

terms of nmol testosterone produced/min/mg proteinol cant changes in mean MRNA ratic_)s of arbitrary densitometry
testosterone produced/min/testis aidol testosterone pro- ~ Units between the 6 diets examined at PND B8-0.05)
duced/min/g testisR>0.05). (Fig. 5A) or at PND 120 Fig. 5B). The steroidogenic en-

zymes that exhibited changes in activity at PND 28-(3SD

and CYP17) were also examined for differences in mRNA

expression. RT-PCR analysis of both enzymes revealed no
statistically significant differences between mean ratios of

different diet groupsR > 0.05) (data not shown).

3.5. mx-Reductase activity

The testis of PND 28 animals contained measurable 5
reductase activity within microsomal and nuclear testicular
extracts at a reaction pH of 6.5 but no activity was detectable
at pH 4.5. Furthermore, at pH 6.5, there were no significant 3.7, Western blot protein levels of steroidogenic enzymes
differences observed for osreductase activities (nmol
dihydrotestosterone/min/mg protein) between the 6 diets  western blot analysis of SCCRaHSD and CYP17 was
examined for either the microsomal or nuclearigductase  performed to test for possible differences in enzyme protein
activities >0.05) Fig. 4). Similarly, when the data were  |evels between rats fed different diets. Western blots showed
examined in terms gimol dihydrotestosterone/min/g testis  no visible differences in intensity between immunoreactive
and pwmol dihydrotestosterone/min/testis activity, neither SCC protein levels between diets 3-6 compared with in-
analysis showed any significant differences between diettensities seen in diets 1 and 2 at both PND 28 and 120
groups P>0.05) (data not shown). (Fig. 6A,B). Similarly 33-HSD and CYP17 protein lev-

5-Alpha-reductase enzyme activity/mg microsomal or nuclear protein for
F1 rats

8

—= Microsomal activity

1 Nuclear Activity

1 L

38

Enzyme Activity (nmol
product/min/mg microsomal
protein)

3

diet 1 diet 2 diet 3 diet 4 diet 5 diet6
Dose Group

Fig. 4. 5n-Reductase enzyme activities (nmol dihydrotestosterone/min/mg proteinsafedn) of PND 28 male rats. Enzyme assays were carried out both at
pH 4.5 (not shown) and pH 6.5. The enzyme assays were conducted on both microsomal and nuclear testis extracts. No statistically significee{ifferenc
way-ANOVA) were seen between the enzymatic rates between different diet gPu@s05). The number of animals sampled at 28 days of age mete

for diets 1-3n=6 for diets 4—6.



442 M.J. McVey et al. / Journal of Steroid Biochemistry & Molecular Biology 92 (2004) 435-446

»
SCC e i e E
G3PDH | e - %‘
diet | diet 2 diet3 diet 4 diet 5 diet 6 %
“ 0.000 diet 1 diet 2 diet 3 diet4  diet5 diet6
(A) Dose Group

o
<
SOEC - - - - - =
=
G3PDH | i o - =
=
diet | diet 2 diet3 diet 4 diet 5 diet 6 :‘::'
=
< - , : ‘
diet | diet 2 diet 3 diet 4
(B) Dose Group

Fig. 5. Mean levels of mRNA of (A) PND 28 SCC and (B) PND 120 SCC, examined by RT-PCR. Data are depicted as an maeepfesentative (on
the left) of the populations examined, statistically (on the right) is depicted (mean arbitraty-BEs). TheY-axis represent arbitrary units developed from
the ratio of densitometry of the mRNA in question divided by the densitometry of the constitutive control G3PDH. No statistically significanteliffesre
seen between different mean dose groups expression of mMRNA examined by 1 way analysis of \R¥&n@8)( The number of animals sampled at PND 28
weren =6 for all doses examined with the exception of dieh3 6). The number of animals sampled at PND 120 wa$ except for diets 2 and 3 £5).

els were not different between diets at PND 28 (data not differences in testis weights between the diet groups that
shown). were seen at this ag@8]. At PND 28 a dose dependent
increase in testis mass was observed as the amount of soy
isoflavones was increased, which did not persist at older ages
4. Discussion [28]. At this time point the increased steroidogenic poten-
tial may have increased with the larger testis of rats fed high
The current study was undertaken to investigate whetherlevels of isoflavones. These findings agree with the work of
lifetime exposure of male rats to isoflavones that resulted in others who have found altered steroidogenic enzyme activi-
elevated serum and testicular androgen le{28 also al- ties as a result of isoflavon§&2—-36] and more specifically,
tered testicular enzyme activities. Earlier work from our lab- increased steroidogenic enzyme activity in tissues following
oratory demonstrated that exposure of rats to soy isoflavonedsoflavones administratidi36,52] The results of the present
at levels attainable by adults and infants, result in altered studies, while not able to explain the mechanism of increased
serum and testicular androgen levels in adulthood (PND serum and testicular androgen levels seen in adult rats de-
120) [28]. The present studies show that at PND 28 there scribed previously28], add a new layer of complexity by
are significantly higher enzymatic activities g§-51SD and revealing alterations in enzyme activities during early devel-
CYP17 in the pathway converting cholesterol to androgens opment.
due to consumption of dietary isoflavones. CYP17 showed Estrogenic chemicals have been shown to alter steroid hor-
the greatest dose-dependent increases in enzyme activity inmone enzyme activities. Majdic et &3], found that with
rats fed isoflavones, followed closely bg-3SD, while 5x- fetal male rats exposed in utero to the exogenous estrogenic
reductase activity and BZHSD activities were not affected chemicals diethylstilbestrol (DES) or 4-octylphenol (OP),
by isoflavones. In addition, at PND 28, subtle differences exhibited altered expression of mMRNA coding for CYP17,
were observed according to whether tigel3SD and CYP17 protein levels of CYP17 and &¢hydroxylase/C17,20-lyase
enzyme activities were expressed in terms of mg microso- activity. The effects of isoflavones on enzyme activities have
mal protein, g testis tissue or whole testis, possibly due to shown mixed results. While some influence of genistein on

(A) . W S — e — Y —
{B) e “— i — ——— — . S
diet 1 diet 2 diet 3 diet 4 diet 5 diet 6

Fig. 6. Immunoreactive protein levels of (A) PND 28 SCC, (B) PND 120 SCC examined by Western blot. For all Western blots presented there 2vas an
for each diet group examined at all time points.



M.J. McVey et al. / Journal of Steroid Biochemistry & Molecular Biology 92 (2004) 435-446 443

steroid hormone signalling may be due to its potent inhibitory labelled cholesterol substrate to monitor conversion to preg-
action on enzymes such as tyrosine kin&g@, genistein and nenolone. However at PND 28 and 120, no differences were
daidzein are known inhibitors of steroidogenic enzymes in a found in expression levels of mMRNA or protein for P450 SCC
variety of bacteria]55] and mammalian cell ling82,33,56] in any of the diet groups examined. Similarly mRNA and pro-
Both genistein and daidzein inhibit human placentg-17 tein levels of -HSD and CYP17 revealed no changes due
HSD activity [56], purified human 1@3-HSD type 5[57], to isoflavones at PND 28. It is possible that altered enzyme
while genistein can inhibit human granulosa celpIHSD activity, independent of changes in mRNA and protein levels
[32]. Structural homology between genistein and daidzein result from different substrate availability or alterations in the
compared with endogenous steroidogenic substrates is posmicroenvironment. For example, altered P450c21 enzymatic
tulated as a mechanism leading to competitive inhibition at activities due to isoflavones, could not be explained by cor-
the active site of steroidogenic enzynjg8]. Recently Ohno responding changes in expression, and it was proposed that
et al.[57], have shown that daidzein is a competitive inhibitor this was due to the upstream inhibition g3-BISD which
of 3B-HSD type Il enzyme activity Km =6.6M) within lowered the amount of substrate available for P45(Q62].
human H295R adrenocortical cells withka of 2.9uM. Alternatively, it has been shown that isoflavones can bind
Krazeisen et al[34], postulate that inhibitory potency in- to and modify membrane environmeif®,60] Changes in
creases with hydroxylation of the flavonoids, and inhibition microsomal membrane structure in the immediate area sur-
occurs through interference with hydrophilic cofactor bind- rounding steroidogenic enzymes such pe-85D[61] could
ing sites, as opposed to interference with substrate binding. impact enzyme activity. The membrane environmenthas been
In contrast, other studies such as those by Weber et al.shown to at least partially regulate enzyme activity in vitro
[36], have shown increased steroidogenic enzyme activi- [62—64]
ties due to exposure to isoflavones. A short term animal Itis possible that the differences in enzyme activities seen
study where PND 45 male SD rats were fed diets contain- at PND 28 are related to changes in the rate of development
ing 200 mg isoflavones/kg (50% genistin, 40% daidzin and between rats of different diet groups. In previous work, our
10% glycitin) for 29 days, revealed increasedf®ductase lab has shown increased intratesticular androgen levels in di-
activity within the amygdala region, while medial basal ets1and2comparedwithdiets 3—6 at PN)2d. Although
hypothalamic—preoptic areaxFeductase activity was sig- these changes were not statistically significant, they could
nificantly decreasefB6]. Similarly, Laurenzana et aj24], indicate a delay in androgen dependent development due
found significantly increasedoBreductase activity in male  to isoflavone consumption. It is possible that the increased
and female rat liver microsomes, accompanied by non- steroidogenic enzyme activities seen with high dietary lev-
significant increases in hepatic cytochrome P450 enzymeels of isoflavones are a homeostatic overcompensation to re-
protein levels, after exposure from gestational day 7 until dressdelaysinandrogendependentdevelopment. Isoflavones
sacrifice at PND 50, with 250 mg/kg genistein. However, at have been shown to modify endocrine regulation of andro-
1250 mg/kg genistein, decreased-feductase activity was  gen production by altering levels of serum [65—67] Lund
found indicating a non-linear dose response in mglég In et al. (2004) have found increased circulating LH and sta-
human fetal, postnatal and adult adrenal cell lines, genisteintistically insignificant increased plasma DHT levels due to
and daidzein lowered ACTH-stimulated cortisol production dosing with equol (a major metabolite of daidz€f@y]. In-
to basal levels, while postnatal and adult adrenal cells ex- terestingly this group proposed that equol binds directly to
hibited increased DHEA and DHEA-S levds2]. The in- DHT preventing it from providing negative feedback within
creased androgen due to genistein and daidzein may havehe hypothalamic—pituitary—testicular (HPT) axis. Therefore,
been caused by decreasing cortisol production leading to ei-isoflavones or their metabolites (e.g. equol), could have led
ther increased availability of substrate for androgen produc- to changes in the normal development of the HPT axis, which
tion or increased steroidogenic enzyme activity of P450scc in turn may have altered steroid production and circulating
or CYP17, though no changes in mRNA expression of these levels that were observed in our study. An examination of
enzymes were foun?2]. serum and tissue genistein, daidzein, glycitein and equol, is
Timing and duration of exposure and the route of dosing of underway and will be important for deciphering mechanisms
pure or mixed isoflavones may be important variables deter- of isoflavone action and extrapolating the current findings
mining isoflavone action on steroidogenic enzymes. In vitro to the human situation, where isoflavone metabolism varies
research involving pure isoflavones directly added to cell cul- between individuals who have different gut bacteria and di-
tures has typically shown inhibitory actions of isoflavones on ets leading to subpopulations who tend to be high equol ex-
steroidogenic enzymg32—34,55-57]while in vivo, animal creters, similar to rodents, or who are low equol excreters
studies have shown soy isoflavones increase certain steroidof68,69]
genic activitieg24,36], as seen in the current study. AtPND 28 testicular weights of rats fed diets 3—6 were sig-
The enzyme activities examined in the present study are nificantly higher compared with diet[28]. These isoflavone
down-stream of the rate-determining step of steroidogene-dose dependent differences could reflect altered cellular pro-
sis, cholesterol side chain cleavage. Enzyme activities for files. Marmoset monkeys exposed to isoflavones via infant
P450 SCC were not examined due to difficulties in acquiring formula exhibited increased numbers of Leydig cells, though



444 M.J. McVey et al. / Journal of Steroid Biochemistry & Molecular Biology 92 (2004) 435-446

this was paradoxically matched with lower serum T levels References

[70]. In our previous findings, androgen levels at PND 28, _
tended to be lower for diets 3—-6 compared with diets 1-2 1] 2;}nAd’\'Aeggfe;;Zil\é\&;\/'g;ﬂzghytoestrogens and western diseases,
(P>O'05)[28_]' yet the Corr?Spondmg enzyme aCtIVItI(?S are [2] M. Naim, B. Gestetner, S. Zikah, Y. Birk, A. Bondi, Soybean
higher, possibly due to an increased number of Leydig cells isoflavones characterization; determination, and antifungal activity,
in rats fed diets 5 and 6. We are presently pursuing the in-  J. Agric. Food Chem. 22 (1974) 806-810.
triguing possibility that changes seen at PND 28 could be due [3] United States Department of Agriculture (USDA). USDA-lowa
to altered number of Leydig cells or altered signalling in the State ~University Database on Isoflavone Content of Foods.
. . http://www.nal.usda.gov/fnic/foodcomp/Data/isoflav/isoflav.html
steroidogenic cascade. (1999).

Itwas of interest that steroidogenic enzyme activities were [4] L. Coward, N.C. Bames, K.D.R. Setchell, S. Barnes, Genistein,
not altered at PND 120, an age where diets 5 and 6 caused daidzein and theiB-glycoside conjugates: antitumor isoflavones in
elevated serum T and DHT compared with diets 1 and 2 soybean foods from American and Asian diets, J. Agric. Food Chem.
[28]. However, other possible explanations for the increased 41 (1993) 1961-1967. . .

d hi include: al d boli ; [5] W. Mazur, H. Adlercreutz, Naturally occurring oestrogens in food,
androgens at this age may include: altered metal olism o Pure Appl. Chem. 70 (1998) 1759—1776.
androgens by modification of testicular and/or peripheral [6] T.8. Clarkson, M.S. Anthony, C.L. Hugher Jr., Estrogenic soybean
aromatase activitys58], changes in steroid metabolism and isoflavones and chronic disease. Risks and benefits, Trends En-
clearance via the livgp4,71), altered androgen binding pro- docrinol. Metab. 6 (1995) 11-16. o
tein/sex hormone binding globulin (ABP/SHBG) produc- [7] M.J. T|kkanc.an, H. Adlercreutz, D|etar¥ soy-derived |sofla\{one phy-

. ltered free versus bound androgen profile due to toestrogens: could they have a role in coronary heart disease pre-
tion or a 9 p vention? Biochem. Pharmacol. 60 (2000) 1-5.

ABP/SHBG-isoflavone interactions influencing the ability (] c.p.N. Humfrey, Phytoestrogens and human health effects: weighing

of steroids to be transport¢d1]. up the current evidence, Nat. Toxins 16 (1998) 51-59.
In our earlier report, isoflavones significantly altered tes- [9] S.J. Birge, Soy phytoestrogens: an adjunct to hormone replace-
ticular T. serum T and serum DHT at PND 1@8] and ment therapy? Menopause: J. North Am. Menopause Soc. 4 (2000)

i . . 209-212.
our current work reveals altered steroidogenic enzyme activ- [10] H. Wei, R. Bowen, Q. Cai, S. Barnes, Y. Wang, Antioxidant and an-

ities at PND 28 in rats fed isoflavones at levels obtainable tipromotional effects of the soybean isoflavone genistein, P.S.E.B.M.
by human infant§41,42,72] Studies involving humans have 208 (1995) 124-130.
found dose dependent modulation of p|asma steroid |eve|s[1l] H.W. Bennetts, E.J. Underwood, F.L. Shier, A specific breeding prob-
by isoflavones. such as increased plasma DHT Ie[\7§}s lem of sheep on subterranean clover pastures in Western Australia,
' . . Aust. J. Agric. Res. 22 (1946) 131-138.

or decreased serum[T4]. The impact of isoflavones on hu- 151 1 Nagao, S. Yoshimura, Y. Saito, M. Nakagomi, K. Usumi, H. Ono,
man in vivo steroidogenesis is not fully understood as present  ~ reproductive effects in male and female rats of neonatal exposure
research largely focuses on cell cult{2¢,32,57,58] The al- to genistein, Reprod. Toxicol. 15 (2001) 399-411.
tered activities seen at PND 28 in the present study are at thd13] A'Sd Fagi, W.D. Johnson, R.L. '}ﬂoﬁ'sséy' d'?-'—- McCormick, Re-

; i ifi ; tive toxicity assessment of chronic dietary exposure to soy
same age as when isoflavones were seen to significantly in- ~ Procuctive & .

. . i LT isoflavones in male rats, Reprod. Toxicol. 18 (2004) 605-611.
crease testicular we|ghts, and though not statistically signifi- [14] M. Cassanova, L. You, K.W. Gaido, S. ArchibequeEngle, D.B. Jan-
cant, decreased testicular T and DHT lej2B]. From these szen, H.D. Heck, Developmental effects of dietary phytoestrogens
findings it is evident that isoflavones affect early develop- in Sprague—Dawley rats and interactions of genistein and daidzein
ment in male rats possibly delaying the production and level with rat estrogen receptors alpha and beta in vitro, Toxicol. Sci. 51
of testicular androgens. We have limited our investigation of (1999) 236-244. )

id Levdi Il derived T and DHT at PND 28 hei [15] R.W. Lewis, N. Brooks, G.M. Milburn, A. Soames, S. Stone, M.
steroidsto Ley '_g CQ_ erve an ] at ,astherr Hall, J. Ashby, The effects of the phytoestrogen genistein on the
levels were not significantly affected by isoflavones, although postnatal development of the rat, Toxicol. Sci. 71 (2003) 74-83.
examination of 8-androstanediol, a major androgen at this [16] T. Nagao, S. Yoshimura, Y. Saito, M. Nakagomi, K. Usumi, H. Ono,
age, may form part of future investigatiofigs,76} Addi- Reproductive effects in male and female rats of neonatal exposure
tionally, the enzyme activity profiles examined in the current to genistein, Reprod. Toxicol. 15 (2001) 399-411. -

dv d f he i d and ducti [17] D.A. Shutt, The effects of plant oestrogens of dietary origin, En-
stu Yy do not account for the increased an roge_n pro uction deavour 35 (1976) 110-113.
seen at PND 12[28], and therefore future work will address  [18] J. kumi-Daika, R. Rodriguez, G. Goudaze, Influence of genistein

regulatory systems upstream of the conversion of cholesterol  (4,5,7-trihydroxy-isoflavone) on the growth and proliferation of tes-
to androgen. ticular cell lines, Biol. Cell. 90 (1998) 349-354.
[19] K.B. Delclos, T.J. Bucci, L.G. Lomax, J.R. Latendresse, A. Warbrit-
ton, C.C. Weis, R.R. Newbold, Effects of dietary genistein exposure
during development on male and female CD (Sprague—Dawley) rats,

Acknowledgements Reprod. Toxicol. 15 (2001) 647—663.
[20] D. Roberts, D.N.R. Veeramachaneni, W.D. Schlaff, C.A. Awoniyi,
The authors would like to thank technical staff of Tox- Effects of chronic dietary exposure to genistein, a phytoestrogen,

; o ; s e during various stages of development on reproductive hormones and
icology Research Division and Animal Resources Division - ,
gy spermatogenesis in rats, Endocrine 13 (2000) 281-286.

O_f Health Canada for their assistance Wlt_h the an_lmal por- [21] K.S. Weber, K.D.R. Setchell, D.M. Stocco, E.D. Lephart, Dietary
tion of this study, and Drs. Schrader and Gill for their helpful soy-phytoestrogens decrease testosterone levels and prostate weight
comments in the preparation of this manuscript. without altering LH, prostated-reductase or testicular steroidogenic


http://www.nal.usda.gov/fnic/foodcomp/data/isoflav/isoflav.html

M.J. McVey et al. / Journal of Steroid Biochemistry & Molecular Biology 92 (2004) 435-446 445

acute regulatory peptide levels in adult male Sprague—-Dawley rats, [42] A. Zung, R. Reifen, Z. Kerem, Z. Zadik, Phytoestrogens: the pedi-

J. Endocrinol. 170 (2001) 591-599. atric perspective, J. Paediatr. Gastroenterol. Nutr. 33 (2001) 112-118.
[22] M.A. Yi, H.M. Son, J.-S. Lee, C.-S. Kwon, J.K. Lim, Y.K. Yeo, [43] P.G. Reeves, F.H. Nielsen, G.C. Fahey Jr., AIN-93 purified diets for

Y.S. Park, J.-S. Kim, Regulation of male sex hormone levels by soy laboratory rodents: final report of the American Institute of Nutrition

isoflavones in rats, Nutr. Cancer 42 (2002) 206-210. ad hoc writing committee on the reformulation of the AIN-76A
[23] A. Dalu, B.S. Blaydes, C.W. Bryant, J.R. Latendress, C.C. Weis, rodent diet, J. Nutr. 123 (1993) 1936-1951.

K.D. Delclos, Estrogen receptor expression in the prostate of rats [44] H.J. Wang, P.A. Murphy, Isoflavone content in commercial soybean
treated with dietary genistein, J. Chromatogr. B 777 (2002) 249-260. foods, J Agric. Food Chem. 42 (1994) 1666-1673.
[24] E.M. Laurenzana, C.C. Weis, C.W. Bryant, R. Newbold, K.D. Del- [45] O.H. Lowry, N.J. Rosebrough, A.L. Far, R.J. Randall, Protein mea-

clos, Effect of dietary administration of genistein, nonylphenol or surement with the Folin phenol reagent, J. Biol. Chem. 193 (1951)
ethinyl estradiol on hepatic testosterone metabolism, cytochrome 265-271.

P450 enzymes, and estrogen receptor alpha expression, Food Chem[46] G.M. Cooke, C.A. Price, R.J. Oko, Effects of in utero and lactational
Toxicol. 40 (2002) 53-63. exposure to 2,3,7,8-tetrachlorodiberzaioxin (TCDD) on serum
[25] W.A. Fritz, J. Wang, |.E. Eltoum, C.A. Lamartiniere, Dietary genis- androgens and steroidogenic enzyme activities in the male rat repro-
tein down-regulates androgen and estrogen receptor expression in ductive tract, J. Steroid Biochem. Mol. Biol. 67 (1998) 347-354.

the rat prostate, Mol. Cell. Endocrinol. 186 (2002) 89-99. [47] G.M. Cooke, F. Pothier, B.D. Murphy, The effects of progesterone,

[26] L. Strauss, S. Makela, S. Joshi, |I. Huhtaniemi, R. Santti, Genistein 4, 16-androstadien-3-one and MK-4%4 on the kinetics of pig
exerts estrogen-like effects in male mouse reproductive tract, Mol. testis microsomal testosterone-4-ererdductase activity, J. Steroid
Cell. Endocrinol. 144 (1998) 83-93. Biochem. Mol. Biol. 60 (1997) 353-359.

[27] L. Zhang, I.A. Khan, C.M. Foran, Characterization of the estrogenic [48] J. Sambrook, E.F. Fritsch, T. Maniatis, Molecular Cloning: A Labo-
response to genistein in Japanese medé&kgzjas latipey Comp. ratory Manual, second, Cold Spring Harbor Laboratory Press, USA,
Biochem. Physiol. Part C 132 (2002) 203-211. 1989.

[28] M.J. McVey, G.M. Cooke, I.H.A. Curran, Increased serum and tes- [49] U.K. Laemmli, Cleavage of structural proteins during assembly of
ticular androgen levels in F1 rats with lifetime exposure to soy the head of bacteriophage T4, Nature 227 (1970) 680-685.
isoflavones, Reprod. Toxicol. 18 (2004) 677—-685. [50] P. Matsudaira, Sequence from picomole quantitites of proteins elec-

[29] A. Payne, G. Youngblood, Regulation of expression of steroidogenic troblotted onto polyvinylidene difluoride membranes, J. Biol. Chem.
enzymes in Leydig cells, Biol. Reprod. 52 (1995) 217-225. 262 (1987) 10035-10039.

[30] W.L. Miller, J.F. Strauss, Molecular pathology and mechanism of [51] D.B. Hales, L. Sha, A.H. Payne, Testosterone inhibits cCAMP-induced
action of the steroidogenic acute regulatory protein, STAR, J. Steroid de novo synthesis of Leydig cell cytochrome P4501%y an an-
Biochem. Mol. Biol. 69 (1999) 131-141. drogen receptor-mediated mechanism, J. Biol. Chem. 262 (1987)

[31] J. Killian, K. Pratis, R.J. Clifton, P.G. Stanton, D.M. Robertson, L. 11200-11206.

O’Donnell, 5x-Reductase isoenzymes 1 and 2 in the rat testis during [52] S. Mesiano, S.L. Katz, J.Y. Lee, R.B. Jaffe, Phytoestrogens alter
postnatal development, Biol. Reprod. 68 (2003) 1711-1718. adrenocortical function: genistein and daidzein suppress glucocorti-

[32] S.A. Whitehead, J.E. Cross, C. Burden, M. Lacey, Acute and chronic coid and stimulate androgen production by cultured adrenal cortical
effects of genistein, tyrphostin and lavendustin A on steroid synthe- cells, J. Clin. Endocrinol. Metab. 84 (1999) 2443-2448.
sis in luteinized human granulosa cells, Hum. Reprod. 17 (2002) [53] G. Majdic, R.M. Sharpe, P.J. O'Shaugnessy, P.T.K. Saunders, Ex-
589-594. pression of cytochrome P4504-hydroxylase /C17-20 lyase in the

[33] C.K. Wong, W.M. Keung, Bovine adrenalBahydroxysteroid de- fetal rat testis is reduced by maternal exposure to exogenous estro-

hydrogenase (E.C. 1.1.1.145)/5-ene-4-ene isomerase (E.C. 5.3.3.1): gens, Endocrinology 137 (1996) 1063-1070.
characterization and its inhibition by isoflavones, J. Steroid Biochem. [54] M. Tarsounas, R.E. Pearlman, P.B. Moens, Meiotic activation of

Mol. Biol. 71 (1999) 191-202. rat pachytene spermatocytes with okadaic acid: the behaviour of

[34] A. Krazeisen, R. Breitling, G. Moller, J. Adamski, Phytoestrogens synaptonemal complex components SYN1/SCP1 and COR1/SCP3,
inhibit human 1B-hydroxysteroid dehydrogenase type 5, Mol. Cell. J. Cell Sci. 112 (1999) 423-434.

Endocrinol. 171 (2001) 151-162. [55] W.M. Keung, Dietary estrogenic isoflavones are potent inhibitors of

[35] B.A. Evans, K. Griffiths, M.S. Morton, Inhibition of &reductase B-hydroxysteroid dehydrogenase Bf testosteronji Biochem. Bio-
in genital skin fibroblasts and prostate tissue by dietary lignans and phys. Res. Commun. 215 (1995) 1137-1144.
isoflavanoids, J. Endocrinol. 147 (1995) 295-302. [56] J.-.C. Le Bail, Y. Champavier, A.-J. Chulia, G. Habrioux, Effects of

[36] K.S. Weber, N.A. Jacobson, K.D.R. Setchell, E.D. Lephart, Brain phytoestrogens on aromatas@ &hd 17PB-hydroxysteroid dehydro-
aromatase andobreductase, regulatory behaviors and testosterone genase activities and human breast cancer cells, Life Sci. 66 (2000)
levels in adult rats on phytoestrogen diets, Proc. Soc. Exp. Biol. 1281-1291.

Med. 221 (1999) 131-135. [57] S. Ohno, S. Shinoda, S. Toyoshima, H. Nakazawa, T. Makino, S.

[37] S.S. Strom, Y. Yamamura, C.M. Duphorne, M.R. Spitz, R.J. Baba- Nakajin, Effect of flavonoid phytochemicals on cortisol production
ian, P.C. Pillow, S.D. Hsursting, Phytoestrogen intake and prostate and on activities of steroidogenic enzymes in human adrenocortical
cancer: a case-control study using a new database, Nutr. Cancer 33 H295R cells, J. Steroid Biochem. Mol. Biol. 80 (2002) 355-363.
(1999) 20-25. [58] Y.C. Kao, C. Zhou, M. Sherman, C.A. Laughton, S. Chen, Molecular

[38] P. Kirk, R.E. Patterson, J. Lampe, Development of a soy food basis of the inhibition of human aromatase (estrogen synthase) by
frequency questionnaire to estimate isoflavone consumption in US flavone and isoflavone phytoestrogens: a site-directed mutagenesis
adults, J. Am. Diet. Assoc. 99 (1999) 558-563. study, Environ. Health Prospect. 106 (1998) 85-92.

[39] A. Cassidy, S. Bingham, K.D.R. Setchell, Biological effects of a [59] J.Y.A. Lehtonen, H. Adlercreutz, P.K.J. Kinnunen, Binding of
diet of soy protein rich in isoflavones on the menstrual cycle of daidzein to liposomes, Biochim. Biophys. Acta 1285 (1996) 91-100.
premenopausal women, Am. J. Clin. Nutr. 60 (1994) 330-340. [60] A. Arora, T.M. Byrem, M.G. Nair, G.M. Strasburg, Modulation of

[40] K. Wakai, I. Egami, K. Kato, T. Kawamua, A. Tamakoshi, Y. Lin, liposomal membrane fluidity by flavanoids and isoflavanoids, Arch.
T. Nakayama, M. Wada, T. Ohno, Dietary intake and sources of Biochem. Biophys. 373 (2000) 102-109.
isoflavones among Japanese, Nutr Cancer 33 (1999) 139-145. [61] G.M. Cooke, Identification and mechanism of action of phos-

[41] C.H.G. Irvine, M.G. Fitzpatrick, S.L. Alexander, Phytoestrogens in pholipids capable of modulating rat testicular microsom#@- 3
soy-based infant foods: concentrations, daily intake, and possible hydroxysteroid dehydrogenase-isomerase activity in vitro, Biol. Re-

biological effects, Proc. Soc. Exp. Biol. Med. 217 (1998) 247-253. prod. 41 (1989) 438-445.



446 M.J. McVey et al. / Journal of Steroid Biochemistry & Molecular Biology 92 (2004) 435-446

[62] G.M. Cooke, B. Robaire, Phospholipases modulate the rat testicular gut microflora: detection and identification of the end-products of
androgen biosynthetic pathway in vitro, Biol. Reprod. 39 (1988) metabolism, Xenobiotica 32 (2002) 45-62.
329-339. [70] R.M. Sharpe, B. Martin, K. Morris, I. Greig, C. McKinnell, A.S.
[63] A. Machino, H. Nakano, B.l. Tamaoki, Influence of physical and McNeilly, M. Walker, Infant feeding with soy formula milk: effect
chemical treatments upon the microsomal enzymes of the testes re- on the testis and on blood testosterone levels in marmoset monkeys
lated to androgen biosynthesis, Endocrinol. Jpn. 16 (1969) 37—46. during the period of neonatal testicular activity, Hum. Reprod. 17
[64] K. Bogovich, A.H. Payne, Purification of rat testicular microso- (2002) 1692-1703.
mal 17-ketosteroid reductase: evidence that 17-ketosteroid reductase{71] A. Cassidy, M. Faughnan, Phytoestrogens through the life cycle,
and 1B-hydroxysteroid dehydrogenase are distinct enzymes, J. Biol. Proc. Nutr. Soc. 59 (2000) 489-496.
Chem. 260 (1980) 5552-5559. [72] K.D.R. Setchell, L. Zimmer-Nechemias, J. Cai, J.F. Heubi, Exposure
[65] D. Roberts, D.N.R. Veeramachaneni, W.D. Schlaff, C.A. Awoniyi, of infants to phytoestrogens from soy-based infant formula, Lancet
Effects of chronic dietary exposure to genistein, a phytoestrogen, 350 (1997) 23-27.
during various stages of development on reproductive hormones and[73] J.G. Lewis, J.C. Morris, B.M. Clark, P.A. Elder, The effects of
spermatogenesis in rats, Endocrine 13 (2000) 281-286. isoflavones extract ingestion, as Trinovin, on plasma steroids in nor-

[66] L. Strauss, S. Makela, S. Joshi, |I. Huhtaniemi, R. Santti, Genistein mal men, Steroids 67 (2002) 25-29.
exerts estrogen-like effects in male mouse reproductive tract, Mol. [74] C. Nagata, S. Inaba, N. Kawakami, T. Kakizoe, H. Shimizu, In-

Cell. Endocrinol. 144 (1998) 83-93. verse association of soy product intake with serum androgen and
[67] T.D. Lund, D.J. Munson, M.E. Haldy, K.D.R. Setchell, E.D. Lephart, estrogen concentrations in Japanese men, Nutr. Cancer. 36 (2000)

R.J. Handa, Equol is a novel anti-androgen that inhibits prostate 14-18.

growth and hormone feedback, Biol. Reprod. 70 (2004) 1185-1195. [75] E.J. Podesta, M.A. Rivarola, Concentration of androgens in whole
[68] E. Bowey, H. Adlercreutz, I. Rowland, Metabolism of isoflavones testis, seminiferous tubules and interstitial tissue of rats at different

and lignans by the gut microflora: a study in germ-free and human stages of development, Endocrinology 95 (1974) 455-461.

flora associated rats, Food Chem. Toxicol. 41 (2003) 631-636. [76] R.G. Foldesy, J.H. Leathem, Simultaneous measurements of testos-
[69] N.G. Coldham, C. Darby, M. Hows, J. King, A.Q. Zhang, J. terone and three cbreduced androgens in the venous effluent of

Saur, Comparative metabolism of genistein by human and rat immature rat testes in situ, Steroids 35 (1980) 621-631.



	Altered testicular microsomal steroidogenic enzyme activities in rats with lifetime exposure to soy isoflavones
	Introduction
	Experimental
	Materials
	Animals
	Experimental diets
	Specific enzyme activities
	RNA isolation and RT-PCR
	Gene amplification
	Western blotting analysis
	Statistical analysis

	Results
	Microsomal protein determination
	3beta-Hydroxysteriod dehydrogenase activity
	CYP17 activity
	17ß-Hydroxysteroid dehydrogenase activity
	5alpha-Reductase activity
	Steroidogenic enzyme mRNA expression levels
	Western blot protein levels of steroidogenic enzymes

	Discussion
	Acknowledgements
	References


