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Effect of Neonatal Exposure to Genistein on Bone Metabolism
in Mice at Adulthood
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ABSTRACT: Infants fed soy-based infant formulas are exposed to
high levels of genistein, an isoflavone, with potential estrogen-like
activity. This study determined whether neonatal exposure of mice to
genistein resulted in higher bone mineral density (BMD) and greater
resistance to fracture at adulthood. Male and female CD-1 mice (n =
4-14/group) were randomized to control (CON) (corn oil, s.c.),
diethylstilbestrol (DES) (2 ug/pup/d, s.c.), or genistein (GEN) (4
ng/pup/d, s.c.) from d 1 through 5 of life. At 21 d of age, pups were
weaned and studied until 4 mo of age when tissues were collected.
Among females, femur (p = 0.016) and lumbar vertebrac (LVI1-
LV4) (p < 0.001) BMD were higher among DES and GEN groups
compared with CON group. Importantly, the higher LV1-LV4 BMD
was associated with stronger vertebrae that were more resistant to
fracture as the peak load of LV3 (p = 0.012) was higher in the GEN
and DES groups compared with CON group. In males, DES and
GEN had divergent effects on femur and lumbar vertebrae BMD and
peak load. In conclusion, early exposure to GEN has positive effects
on femur and lumbar spine of females, likely due to estrogenic
effects, while only the lumbar spine of males benefits from early
exposure to GEN. (Pediatr Res 61: 48-53, 2007)

here is evidence that short-term exposure to estrogen
during the first few days of life has positive effects on
bone at adulthood. Exposure of female mice to DES during the
first 5 d of life has been shown to decrease the number and
activity of osteoclasts that could lead to higher BMD (1,2).
Based on these findings, and due to the fact that some infants
receive soy infant formula that contains isoflavones with
potential estrogen-like activity, the overall objective of this
study was to determine whether neonatal exposure of female
and male mice to genistein, an isoflavone in soy, resulted in a
higher BMD and greater resistance to fractures at adulthood.
Genistein is abundant in soy infant formula. Due to the
potential estrogen-like activity of genistein, there is interest in
the potential health benefits and/or adverse effects of feeding
soy-based infant formulas. Early postnatal life is known to be
a developmental stage that is particularly sensitive to hor-
mones. Thus, it is important to consider that the level of
isoflavone exposure to infants fed such formulas is extremely
high. During the first year of life, infants fed soy-based
formula can be exposed to 6—9 mg of isoflavones/kg of body
weight/d, more than 65% of which is genistein, whereas adults
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who consume a diet with modest amounts of soy isoflavones
are exposed to approximately 1 mg of isoflavone/kg of body
weight/d (3). Although studies have shown that feeding soy-
based infant formula to full-term infants is associated with
normal growth and development at 1 y of age (4,5), long-term
effects of exposure to high levels of isoflavones such as
genistein present in soy-based infant formulas have not been
extensively studied. With respect to bone development and
metabolism, no studies have reported effects of isoflavone
exposure during early life, either in humans or animals, on
BMD or biomechanical bone strength properties at adulthood.
It is hypothesized that early neonatal exposure to genistein
may provide a preventive strategy that optimizes peak bone
mass and bone strength, thereby potentially decreasing the risk
of developing osteoporosis and fragility fracture later in life.

Some epidemiologic evidence suggests that women with
high intake of soy foods have greater protection against
osteoporosis (6—8). To date, studies investigating the role of
soy or its isoflavone on bone metabolism have focused on
their role in preventing bone loss after the cessation of endog-
enous estrogen production by either studying postmenopausal
women or using the ovariectomized rodent model. Most feed-
ing trials in postmenopausal women (9-12) and ovariecto-
mized rodents (13-20) have demonstrated that genistein, ei-
ther as purified isoflavone or in soy protein isolate, has
positive effects on bone outcomes such as BMD. The mech-
anism of genistein on bone metabolism is not completely
understood. The bone-protective effects of genistein may be
due to structural similarities between genistein and the human
estrogen 17B-estradiol as genistein may bind to estrogen
receptors (ER) in target tissues such as bone (21). Two ER
have been identified, ER-a and ER-f3, and both have a pivotal
role in bone tissue (22-25). Because genistein can bind to both
estrogen receptors, genistein may have significant biologic
activity in bone tissue.

The specific objective of this study was to determine
whether exposure of female and male mice to genistein during
the first 5 d of life results in a higher BMD and greater
biomechanical bone strength properties than mice not exposed
to genistein. Two specific skeletal sites, femurs and lumbar
spine, were studied to assess skeletal sites that differ in the
quantity of cortical and trabecular bone. Both genders were

Abbreviations: BMC, bone mineral content; BMD, bone mineral density;
CON, control; DES, diethylstilbestrol; GEN, genistein; ML, mediolateral;
PND, postnatal day
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studied inasmuch as females as well as male infants are fed
soy-based infant formulas, and osteoporosis affects men as
well as women.

METHOD

Animals and diets. Ten timed-pregnant outbred CD-1 mice were obtained
from Charles River Canada (St. Constant, QC). Upon arrival, pregnant
females were housed one per cage, kept in standard environment conditions
(12-h light:12-h dark cycle, room temperature of 23°C) and fed control diet
(AIN93G, Dyets Inc., Bethehem, PA) (26) that is devoid of isoflavones
including genistein. Fresh diet was provided every 2-3 d. Distilled water was
consumed ad libitum.

At birth, pups within a litter were randomized to one of three groups. The
groups were control (CON, vehicle), diethylstilbestrol (DES), or genistein
(GEN). Because it was not possible to determine gender at birth, the sample
size per group was not equal [males: n = 7 (CON), n = 14 (DES), n = 12
(GEN); females: n = 11 (CON), n = 4 (DES), n = 10 (GEN)). Control pups
received corn oil, which was used as the vehicle for GEN and DES. The DES
group received 2 ug of DES/pup/d dissolved in corn oil (approximately 2 mg
DES/kg of body weight/d). This dose of DES was previously shown to
favorably modify bone metabolism and served as the positive control (2). The
GEN group received 4 ug of GEN/pup/d dissolved in corn oil (approximately
4 mg GEN/kg of body weight/d). This dose of genistein is equivalent to the
average exposure of infants to isoflavones in soy-based infant formula (3). By
design, the doses of GEN and DES used were not equivalent with respect to
estrogenicity as it was important to use a dose of GEN that resembles the level
of exposure to human infants fed soy-based infant formula. A dose of 100 mg
genistein/pup/d would have been required to match the estrogenicity of the
DES dose based on the fact that uterotropic assays have demonstrated that
DES is 50,000-fold more estrogenic than genistein (27). Pups were injected
subcutaneously with a total volume of 0.1 mL/pup/d of corn oil alone or corn
oil containing genistein or DES on PND 1 through 5.

At 21 d of age, pups were weaned, separated by gender and fed fresh diet
(AIN93G) every 2-3 d. Distilled water was consumed ad libitum. Body
weight was measured once weekly. At 4 mo of age, mice were anesthetized
with carbon dioxide for blood collection and subsequently killed by cervical
dislocation. Femurs and LV1-LV4 were excised. Testes (males), uterus, and
ovaries (females) were removed and weighed.

All experimental procedures respected the policies set out by the Canadian
Council on Animal Care (28) and were approved by the University of Toronto
Animal Ethics Committee, University of Toronto.

Biochemical markers of bone metabolism. Blood was centrifuged at
10,000 rpm for 15 min and serum was stored at —70°C. Serum osteocalcin and
serum collagen crosslinks were measured using commercially available en-
zyme linked immunoassays specific for mice (mouse osteocalcin, Biotech-
nologies Inc., Stoughton, MA; RatLaps, Nordic Bioscience Diagnostics,
Herlev, Denmark).

BMC and BMD of femurs and lumbar vertebrae (LVI-LV4). BMC and
BMD of the left femurs and LVI1-LV4 were determined by PIXImus dual
energy x-ray absorptiometry (DEXA) (LUNAR Corporation, GE Medical
Systems, Mississauga, ON, Canada) using a specialized software program
(Lunar Software Version 1.46) as previously described (29). Individual
femurs and intact lumbar vertebrae (LV1-LV4) were placed on a plastic tray
and scanned in air.

Biomechanical strength properties of femurs and lumbar vertebra 3
(LV3). The biomechanical strength properties of the femur and LV3 were
measured by three-point bending and compression testing, respectively, using
a materials testing system (Model 4442, Instron Corp., Canton, MA) and
specialized software (Series IX Automated Materials Tester, Version
8.15.00).

Three-point bending. Three-point bending was used to determine the
structural properties (yield load, resilience, stiffness, peak load, toughness) of
right femurs (29,30). Femurs previously cleaned of soft tissue were removed
from the freezer and soaked in physiologic saline solution for 3 h. Length and
widths of femurs were measured using an electronic precision caliper (Ce-
darlane Laboratories Ltd., Hornby, ON, Canada). The femur midpoint was
determined based on the length of the femur, and mediolateral (width) and
anteroposterior (depth) dimensions were measured at the midpoint. The
posterior surface of the femur was placed on two 1-mm-wide base supports,
positioned 6 mm apart, such that the load was applied at the femur midpoint.
The crosshead lowered at a constant speed of 2 mm/min until the femur
fractured.

Compression testing. LV3 were soaked in saline and positioned on the
center of a stainless-steel plate. The height, width, and depth of each LV3
were measured using an electronic precision caliper. A compressive force was
applied by lowering a steel plate at a constant rate of 2 mm/min (29). Peak
load was determined to be the first peak on the load-displacement curve.

Statistical analysis. Statistical analyses were performed using SigmaStat
(Version 2.0, Jandel Scientific, San Rafael, CA). Results are expressed as
mean = SEM. Two-way ANOVA was performed for most outcomes with
gender and treatment as the main effects, and interaction effects (gender X
treatment) were assessed. One-way ANOVA was used to analyze weights of
testes, uterus, and ovaries. Student-Newman Keul’s test was used for com-
parison of multiple means when statistical differences were observed. Differ-
ences were considered significant at p < 0.05.

RESULTS

Initial and final body weight and total weight gain. There
were no differences in initial body weight due to gender or
treatment among groups (Table 1). Gender (p < 0.001) but not
treatment had a significant effect on final body weight and
total weight gain (Table 1). Male mice had higher body
weights (p < 0.001) and total weight gain (p < 0.001)
compared with females (Table 1).

Testes, ovaries, and uterus weights. The weights of testes
(males), uterus and ovaries (females), expressed either as
absolute weight (not shown) or corrected to account for body
weight (Table 2), were not different among the three groups.

Femur outcomes: weight, dimensions, BMC, BMD, and
biomechanical strength properties. Femur weight was signif-
icantly different due to gender (p = 0.023) and treatment (p <
0.030), with genistein and DES groups having greater femur
weight than control group (Table 3). Female control mice had

Table 1. Initial and final body weights, and total weight gain*

Treatment Males Females Gender Treatment Gender X treatment

Initial body weight (g)t CON 12.23 = 0.62 10.93 = 0.49

DES 12.15 =043 11.22 = 0.81 NS NS NS

GEN 11.62 = 047 12.32 = 0.51
Final body weight (g)i CON 44.96 = 2.19 30.14 £ 1.75

DES 44.63 = 1.68 31.27 £2.90 <0.001 NS NS

GEN 49.14 = 1.68 34.04 £ 1.84
Total weight gain (g)§ CON 32.73 £ 1.95 19.22 + 1.56

DES 3248 = 1.38 20.05 = 2.58 <0.001 NS NS

GEN 37.52 £ 1.50 21.72 £ 1.63

* Values are expressed as mean = SEM. Males: n = 7 (CON); n = 14 (DES); n = 12 (GEN). Females: n = 11 (CON); n = 4 (DES); n = 10 (GEN).

T Body weight at weaning, PND 21.
+ Body weight at necropsy, PND 120.

§ Calculated by subtracting body weight at weaning (PND 21) from body weight at necropsy (PND 120).
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Table 2. Testes, ovaries and uterus weights*

Testes Ovaries + uterus
Treatment (mg/g body weight) (mg/g body weight)
CON 5.13 £0.24 4.81 £0.49
DES 491 £0.15 3.71 = 0.69
GEN 4.26 = 0.07 5.37 = 0.88
p value 0.159 0.439

* Values are expressed as mean = SEM. Males: n = 7 (CON); n = 14
(DES); n = 12 (GEN). Females: n = 11 (CON); n = 4 (DES); n = 10 (GEN).

lower (p = 0.001) femur weights than all other groups (Table
3). Femur length and depth [anteroposterior (AP) width] did
not differ due to gender or treatment (Table 3). Width [me-
diolateral (ML) width] of male mice was higher than female
mice (p < 0.001) (Table 3). Genistein treatment resulted in
greater (p = 0.019) width (ML width) than control and DES
treatment (Table 3).

Femur BMC was significantly higher (p = 0.019) among
males compared with females while treatment had no signif-
icant effect (Table 4). There was an interaction between
gender and treatment for femur BMC. Females treated with

DES had greater (p = 0.015) BMC than CON females and
males treated with DES; and males treated with GEN had a
higher (p = 0.015) BMC than males treated with DES or
control females (Table 4). With respect to femur BMD, DES
and genistein treatment resulted in greater (p = 0.016) femur
BMD than controls (Table 4). There was a significant inter-
action of gender X treatment for femur BMD (p = 0.001)
(Table 4). Females who received DES and GEN, and males
treated with GEN had a higher (p < 0.001) BMD than female
controls and males treated with DES (Table 4). There were no
differences in femur yield load, resilience, or ultimate stiffness
among groups (Table 4). There was a significant interaction of
gender X treatment for femur peak load (Table 4). Females
treated with DES and males treated with GEN had a higher
peak load than female controls and males treated with DES
(Table 4).

Dimensions of lumbar vertebrae 3 (LV3), BMC and BMD
of LVI-LV4, and peak load of LV3. Gender and treatment
had no significant effect on the dimensions of LV3 (Table 5).
GEN and DES treatment resulted in higher (p < 0.001) BMC
of LVI-LV4 but gender did not have a significant effect
(Table 6). Males had higher (p = 0.028) BMD of LV1-LV4

Table 3. Femur weight and dimensions*

Treatment Males Females Gender Treatment Gender X treatment
Weight (mg) CON 120.01 = 0.01* 100.01 = 0.01°
DES 120.00 = 0.01* 120.00 = 0.02* 0.023 0.030 <0.01
GEN 130.01 = 0.01* 120.01 = 0.01*
Length (mm) CON 16.00 = 0.16 16.08 = 0.13
DES 15.98 = 0.12 15.98 = 0.20 NS NS NS
GEN 16.25 £ 0.12 15.92 = 0.13
Depth{ (mm) CON 1.46 £ 0.04 1.39 = 0.03
DES 1.48 £0.03 1.46 = 0.05 NS NS NS
GEN 1.55 £0.03 1.48 £0.03
Widthi (mm) CON 1.87 = 0.07 1.59 = 0.06
DES 1.81 £0.06 1.64 = 0.09 <0.001 0.019 NS
GEN 2.08 £ 0.06 1.69 = 0.06

* Values are expressed as mean = SEM. Males: n = 7 (CON); n = 14 (DES); n = 12 (GEN). Females: n = 11 (CON); n = 4 (DES); n = 10 (GEN). Values

with different letters for an outcome are significantly different, p < 0.05.
F Depth refers to the anteroposterior width at the midpoint of the femur.
+ Width refers to the mediolateral width at the midpoint of the femur.

Table 4. Femur BMC, BMD, and biomechanical strength properties™

Treatment Males Females Gender Treatment Gender X treatment
BMC (mg) CON 39.50 * 1.66" 33.62 = 1.32°
DES 37.11 = 1.22° 39.85 £ 2.19* 0.019 0.056 0.015
GEN 43.08 = 1.27* 37.05 * 1.39%
BMD (mg/cm?) CON 75.44 + 1.80%® 71.82 = 1.44°
DES 74.07 = 1.32° 82.67 = 2.38" NS 0.016 <0.001
GEN 79.12 = 1.38° 75.82 = 1.51°
Yield load (N) CON 14.65 = 1.39 15.49 = 1.07
DES 15.19 = 1.02 17.28 = 1.70 NS NS NS
GEN 17.18 = 1.02 17.12 = 1.07
Peak load (N) CON 32.71 = 1.76™ 29.72 = 1.37°
DES 30.92 + 1.30° 36.26 = 2.16" NS NS 0.015
GEN 35.88 *= 1.30° 32.11 = 1.37%
Ultimate stiffness (N/mm) CON 238.03 = 19.39 228.13 = 15.02
DES 238.32 = 14.32 307.55 = 23.75 NS NS NS
GEN 256.50 = 14.32 253.55 = 15.02

* Values are expressed as mean = SEM. Males: n = 7 (CON); n = 14 (DES); n = 12 (GEN). Females: n = 11 (CON); n = 4 (DES); n = 10 (GEN).Values

with different letters for an outcome are significantly different, p < 0.05.
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Table 5. Dimensions of Lumbar Vertebra 3 (LV3)*

Treatment Males Females Gender Treatment Gender X treatment
Height (mm) CON 394 +0.13 3.88 +£0.10
DES 3.80 = 0.09 3.61 =£0.17 NS NS NS
GEN 3.63 £ 0.10 372 £0.11
Weight (mg) CON 42.25 +0.56 40.09 = 1.84
DES 42.26 = 0.31 38.55 + 3.06 NS NS NS
GEN 40.52 = 0.73 37.87 £2.04
Depth} (mm) CON 3.43 = 0.08 3.32 +£0.07
DES 3.37 = 0.06 322 +0.11 NS NS NS
GEN 3.20 = 0.07 3.25 £0.07
Widthi (mm) CON 3.49 = 0.09 343 +0.07
DES 3.54 = 0.07 3.39 £0.12 NS NS NS
GEN 3.51 £0.07 3.49 £0.08

* Values are expressed as mean = SEM. Males: n = 7 (CON); n = 14 (DES); n = 12 (GEN). Females: n = 11 (CON); n = 4 (DES); n = 10 (GEN).

7 Depth refers to the anteroposterior width of LV3.
+ Width refers to the mediolateral width of LV3.

Table 6. BMC and BMD of lumbar vertebrae (LVI-LV4) and peak load of LV3*

Treatment Males Females Gender Treatment Gender X treatment

BMC (mg) CON 48.86 = 1.70 4721 = 1.35

DES 49.79 = 1.20 54.62 = 2.25 NS <0.001 NS

GEN 5441 £ 1.36 53.26 = 1.42
BMD (mg/cm?) CON 70.25 + 1.69° 68.90 + 1.35°

DES 69.11 = 1.19° 79.27 = 2.23% 0.028 <0.001 0.002

GEN 77.11 += 1.35% 77.02 = 1.41*
Peak load (N) CON 43.57 + 4.79° 48.78 + 3.82°

DES 41.09 + 3.39° 72.79 = 6.34 <0.001 0.012 0.009

GEN 56.18 = 3.82% 60.72 = 4.23%

* Values are expressed as mean = SEM. Males: n = 7 (CON); n = 14 (DES); n = 12 (GEN). Females: n = 11 (CON); n = 4 (DES); n = 10 (GEN).Values

with different letters for an outcome are significantly different, p < 0.05.

Table 7. Biochemical markers of bone metabolism: serum osteocalcin and serum collagen crosslinks*

Treatment Males Females Gender Treatment Gender X treatment
Osteocalcin (ng/mL) CON 143.28 + 14.36° 193.66 + 12.67*
DES 82.73 £ 10.54¢ 203.85 = 19.00* <0.001 NS 0.002
GEN 67.81 = 11.46° 213.34 + 12.67*
Collagen crosslinks (ng/mL) CON 23.49 = 2.32° 20.90 * 2.04%
DES 18.72 + 1.70%¢ 26.39 *= 3.06" 0.013 NS 0.019
GEN 14.38 = 1.85¢ 2225 + 2.04®

* Values are expressed as mean = SEM. Males: n = 7 (CON); n = 14 (DES); n = 12 (GEN). Females: n = 11 (CON); n = 4 (DES); n = 10 (GEN). Values

with different letters for an outcome are significantly different, p < 0.05.

than females. Furthermore, treatment with DES or GEN re-
sulted in higher (p < 0.001) BMD than CON (Table 6). There
was a significant interaction (p = 0.002) of gender X treat-
ment for BMD of LV1-LV4 (Table 6). Males and females
treated with GEN had a higher (p = 0.002) BMD than all
other groups except females treated with DES (Table 6). Peak
load of LV3 was higher (p < 0.001) among males compared
with females; and higher (p = 0.012) among DES and GEN
groups compared with CON groups (Table 6). There was a
significant interaction between gender and treatment for peak
load (p = 0.009) (Table 6). Male and females treated with
GEN and females treated with DES had a higher (»p = 0.09)
peak load than all other groups (Table 6).

Biochemical markers: serum osteocalcin and serum col-
lagen crosslinks. Serum osteocalcin (p < 0.001) and collagen
crosslinks (p < 0.013) were significantly higher among fe-
males compared with males (Table 7). For both serum osteo-

calcin and collagen crosslinks there was a significant interac-
tion of gender X treatment (p = 0.002 osteocalcin, p = 0.019
collagen crosslinks) (Table 7).

DISCUSSION

This study reports the effects of short-term exposure to
genistein, a soy isoflavone, during the first 5 d of postnatal life
on bone outcomes at adulthood in male and female mice.
These outcomes included BMD as well as functional out-
comes of bone, i.e. biomechanical strength properties of fe-
murs and lumbar spine. Measurement of the biomechanical
strength properties is of particular relevance as these outcomes
are surrogate measures of fracture risk. A novel finding of this
study is that exposure to isoflavones during the earliest stages
of postnatal life results in altered bone metabolism at adult-
hood. To date, most studies investigating the effects of soy
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isoflavones on bone metabolism have been in states of estro-
gen withdrawal.

Our findings that femur BMD and LV1-LV4 BMD were
higher among DES-treated female mice compared with con-
trols was expected based on a previous study that reported that
transient exposure to DES during early development altered
osteoclastogenesis due to a permanent effect on the bone
microenvironment in female mice (2). The present study used
the same dose of DES as in previous reports (1,2). The fact
that the GEN-treated female mice, like the DES-treated mice,
had a higher femur BMD than controls suggests that genistein
was acting by an estrogen-like mechanism. In the GEN group,
the higher femur BMD was not associated with a greater peak
load, the ultimate measure of fracture resistance. However,
greater fracture resistance (i.e. peak load of LV3) was ob-
served in the lumbar spine. Both the BMD of LV1-LV4 and
the peak load of LV3 were significantly higher in the GEN
treated females compared with control group, indicating that
trabecular bone was more responsive to genistein intervention
than cortical bone. In female mice, both the femur and lumbar
vertebrae data suggest that genistein is acting like estrogen.
This is an interesting finding since the estrogenicity of the
dose of genistein was substantially lower than the dose of DES
and yet similar biologic effects are observed. In contrast to
female mice, DES and GEN groups in males had divergent
effects on femur BMD and peak load, as well as lumbar spine
BMD and peak load of LV3. Males treated with GEN had
higher lumbar spine BMD and peak load of LV4 compared
with both the DES and CON group while femur outcomes did
not differ between the GEN and CON group, suggesting a
site-specific effect of genistein on skeletal health in males. The
mechanism of action of genistein in males remains to be
determined.

The biochemical bone marker data also suggest that females
and males respond differently to neonatal exposure to DES or
GEN. The fact that neither serum levels of osteocalcin nor
collagen crosslinks differed significantly among female groups
suggests that differences in bone turnover were not evident at
4 mo of age but occurred at an earlier stage of life. In contrast,
among males, mice treated with GEN had lower levels of
serum collagen and serum collagen crosslinks compared with
controls, suggesting a lower rate of bone turnover was present
when mice were killed at 4 mo of age. The timing of when
differences in rates of bone turnover occurred requires further
study. Whether or not the lower rate of bone turnover among
males persists into older ages, and the potential implications to
bone health, requires investigation. Similarly, whether higher
femur and lumbar vertebrae BMD is protective among fe-
males treated with GEN after cessation of endogenous estro-
gen production remains to be determined.

Human and animal studies on metabolic imprinting have
demonstrated that exposure to specific nutrients during early
life can affect risk of chronic diseases during adulthood (31—
35). Genistein may be acting directly on ER in bone cells,
setting the metabolic pathway that will be stored throughout
life, despite cellular replication and replacement. Findings
from cell culture studies suggest that genistein may have
stimulated osteoblastic activity and decreased osteoclastic ac-

tivity in the present study. Isoflavones such as genistein can
stimulate osteoblastic activity, demonstrated by increased pro-
duction of alkaline phosphatase and bone nodule formation,
markers of early and late osteoblastic differentiation, respec-
tively (36,37). These effects may be mediated via increased
production of bone morphogenetic protein-2, an important
regulator of osteogenesis (37). Another study, using human
osteosarcoma osteoblasts, also reported that genistein stimu-
lated synthesis of collagen and alkaline phosphatase, and
ultimately resulted in mineralized bone modules (38). In
orchidectomized rats, feeding soy isoflavones resulted in ele-
vated mRNA levels of type I collagen, alkaline phosphatase,
and osteocalcin, demonstrating that effects of genistein are not
exclusive to females (39). Genistein has also been shown to
act as a tyrosine kinase inhibitor, resulting in a decreased
number of osteoclasts (40,41), and may modulate osteoclas-
togenesis by regulating mRNA expression of receptor activa-
tor of NF-B ligand (RANKL) and osteoprotegerin (42).

Safety is an important issue to consider when extrapolating
these study findings to infants fed soy-based formula. Early
exposure to estrogenic compounds, namely DES, is associated
with an increase in genital tract abnormalities in female mice
(43,44) and an alteration of reproductive functions in males
(45). In humans, adenocarcinoma of the vagina has been
reported in young women whose mothers were exposed to
DES during pregnancy (46). These changes could be related to
the steroid dose or to the duration and age of exposure. It is
encouraging that findings from the present study indicate that
early exposure to genistein, at the levels to which infants fed
soy-based formula are exposed, did not have an effect on sex
organ weights. However, because organ weight does not fully
address potential teratogenic or carcinogenic effects of envi-
ronmental estrogenic compounds, histology of organs should
be performed in future studies. It would be particularly useful
to perform histologic analyses of tissues from older animals as
negative effects due to transient exposure may not be mani-
fested until later stages of life. Thorough examination of
reproductive indices, such as fertility, is required as long-term
effects of soy-based infant formula on reproductive health
have not been extensively studied. One retrospective cohort
study compared young men and women who received soy
formula with those who had received cow’s milk formula
during infancy (47). No statistically significant differences
were observed in adult height, weight, body mass index,
pubertal maturation, or fertility as measured by pregnancy,
miscarriage, or ectopic pregnancy rates. Women fed soy-
based formula reported slightly longer duration of menstrual
bleeding and greater discomfort with menstruation, with no
difference in severity of menstrual flow. There were no dif-
ferences in cancer, reproductive organ or hormonal disorders,
sexual orientation, libido dysfunction or birth defects between
infants fed soy or cow’s milk formula. Future studies should
continue to study the effects of early exposure to isoflavones
since neonatal exposure to genistein, at a dose similar to the
present study (5 ug/pup/d), reported altered estrous cycles and
impaired fertility (43). Abnormal ovulation in mice treated
with slightly higher levels of genistein (10 wg/pup/d) has also
been reported (48).



GENISTEIN AND BONE DEVELOPMENT 53

In conclusion, short-term exposure to genistein during the
first 5 d of postnatal life resulted in improved femur and
lumbar spine outcomes among female mice, with a positive
effect on only lumbar spine among male mice. Early exposure
to genistein may provide a preventive strategy that optimizes
peak bone mass and bone strength, thereby potentially de-
creasing the risk of developing osteoporosis and fragility
fracture later in life. Because the dose of genistein adminis-
tered to the mice was similar to the level of exposure to infants
fed soy based infant formula on a body weight basis, the
findings from this study provide the basis for human studies in
which peak bone mass and other measures of bone health may
be assessed in adults who consumed soy-based infant formula
during early life. In this study, bone outcomes were assessed
at an age when mice have attained their peak bone mass.
Whether the higher vertebral BMD and peak load at adulthood
protect against bone loss and fracture during aging are un-
known.
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