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Genistein (Gen), the primary isoflavone in soy, has been shown 
to adversely affect various endocrine-mediated endpoints in 
rodents and humans. Soy formula intake by human infants has 
been associated with early age at menarche and decreased female-
typical behavior in girls. Adipose deposition and expansion are 
also hormonally regulated and Gen has been shown to alter these 
processes. However, little is known about the impact of early-life 
soy intake on metabolic homeostasis in adulthood. The current 
study examined the impact of early-life Gen exposure on adult-
hood body composition (by magnetic resonance imaging) and the 
molecular signals mediating adipose expansion. From postnatal 
day (PND) 1 to 22, rat pups were daily orally dosed with 50 mg/kg 
Gen to mimic blood Gen levels in human infants fed soy formula. 
Female but not male Gen-exposed rats had increased fat/lean mass 
ratio, fat mass, adipocyte size and number, and decreased muscle 
fiber perimeter. PND22 Gen-exposed females, but not males, had 
increased expression of adipogenic factors, including CCAAT/
enhancer binding protein alpha (Cebpα), CCAAT/enhancer bind-
ing protein beta (Cebpβ), and peroxisome proliferator-activated 
receptor gamma (Pparγ). Furthermore, Wingless-related MMTV 
integration site 10b (Wnt10b), a critical regulator of adipogenic 
cell fate determination, was hypermethylated and had decreased 
expression in adipose of PND22 Gen-exposed females. These data 
suggest that developmental Gen exposure in rats has gender-
specific effects on adiposity that closely parallel the effects of a 
postweaning high-fat diet and underscore the importance of con-
sidering timing of exposure and gender when establishing safety 
recommendations for early-life dietary Gen intake.

Key Words: adipogenesis; body composition; genistein; meth-
ylation; obesity; soy infant formula.

Obesity, and specifically increased adiposity, is the primary 
risk factor for numerous adult-onset diseases, and the rates of 
obesity are alarmingly high, both in the developed and devel-
oping worlds (Misra et al., 2010). Body weight and fat mass 
homeostasis are tightly regulated processes (Lee et al., 2012; 

Ricci et  al., 2010; Sathyapalan et  al., 2011). Certain dietary 
botanical phytoestrogens, including genistein (Gen), can affect 
endocrine balance and energy metabolism by acting through 
estrogen receptors (ERs) to activate estrogen-stimulated signal-
ing cascades (Kuiper et al., 1998). The intake of Gen has been 
implicated in modulating various physiological processes in 
humans (Cruz et  al., 2006; Kreijkamp-Kaspers et  al., 2004), 
and although several studies have shown that Gen affects adi-
posity and hepatic metabolism in adult animals (Kim et  al., 
2005; Penza et al., 2006), few studies are available demonstrat-
ing the impact and metabolic consequences of Gen exposure 
during early developmental windows.

The primary mode of early-life Gen exposure in humans 
occurs through the intake of infant soy-based formulas, which 
constitute approximately 13% of the infant formula market in 
the United States (2009 International Formula Council com-
ment; McCarver et  al., 2011). Gen is the primary isoflavone 
constituent within soy-based formulas, and plasma levels of 
Gen in U.S.  infants that consume soy-based formulas have 
been shown to be higher than in Japanese men consuming a 
traditional soy-based diet and much higher than in omnivo-
rous U.S. adults (684 ng/ml vs 105 and 4.7 ng/ml, respectively) 
(McCarver et al., 2011; Setchell et al., 1997). Developmental 
Gen dosing studies in rodents have clearly classified Gen as 
a reproductive toxicant and endocrine disruptor (Jefferson 
et al., 2009; Newbold et al., 2001), but despite the critical role 
of sex hormones in energy homeostasis, there is little research 
describing the long-term consequences of early-life Gen expo-
sure on body composition or energy metabolism.

Adulthood adiposity can be programmed by developmen-
tal dietary exposures in experimental animal models and in 
humans. In rodents, both maternal and neonatal macronutri-
ent manipulations have been shown to increase adiposity and 
metabolic syndrome in the offspring (Ainge et al., 2010; Bayol 
et al., 2005; Fuente-Martin et al., 2012; Nielsen et al., 2012). 
In humans, it is difficult to establish direct causality between 
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early-life exposures and adulthood obesity, but strong associa-
tions of childhood body composition with maternal diet during 
gestation and lactation and with maternal breastfeeding versus 
formula feeding practices have been observed (Aaltonen et al., 
2011; Cole et al., 2009; Wu et al., 2012; Yin et al., 2012). These 
studies demonstrate that the propensity for increased adipose 
tissue accretion or expansion has developmental origins, but 
the mechanisms for this programmed response remain unclear 
and likely involve alterations in numerous developmental and 
endocrine signaling pathways.

Studies classifying Gen as a developmental endocrine dis-
ruptor have primarily focused on reproductive outcomes, but 
the endocrine basis for energy metabolism warrants the inves-
tigation of Gen’s capacity to dysregulate early-life signals that 
establish adulthood energy metabolism and body composition. 
Therefore, the current study investigated the long-term impact 
of direct early developmental Gen exposure (from postnatal 
day [PND] 1 to 22) on body composition in male and female 
offspring. Furthermore, we focused on developmental markers 
of adiposity to characterize the potential molecular genetic and 
epigenetic basis for the morphological changes we observed. 
Overall, results from this study demonstrate that early-life Gen 
exposure has gender-specific effects on fat mass that persist 
into adulthood, and these changes are preceded by develop-
mental changes to key molecular markers of adipogenesis at 
the level of gene expression and DNA methylation.

MATeriAlS AND MeTHoDS

Animals, genistein dosing, and dietary treatment. Timed-pregnant 
Sprague Dawley female rats (n  =  12) were obtained from Charles River 
(Wilmington, Massachusetts) on embryonic day 2 and were individually housed 
in ventilated cages in a temperature-controlled environment and fed ad libitum 
an AIN-93G diet, which was developed to provide suitable nutrition for growth, 
pregnancy, and lactation (Table  1). Immediately after birth, gender distribu-
tions and offspring weights were recorded, pups from all dams were mixed and 
randomized, and 4 male and 4 female pups were returned to each dam. After 
being allowed to acclimate for 36 h, pups were orally dosed daily with genistein 
(n = 6 litters; Gen, 50 mg/kg BW/day) diluted in tocopherol-stripped corn oil or 
corn oil alone (n = 6 litters; Oil, as a vehicle control) until weaning on PND22. 
The Gen dose was selected because it has been demonstrated in previous rodent 
studies to produce blood total Gen levels (approximately 3.0μM [270 ng/ml] 
after 1 h and approximately 1.0μM [270 ng/ml] after 12 h) similar to those in 
human infants consuming soy-based formulas (approximately 2.5μM [676 ng/
ml]) (Cimafranca et al., 2010; Doerge et al., 2002; Setchell et al., 1997). Oral 
dosing was performed using a 1–10 μl Eppendorf pipette and sterilized tips. 
Pups were gently held while they suckled on the tip. After weaning on PND22, 
5 male and 5 female pups from each treatment group (Gen and Oil) were eutha-
nized to collect the gastrocnemius muscle and white adipose tissues (WAT), 
which were snap frozen in liquid nitrogen and stored at −80°C for subsequent 
analyses. Uteri from female offspring were also collected and weighed at this 
time. For the remainder of the offspring, a subset of the Oil-treated offspring 
were either kept on the same modified AIN-93G diet as the Gen-dosed pups 
(Oil-C) or were fed a high-fat (HF) diet (Oil-HF, Table 1) to establish a stand-
ard model of diet-induced obesity for comparison to the Gen-exposed pups 
(Gen-C). The HF diet contained 45% kcal from fat and 4.8 kcal/g (compared 
with 16% and 4.0 kcal/g in the Oil-C rats fed the AIN-93G diet). The HF diet 
had increased saturated fat content and decreased corn starch. All other dietary 

components were matched across the 2 diets. Offspring remained on these diets 
until the end of the study on PND110, when the remaining animals were eutha-
nized with CO

2
. Tissues were either snap frozen in liquid nitrogen and stored 

at −80°C (adipose and muscle) or fixed in 10% formalin for future analyses 
(liver, pancreas, adipose, and muscle), and serum was collected via vena cava 
puncture into glass tubes, allowed to clot, centrifuged, and stored at −80°C for 
the analysis of serum estradiol, insulin, glucose, leptin, and adiponectin.

Body weight, energy intake, and body composition. Body weight and 
food intake were measured every 4  days. Energy intake after weaning was 
calculated by weighing pellets remaining on the fourth day, subtracting from 
initial food supplied, and multiplying daily calculated intake by the caloric 
composition of each diet (4.0 kcal/g in Control and 4.8 kcal/g in HF). Body 
composition was measured on PND1, PND21, PND60, and PND90 using the 
EchoMRI-700 Body Composition Analyzer (Echo Medical Systems, Houston, 
Texas), which allows for the precise measurement of fat and lean mass in con-
scious and unrestrained animals using magnetic resonance imaging (MRI). 
Briefly, animals were placed into a plastic tube that had a stopper at one end 
and air holes at the other, which allowed for sufficient air flow but restricted 
movement. The tube with the rat was then inserted into the analyzer, and each 
scan lasted approximately 25 s. On PND1 and PND21, pups were scanned as 
a litter, but separated by gender, and on PND60 and PND90, all animals were 
scanned individually.

Histopathology. At the end of the study (PND110), gastrocnemius mus-
cle, WAT, liver, and pancreas samples from adult animals were fixed in 10% 
formalin, embedded in paraffin, and 3 µm histological slides were prepared and 
stained with hematoxylin & eosin. Histopathological evaluation was performed 
by a pathologist. All pathological findings were graded from 1 (minimal) to 5 
(severe). For further evaluation and quantification of WAT and muscle, 2 inde-
pendent representative fields were chosen for analysis from 5 male and 5 female 
offspring in each treatment group (Oil-C, Oil-HF, and Gen). Approximately 
120–180 independent muscle fibers and 80–150 independent adipocytes were 
manually circled or counted per image to calculate the perimeter or cell num-
ber density (ImageJ Software, NIH, Bethesda, Maryland). Because initial his-
topathological examination of WAT clearly showed more tightly packed and 
irregularly shaped adipocytes in Gen-treated females compared with Oil-C 
females controls, a geometric approach was utilized for quantifying this phe-
nomenon. This “adipose tissue cell density” was calculated by first determining 

TAble 1
Diet Compositiona

%

Control (C) High Fat (HF)

g kcal g kcal

Protein 20 20 24 20
Carbohydrate 64 64 41 35
Fat 7 16 24 45
kcal/g 4.0 4.8
Ingredients
 Casein 200 800 200 800
 l-Cystine 3 12 3 12
 Corn starch 397.5 1590 105 420
 Maltodextrin 132 528 132 528
 Sucrose 100 400 100 400
 Cellulose 50 0 50 0
 Soybean oil 70 630 70 630
 Lard 0 0 130 1170
 Mineral mix 35 0 35 0
 Vitamin mix 10 40 10 40
 Choline bitartrate 2.5 0 2.5 0

aResearch Diets, Inc, New Brunswick, New Jersey.
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cell area and the number of these cells that are expected to fit into each inde-
pendent window view without overlap. Where cellular borders were not clearly 
obvious, circularity was predicted by finding the center of cells where at least 
half of the perimeter was visible, and using the circle feature within the soft-
ware to predict the full cell perimeter (and area). The actual number of cells 
within each view was then divided by the calculated expected cell number, such 
that a higher ratio indicates an increase in adipose tissue cell density, which is 
also reflected in the representative images.

Oral glucose tolerance test. On PND25 and PND97, offspring were 
fasted overnight, and their fasted blood glucose level was tested as the baseline 
the following morning. Immediately following the fasted measurement, each 
animal was orally gavaged with a 2 g/kg BW bolus of d-glucose dissolved in 
water (50% wt/vol). Plasma glucose was checked after 30, 60, and 120 min of 
the bolus. All measurements were taken using the Accu-Chek Glucometer and 
Comfort Curve strips (Roche, Indianapolis, Indiana) from a tail vein nick.

Serum measurements. To determine unfasted circulating triglycer-
ide or glucose levels, serum samples obtained from adult males and females 
on PND110 were thawed on ice and analyzed via either the Thermo Infinity 
Triglycerides Liquid Stable Reagent or the Glucose Oxidase Reagent (Thermo 
Fisher Scientific, Rockford, Illinois) following company protocol and using 
a commercially available standard reference kit (Verichem Laboratories, 
Providence, Rhode Island). ELISA kits were purchased and utilized per man-
ufacturer’s instruction to measure serum 17β-estradiol (Enzo, Cat. no. ADI-
900-174), adiponectin (Invitrogen, Cat. no. KRP0041), insulin (Mercodia, Cat. 
no. 10-1250-01), and leptin (Invitrogen, Cat. no. KRC2281) in the same serum 
samples collected from unfasted animals on PND110.

Adipose RNA isolation and RT-PCR analysis in PND22 pups. To 
investigate the mRNA expression of adipogenic genes in WAT (CCAAT/
enhancer binding protein alpha [Cebpα], CCAAT/enhancer binding protein 
beta [Cebpβ], peroxisome proliferator-activated receptor gamma [Pparγ], and 
Wingless-related MMTV integration site 10b [Wnt10b]) and myogenic genes 
in muscle (myogenic factor 5 [Myf5], myogenic differentiation 1 [MyoD1], and 
Wnt10b), frozen WAT or gastrocnemius muscle (100 mg) from 5 male and 5 
female PND22 pups from each treatment group (Oil or Gen) was ground in 
liquid nitrogen with mortar and pestle. Total RNA isolation, cDNA synthesis, 
and real-time PCR were performed as previously described (Strakovsky and 
Pan, 2011) with an additional spin-down step during RNA isolation to remove 
the lipid layer in adipose. A serial dilution was used to create a standard curve 
for quantification and a dissociation curve was analyzed following each reac-
tion. All primers for real-time PCR analysis (Table 2) were designed using the 
VectorNTI software (Life Technologies, Grand Island, New York), analyzed 
using BLAST, and synthesized by IDT (Coralville, Iowa). All mRNA data were 
normalized to the housekeeping gene encoding ribosomal protein L7a (L7a).

Genomic DNA isolation and methylation analysis of Wnt10b using meth-
ylation-sensitive PCR in PND22 pups. Frozen WAT (100 mg) from 5 male 
and 5 female PND22 pups from each group (Oil or Gen) was ground in liquid 
nitrogen with a mortar and pestle. Genomic DNA (gDNA) was isolated using 
the GenElute Mammalian Genomic DNA Purification Kit (Sigma-Aldrich) per 
manufacturer’s instruction with an additional initial spin-down to remove the 
lipid layer. gDNA (20 ng/µl in a 20-µl reaction volume) was bisulfite converted 
using the EZ DNA Methylation-Gold Kit (Zymo Research, Irvine, California), 
following the manufacturer’s instructions. Real-time PCR was performed 
using 20 ng gDNA as the template, SYBR Green PCR Master Mix (Quanta 
Biosciences, Gaithersburg, Maryland), and 5μM of each forward and reverse 
primer (Table 2) designed using the methprimer website (http://www.urogene.
org/methprimer/index.html) (Li and Dahiya, 2002) to specifically amplify 
either the methylated or unmethylated templates in the 7300 Real-Time PCR 
System (Applied Biosystem) as for mRNA analysis, but using 45 cycles. 
A serial dilution from a reaction combining 1 sample from each experimental 
group was used to create an internal standard curve for quantification. Primers 
covered 1 region upstream of the promoter-spanning CpG island, 1 CpG island 
and “shore” downstream of the promoter, 3 regions within a non-CpG island 

containing exon, 2 regions upstream of the CpG islands in exon 4, 1 region 
within the first CpG island in exon 4, and 1 within the second CpG island in 
exon 4. Data are presented as the ratio of methylated values divided by the sum 
of methylated and unmethylated values.

Statistical analysis. Body weight and energy intake were analyzed from 
n = 5 male and n = 5 female offspring per treatment group using 1-way repeated-
measures ANOVA to determine differences between treatment groups. Because 
we had an a priori interest in investigating gender differences in their response 
to Gen, all statistical analyses were performed separately for males and 
females. The analyses were also performed separately for the PND22/26–50 
and PND62/69–97 growth curves. Statistical analysis of the fat/lean mass ratio 
data at birth and weaning was performed in n = 5 litters per treatment group 
(Gen or Oil) using Student’s t test with p < .05. At PND60 and 97, the fat/
lean mass ratio was analyzed in n = 5 male and n = 5 female offspring from 
each of the 3 postweaning treatment groups (Gen-C, Oil-C, and Oil-HF) using 
repeated-measures ANOVA. The measures of adulthood body composition as 
well as adipocyte and muscle morphology were analyzed using 1-way ANOVA 
from n = 5 male and n = 5 female offspring from each of the 3 postweaning 
treatment groups (Gen-C, Oil-C, and Oil-HF). For morphology quantification, 
2 fields from each animal were counted, but SEM was calculated from n = 5 
male and n = 5 female offspring per treatment group using the average values 
from the 2 fields. mRNA expression and DNA methylation at PND22 were 
analyzed in n = 5 male and n = 5 female offspring per treatment group (Gen and 
Oil) using Student’s t test, and organ pathology findings were analyzed using 
Wilcoxon rank-sum test, with significance set at p < .05 or p < .01. Glucose area 
under the curve (AUC) at weaning and adulthood was analyzed in n = 4 male 
and n = 4 female offspring from each treatment group (Gen and Oil at wean-
ing; Gen-C, Oil-C, and Oil-HF in adulthood) using the following equation: 
AUC = (0.25 × fasted) + (0.5 × 30 min) + (0.75 × 60 min) + (0.5 × 120 min). All 
ANOVA analyses were performed in SAS (Chicago, Illinois) and Student’s t 
test was performed in Microsoft Excel.

reSulTS

Body Weight and Energy Intake

In males, preweaning Gen exposure (Gen-C) had no effect 
on body weight when compared with Oil-dosed controls (Oil-
C), whereas a postweaning HF diet increased body weight 
when compared with both Oil-C and Gen-C groups (p < .05; 
Fig. 1A). Similarly, HF diet increased energy intake in males 
when compared with Oil-C (p < .05), and although Gen 
increased energy intake during the postweaning period, this 
effect was no longer present in adulthood (Fig. 1B). In females, 
both preweaning Gen and a postweaning HF diet increased 
body weight when compared with Oil-C (p < .05; Fig.  1C). 
Overall, both Gen and HF also significantly increased energy 
intake in females when compared with Oil-C (p < .05), but the 
pattern of increase appeared to be different between Oil-HF and 
Gen females (Fig. 1D).

Body Composition

Figure  2 represents the fat/lean mass ratio (a measure of 
body composition) in male (Fig.  2A) and female (Fig.  2B) 
rats throughout the study using MRI technology. The ratio was 
not different in offspring at birth, but by weaning, prewean-
ing Gen exposure increased the ratio in both male and female 
pups (p < .05). After the onset of puberty, a postweaning HF 
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diet increased the fat/lean mass ratio in males when compared 
with Oil-C and Gen (p < .05), but Gen-exposed males now 
had a similar ratio to the Oil-C group, and this pattern con-
tinued into adulthood (Fig. 2A). However, after the onset of 
puberty in females, a postweaning HF diet increased the fat/
lean mass ratio (p < .05). Importantly, preweaning Gen expo-
sure increased the fat/lean mass ratio in females to the same 
degree as in females fed a HF diet from weaning through 
adulthood. Both groups had fat/lean mass ratios that were sig-
nificantly higher than in the Oil-C group (p < .05), and this 
pattern of increased fat/lean mass ratio continued into adult-
hood (Fig. 2B).

Further characterizing adulthood body composition showed 
that in males, a postweaning HF diet, but not preweaning Gen, 
increased body weight (p < .05; Fig. 3A), the fat/lean mass ratio 
(p < .05; Fig.  3B), and fat mass (p < .05; Fig.  3C), whereas 
neither HF diet nor Gen affected lean mass in males when com-
pared with the Oil-C group (Fig.  3D). However, in females, 
both postweaning HF diet and preweaning Gen increased body 
weight (p < .05; Fig.  3E), the fat/lean mass ratio (p < .05; 

Fig. 3F), and fat mass (p < .05; Fig. 3G), whereas only the HF 
diet increased lean mass in females when compared with the 
Oil-C group (p < .05; Fig. 3H).

Adipocyte and Muscle Morphology in Adults

In males, a postweaning HF diet increased adipocyte perim-
eter (size) (Fig. 4A) and a measure of adipocyte number or adi-
pose tissue cell density (Fig. 4B) when compared with Oil-C 
group (p < .05), whereas preweaning Gen had no impact on 
either adipocyte size or cell density (and extrapolated cell num-
ber) (with representative images in Fig. 4C). Neither HF diet 
nor Gen had a significant effect on muscle fiber perimeter in 
males when compared with the Oil-C group (Fig. 4D with rep-
resentative images in Fig. 4E).

In females, both a postweaning HF diet and preweaning Gen 
exposure increased adipocyte size (Fig.  4F) when compared 
with the Oil-C group (p < .05), but only Gen increased the 
measure of adipocyte cell density and number when compared 
with the Oil-C group (p < .05; Fig.  4G with representative 
images in Fig. 4H). Muscle fiber perimeter was not affected 

FiG. 1. Body weights from postnatal day (PND) 22 until PND97 in males (A) and females (C), as well as energy intake (kcal/day) in male (B) and female 
(D) offspring. Offspring were dosed with oil (vehicle control) or genistein (Gen; 50 mg/kg/day in oil) from PND2 until PND22. The Gen-exposed animals then 
consumed a postnatal control (C) diet, whereas the oil controls either consumed the C or high-fat (HF) diet. The PND22/26–50 and PND62/69–97 curves are 
shown in separate panels (left or right). Values are means ± SEM. n = 5 males or females. Curves with different letters during the 2 periods differ at p < .05 by 
repeated-measures ANOVA.
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by a postweaning HF diet in females, but early-life Gen expo-
sure decreased muscle fiber perimeter when compared with the 
Oil-C group (p < .05; Fig.  4I with representative images in 
Fig. 4J).

Serum Measurements

Early-life Gen exposure significantly increased estradiol 
in adult males (p < .05, 68% increase compared with Oil-C 
males) and significantly decreased estradiol in adult females  
(p < .05, 31% decrease compared with Oil-C females) (data not 
shown). Gen had no effect on unfasted insulin, glucose, leptin, 
or adiponectin in adult males or females or on the glucose AUC 
in PND25 or PND97 males or females (data not shown).

Organ Pathology Findings in Adults

On PND22, Gen-exposed females had a significant (p < .05) 
increase in uterine wet weights, either as raw data (19.8 ± 3.48 vs 

40.46 ± 4.53) or after normalization to body weight (0.44 ± 0.06 
vs 0.81 ± 0.11). On PND110 in males, Gen had no effect on 
the number of microfoci of inflammation in WAT, but signifi-
cantly (p < .05) increased the number of inflammatory foci in 
females (1.0 ± 0.37 vs 3.2 ± 0.86). Gen exposure had no effect 
on hepatocellular vacuolation or on inflammation/fibrosis and/
or hypertrophy within the Islets of Langerhans, in either males 
or females (data not shown).

Muscle and Adipose mRNA Analysis in PND22 Pups

Early-life Gen exposure had no effect on the expression 
of muscle Myf5, MyoD1, or Wnt10b in males, whereas Gen 
decreased the expression of muscle Myf5, MyoD1, and Wnt10b 
in females (p < .05; Table 3).

Gen did not affect the expression of WAT Cebpα, Cebpβ, 
or Pparγ and slightly, but significantly increased Wnt10b in 
males (p < .05). However, early-life Gen exposure increased 

FiG. 2. The fat/lean mass ratio was calculated as a measure of body composition throughout the study in males (A) and females (B) using EchoMRI tech-
nology at birth, weaning, after the onset of puberty, and at adulthood. Offspring were dosed with oil (vehicle control) or genistein (Gen; 50 mg/kg/day in oil) 
from postnatal day (PND) 2 until PND22. The Gen-exposed animals then consumed a postnatal control (C) diet, whereas the oil controls either consumed the 
C or high-fat (HF) diet. Values are means ± SEM. n = 5 male or female litters at birth and weaning, and n = 5 males or females at postpuberty and at adulthood.  
*p < .05 at weaning. Curves with different letters differ at p < .05 from postpuberty until adulthood by repeated-measures ANOVA.
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Cebpα, Cebpβ, and Pparγ and significantly decreased Wnt10b 
in females (p < .05; Table 3).

Adipose Wnt10b Methylation Analysis in PND22 Pups

The methylation status of 9 regions was analyzed within the 
rat adipose Wnt10b gene in response to early-life Gen expo-
sure (Fig. 5A, with CpG islands signified by light blue col-
umns and individual CpGs by orange lines below). In males, 
Gen exposure had no effect on the methylation status of the 
2 regions located near the promoter or within the 3 regions 
within the non-CpG-containing exon. However, Gen signifi-
cantly decreased methylation within 3 of the 4 regions near or 
within the CpG islands in exon 4 (p < .05; Fig. 5B). In females, 
Gen had no effect on the methylation of the region upstream 
of the promoter but significantly increased methylation within 
the CpG island just downstream of the promoter (p < .05). In 
females, Gen also had no effect on the 3 regions within the 
non-CpG-containing exon but increased methylation within 

2 of the 4 regions near or within the CpG island in exon 4  
(p < .05; Fig. 5C).

DiSCuSSioN

To our knowledge, the current study is the first to demonstrate 
that early-life exposure to the soy isoflavone, genistein, increases 
adiposity in female, but not male adult rats. Importantly, these 
effects were associated with early-life epigenetic regulation 
of Wnt10b, a key adipogenic gene in adipose tissue. The data 
regarding the effect of soy-based formula intake in human 
infants on adiposity have thus far been inconclusive, and no 
studies have assessed longitudinal changes in body composition 
in humans exposed to soy-based formula as infants. The 2010 
National Toxicology Program report on the potential safety or 
toxicity of soy-based formulas concluded that there was “min-
imal concern for adverse effects” due to insufficient data. The 
report stated that (1) “there is insufficient evidence to reach a 

FiG. 3. Body weight in adult males (A) and females (E), the fat/lean mass ratio in males (B) and females (F), the fat mass in males (C) and females (G), and 
the lean mass in males (D) and females (H) were assessed using EchoMRI technology. Offspring were dosed with oil (vehicle control) or genistein (Gen; 50 mg/
kg/day in oil) from postnatal day (PND) 2 until PND22. The Gen-exposed animals then consumed a postnatal control (C) diet, whereas the oil controls either 
consumed the C or high-fat (HF) diet. Values are means ± SEM. n = 5 male or female adults. Values with different letters differ at p < .05.
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FiG. 4. White adipose tissue and gastrocnemius muscle morphology in adult males and females. Adipocyte perimeter in males (A) and females (F), adipose 
tissue cell density in males (B) and females (F), representative images of adipose tissue in males (C) and females (H), muscle fiber perimeter in males (D) and 
females (I), and representative images of muscle in males (E) and females (J). Offspring were dosed with oil (vehicle control) or genistein (Gen; 50 mg/kg/day in 
oil) from postnatal day (PND) 2 until PND22. The Gen-exposed animals then consumed a postnatal control (C) diet, whereas the oil controls either consumed the 
C or high-fat (HF) diet. Quantification was performed using ImageJ software, and representative images are 3 µm hematoxylin & eosin–stained sections under ×10 
magnification. Values are means ± SEM. n = 5 male or female adults with 2 independent fields counted. Values with different letters differ at p < .05.
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conclusion on whether soy-based formula causes, or does not 
cause developmental toxicity in animal models,” (2) “the litera-
ture is considered insufficient to reach a conclusion on whether 
the use of soy-based formula adversely affects human devel-
opment…,” and (3) “…the possibility that soy-based formulas 
may adversely affect human development cannot be dismissed” 
(McCarver et al., 2011). Therefore, additional studies are needed 
to more thoroughly assess the risks of isoflavone-containing 
infant formulas on human development. Data from the current 
study suggest that in addition to reproductive outcomes, meta-
bolic endpoints must also be considered in future studies.

Early-Life Genistein Exposure As a Metabolic Disruptor

Because few (if any) animal studies have specifically 
focused on the life-long metabolic consequences of early-life 
Gen exposure, it is difficult to compare or contrast our meta-
bolic findings with previous outcomes. On PND22 in our study, 
body weight (the typical measure of metabolic homeostasis) 
was not affected by Gen. Body weight differences in our study 
were not apparent until after the onset of puberty, which is after 
the final collection point for many previous reproductive stud-
ies. However, MRI analysis demonstrated that Gen-exposed 
animals already had altered body composition compared with 
the Oil-C group on PND22. In a study where Long-Evans dams 
consumed soymilk during lactation, body weights of pups were 

increased at weaning in females and not males when compared 
with offspring of dams not receiving soymilk (Hughes et al., 
2004). Although this observed gender difference is similar to 
what was observed in the current study, the mixture of isofla-
vones in soymilk makes it difficult to separate out the direct 
effects of Gen, and the maternal dosing versus direct exposure 
to pups used in our study does not allow for a clear comparison 
between this study and ours. In another study in which 4-week-
old mice were dosed with various amounts of Gen, doses of 
50 mg/kg/day or less increased fat pad weights in males, but 
not in females, and this was associated with increased adipo-
cyte size and altered expression of adipogenic factors (Penza 
et al., 2006). Although suggesting that Gen has gender-specific 
effects on adipose metabolism, differences in the window of 
exposure between this previous study and ours may account for 
the differences in outcomes.

Importance of Adipose Tissue in Metabolic Homeostasis

A likely reason that previous developmental Gen studies have 
focused primarily on reproductive toxicity and not on energy 
metabolism is the lack of overt metabolic syndrome observed 
in response to Gen. Even in our study, Gen-exposed overweight 
females did not exhibit any metabolic abnormalities. Although 
adiposity is often associated with diabetes (the most common clin-
ical outcome measured in animal models of diet-induced obesity), 
diabetes does not occur in all overweight/obese individuals—
referred to as “metabolically healthy” obesity, or the “fat, but fit” 
phenotype, and according to the 1999–2004 National Health and 
Nutrition Examination Survey (NHANES), this classification con-
stitutes approximately one-third of all obese Americans (Wildman 
et al., 2008). However, despite the lack of explicit metabolic dis-
ease in this population, it is dangerous to presume that increased 
adiposity will not lead to metabolic disease or to other detrimen-
tal health outcomes with age. In the current study, animals were 
euthanized in early adulthood (PND110), so it is possible that met-
abolic abnormalities associated with early-life Gen-induced adi-
posity would emerge in middle or old age. Adipose tissue, which 
was once considered a simple storage depot for excess lipids, is 
now known to have numerous endocrine and inflammatory func-
tions (Trayhurn and Wood, 2004). Females in the current study 
were heavier and had higher adiposity in response to early-life Gen 
exposure when compared to Oil-C females, and also had increased 
WAT inflammation, which has previously been associated with 
several conditions not related to energy metabolism-related con-
ditions, including depression (Daly, 2013), dementia (Solfrizzi 
et al., 2011), sarcopenia (Kohara et al., 2011), and altered bone 
density (Zhuo et al., 2012). Recent studies also suggest that adi-
posity may be associated with increased cancer risk or the risk for 
a more aggressive metastasizing cancer phenotype (Kwan et al., 
2012; Zhang et al., 2012). Therefore, adiposity, as a risk factor for 
these conditions, should be considered in future studies and when 
establishing safety recommendations for the intake of isoflavones 
during the earliest developmental periods.

TAble 3
mrNA expression in Adipose and Muscle of PND22 Males  

and Females

Tissue

Oil Control Genistein

(mRNA amount relative to L7a)

Muscle Myf5
 Male 1.24 ± 0.08 1.16 ± 0.01

 Female 1.50 ± 0.06 1.08 ± 0.04**
MyoD1

 Male 0.96 ± 0.01 1.08 ± 0.13
 Female 1.58 ± 0.16 1.02 ± 0.06*

Wn10b
 Male 1.19 ± 0.10 1.14 ± 0.14

 Female 1.43 ± 0.22 0.85 ± 0.15*

Adipose Cebpα
 Male 1.03 ± 0.09 0.89 ± 0.14

 Female 0.47 ± 0.05 0.84 ± 0.06**
Cebpβ

 Male 1.03 ± 0.04 0.97 ± 0.04
 Female 0.41 ± 0.18 0.89 ± 0.11*

Pparγ
 Male 1.14 ± 0.16 0.96 ± 0.17

 Female 0.47 ± 0.08 0.80 ± 0.02*
Wnt10b

 Male 0.55 ± 0.02 0.81 ± 0.05*
 Female 2.43 ± 0.53 0.84 ± 0.11*

n = 5. PND: postnatal day.
*p < .05 and **p < .01 comparing oil control versus genistein within the 

same gender.
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Gender Differences in the Response to Early-Life Genistein 
Exposure

The observation that female—but not male—rats directly 
exposed to Gen during early life had the same level of adipos-
ity in adulthood as those consuming a HF diet from weaning 
until adulthood suggests that in females, early-life Gen expo-
sure acts as an obesogen. Additionally, the apparent differences 
between males and females in their response to Gen suggest 
that sex hormones may play a role in these stark metabolic dif-
ferences. Adiposity in women is known to be associated with 
altered levels of circulating estradiol levels, as is most often 
demonstrated in postmenopausal women who tend to gain cen-
tral adiposity with declining serum estradiol (Toth et al., 2000). 
Estradiol is also associated with food intake in humans (Farage 
et al., 2008) and rats (Jiang et al., 2008), which is consistent 
with our results showing a significant decrease in circulating 
estradiol levels and a corresponding increase in adiposity and 
food intake in adult females exposed to Gen during early devel-
opment. Although we did not investigate the precise mechanism 
behind this decrease in circulating estradiol in the current study, 
previous studies have suggested that at high enough levels, Gen 
can bind to both ERs (Chang et al., 2008), thereby acting as a 
weak estrogen. This appears to be the case in the current study 
because consistent with previous reports in rodents, uterine 

weights (as a parameter of estrogenicity) were significantly 
increased in Gen-exposed females compared with controls on 
PND22. The early overstimulation of the ERs by an exogenous 
estrogen, like Gen, during a developmental period when estro-
gen is normally low, likely creates an altered feedback loop that 
results in decreased endogenous estradiol production in adult-
hood. The increase in serum estradiol levels in adult males in 
the current study was not associated with metabolic changes. 
Although increased estrogen in males has sometimes been 
associated with “feminization” and several chronic diseases, 
future long-term studies are needed to confirm that this is also 
the case with early-life Gen exposure.

The Critical Role of WNT Signaling in Adipogenesis and 
Myogenesis

Numerous cancer-related studies have classified Gen as a 
potent modulator of the WNT signaling pathway (reviewed in 
Kim et al., 2012). However, Wnt is critical during all aspects 
of cell differentiation, and WNT10B, a canonical WNT ligand 
that is highly expressed during development, can also block 
adipocyte differentiation (Bennett et al., 2002). In rodents, an 
overexpression of Wnt10b has been shown to inhibit obesity 
in ob/ob mice (Wright et al., 2007) and decrease adiposity in 
obese rats (Aslanidi et al., 2007), whereas in humans, WNT10B 

FiG. 5. Wnt10b (A) methylation analysis in white adipose tissue of postnatal day (PND) 22 males (B) and females (C). Nine regions within the Wnt10b gene 
were selected for methylation-sensitive PCR analysis: 1 upstream of the promoter-spanning CpG island, 1 covering the CpG island and “shore” downstream of 
the promoter, 3 within a non-CpG island containing exon, 2 upstream of the CpG islands in exon 4, 1 within the first CpG island in exon 4, and 1 within the sec-
ond CpG island in exon 4 (with CpG islands signified by light blue columns and individual CpGs by orange lines below). Offspring were dosed with oil (vehicle 
control) or genistein (Gen; 50 mg/kg/day in oil) from PND2 until PND22. Values are means ± SEM. n = 5 males or females. *p < .05 or **p < .01 for the ratio of 
(methylated) to (methylated + unmethylated) values after normalization to control.
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polymorphisms have been associated with obesity/adiposity in 
males and females (Kim et al., 2011; Van Camp et al., 2012, 
2013). In the current study, a decrease in the mRNA expres-
sion of Wnt10b in PND22 female WAT directly following Gen 
exposure corresponded with increased adiposity both at PND22 
and in adulthood. However, although PND22 males also had 
increased adiposity, they were lean adults, and this corre-
sponded to an increase in the expression of Wnt10b on PND22. 
The decrease in the expression of Wnt10b in females was fur-
ther accompanied by a concurrent increase in other markers of 
the adipogenic cascade, including Pparγ, Cebpα, and Cebpβ. 
These additional factors have previously been shown to be 
increased during adipogenesis together with decreased Wnt10b 
(Chung et al., 2012; Hossain et al., 2010; Rathod et al., 2009), 
suggesting that the decrease in Wnt10b expression in the cur-
rent study could be in part responsible for the increased adipos-
ity observed in adult females. Furthermore, compared with the 
standard model of diet-induced obesity, Gen-exposed females 
had an increase in both cell size and number, whereas HF-fed 
females only showed increased cell size but not number, sug-
gesting an innate difference in the adipose tissue of these 
animals, potentially related to the adipogenic “cell fate com-
mitment” role of Wnt10b in Gen-exposed females. In males, 
the increase in Wnt10b did not appear to be associated with 
changes in the adipogenic cascade, and additional analyses will 
be needed to determine whether an increase in Wnt10b results 
in the inhibition of adipogenesis, thus allowing PND22 males 
to “lean out” during puberty and adulthood.

The morphological changes in adipose tissue of females were 
accompanied by decreased muscle fiber perimeter, decreased 
expression of myogenic factors, and a trend toward a decrease 
in muscle Wnt10b. These observations in muscle could also 
be related to the role of Wnt10b in myogenesis (Vertino et al., 
2005) and are also consistent with a study showing that Wnt10b 
reduction leads to the adipogenic conversion of muscle cells in 
rats (Scarda et al., 2010). Although the decrease in muscle fiber 
perimeter was not associated with an overall decrease in muscle 
mass in adults in the current study, changes in fiber morphology 
can indicate major alterations in fiber-type distribution (van 
Wessel et al., 2010), which has been linked to muscle contrac-
tility (Blijham et al., 2006) and muscular senescence (Rowan 
et al., 2012).

The Regulation of Wnt10b Expression by DNA Methylation

As the importance of epigenetics in regulating the geno-
type during disease development and progression has become 
increasingly clear, several studies have demonstrated that adi-
pose tissue metabolism is regulated via epigenetic modifica-
tions (Bouchard et  al., 2010; Fujimoto et  al., 2011; Kamei 
et al., 2010; Wheatley et al., 2011). As a regulator of adipo-
genesis, Wnt10b expression was shown to be regulated by 
promoter methylation that led to altered transcription factor 
binding in cell culture (Fox et al., 2008). However, the present 

study is the first, to our knowledge, to demonstrate a clear cor-
relation between in vivo mRNA expression of Wn10b and its 
methylation at several regions within the gene and in response 
to a botanical compound. The methylation analysis suggests 
that in obese females, downregulated Wnt10b transcription in 
response to early postnatal Gen exposure was associated with 
increased methylation of a CpG island near the promoter as 
well as within a CpG island located relatively far downstream 
from the promoter. In males, however, decreased methyla-
tion, which corresponded to increased transcription (although 
the scale of change was less than in females), only occurred 
in the downstream CpG island. The previous report showing 
the importance of promoter methylation in adipogenic Wnt10b 
transcription suggests that in the current study, early-life Gen 
exposure in females likely decreased Wnt10b transcription by 
actively methylating the promoter, with probable inhibition 
of transcription factor binding. Although it is not possible to 
state precisely which hypermethylated regions contribute most 
to the inhibition of Wnt10b transcription, the critical role that 
promoter hypermethylation has been shown to have in cancer 
models suggests that perhaps the downstream methylation 
marks play a supporting role for the transcriptional regulation 
by promoter hypermethylation. Although Gen has been shown 
to modify promoter methylation in embryonic stem cells (Sato 
et al., 2011) and cancer models have shown that Gen regulates 
gene transcription through both DNA methylation and histone 
modifications (Matsukura et al., 2011; Wang et al., 2012; Zhang 
and Chen, 2011), additional binding studies will be necessary to 
further identify the precise mechanism by which Gen can gen-
der specifically regulate Wnt10b transcription in adipose tissue. 
Furthermore, because recent cell culture studies have proposed 
a relationship between ERs and WNT signaling (Bhukhai et al., 
2012; Galea et al., 2013) and because of the increased adiposity 
observed in ER knockout animals and humans with ER gene 
polymorphisms (Geary et al., 2001; Heine et al., 2000; Okura 
et  al., 2003), future mechanistic studies may help to explain 
the apparent correlation between the gender-specific Wnt10b 
methylation and expression, circulating estradiol, and adiposity 
in response to early-life Gen exposure.

In conclusion, few studies have considered the safety of soy 
or its isolates during the earliest developmental windows when 
exogenous endocrine signals can reprogram the adult pheno-
type. Although there are developmental differences between 
rodents and humans that also include the timing of adipogen-
esis, the early postnatal period is a critical window for estab-
lishing the adult adipose phenotype in rodents and humans, 
and this study suggests that developmental exposure to Gen 
can alter body composition in female rats by disrupting and 
reprogramming the signals dictating adipose tissue expansion. 
Additionally, although there are likely notable differences in 
compound structure, solubility, and metabolism between our 
exposure approach (the dilution of Gen alone in a corn oil vehi-
cle) versus the intake of Gen and other isoflavones in infant 
soy-based formulas, these data underscore the importance of 
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considering gender as well as window of exposure when creat-
ing recommendations about the safety of isoflavone-containing 
diets.
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