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ABSTRACT: Glyceollins are stress-induced compounds in soybeans with bioactive properties distinct from parent soy
isoflavones. The goals of this study were to evaluate the effects of dietary glyceollin-enriched and standard soy protein isolates
and identify candidate target pathways of glyceollins on transcriptional profiles within mammary gland tissue. Thirty female
postmenopausal cynomolgus monkeys were randomized to diets containing one of three protein sources for 3 weeks: (1) control
casein/lactalbumin (C/L), (2) standard soy protein containing 194 mg/day isoflavones (SOY), and (3) glyceollin-enriched soy
protein containing 189 mg/day isoflavones + 134 mg/day glyceollins (GLY). All diets contained a physiologic dose of estradiol
(E2) (1 mg/day). All doses are expressed in human equivalents scaled by caloric intake. Relative to the control C/L diet, the
GLY diet resulted in greater numbers of differentially regulated genes, which showed minimal overlap with those of SOY. Effects
of GLY related primarily to pathways involved in lipid and carbohydrate metabolism, including peroxisome proliferator-activated
receptor (PPAR)-γ and AMP-activated protein kinase (AMPK) signaling, adipocytokine expression, triglyceride synthesis, and
lipase activity. Notable genes upregulated by the GLY diet included PPAR-γ, adiponectin, leptin, lipin 1, and lipoprotein lipase.
The GLY diet also resulted in lower serum total cholesterol, specifically nonhigh-density lipoprotein cholesterol, and increased
serum triglycerides as compared to the C/L diet. No effects of GLY or SOY were seen on serum insulin, adipocytokines, or
vascular and bone turnover markers. These preliminary findings suggest that glyceollin-enriched soy protein has divergent effects
from standard soy with some specificity for adipocyte activity and nutrient metabolism.
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■ INTRODUCTION
Diet is a key factor in the etiology of many chronic diseases,
including cardiovascular disease, osteoporosis, diabetes, and
cancer. Much recent interest has focused on the role of specific
bioactive components, particularly from dietary plants, in the
prevention and management of these conditions.1 Isoflavonoids
are an important class of bioactive phytochemicals widely
consumed as part of soy-based foods. Soy protein is rich in the
glycosylated forms of the isoflavones genistein and daidzein,
which have structural similarities to endogenous estrogens and
exhibit a variety of biological functions relevant to human
health.2,3

Recent evidence indicates that isoflavone metabolites may
also mediate certain health-related effects of soy foods. The
best-studied example is equol, which is formed from daidzein
by gut bacteria in a subset of human soy consumers4 and
various nonhuman species.5 Under the influence of stressors
such as trauma or infection, daidzein may also act as a precursor
in soybeans to a unique class of defensive compounds called
glyceollins.6,7 Prior studies have shown that glyceollins exhibit
distinct properties as compared to genistein and daidzein,
including inhibition of estrogen receptor (ER) signaling,7−9

which correlated with a comparable suppression of estrogen-
induced proliferation of breast cancer cells. Glyceollins have

also been characterized for their ability to inhibit fungal
growth.10,11 More recently, glyceollins have been shown to help
normalize glucose homeostasis in vitro by potentiating β-cell
function and survival and to improve glucose utilization in 3T3-
L1 adipocytes.12 Glyceollins have also demonstrated anti-
inflammatory effects.13,14 These results suggest that the
glyceollins have unique effects potentially relevant to human
health.15

Although much research has focused on the anticancer ability
of the glyceollins, the effects of glyceollins on other biological
pathways and systems are less known. Of particular importance
is the in vivo activity of the glyceollins when consumed at
dietary levels. In the current study, we evaluated the short-term
effects of glyceollin-enriched soy protein on gene expression
profiles in mammary gland adipose tissue. Also, serum lipids,
vascular and bone markers, and metabolic markers were
examined in each dietary group. Our goals were to identify
candidate target pathways of glyceollins and to evaluate
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comparative effects of glyceollin-enriched and standard soy
protein isolates.

■ MATERIALS AND METHODS
Study Design and Diets. The subjects for this study were 30

adult female surgically postmenopausal cynomolgus macaques
(Macaca fascicularis) with an average age of 17.8 ± 0.5 years. All
animals had been ovariectomized for 4 years and housed in stable
social groups of 3−4 animals each. Animals were randomized by social
group to receive one of three diets in which the protein source varied
as follows: (1) casein/lactalbumin (C/L, n = 9), (2) soy protein isolate
containing 193.6 mg/1800 kcal isoflavones (SOY, n = 11), and (3)
glyceollin-enriched soy protein containing 188.5 mg/1800 kcal
isoflavones and 134.1 mg/1800 kcal glyceollins (GLY, n = 10). All
isoflavone doses are expressed in aglycone equivalents. Each diet also
included a physiologic dose of micronized 17β-estradiol (E2, 1 mg/
1800 kcal), as described previously.16 Additional details regarding diet
production, composition, and analysis are also provided in this prior
report.16

Briefly, the GLY diet contained 959.5 μg of unconjugated
glyceollins per gram of product (76.8% glyceollin I, 9.9% glyceollin
II, and 13.6% glyceollin III), as determined by high-pressure liquid
chromatography (HPLC) and UV monitoring (visible spectropho-
tometry). The relative isoflavone content in aglycone units was 61.5%
genistein, 34.6% daidzein, and 3.8% glyceitin for SOY and 52.6%
genistein, 43.0% daidzein, and 4.4% glycitein for GLY. Diets were
isocaloric and similar in macronutrients, cholesterol, calcium, and
phosphorus. The soy protein isolate was generously provided by The
Solae Company (St. Louis, MO), while the glyceollin-enriched protein
was provided through collaborative efforts of The Solae Company, the
Southern Regional Research Center of the U.S. Department of
Agriculture, and the Tulane University School of Medicine. Estradiol
tablets were obtained from Mylan Pharmaceuticals (Morganton, WV).
Animals were fed 120 kcal per kg body weight (BW) once daily.

Daily doses of isoflavones, glyceollins, and E2 were scaled to 1800 kcal
of diet (rather than BW) to account for differences in metabolic rates
between the monkeys and the human subjects.17 Monkeys were thus
given 0.44 (C/L), 12.91 (SOY), or 12.57 mg (GLY) of isoflavones/kg
BW; 8.94 mg glyceollins/kg BW (GLY) and 66.7 μg of E2/kg BW (all
groups) each day. All procedures involving animals were conducted in
compliance with State and Federal laws, standards of the U.S.
Department of Health and Human Services, and guidelines established
by the Wake Forest Institutional Animal Care and Use Committee.
The facilities and laboratory animal program of Wake Forest
University are fully accredited by the Association for the Assessment
and Accreditation of Laboratory Animal Care.
Gene Microarrays and Quantitative Gene Expression

Assays. For microarray analyses, total RNA was extracted from
frozen mammary biopsies using Tri Reagent (Molecular Research
Center, Cincinnati, OH), purified using RNeasy Mini kit (Qiagen,
Valencia, CA), and quantitated using a NanoDrop ND-1000 UV−vis
spectrophotometer (NanoDrop, Wilmington, DE). Biopsy collection
has been described previously.18 RNA intactness and quality were
confirmed using an Agilent 2100 Bioanalyzer (Agilent Technologies,
Wilmington, DE). Four samples from each group (n = 12 total) were
used for microarray analysis. RNA was hybridized to GeneChip Rhesus
Macaque Genome Arrays (Affymetrix, Santa Clara, CA), washed, and
scanned at Cogenics (now Beckman-Coulter Genomics, Morrisville,
NC). Intensity data were extracted from scanned images using
GeneChip Operating Software (Affymetrix).
Expression of selected gene targets related to lipid and glucose

metabolism pathways (identified on microarray analysis) were
determined using quantitative real-time polymerase chain reaction
(qRT-PCR). Macaque-specific qRT-PCR primer-probe sets were
generated for the internal control genes GAPDH and ACTB, while
rhesus macaque or human ABI Taqman primer-probe sets were used
for target assays (see Table S1 in the Supporting Information). The
total RNA was extracted, quantitated, and reverse-transcribed as above
from all mammary samples (n = 30). Real-time PCR reactions were

performed on an Applied Biosystems ABI PRISM 7500 Fast Sequence
Detection System using Taqman reagents and a standard thermocy-
cling protocol. Relative expression was determined using the ΔΔCt
method calculated by ABI Relative Quantification 7500 Software
v2.0.1. Stock mammary tissue was run in triplicate on each plate as an
external calibrator.

Microarray data were analyzed using the GeneSifter software
program (Geospiza, Seattle, WA). Intensity data were RMA-
normalized, converted to a log2 scale, screened for heterogeneity
among samples and groups, and evaluated using supervised analysis of
variance (ANOVA) and pairwise comparisons between treatments.
Principal components analysis (PCA), pattern navigation, cluster
analysis, heatmapping, and KEGG pathway analyses were performed
on filtered data subsets, as described in the Results. Differences in gene
numbers altered by each treatment were compared using a χ2 test.
Euclidean distances (representing the numeric difference between
treatment vectors) were calculated as part of hierarchical clustering
dendrograms using average linkage. Pathways were evaluated via
KEGG analyses in which a z score >2.0 was considered significant
overrepresentation of genes in a particular pathway. Representation of
differentially expressed genes within specific canonical and functional
categories was evaluated using Ingenuity Pathway Analysis (IPA)
software v8.0 (Ingenuity Systems, Redwood City, CA). Significance of
gene numbers within a given category was determined in IPA using a
Fisher's exact test with Benjamini and Hochberg correction and
expressed as −log10 (P value) for each treatment group.

Serum Markers. Blood was collected at baseline and post-
treatment for measurement of serum markers. Serum concentrations
of total glyceollins (I−III) and soy isoflavonoids were measured by
liquid chromatographic-photodiode array mass spectrometric analysis,
as described previously.16,18 Serum concentrations of E2, vascular and
bone turnover markers [monocyte chemoattractant protein (MCP)-1,
endothelin (ET)-1, and collagen degradation products (C-terminal
cross-link of type 1 collagen, Ctx)], and metabolic markers [insulin,
glucagon-like peptide (GLP)-1, adiponectin (ADIPOQ), and leptin
(LEP)] were measured using commercially available kits and protocols
for radioimmunoassay (E2, DSL-4800 ultrasensitive from Diagnostic
Systems Laboratories, Webster, TX)12 or enzyme-linked immuno-
sorbent assays [MCP-1 and ET-1 from R&D Systems, Minneapolis,
MN; Ctx (Crosslaps) from Osteometer Biotech A/S, Herlev,
Denmark; GLP-1 (total), LEP, and insulin from ALPCO Diagnostics,
Salem, NH; and ADIPOQ from Mercodia, Winston-Salem, NC].19−21

Total cholesterol (TC), high-density lipoprotein cholesterol (HDL),
and triglyceride (TG) concentrations were measured using enzymatic
methods on a COBAS FARA II analyzer (Roche Diagnostics,
Montclair, NJ) with standard protocols and reagents. Serum assays
were run in a fully standardized clinical chemistry laboratory at Wake
Forest School of Medicine (WFSM). HDL concentrations were
measured using the heparin-manganese precipitation procedure.20

Low-density lipoprotein cholesterol (LDL) plus very low-density
lipoprotein cholesterol (VLDL) were calculated as the difference
between TC and HDL. Samples from baseline and post-treatment
time points were run at the same time for all serum measures.

Statistical Analysis. Nonmicroarray data were analyzed using the
SAS statistical package (version 9.1, SAS Institute, Cary, NC). A
general linear model (ANOVA) was used to determine mean values
and calculate group differences. All data were evaluated for normal
distribution and homogeneity of variances among groups. Gene
expression and serum marker data were log-transformed to improve
distribution, and data were then retransformed to original scale and
reported as fold-change of control with 90% confidence interval. One
animal in the SOY group was excluded from gene expression analyses
based on poor RNA quality. Final group sizes were thus n = 9 for C/L
and n = 10 for SOY and GLY for qRT-PCR data. Post-treatment
serum lipid and marker data were covaried by respective baseline
values. All pairwise P values were adjusted for the number of pairwise
tests using a Bonferroni correction. A two-tailed significance level of
0.05 was chosen for all comparisons.
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■ RESULTS

Dietary Intake. BW, serum E2, and serum isoflavonoids
were measured as indicators of diet intake. Treatment groups
did not differ significantly in mean BW at baseline or post-
treatment, in BW change, or in serum E2 concentrations
(ANOVA P > 0.05 for all).16 Mean serum glyceollin
concentrations were negligible in the SOY group and 134.2
± 34.6 nmol/L in the GLY group at 4 h postfeeding (P < 0.001
as compared to SOY), while total serum isoflavonoid
concentrations were significantly higher in the SOY and GLY
groups as compared to C/L group at 4 h postfeeding (P <
0.001 for both) and 24 h postfeeding (P < 0.05 for both).16 The
SOY and GLY groups did not differ in serum isoflavonoid
concentrations at either 4 h postfeeding (P = 0.59) or 24 h
postfeeding (P = 0.73). Total serum isoflavonoids for the SOY
and GLY diets at 4 h postfeeding were comparable to those
reported in human soy intervention studies following a high-soy
meal.22

Gene Expression Profiles. Global expression profiling of
mammary tissues showed that relative to the C/L reference
group, greater numbers of genes were differentially regulated by
GLY as compared to SOY. For example, among 139 total
(named) genes with fold change (FC) > 1.5 and ANOVA P <
0.05, a greater number were differentially regulated in the GLY
group (n = 111) than in the SOY group (n = 44) (P < 0.001 by
χ2 test) with only 12% overlap between GLY and SOY genes
(Figure 1a). Supervised hierarchical clustering showed that C/L

and SOY (rather than GLY and SOY) were the most closely

associated groups with a Euclidean distance of ∼11 for genes

significantly altered at FC > 1.5 (Figure 1b). The distinction in

profiles for GLY from SOY was also evident qualitatively from
PCA vectors (Figure 1b) and heatmaps (Figure 1c) for genes
altered at FC > 1.5. A complete list of all significantly altered
genes at FC > 1.5 by ANOVA and by supervised pairwise
comparisons is provided in Table S2 in the Supporting
Information.

Pathway Analyses. Pathway analysis was used to sort
altered genes by canonical and functional categories. The most
overrepresented canonical pathways for altered genes in the
GLY group all related to lipid, carbohydrate, and/or energy
metabolism. These pathways included glycerophospholipid and
glycerolipid metabolism, cytochrome p450 metabolism, and
AMP-activated protein kinase (AMPK) signaling (P < 0.01 for
all) (Figure 1d). Overrepresentation of these pathways or
related pathways was not seen for the SOY group. The most
overrepresented functional pathways in IPA for GLY genes
were lipid metabolism, small molecule biochemistry, and
carbohydrate metabolism (P < 0.05 for all). The most
significant subcategory within lipid metabolism was triacylgly-
cerol biosynthesis (−log10 P value = 6.9). Similar patterns were
seen with KEGG pathway analysis, which revealed significant
overrepresentation of altered genes (z score >2) for the GLY
group related to lipid, glucose, and energy metabolism (Table

1). Notable pathways here included glycerolipid metabolism,
peroxisome proliferator-activating receptor (PPAR) signaling,
and cytochrome p450 metabolism.

Quantitative Gene Expression. To further examine these
findings, select gene targets related to lipid and carbohydrate
metabolism, PPAR signaling, and/or adipocytokine activity
were evaluated by qRT-PCR. Nine out of the 16 targets
evaluated were upregulated in the GLY group as compared to
C/L (P < 0.05 for all), while none of the 16 differed between
SOY and C/L groups (Table 2). Targets increased in the GLY
group included genes related to adipocytokine signaling

Figure 1. Gene expression profiles in mammary fat for diets containing
C/L, standard soy protein (SOY), and glyceollin-enriched soy protein
(GLY). (a) Venn diagram showing the total number of genes (with
GenBank identifiers) with FC > 1.5, ANOVA P < 0.05, quality > 2,
and t test P < 0.05 as compared to C/L group. (b and c) Hierarchical
clustering dendrogram and principal component analysis (b) and
corresponding heat map (c) for gene probes with FC > 1.5 and
ANOVA P < 0.05 (n = 252). Euclidean distance and average linkage
were used for dendrogram and clustering. Red and green colors on the
heatmap indicate increased and decreased expression, respectively. (d)
Top canonical pathways among genes significantly altered at FC > 1.5
by GLY (n = 129 mapped genes) and SOY (n = 129 mapped genes)
diets identified by IPA.

Table 1. Pathway Analysis of Transcripts Significantly
Altered in Mammary Tissue by GLY and SOY Diets Relative
to the Control C/L Dieta

z score

pathway list
#
↑

#
↓ geneset ↑ ↓

GLY (z score >2)
glycerophospholipid
metabolism

5 5 0 67 5.17 −0.38

glycerolipid metabolism 4 4 0 41 5.47 −0.29
metabolism of xenobiotics by
cytochrome P450

4 4 0 59 4.33 −0.35

ECM-receptor interaction 4 3 1 76 2.49 2.15
malaria 3 3 0 48 3.54 −0.32
drug metabolism - cytochrome
P450

3 3 0 57 3.13 −0.35

PPAR signaling pathway 3 3 0 58 3.09 −0.35
SOY (z score >2)

ECM-receptor interaction 4 3 1 76 5.01 3.12
malaria 4 3 1 48 6.54 4.05
focal adhesion 4 3 1 184 2.75 1.75
hypertrophic cardiomyopathy 3 3 0 76 5.01 −0.30
dilated cardiomyopathy 3 3 0 82 4.79 −0.31
aPathways were identified by KEGG analysis from gene probes with
FC > 1.5, P < 0.05, and at least three genes altered in the same
direction within a pathway. Only pathways with a significant z score (>
2) are shown.
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(ADIPOQ and LEP), carbohydrate metabolism [glycerol-3-
phosphate dehydrogenase (GPD1) and glycogen synthase],
PPAR signaling [PPAR-γ and lipin 1 (LPIN1)], and lipid
metabolism [lipoprotein lipase (LPL) and perilipin (PLIN)].
Serum Markers. Serum measures did not differ signifi-

cantly among groups at baseline (ANOVA P > 0.05 for all).
Following treatment, the GLY group had lower TC and LDL +
VLDL as compared to C/L and SOY groups and greater TG as
compared to C/L (P < 0.01 for all) (Table 3). The SOY group
also had greater TG as compared to the C/L group (P = 0.02).
No significant group differences were seen for serum HDL or
TC to HDL ratio. Similarly, no group differences were
observed for vascular (MCP-1, ET-1), bone (Ctx), or metabolic
markers at baseline or post-treatment (ANOVA P > 0.05 for
all).

■ DISCUSSION

Glyceollins are a novel class of phytoalexin compounds
produced as defense molecules in response to stress by certain
types of leguminous plants, most notably soy.8 In this study, we
evaluated transcriptional profiles in mammary adipose tissue
resulting from glyceollin-enriched soy protein in comparison
with a standard soy protein isolate. We identified distinct gene
expression effects for GLY that showed little overlap with those
of SOY. Effects of GLY related primarily to pathways involved
in lipid and carbohydrate metabolism, including PPAR and
adipocytokine signaling, LPL activity, and TG synthesis. The
GLY diet also resulted in lower serum TC, specifically LDL and
VLDL, and higher serum TGs as compared to the C/L diet.
These preliminary findings suggest that glyceollin-enriched soy
protein has divergent effects from standard soy related to
adipocyte activity and nutrient metabolism.

Table 2. Dietary Protein Effects on Relative Expression of Select Genes Related to Lipid and Glucose Metabolism, PPAR
Signaling, and Adipocytokine Activity within Mammary Adipose Tissue, as Determined by qRT-PCRa

gene C/L SOY GLY pathways

ADIPOQ 1.0 (0.7−1.3) 1.5 (1.2−1.9) 3.2 (2.6−3.8)**,# adipocytokine and PPAR signaling; type II diabetes
DGAT2 1.0 (0.7−1.4) 2.6 (2.1−3.2) 3.0 (2.5−3.6)* glycerolipid metabolism, triglyceride biosynthesis
GPAM 1.0 (0.8−1.2) 1.1 (0.9−1.3) 1.8 (1.6−2.1) glycerolipid, glycerophospholipid, and fatty acid metabolism, triglyceride biosynthesis
GPD1 1.0 (0.7−1.3) 2.0 (1.6−2.5) 3.4 (2.8−4.2)** glycerolipid, glycerophospholipid, and carbohydrate metabolism, gluconeogenesis
GYS1 1.0 (0.8−1.2) 1.4 (1.2−1.6) 1.9 (1.6−2.1)** starch metabolism, insulin signaling
LASS6 1.0 (0.8−1.2) 0.6 (0.4−0.7) 0.5 (0.4−0.7) lipid biosynthesis
LEP 1.0 (0.7−1.4) 2.4 (1.8−3.3) 4.4 (3.4−5.9)** adipocytokine, Jak-STAT, and cytokine−cytokine signaling
LPIN1 1.0 (0.8−1.3) 1.9 (1.6−2.4) 2.7 (2.2−3.2)* PPAR and insulin signaling; triglyceride and nutrient metabolism
LPL 1.0 (0.8−1.3) 1.4 (1.1−1.7) 2.7 (2.2−3.3)** glycerolipid metabolism; PPAR signaling
PGC1A 1.0 (0.7−1.3) 0.6 (0.4−0.8) 0.9 (0.7−1.1) adipocytokine and insulin signaling pathways; glucose homeostasis; fatty acid oxidation;

gluconeogenesis
PGC1B 1.0 (0.8−1.2) 0.9 (0.7−1.1) 1.1 (1.0−1.3) PPAR, ER, and glucocorticoid signaling
PLIN 1.0 (0.8−1.3) 1.6 (1.3−1.9) 2.7 (2.2−3.2)** PPAR signaling
PPARA 1.0 (0.8−1.2) 1.0 (0.8−1.2) 1.1 (0.9−1.3) adipocytokine and PPAR signaling
PPARG 1.0 (0.7−1.5) 2.4 (1.7−3.5) 5.6 (4.0−7.8)** adipocytokine and PPAR signaling
SCD 1.0 (0.6−1.5) 2.2 (1.6−3.0) 2.3 (1.6−3.1) fatty acid biosynthesis, PPAR signaling
SORBS1 1.0 (0.8−1.2) 1.2 (1.0−1.5) 1.8 (1.5−2.1) PPAR and insulin signaling

aValues represent the mean fold-change relative to the C/L diet with a 90% confidence interval. *P < 0.05 vs C/L. **P < 0.01 vs C/L. #P < 0.05 vs
SOY.

Table 3. Treatment Effects on Serum Lipids, Vascular, and Bone Markersa

C/L SOY GLY

lipids
TC (mg/dL) 337 (311−364) 322 (300−345) 225 (210−242)**,##

TG (mg/dL) 53 (45−62) 97 (85−112)* 108 (93−126)**
HDL (mg/dL) 43 (37−50) 46 (40−53) 49 (42−57)
VLDL + LDL (mg/dL) 282 (257−309) 262 (241−284) 171 (157−186)**,##

TC/HDL 7.4 (6.3−8.8) 7.1 (6.1−8.2) 4.7 (4.1−5.5)
vascular and bone markers

MCP-1 (pg/mL) 194 (178−212) 206 (189−223) 189 (174−205)
ET-1 (pg/mL) 1.76 (1.53−2.03) 1.38 (1.21−1.56) 1.30 (1.13−1.49)
Ctx (ng/mL) 0.92 (0.82−1.02) 0.91 (0.82−1.01) 0.84 (0.75−0.94)

metabolic markers
insulin (mU/L) 16.7 (14.0−19.8) 20.0 (17.1−23.4) 19.0 (16.1−22.4)
GLP-1 (pmol/L) 4.1 (3.1−5.3) 2.7 (2.1−3.4) 2.8 (2.1−3.5)
ADIPOQ (μg/mL) 4.7 (4.0−5.5) 3.1 (2.6−3.6) 4.8 (4.1−5.5)
LEP (ng/mL) 1.1 (0.9−1.3) 1.4 (1.2−1.6) 0.9 (0.7−1.0)

aValues represent means (90% confidence interval) at post-treatment covaried by baseline measures. P values were corrected for multiple pairwise
comparisons. For conversion of lipid values to SI units (mmol/L), divide by 38.67 for TC, LDL + VLDL, and HDL and by 88.57 for TG. Symbols
indicate significant differences with C/L group (*P < 0.05, and **P < 0.01) or with SOY group (##P < 0.01).
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Prior studies investigating glyceollin effects on metabolic
pathways are limited. In a recent cell culture study, glyceollins
improved insulin-stimulated glucose uptake and decreased TG
accumulation in 3T3-L1 adipocytes, inhibited apoptosis in β-
cells, and potentiated GLP-1 secretion in enteroendocrine cells,
suggesting that glyceollins may exert beneficial effects on
glucose and lipid homeostasis.12 Results here show a mixed
pattern of metabolic effects. At the transcriptional level, the
GLY group had increased LPL, ADIPOQ, and PPAR-γ
expression, which may be associated with a more favorable
metabolic profile, while also having increased expression of TG
synthesis markers such as diacylglycerol acyltransferase 2. At a
systemic level, GLY effects were limited to lower VLDL + LDL
cholesterol and higher TGs. The latter pattern is similar to that
reported for estrogens as well as tamoxifen, a pharmacologic
selective ER modulator (SERM) that lowers VLDL + LDL
cholesterol, while inducing fatty acid synthesis and TG
formation.23−27 Other related SERM effects include induction
of ADIPOQ and LPL gene expression in adipocytes,28 also
consistent with GLY effects.
Mechanisms underlying transcriptional effects of GLY are

unclear at this time. The SERM-like pattern noted above
suggests that some GLY effects may be mediated via glyceollin
interactions with ERs. Prior studies show that glyceollins
competitively bind ERs and elicit ER-dependent effects distinct
from the soy isoflavones daidzein and genistein.7−9 Glyceollin I
in particular has ER binding characteristics and antiestrogenic
properties in human breast cancer cells comparable to
tamoxifen.7,9 Adipose cells express functional ERs and respond
to both estrogen and antiestrogen influences,29 suggesting that
they are plausible targets for SERMs and SERM-like dietary
agents. Given that GLY contains a complex protein mixture
that may contain elicited bioactive compounds apart than
glyceollins, other non-ER-dependent mechanisms are also
possible. Further investigation is needed to better characterize
GLY protein components and evaluate effects following longer-
term exposure to both GLY and purified glyceollins. It is also
important to note that we found no evidence for antagonism of
classical estrogen effects by GLY on biomarkers related to bone
resorption (Ctx),30 vasoconstriction (ET-1),20 or inflammation
(MCP-1),19 suggesting that short-term effects of GLY or
dietary levels of glyceollins on these systems are minimal.
Dietary interventions that alter nutrient metabolism may

have an important influence on risk for metabolic syndrome
and related comorbid conditions. Recent evidence indicates
that glyceollins are a unique class of phytoalexins in elicited or
“activated” soy. Results of this study suggest that glyceollin-
enriched soy protein has a mixed pattern of effects on pathways
related to lipid, carbohydrate, and energy metabolism. Our
findings demonstrate that soybean treatment prior to
processing may alter the profile of bioactive constituents in
soy protein, leading to distinct transcriptional effects from
standard soy protein isolates. This concept may have
implications for the identification of bioactive components in
other plant-based foods.
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■ ABBREVIATIONS USED
ACS, American Cancer Society; ACTB, β-actin; ADIPOQ,
adiponectin; AMPK, AMP-activated protein kinase; ANOVA,
analysis of variance; BW, body weight; C/L, casein/lactalbumin
control diet; DGAT2, diacylglycerol O-acyltransferase homo-
logue 2; ECM, extracellular matrix; ET, endothelin; E2, 17β-
estradiol; ER, estrogen receptor; GAPDH, glyceraldehyde-3-
phosphate dehydrogenase; FC, fold change; GLP, glucagon-like
peptide; GLY, glyceollin-enriched soy protein diet; GPAM,
glycerol-3-phosphate acyltransferase, mitochondrial; GPD1,
glycerol-3-phosphate dehydrogenase; GYS1, glycogen synthase
1; HDL, high-density lipoprotein cholesterol; HPLC, high-
pressure liquid chromatography; IPA, Ingenuity Pathway
Analysis; LASS6, LAG1 homologue, ceramide synthase 6;
LDL, low-density lipoprotein cholesterol; LEP, leptin; LPIN1,
lipin 1; LPL, lipoprotein lipase; MCP, monocyte chemo-
attractant protein; NIH, National Institutes of Health; PLIN,
perilipin; PPAR, peroxisome proliferator-activating receptor;
PPAR-α, peroxisome proliferator-activating receptor α; PPAR-
γ, peroxisome proliferator-activated receptor γ; PGC1A, PPAR-
γ coactivator-1 α; PGC1B, PPAR-γ coactivator-1 β; PCA,
principal components analysis; qRT-PCR, quantitative real-
time polymerase chain reaction; SCD, stearoyl-CoA desaturase;
SERM, selective estrogen receptor modulator; SORBS1, sorbin
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and SH3 domain containing 1; SOY, standard soy protein diet;
TC, total serum cholesterol; TG, triglyceride; VLDL, very low-
density lipoprotein cholesterol; Ctx, CrossLaps collagen
degradation products
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