university of copenhagen

The effects of soy isoflavones on obesity
Ørgaard, Anne; Jensen, Lotte

Published in:
Experimental Biology and Medicine (Maywood)
DOI:
10.3181/0712-MR-347
Publication date:
2008
Document version
Early version, also known as pre-print

Citation for published version (APA):
Ørgaard, A., & Jensen, L. (2008). The effects of soy isoflavones on obesity. Experimental Biology and Medicine
(Maywood), 233(9), 1066-80. https://doi.org/10.3181/0712-MR-347

Download date: 20. sep.. 2020

Experimental
Biology and Medicine
http://ebm.sagepub.com/

The Effects of Soy Isoflavones on Obesity
Anne Ørgaard and Lotte Jensen
Exp Biol Med (Maywood) 2008 233: 1066
DOI: 10.3181/0712-MR-347
The online version of this article can be found at:
http://ebm.sagepub.com/content/233/9/1066

Published by:
http://www.sagepublications.com

On behalf of:

Society for Experimental Biology and Medicine

Additional services and information for Experimental Biology and Medicine can be found at:
Email Alerts: http://ebm.sagepub.com/cgi/alerts
Subscriptions: http://ebm.sagepub.com/subscriptions
Reprints: http://www.sagepub.com/journalsReprints.nav
Permissions: http://www.sagepub.com/journalsPermissions.nav

>> Version of Record - Sep 1, 2008
What is This?

Downloaded from ebm.sagepub.com at Copenhagen University Library on June 25, 2013

MINIREVIEW

The Effects of Soy Isoflavones on Obesity
ANNE ØRGAARD

AND

LOTTE JENSEN1

Department of Veterinary Pathobiology, Faculty of Life Sciences, University of Copenhagen,
Copenhagen, Denmark

Over the last decades, the prevalence of obesity and related
diseases has increased rapidly in the Western world. Obesity is
a disorder of energy balance and is associated with hyperinsulinemia, insulin resistance, and abnormalities in lipid
metabolism, and it is one of the most important risk factors in
the development of Type II diabetes, cardiovascular disease,
atherosclerosis, and certain cancers. Because of the lower
frequency of these diseases in Asian countries, attention has
been turned toward the Asian diet, which consists highly of soy
and soy-based products. The health benefits associated with
soy consumption have been linked to the content of isoflavones,
the main class of the phytoestrogens. As a result of their
structural similarities to endogenous estrogens, isoflavones
elicit weak estrogenic effects by competing with 17b-estradiol
(E2) for binding to the intranuclear estrogen receptors (ERs) and
exert estrogenic or antiestrogenic effects in various tissues. The
estrogenic activities of soy isoflavones are thought to play an
important role in their health-enhancing properties. Additionally,
the isoflavones have been proved to exert non-ER–mediated
effects through numerous other pathways. Genistein, daidzein,
and glycitein are the principal isoflavones in soy. Genistein is
the most thoroughly examined of these, because it is the most
prevalent isoflavone in soy and the most active of these
compounds, because of its higher binding affinity for the ER.
Genistein and daidzein can be obtained in high levels in humans
under certain nutritional conditions, and epidemiologic and
laboratory data suggest that these compounds could have
health benefits in human obesity. This review will focus on the
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Introduction
Metabolic Syndrome. Metabolic syndrome is a
combination of medical disorders that increase the risk for
cardiovascular disease and Type II diabetes. Obesity may
lead to metabolic syndrome because it increases the
prevalence of visceral obesity, insulin resistance, increased
very low-density lipoprotein (VLDL) and low-density
lipoprotein (LDL) cholesterol, decreased high-density lipoprotein (HDL) cholesterol, elevated triglycerides, hypertension (high blood pressure), and fatty liver, which are
important factors of metabolic syndrome.
Visceral obesity, a hallmark for the male obese
phenotype, which is characterized by excess fat storage in
and around the abdomen, is the prime cause of metabolic
abnormalities; therefore, men are usually at higher risk of
cardiovascular disease than women (1). After menopause,
the risk for women becomes similar to that for men because
estrogen deficiency leads to visceral obesity, which is
accompanied by a fall in insulin sensitivity (2).
Tumor necrosis factor-a (TNF-a) is a cytokine secreted
from tissues upon infection as part of the inflammatory
response (3). Adipose tissue, especially visceral fat, secretes
elevated levels of TNF-a, because excess fat storage in
adipose tissue causes a state of chronic inflammation (1).
TNF-a decreases the responsiveness to insulin, leading to
insulin resistance (4). In adipose tissue, insulin stimulates
glucose uptake and fatty acid synthesis via activation of
sterol regulatory element binding proteins (SREBPs; Ref.
5). Insulin resistance is the condition in which normal
amounts of insulin are inadequate for producing a normal
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insulin response in fat, muscle, and liver cells, and the
condition is characterized by hyperglycemia and hyperlipidemia. Insulin resistance in fat cells results in hydrolysis
of stored triglycerides, a process that elevates the concentration of free fatty acids in blood plasma. Elevated blood
lipid levels are closely associated with elevated levels of
VLDL and LDL cholesterol and decreased levels of HDL
cholesterol. Cholesterol synthesis in the liver is particularly
stimulated by ingestion of saturated fatty acids and transfatty acids, whereas ingestion of monounsaturated fatty
acids and polyunsaturated fatty acids (PUFAs) plays a
beneficial role in health by lowering blood levels of
triglycerides and VLDL and LDL cholesterol, thereby
preventing insulin resistance (6). The main treatment for
obesity and related diseases is lifestyle changes, including
caloric restriction and exercise. However, drug treatment
may occasionally be necessary, and this is where the soy
isoflavones are of particular interest.
Soy Isoflavones. The metabolism of isoflavones in
animals and humans is complex and is a combination of
mammalian and gut microbial processes. In soy products,
isoflavones occur to a variable extent as glucosides
(genistein, daidzein, and glycitein). After ingestion, isoflavones are hydrolyzed by intestinal glucosidases, which
release the aglycones genistein, daidzein, and glycitein (Fig.
1). Genistein and daidzein present in plasma may also be
derived from their precursors biochanin A and formononetin
(Fig. 1), respectively, after their breakdown by intestinal
glucosidases (7, 8).
Glucosidase activity results in the production of other
metabolites, of which only the daidzein metabolite, equol
(Fig. 1), is of relevance in this text. In the following, the
term isoflavone will refer to a combination of two or more
isoflavone compounds, especially in descriptions of studies
in which researchers did not specify which compounds they
used.

Regulation of Adipogenesis
17b-Estradiol and Isoflavones. Adipocytes play a
central role in lipid homeostasis and the maintenance of
energy balance in vertebrate organisms. These cells store
energy in the form of triglycerides during periods of
nutritional abundance and release it as free fatty acids in
times of nutritional deprivation. There are two types of fat
depots: brown adipose tissue (BAT) and white adipose
tissue (WAT); only WAT is important in terms of obesity.
Excess fat consumption can stimulate enlargement of
existing adipocytes (adipocyte hypertrophy) and induce
differentiation of dormant preadipocytes in the adipose
tissue into mature adipocytes (adipocyte hyperplasia) to
accommodate the demand for extra storage (9). Several
transcription factors have been identified as important
regulators of the differentiation pattern of gene expression
and the lipid content of fat cells. Hormones, including
estrogen, growth hormone, thyroid hormone, glucocorti-
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coids, catecholamines, glucagons, insulin, and insulin-like
growth factor are regulators of adipogenesis (10). 17bEstradiol (E2), the most ubiquitous estrogen, is a major
regulator of adipocyte development and adipocyte number
in females and males (11). Soy isoflavones are nonsteroidal,
diphenolic compounds with a structure closely resembling
the steroid structure of E2 (Fig. 1). The biological activity of
isoflavones in animals and humans is partly ascribed to the
structural similarities between the isoflavones and E2. E2 is
biosynthesized by the cytochrome P450 enzyme complex
called aromatase and acts predominantly via two distinct
nuclear ERs, ERa and ERb, defined as ligand-inducible
transcription factors (12). Binding of E2 to ERs inhibits
lipogenesis primarily through decreasing activity of lipoprotein lipase (LPL), an enzyme that regulates lipid uptake
by adipocytes (13), and the isoflavone genistein has recently
been shown to cause decreases in LPL mRNA in adipose
tissue with concomitant decreases in lipid filling of
adipocytes (14, 15). ERa and ERb are both expressed in
various cell types, including preadipocytes, adipocytes,
vascular endothelium, vascular smooth muscle, and macrophages, all of which are found in adipose tissue, but the ratio
between ERa and ERb is different in the various tissues
(16). ERa and ERb differ in the C-terminal ligand-binding
domain and in the N-terminal transactivation domain and
function as dimers (17). Many studies report a tendency of
ERa to form homodimers, whereas ERb prefers to
heterodimerize with ERa (17). ERb is known to modulate
ERa transcriptional activity as an activator at low concentrations of E2 and as an inhibitor at high concentrations of
E2. E2 has equal binding affinities for ERa and ERb (18),
whereas the isoflavones genistein and daidzein have greater
binding affinity for ERb than for ERa (17, 18). ERb is
found in 5 different splice variants: ERb1 through ERb5.
Not much is known about the roles of these isoforms, which
may function differently (19), but genistein has been shown
to preferentially bind to ERb1. The differences between the
ER subtypes in relative ligand binding affinity and tissue
distribution may contribute to the selective action of ER
agonists and antagonists in different tissues.
Adipogenic Transcription Factors and Isoflavones. Adipogenesis is regulated by the hormonally
induced cooperative interaction between members of the
CCAAT/enhancer binding protein (C/EBP) and peroxisome
proliferator-activated receptor (PPAR) families, the primary
adipogenic transcription factors. They act by synergistically
transactivating the expression of several adipogenic effector
genes (16). Furthermore, SREBPs enhance adipocyte
development and regulate intracellular sterol and lipid
homeostasis (20). There are three main isoforms of
SREBPs. SREBP-1a and SREBP-1c are two splice variants
of the same gene product, and they are primarily responsible
for the regulation of genes involved in fatty acid synthesis
and metabolism. SREBP-2 is encoded by its own gene and
is primarily responsible for the regulation of genes involved
in cholesterol synthesis and metabolism (20).
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Figure 1. Chemical structures of 17b-estradiol (estradiol) and the soy isoflavones.

PPARs exist in three subclasses: PPARa, PPARb/d, and
PPARc. PPARa is important for b-oxidation of fatty acids
and is mainly expressed in tissues such as the liver, kidney,
heart, and muscle, where lipoprotein metabolism is important. Little is known about PPARb/d, but it has been shown
that PPARb/d activation stimulates fatty acid oxidation and
loss of adipose mass in genetically obese mice (21). PPARc
is mainly expressed in adipose tissue and is considered the
master regulator of adipogenesis. It is also involved in lipid
storage and glucose and cholesterol metabolism (16).
Three different isoforms of PPARc are known:
PPARc1, which is the form expressed in virtually all

tissues; PPARc2, which is specific to adipose tissue; and
PPARc3, which is expressed in macrophages, large
intestine, and WAT. The adipogenic transcription factors
induce the expression of adipocyte-specific genes, ultimately leading to a morphologically distinct and functional
fat cell. The expression of PPARc2 and LPL is considered
to be an early marker of adipocytes (22).
Increasing evidence has established that isoflavones not
only act through ERs but also exert effects through
numerous other pathways, such as those regulated by
PPARs. Unlike the highly specific ERs, PPARs bind a wide
number of ligands and directly affect lipid metabolism by
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Figure 2. Pathways in lipid metabolism regulated by PPARs.

enhancing transcription of PPAR-regulated genes. Upon
ligand binding, PPAR heterodimerizes with retinoid X
receptor (RXR) and binds to peroxisome proliferator
response element (PPRE) sequences located within the
promoters of PPAR-regulated genes (23, 24). Ligands for
PPARc include prostaglandins and some unsaturated fatty
acids and their derivatives, whereas ligands for PPARa
include some saturated and unsaturated fatty acids as well as
fenofibrates, hypolipidemic agents used to manage elevated
blood lipid levels and Type II diabetes (23, 25). Especially
PUFAs activate PPARa (26), which explains why high
dietary intake of PUFAs positively influences lipid homeostasis. Generally, PPARa controls the transcription of many
genes involved in lipid catabolism, whereas PPARc controls
the expression of genes involved in adipocyte differentiation
and insulin sensation. Together, activation of PPARa and
PPARc increases b-oxidation and insulin sensation, whereas
blood and liver lipid concentrations are typically reduced
(Fig. 2). It has recently been shown, that genistein and
daidzein, but not glycitein, can bind directly to and activate
both PPARa (27) and PPARc (28, 29), and a study by
Harmon et al. (30) showed that genistein can also downregulate the expression of PPARc and C/EBPa in 3T3-L1
cells by inhibiting C/EBPb activity. Genistein can act as a
tyrosine kinase inhibitor and thereby block the tyrosine
phosphorylation of C/EBPb, which is necessary during
adipogenic differentiation. However, it should be noted that
this may not be of any physiologic relevance, as the
experiment was carried out with genistein levels much
higher than those that can be achieved in vivo under normal
nutritional conditions. In this study, it was not possible to
detect any tyrosine kinase inhibitory action or adverse effect
of daidzein on adipogenesis, but other experiments have
indicated a role for daidzein as well as for genistein in the
regulation of adipogenesis (31). Because adipogenesis is
regulated by an abundance of mechanisms on many levels,
extensive work is being conducted to evaluate the
potentially beneficial effects of isoflavones on obesity (in
vivo) and to sort out the pathways responsible for these
effects (in vitro).

Isoflavone Effects In Vitro
Because many mechanisms are involved in adipogenesis, distinct cell lines are needed to investigate different
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steps of the process. As adipocytes and osteoblasts arise
from the same bone marrow mesenchymal precursor cells
(22), different strains of osteoprogenitor cells from bone
marrow are commonly used to investigate the regulation of
differentiation to adipocytes. The mechanisms of preadipocyte replication and differentiation are frequently investigated by using the murine cell line 3T3-L1. Mature 3T3L1 cells and rat adipocytes are used as models of mature
adipocytes. Furthermore, the human hepatoma cell line
HepG2, which does not express ER, is an important tool to
evaluate the effects of isoflavones on liver, as this is a
central regulation site of metabolism.
The Role of Isoflavones in Adipogenesis and
Osteogenesis. When reading the following results form
in vitro experiments, the reader should keep in mind that the
total genistein concentrations in plasma of humans consuming foods rich in isoflavones range 1 from 1.6 lM (32,
33). Total plasma isoflavone concentration may reach as
much as 10 lM after ingestion of purified isoflavones (34,
35), but in vitro experiments in which concentrations of 10
lM or higher are used may not reflect any points that are of
physiologic relevance in vivo.
Experiments involving mouse bone marrow cells and
KS483 osteoprogenitor cells cloned from mouse calvaria
have demonstrated that E2 through the ER regulates two key
genes for osteogenic and adipogenic commitment: the gene
encoding the core-binding factor a-1 (Cbfa-1) and the gene
encoding PPARc2, respectively (12). Interestingly, in
human bone marrow cells, genistein has also been
demonstrated to be a regulator of these linage-determining
genes (15). The E2 stimulation of osteogenesis and
concurrent inhibition of adipogenesis may explain the fact
that estrogen deficiency decreases bone mass and increases
adipose tissue, as seen in postmenopausal women. The
mouse bone marrow cells and KS483 cells have also been
used to evaluate the effects of genistein on osteogenesis and
adipogenesis (28). The results showed that 0.1 to 10 lM
genistein stimulated osteogenesis with a maximum effect at
1 lM, whereas concentrations of 25 to 50 lM inhibited
osteogenesis. At the same time 0.1 to 1 lM genistein
inhibited adipogenesis, whereas concentrations of 10 to 50
lM increasingly stimulated adipogenesis. Although it may
not be physiologically relevant, this finding indicated that,
at a concentration of approximately 10 lM, the effect of
genistein switches from estrogenic to antiestrogenic, and a
PPARc binding assay suggested that the antiestrogenic
effect of genistein is due to a direct activation of PPARc2,
leading to the downregulation of ER-mediated transcriptional activity and osteogenesis. This is consistent with other
results that showed that genistein is a ligand for PPARc (36)
and that activation of PPARc downregulates osteogenesis
and upregulates adipogenesis (37), but further investigations
have also revealed that a direct interaction of genistein with
PPARa plays an important role in adipogenesis (27, 36). In
agreement with these findings, daidzein, like genistein, has
been shown to have biphasic effects on osteogenesis and
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Figure 3. Genistein inhibits differentiation of human preadipocytes. Oil Red O staining (triglyceride staining) of human preadipocytes isolated
from subcutaneous abdominal adipose tissue after 15 days with differentiation medium (Dulbecco’s modified Eagle’s medium/F12, fetal calf
serum, insulin, dexamethasone, triiodothyronine, isobutylmethylxanthine). (A) Cells after incubation with 0.1% dimethylsulfoxide (control). (B)
Cells after incubation with 100 lM genistein and 0.1% dimethylsulfoxide.

adipogenesis (31). At concentrations below 20 lM, daidzein
stimulated osteogenesis and decreased adipogenesis, and at
concentrations higher than 30 lM, daidzein inhibited
osteogenesis and stimulated adipogenesis. Furthermore,
daidzein activated ERs as well as PPARa, PPARb/d, and
PPARc (38). However, it has not been possible to detect any
ligand activity of glycitein for PPARa and PPARc (36).
Taken together, the results of these experiments revealed
that the diverse effects of genistein in different tissues
cannot solely be explained by the high affinity for ERb,
because ERb can act as a dominant negative regulator of
estrogenic activity. Instead, the results of these experiments
suggest that a complex balance between activated ERs and
PPARs is an important mechanism in determining the
biological effects of genistein and daidzein. This assumption
is highly plausible because the crosstalk between ERs and
PPARs has been seen in other cell types (39). The fact that
daidzein appears to switch from estrogenic to antiestrogenic
action at a higher concentration than genistein may be
explained by its lower affinity for the ERs (40).
Isoflavone Effects on Preadipocytes and Mature Adipocytes. In addition to the ability of isoflavones
to interact with ERs and PPARs, genistein in high
concentrations is a potent inhibitor of protein tyrosine
kinase, DNA topoisomerases I and II, and ribosomal S6
kinase. Studies of 3T3-L1 cells have strongly suggested that
genistein concentrations of 50 lM and higher inhibit
proliferation of preconfluent and postconfluent preadipocytes and mediate the inhibition of adipocyte differentiation
by mechanisms that involve the decreased expression of
PPARc and the activation of the intracellular AMPactivated kinase (AMPK) signaling cascades (41).
In agreement with these findings, we have observed a
decrease in adipocyte differentiation of primary human
preadipocytes with a genistein concentration of 100 lM

(Fig. 3; unpublished results). One experiment demonstrated
that genistein concentrations of 10, 100, and 1000 lM
significantly restricted lipogenesis and contemporarily
induced lipolysis at the 100 and 1000 lM concentrations,
whereas E2 at the same concentrations did not have any
significant effects (42). These results confirmed that the
effects of genistein can be mediated by mechanisms not
involving ERs. Furthermore, lipogenesis was inhibited
when glucose and acetate were used as substrates. This
result suggests not only that genistein not only obstructs
glucose uptake by inhibiting glucose transporter 1 (GLUT1)
and glucose transporter 4 (GLUT4) (43) but also that this
phytoestrogen is capable of inhibiting pathways of lipogenesis after acetyl-CoA formation (42).
Isoflavones and Apoptosis. Several recent studies
have suggested that induction of apoptosis may contribute to
the reducing effect of isoflavones on adipose tissue. As little
as 10 lM genistein significantly increases apoptosis of
mature adipocytes after 24 hrs but not of preadipocytes (44).
Hwang et al. (41) showed that the ability of genistein to
activate the AMPK signaling cascades in mature 3T3-L1
adipocytes was involved in the promotion of adipocyte
apoptosis. Recent results have demonstrated that genistein
also induces apoptosis of HepG2 cells (45). As HepG2 cells
do not express ERs, this result is consistent with those in
other reports that genistein has multiple effects and induces
apoptosis by mechanisms that do not involve ERs (46).
Isoflavone Effects on Hepatocytes. In various
populations consuming foods rich in isoflavones, total
genistein concentrations in plasma have been shown to be
between 1 and 4.6 lM, and it is impossible to achieve a
serum genistein concentration .10 lM through diet.
However, isoflavones are subject to extensive first-pass
clearance by the liver; therefore, it is possible that
hepatocytes in vivo may be exposed to isoflavone concen-
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trations higher than 10 lM. This hypothesis is interesting
because a recent study reports that 10 lM genistein activates
PPARa, and subsequently induces expression of PPARa
target genes involved in both mitochondrial and peroxisomal fatty acid b-oxidation in HepG2 cells (27). These results
suggest that genistein treatment increases energy expenditure through enhanced fatty acid catabolism in liver cells,
which may contribute to a beneficial effect of isoflavones on
hyperlipidemia in obese animals and humans. This is
supported by results obtained from studies of obese mice
(47, 48).
The liver is also the major site of cholesterol synthesis,
including synthesis of LDL cholesterol. LDL cholesterol is
responsible for carrying cholesterol from liver to tissues and
is closely associated with hyperlipidemia and obesity; LDL
cholesterol levels correlate with cardiovascular disease. It
has been reported that 50 and 100 lM of both genistein and
daidzein, through multiple mechanisms that include inhibition of cholesterol synthesis and esterification, significantly
decrease HepG2 secretion of apolipoprotein B, the primary
lipoprotein of LDL particles (49). Furthermore, both
genistein and daidzein increase LDL-receptor expression
and activity, which is in agreement with results from other
recent reports (50). The effect of isoflavones on LDLreceptor expression in HepG2 cells has also been demonstrated in a study by Mullen et al. This experiment
suggested that isoflavone-containing soy extracts containing
20 lM genistein and 20 lM daidzein, respectively, increase
the abundance of the mature form of SREBP-2 and the
expression of sterol regulatory element (SRE)-regulated
genes in HepG2 cells, and these increases in turn result in
increases in the surface LDL-receptor expression; thus,
plasma cholesterol levels decrease (51). The study detected
no significant change in the levels of mature SREBP-1.
However, this issue is contradicted by a recent study by
Shin et al. (52), who reported that genistein at a
concentration of 10 lM downregulates the abundance of
the mature form of SREBP-1 and that this downregulation
leads to decreased expression of lipogenic genes, including
fatty acid synthetase (FAS), and a subsequent reduction in
serum and hepatic triglycerides.
Summary of In Vitro Results. In summary, many
mechanisms for isoflavone regulation of adipose tissue in
vitro have been suggested, and more will probably emerge.
All these findings in cultured cells indicate that isoflavones
may have inhibitory effects on adipose tissue enlargement in
vivo. However, the isoflavone concentrations used in most
in vitro studies far exceed the concentrations that can be
obtained in vivo. Furthermore, the exact mechanisms that
stimulate apoptosis and preadipocyte mitosis and differentiation in vivo remain elusive. Because of these facts, it is
far from certain that all these modes of action of isoflavones
will prove to be substantial in vivo.
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Isoflavone Effects in Rodents
Food Intake, Body Weight, and Fat Pad
Weight. Most animal models used to elucidate the effects
of isoflavones on obesity are rodent strains with either
genetically or diet-induced obesity. Ovariectomy of female
animals is also a common tool, as removal of the ovaries
causes increases in adipose tissue similar to the increases
seen in women after menopause (53). From experiments on
animal models, many exciting, but not unambiguous, results
of the effect of dietary isoflavones in vivo have been
obtained. These in vivo experiments have established that
the reducing effects of isoflavones on adipose tissue, as
shown in vitro, are not simply reflected in a decrease in
body weight in vivo.
It is a matter of debate whether changes in food intake
influence the animal results, as this factor is not accounted
for in many experiments. It has been reported that
isoflavones increase food and water intake (54), whereas
others have shown that isoflavones decrease food intake (55,
56). However, all three soy isoflavones—genistein, daidzein, and glycitein—have been demonstrated to affect
adipose tissue without affecting food consumption.
For the matter of body weight, it has been reported that
dietary genistein at 1000 mg/kg diet does not affect body
weight (57). This was supported by an earlier study that
found that body weights in ovariectomized mice were not
affected by a diet containing 300 to 1000 mg genistein per
kilogram. Similar results have been obtained by other
groups from experiments in both mice and rats.
Other experiments in rats have demonstrated that
dietary isoflavones significantly decrease body weight and
adipose tissue (56, 58). This is consistent with a study by
Kim et al., which showed that a diet containing 1500 mg
genistein per kilogram fed to 9-month-old ovariectomized
mice for 3 wks decreased body weight by 9% and decreased
parametrical (PM) fat pad and inguinal (ING) fat pad
weights by 22% and 19%, respectively. A dose of 150 mg
genistein per kilogram diet was also examined and showed
no effect. Daily food intake was not affected by the dose of
150 mg genistein per kilogram diet, but the dose of 1500 mg
genistein per kilogram diet decreased daily food intake by
14%, which may explain at least part of the reduction in
body weight (44). The results showed that decreases in
individual fat pad weights exceed the decrease in body
weight. This suggests that a distinction between fat pad
weight and body weight is important when considering
whether isoflavones could potentially be used for weight
reduction in humans, because these factors do not
necessarily correlate.
The ability of genistein to decrease fat pad weight was
also demonstrated by Naaz et al., who reported that levels of
500 to 1500 mg genistein per kilogram diet fed to 25- to 27day-old ovariectomized mice for 12 days decreased PM and
ING fad pad weights by 37% to 57%. Although this study
had no surveillance of food intake, the great difference in
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the level of weight reduction between the two experiments
may be ascribed to a lower responsiveness of older mice to
genistein that was due to reduced sensitivity of the ER. The
important role of the ER in the effect of genistein was
supported when genistein failed to reduce adipose weight in
ERa knockout (aERKO) mice (14). On the basis of results
from experiments involving ERb knockout (bERKO) mice,
another groups recently suggested that the antilipogenic
action of genistein and downregulation of adipogenic genes
require the expression of ERb (55). These results indicated
that interaction and cooperation between ERa and ERb in
the downregulation of estrogen-dependent genes is crucial
for the regulation of adipose tissue.
Of the three soy isoflavone components, glycitein has
the weakest effect, yet its estrogenic activity in vivo has
been reported. Although glycitein accounts for only
approximately 10% of the total isoflavones in soy foods,
its biological potency has been shown to be comparable to
that of other soy isoflavones (59).
Significant improvements in serum triglyceride levels
provided by the intake of soy isoflavones have also been
demonstrated in experiments in which PPARa knockout
mice were compared to wild-type mice (60). Improvements
in serum triglycerides appeared to occur via both PPARadependent and PPARa-independent mechanisms, with the
PPARa-independent mechanisms possibly being mediated
by SREBP pathways (48, 60). Another explanation may be
through isoflavone activation of PPARc, because increased
adipocyte differentiation and tissue lipid accumulation
results in initially decreased serum triglycerides (61). This
is consistent with results of other in vivo studies, which
indicated that the actions that occur in response to
isoflavone intake resembles actions of both PPARa and
PPARc agonists: improvement in blood and hepatic
triglyceride concentrations and glucose tolerance, respectively (60). The former are typically under the influence of
the PPARa, whereas the latter is typically improved by
activation of PPARc (62).
In a cDNA microarray study there was poor overlap
between genes whose expression was altered in mice treated
with genistein and mice treated with E2 (55). This supports
the fact that the physiologic effects of genistein are also
produced through the regulation of pathways that differ
from those regulated by E2, because E2 cannot interact
directly with PPAR transcription factors.
Isoflavone Effects on Adipocyte Size and
Apoptosis In Vivo. Reduction of adipose tissue by
isoflavones in vivo is caused by adipocyte apoptosis and
reduction of individual adipocyte size. Naaz et al. reported
that genistein leads to a decrease in adipocyte size in
juvenile ovariectomized mice, caused at least in part by
decreases in LPL mRNA in adipose tissue. Thus, similar to
the effects of estrogen, the effects of genistein on adipose
tissue could be due to an inhibition of the lipogenic LPL that
regulates adipocyte lipid uptake (14). Consistent with these

results, Manzoni et al. recently reported that isoflavones can
significantly reduce adipocyte circumference (63).
It was recently reported that a dose of 1500 mg
genistein per kilogram diet increases DNA fragmentation in
the ING fat pad by 290% in ovariectomized adult mice (44),
a result that confirms that adipose apoptosis contributes to
the genistein-mediated reduction of adipose tissue. DNA
fragmentation was not detected in the retroperitoneal (RP)
and PM fat pads; this absence suggests that apoptosis by
genistein may be fat depot–specific. This hypothesis has
also been supported by results of studies of human (64) and
rat (65) preadipocytes. However, in vivo, apoptotic cells are
rapidly removed by macrophages (66), and this rapid
removal makes it difficult to correlate the number of present
apoptotic cells to the actual amount of tissue loss. Other
factors may also influence the results.
Confounding Factors for In Vivo Experiments. Results from different studies are often difficult
to compare because of many variables, such as animal
strain, food composition, duration time of the experiment,
and differences in analytical methods. One important factor
may be the age of the experimental animals. In a study by
Naaz et al., daily subcutaneous injections of genistein (80
and 200 mg/kg body wt) into ovariectomized adult mice for
3 wks decreased PM fat pad weights by 23% and 37%,
respectively, whereas daily subcutaneous injections of
genistein (20 and 80 mg/kg body wt) into ovariectomized
juvenile mice for 4 wks decreased PM fat pad weights by
36% and 47%, respectively (14). Comparison of the results
for adult and juvenile mice, at a daily dose of 80 mg/kg
body wt (23% and 47% reduction in PM fat pad weight,
respectively), revealed that the effect of genistein is twice as
high in the younger mice. Because no differences in food
consumption were recorded, this difference suggests that
genistein responsiveness is age-related, but the differences
could also be caused by the longer period of injections in the
younger mice (4 wks vs. 3 wks). In fact, the duration times
for all in vivo experiments were highly variable, which
makes comparison of the distinct results very inaccurate.
Another factor that seems to be very important is the
difference between sexes. This is supported by the fact that
the pharmacokinetics of genistein have been reported to be
faster in males that in females (67). Most available data on
the biological effects of isoflavones on adipose tissue and
body weight of animals have been obtained from studies of
females. As discussed above, most studies of females have
detected a decrease in body weight and fat pad weight with
genistein administration, but experiments that have included
males may be somewhat more interesting. In one of these
studies, a fat-reducing effect of dietary genistein was
demonstrated at a concentration 500 mg/kg diet in
ovariectomized mice, whereas effects in males were only
detected at doses of 2000 mg/kg and higher (48). In another
experiment, genistein was demonstrated to increase epididymal and renal fat pads and adipocyte size at daily oral
doses up to 50 mg/kg body wt in male mice, whereas this
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effect was not seen in females (55). The results suggested
that at levels similar to those present in Western and Eastern
diets, in soy milk, or in food supplements containing soy,
genistein is adipogenic in young, immature (4-wk-old) male
mice. This effect of genistein, which was not observed in
female mice (4 wks old), may be relevant to the sex-specific
regulation of adipose development, deposition, function,
and metabolism during growth and adulthood (68). However, pharmacologic doses inhibited adipose deposition in
both sexes.
The intake of soy isoflavones appears to improve serum
cholesterol levels in female, but not male, mice, rats, and
hamsters (60, 69, 70). In contrast to these findings, other
experiments involving rats have shown that soy isoflavones
can significantly reduce adipocyte circumference (63) and
lower hepatic lipid concentrations in male rats (56). It has
been suggested that both age and sex may be important, at
least for intestinal isoflavone metabolism in humans (71).
With the prospect of using isoflavones in weight-loss
diets and for the prevention of diseases related to metabolic
disorders, the effects of these compounds have to be
analyzed in more detail in humans, with respect to
potentially important sex-specific differences. However, it
is a fact that the adipose ER varies by depot and with
different physiologic states. Preadipocytes isolated from
different areas have different adipogenic potential, and the
metabolic behavior of mature adipocytes differs from depot
to depot (16, 72). The findings that isoflavones may have
distinct influences on metabolism in males and females and
that males have a different number and distribution of ERs
compared to females emphasizes that isoflavones may exert
some of their actions through the ER. With respect to the
sex-specific differences, however, it is important to realize
the impact of other hormones such as androgens on adipose
tissue (72).
Isoflavone Effects on Lipid Metabolism and
Plasma Lipid Levels. High-fat diets increase circulating
lipids and adipose tissue, but excessive fat accumulation can
also occur in the liver. The liver is the primary organ to
regulate metabolism and serum composition, and most of
the fatty acids and cholesterol from food are processed here
before they reach other tissues. A recent study investigated
the changes in hepatic transcriptional profiles by using
cDNA microarrays and young (3-wk-old) male mice who
had high-fat diet (HFD)-induced obesity and were given a
2000 mg genistein per kilogram diet (47). A group fed HFD
and genistein gained 55% less body weight than the HFDfed group, and 80 of 97 altered transcript levels of hepatic
genes were completely normalized by the genistein
supplementation. The largest numbers of differentially
expressed genes in group fed only the HFD and the group
fed HFD and genistein were those involved in metabolism.
Of 29 metabolism-related genes altered by the HFD, the
expression of 21 genes was normalized or reversed by
genistein supplementation; this result suggests that the
hypolipidemic effect of genistein could be ascribed in part
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to the upregulation of genes involved in fatty acid
catabolism in liver. Others have reported that genistein
supplementation can decrease triglyceride, total cholesterol,
and LDL cholesterol levels in the serum and liver of mice
(48, 73). Furthermore, isoflavone supplementation has also
been shown to effectively lower the serum cholesterol level
in ovariectomized rats (74). Kirk et al. have demonstrated
that the ability of the isoflavones genistein and daidzein to
lower serum cholesterol levels may be attributed to an
increase in LDL receptor activity (75), which is consistent
with results from in vitro studies (50, 51).
In contrast to these findings of a positive effect of
isoflavones on liver metabolism, there may also be adverse
effects on this organ. Fenofibrates, drugs used to lower
elevated plasma lipid levels in patients with obesity and
diabetes, act by binding specifically to PPARa receptors
(60). Fenofibrates have not been reported to damage the
liver in humans. However, sustained activation of PPARa
leads to the development of liver tumors in mice and rats
(76). Because isoflavones can reduce serum lipid levels both
through PPARa-dependent and PPARa-independent pathways, it has been hypothesized that high levels of
isoflavones could be an alternative to fenofibrates (58). A
daily dose of 500 mg genistein/kg body wt would result in a
substantial plasma genistein level. However, Michael et al.
have recently reported that chronic supplementation of
genistein at more than 500 mg genistein/kg body wt per day
adversely affects liver structure and function in rats (58).
Isoflavones and Soy Protein in Rodents. Although many rodent experiments have shown that isoflavones alone decrease liver and plasma lipids, others have
shown that decreases in lipids in the liver, plasma, or both are
observed only when isoflavones are part of soy protein diets
(77). It has also been demonstrated that soy protein without
isoflavones suppresses serum cholesterol, triglyceride, glucose, and insulin in mice (78). Experiments using HepG2
cells have suggested that the effect of isoflavone-free soy
protein is due to induction of LDL receptor activity (79); this
suggestion conflicts with the previously discussed report that
both the isoflavones genistein and daidzein may be
responsible for increased activity of LDL receptors (75).
However, it should be noted that Kirk et al. (75) obtained
their results in the presence of soy protein, and the results
may be an effect of cooperation between soy proteins and
isoflavones. This hypothesis was confirmed in studies of
male obese Zucker rats; results of these studies have
suggested that the hypocholesterolemic mechanism of dietary
soy protein is caused by a cooperative interaction between
the protein and isoflavone compounds that lower hepatic
lipid concentrations (80). On the basis of these observations,
it seems likely that the beneficial effect from soy intake may
be due to the cooperative action of severalcompounds within
soy. With respect to this, some of the results discussed in this
minireview have not accounted for the presence of soy
protein in the diets used in the experiments; therefore, the
results may have been influenced by this protein. The
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mechanism by which soy protein may bring about the effects
of isoflavones on lipids is not known, but it may facilitate the
transport of isoflavones in blood or their entry into the target
organs, such as liver or muscle cells.
Summary of Results of Rodent Experiments. The results obtained from rodent experiments
indicate that the results found in vitro also apply in vivo;
thus, isoflavones may have beneficial effects on human
health. However, because of intrinsic factors, the effects of
isoflavones in humans may not be directly inferred from
results achieved in rodents.

Isoflavone Effects in Humans
Metabolism in Humans and Rodents. Rodents,
especially mice, metabolize genistein more quickly than
humans do (81). Therefore, it is only physiologically
relevant to compare the effects of isoflavones between mice
and humans on the basis of serum isoflavone concentrations.
Unfortunately, many studies have not included analyses of
serum isoflavone concentration. There are numerous
situations in which human isoflavone intake produces serum
genistein levels equaling or exceeding those causing
antilipogenic effects in mice. Ingested genistein doses of a
300, 500, 1000, and 1500 mg genistein per kilogram diet
have all been demonstrated, at least in some experiments, to
lower body weight and serum levels of triglycerides and
total cholesterol in mice. Some researchers have reported
these doses to produce serum genistein concentrations of
1.02 lM, 1.79 lM, 2.55 lM, and 3.81 lM (14), whereas
others have reported that a 1000 to 1500 mg genistein per
kilogram diet yielded serum concentrations of 0.97 and 1.12
lM, respectively (82). The discrepancies between the results
may be attributed to differences in the metabolism of
genistein between different mouse strains. This must also be
the case between different strains of rats and especially
between mouse and rat strains. A recent report emphasized
this, as it found significant interspecies differences in
isoflavone metabolism and overall metabolic profile between female rats, pigs, monkeys, and humans (83).
Humans consuming three meals containing soy milk on
a daily basis have serum genistein concentrations up to 4.6
lM (32), and human infants fed soy-based infant formula
have plasma genistein levels between 1.5 and 4.4 lM (33).
Postmenopausal women consuming soy/isoflavone supplements as an alternative to hormone replacement therapy can
ingest isoflavone levels that exceed those in people
consuming a high-soy diet (34). Administration of singledose purified isoflavones to human females has resulted in
serum isoflavone concentrations ranging from 4 lM in
premenopausal women to approximately 10 lM in postmenopausal women (34, 35). This means that serum
genistein concentrations that produce decreases in body
weight and serum levels of triglycerides and total cholesterol in mice are within the range of concentrations detected
in humans under certain nutritional conditions (33). Despite

the great genetic resemblance between humans and rodents,
there are essential differences between the species. As an
example of this, experiments on mice expressing human
PPARa receptors have revealed that there are intrinsic
differences in the properties of the human and mouse
PPARa protein (1). These differences may explain the fact
that the rodent liver structure and function can be adversely
affected by treatment with high doses of fenofibrates and
isoflavones (58), whereas these adverse effects have not
been observed in humans.
Results of Clinical Experiments. Numerous studies have been conducted to determine which components of
soy exert bioactive effects, and the isoflavones have been a
particular subject of interest because of their resemblance to
endogenous estrogens. In women, menopause occurs when
estrogen production in the ovaries ceases. A natural estrogendeficient phenotype results, which makes postmenopausal
women an efficient tool to study the effects of estrogen-like
substances, such as isoflavones, in humans. However, the
physiologic mechanism by which soy may improve blood
lipid profiles in humans has been the subject of many studies,
and only a minor part of the clinical data is from
investigations of isolated isoflavones. In a 4-week study of
12 Japanese postmenopausal women taking capsules that
contained isolated isoflavones (61.8 mg per capsule per day),
serum total and LDL cholesterol levels decreased significantly, whereas no changes were seen in HDL cholesterol,
VLDL cholesterol, and triglyceride levels (74). In this study,
the women were allowed to eat any additional soy products;
therefore, the isoflavone intake during the study was in
addition to the common dietary intake among Japanese.
An earlier study of 46 postmenopausal women taking
isolated isoflavone extracts found a significant increase in
HDL cholesterol and a decrease in apolipoprotein B, the
primary apolipoprotein in LDL particles (84). Another
contemporary experiment identified a positive association
between the intake of isolated soy isoflavones and HDL
cholesterol concentrations in postmenopausal women (85).
The reports of positive effects of isolated isoflavones in
postmenopausal women have been contradicted by several
other experiments. Recently, two studies found that daily
treatment of postmenopausal women with 50 mg isoflavones (genistein and daidzein) for 2 months had no effect on
energy intake and body weight (86) or on plasma
concentrations of lipids, glucose, and insulin (87). These
results are consistent with those of an earlier study of
postmenopausal women, which showed no significant
change in plasma lipids despite a higher isoflavone
concentration (150 mg isoflavones daily) and a longer
duration time (6 months) (88). More comprehensive studies
that investigated the effects of isolated isoflavones on serum
levels of total cholesterol, LDL cholesterol, HDL cholesterol, triglycerides, and apolipoproteins in postmenopausal
women found no change in any of these parameters (89).
Together, these results indicate that the isoflavone contents
of soy may not be the exclusive factor responsible for the
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observed beneficial effect of soy consumption on lipid
metabolism and body weight.
Some evidence suggests that isoflavones are beneficial
to human health only when ingested along with the protein
part of soybeans, a hypothesis similar to what has been
observed in rodents. Some have even reported that
consumption of soy protein depleted of isoflavones can
significantly decrease serum concentrations of total LDL
cholesterol and triacylglycerols in postmenopausal women
(90, 91); this result suggests that the proteins may be the
active ingredient in soybeans. This possibility has been
supported results of studies that compared the effects of the
consumption of soy protein with either low or high
isoflavone concentration (92, 93). They revealed that soy
protein, independent of isoflavone concentration, significantly reduced LDL cholesterol and increased HDL
cholesterol in both men and women (94–96). According
to a recent meta-analysis, however, the isoflavone concentration may actually have a dose-dependent effect when
ingested with soy protein (97). The meta-analysis, which
compared the results of eight different randomized controlled trials, revealed that high isoflavone intake with high
soy protein intake leads to significantly greater decreases in
serum LDL cholesterol than low isoflavone intake, demonstrating that isoflavones have LDL cholesterol-lowering
effects, at least when ingested with soy protein. The findings
of this meta-analysis were recently supported by those of a
new meta-analysis that compared the results of 11
randomized controlled trials (98). The conclusion from the
more recent meta-analysis was that soy isoflavones
significantly lowersd serum total and LDL cholesterol but
does not change HDL cholesterol. Soy protein with or
without isoflavones also significantly improves lipid
profiles. These meta-analyses are of great statistical
significance, and they support the idea that the isoflavones
exert some of their beneficial effects mainly when they are
part of an intact soy source. It has been suggested that the
lipidemic state of each person is essential, because
beneficial effects may only be obtainable in subjects with
hyperlipidemia (90). Adding isoflavone-rich soy protein to a
low-fat diet for 3 months in hyperlipidemic men and
postmenopausal women significantly reduced total and LDL
cholesterol concentrations (92). Another recent study of
postmenopausal women with borderline-to-moderate LDL
cholesterol elevations found that isoflavone-rich soy protein
significantly improves blood lipid profiles (99). These
results are clearly supported by both the meta-analyses
discussed here, as they both found that consumption of soy
protein with isoflavones produced larger reductions in
serum LDL cholesterol levels in hypercholesterolemic than
normocholesterolemic subjects.
Together the results discussed here suggest a beneficial
effect of soy isoflavones on obesity in humans, but
consistent with the findings in rodents, these results also
suggest that this effect may be dependent on whether the
isoflavones are consumed in combination with soy protein.
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Equol Production and Probiotics. Whereas the
overall composition of diet may influence the absorption
and metabolism of phytoestrogens, it is well established
that, in humans, the gut microflora is a main contributor to
the variation in serum isoflavone profiles among persons
who have ingested the same amount of isoflavones under
identical experimental conditions (100, 101). It has been
demonstrated that, as a result of particular individual
intestinal profiles, approximately 30% to 40% of any given
population group can convert daidzein to its metabolite
equol. Equol is easily absorbed and possesses substantial
estrogenic activity due to its affinity for both ERa and ERb
(102). Special attention has been given to this compound, as
it is more estrogenic than daidzein (40).
In a crossover trial, LDL cholesterol concentrations
significantly decreased in equol producers for whom dairy
products were replaced by soy-based milk or yogurt; no
significant changes were seen in those who did not produce
equol (103). Thus, significant LDL cholesterol-lowering
effects of isoflavones may be limited to persons who can
produce equol. This has recently been supported by studies
of postmenopausal women who ingested 75 mg isoflavones
daily for up to 1 year (100). These studies revealed that the
preventive effect on bone loss and fat accumulation in
postmenopausal women depends on the person’s equolproducing capacity, with a significant advantage for the
equol producers. Interestingly, some reports have indicated
that the prevalence of equol producers is higher in Asian
countries than in Western countries (104), which may be a
contributing factor to the lower prevalence of obesity and
related diseases in Asian populations.
The question whether the intestinal conversion of
daidzein to equol can be enhanced by probiotics is one of
great interest. Probiotics are live microbial feed supplements, which beneficially affect the host by improving his
or her intestinal microbial balance. Therefore, probiotics
may have a major effect on the bioavailability of
isoflavones. An experiment using rats indicated that
probiotic microorganisms administered with isoflavones
accentuated the antilipogenic effect of isoflavones (63),
whereas other studies were unable to detect any probiotic
enhancement of the effect of isoflavones (105). More
importantly, however, no studies of humans have detected
any beneficial effects of consuming soy isoflavones along
with probiotics (106, 107). Probiotic enhancement of
isoflavone actions may be a dead end, but there are several
other interesting combinations that can be addressed.
Combined Interventions for Improvement of
Isoflavone Actions. Fatty acids must be bound to Lcarnitine before they can enter the mitochondria for
degradation. L-Carnitine administration reduces lipid concentrations in animals and humans (108, 109) and is
therefore often sold as a nutritional supplement. Carnitine
palmitoyl transferase 1A (CPT1A) is the enzyme responsible for the transport of acyl carnitine from the cytosol into
the mitochondrial matrix and is therefore a rate-limiting
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enzyme in b-oxidation. Interestingly, the combined administration of genistein and L-carnitine acts synergistically in
reducing serum lipid and LDL levels in mice (73). The
reducing effect on serum lipids may be due to an enhancing
effect on CPT1A, a possibility that was supported by an
experiment that showed that cotreatment with genistein and
L-carnitine additively increased CPT1A activity in HepG2
cells (110). These results indicate that isoflavones could
potentially be a very potent antiobesity drug in combination
with one or more synergistic agents.
A recent study that may have even greater relevance for
the battle against obesity has demonstrated that the
combined intervention of a diet containing soy isoflavones
and moderate exercise prevented fat deposition and bone
loss and restored serum total cholesterol in ovariectomized
mice fed a high-cholesterol diet (111). Exercise alone
partially inhibited the increase in serum triglycerides,
whereas the combined intervention of exercise and
isoflavone supplementation restored triglyceride levels to
normal and also even increased the level of HDLcholesterol. This combination has shown promising results
in human studies (112) and is interesting because a
sedentary lifestyle is believed to be an important contributor
to various human diseases; this combination suggests that
drugs should only be supplements to exercise and a healthy
diet.
Summary of Clinical Experiments. It appears that
many of the effects of isoflavones observed in rodents also
apply in humans. As seen in rodents, human experiments
have also suggested that soy protein is an important factor
for the observed results. Even though human studies have
not detected a decrease in body weight, the isoflavones
appear to have a positive influence on plasma lipid profiles.
It is possible that weight reductions may be achieved in
humans, if they ingest considerably higher doses of
isoflavones than can be obtained through diet, but intake
of high concentrations of isoflavones may bring about some
unwanted effects as well.

Potential Adverse Effects of Soy Isoflavones in
Human Nutrition
When considering isoflavones as a good and natural
agent to reduce obesity, it is important to consider the
possible side effects that may be associated with an
increased intake of these compounds. Because of the
promising results showing beneficial effects of soy intake
in animals and humans, the Food and Drug Administration
in the United States in 1999 approved the health claim that
‘‘soy protein can reduce the risk of coronary heart disease by
lowering blood cholesterol levels when included in a diet
low in saturated fat and cholesterol.’’ However, if an
increase in soy consumption is beneficial to particular
disease conditions, there is always the possibility that there
will be effects other than those that are desirable.
Furthermore, the isoflavone concentrations that produce

beneficial effects on obesity in rodents appear not to be as
efficient in humans. To produce considerable beneficial
effects on obesity in humans, isoflavone or soy extracts may
have to be ingested as highly concentrated dietary supplements. In this regard, very high concentrations of isoflavones may unfavorably influence a vast amount of
developmental and physiologic parameters.
Reproduction. Serum isoflavone concentrations of
0.42 and 0.72 lM for genistein and glycitein, respectively,
considerably increase uterine weight in mice (59). Others
have reported that serum genistein levels as low as
approximately 1 lM significantly increase uterine weight
in both mice and rats (14, 82), reflecting estrogenic effects
on this organ. These findings demonstrate that adipose
changes only occur at doses above those that produce
uterotrophic effects. This is a concern that must be
considered in determining whether genistein and soy could
be used for weight reduction in humans, as it may affect
fertility and offspring.
Injections of 0.5 to 50 mg genistein/kg body wt on
neonatal days 1 through 5 resulted in adverse effects on
female mouse offspring (113). The genistein-treated female
offspring had abnormal ovarian development and prolonged
estrous cycles with an increasing severity with exposuredose and age. Reduced fertility was observed in mice that,
as neonates, were treated with 0.5 to 25 mg genistein/kg
body wt, and infertility was observed at a dose of 50 mg
genistein/kg body wt (113). Other studies of mice and rats
have not found any adverse effect of neonatal exposure to
genistein on reproduction in either females or males (114),
and several investigations of male reproduction in mice and
rats have observed no changes in testosterone production,
testis and epididymis weight, or sperm production and
concentration, regardless of the starting time and concentration of isoflavone exposure (115, 116). However, the
important issue of reproduction should be more thoroughly
investigated in both sexes.
Mouse and human gene expression is controlled by
DNA methylation patterns established early in development
(117). A recent study has demonstrated that maternal dietary
genistein supplementation of mice during gestation protects
offspring from obesity by modifying the fetal epigenome
and that these changes persist to adulthood. The dietary
level of genistein was 250 mg/kg diet, which exposed the
animals to levels comparable with those received by humans
consuming high-soy diets (118). However, this also altered
the methylation-dependent susceptibility to disease. These
findings support the hypothesis that environmental and
nutritional effects on the establishment of epigenetic gene
regulatory mechanisms in early life, influence adult
metabolism and chronic disease susceptibility (119).
Immune Responses. Total plasma levels of isoflavones and genistein in soy-fed infants range from 2.0 to
6.6 and 1.5 to 4.4 lM, respectively, which is 200-fold
greater than plasma levels in infants fed cow’s milk formula
or human breast milk (120). Infants are normally exposed to
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only negligible amounts of E2. Therefore, the plasma levels
of genistein in soy-fed infants are up to 22,000 times greater
than E2 levels (33). Despite the fact that the estrogenicity of
the most abundant soy isoflavone, genistein, is only 0.001 to
0.0001 that of E2, these xenobiotic estrogens may well have
unintended effects in the infant. Because E2 is an important
regulator of thymic development and immune function,
Yellayi et al. examined the thymic and immune effects of
genistein in mice. In their study, serum genistein levels in
mice consuming feed supplemented with 1000 and 1500
genistein/kg diet were 0.97 and 1.12 lM, respectively, and
these mice had thymic weights approximately 10% and 25%
less than those of controls at the end of 12 days of treatment.
The serum level of 1.12 lM that produced a 25% reduction
in thymic weight is approximately 70% less than the
maximal level in soy-fed human infants of 4.4 lM (33).
These results appear very concerning, but interestingly, the
effects of genistein on the thymus and the immune system
were reversible and returned to normal after cessation of the
genistein treatment. Others have suggested that both
genistein and daidzein may in fact be immunostimulatory
(121), but women fed soy-formula as infants have an almost
90% increase in the regular use of allergy and asthma drugs
as compared with women in the cow’s milk control group
(122). Together, these ambiguous results indicate that the
effect of soy isoflavones on the immune system is an area
that should be more closely examined.
Cancer. Isoflavones, especially genistein, have been
extensively investigated in relation to cancer. Originally,
because of the lower frequency of certain cancers in Eastern
countries, isoflavones were thought to exert numerous
beneficial actions on cancer, and vast amounts of papers
have supported this idea. However, the role of isoflavones in
cancer has become controversial, because some evidence
has suggested that isoflavones may actually stimulate tumor
growth (reviewed in Ref. 123). Because this interesting
subject is beyond the scope of this paper, it shall not be
discussed further.

Conclusion
The results of in vitro studies clearly suggest that
isoflavones may have inhibitory effects on adipose tissue
enlargement in vivo, and the experiments using rodents and
humans demonstrate that some of the beneficial effects may
actually apply in vivo. However, in vivo, especially in
humans, the actions of soy isoflavones appear to depend on
a complicated interaction between many factors, such as
the presence of soy protein and particular intestinal
bacteria.
Although no clinical studies have recorded a reduction
in body weight, the isoflavones may help prevent obesityassociated diseases by improving the plasma lipid profile.
With respect to this, more research is needed to elucidate the
biological mechanisms of soy isoflavones and to address the
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potential side effects associated with increased intake of
these compounds.
We thank Lykke Charlotte Hindsgaul for proofreading.
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