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Abstract

Consumption of soy has been demonstrated to reduce circulating cholesterol levels, most notably reducing low-density lipoprotein (LDL)

cholesterol levels in hypercholesterolemic individuals. The component or components that might be responsible for this effect is still a matter

of debate or controversy among many researchers. Candidate agents include an activity of soy protein itself, bioactive peptides produced

during the digestive process, or the soy isoflavones. Although soy intake may provide other health benefits including preventative or

remediative effects on cancer, osteoporosis and symptoms of menopause, this review will focus on isoflavones as agents affecting lipid

metabolism. Isoflavones were first discovered as a bioactive agent disrupting estrogen action in female sheep, thereby earning the often-used

term dphytoestrogensT. Subsequent work confirmed the ability of isoflavones to bind to estrogen receptors. Along with the cholesterol-

lowering effect of soy intake, research that is more recent has pointed to a beneficial antidiabetic effect of soy intake, perhaps mediated by

soy isoflavones. The two common categories of antidiabetic drugs acting on nuclear receptors known as peroxisome proliferator activated

receptors (PPARs) are the fibrates and glitazones. We and others have recently asked the research question ddo the soy isoflavones have

activities as either bphytofibratesQ or bphytoglitazonesQ?T Such an activity should be able to be confirmed both in vivo and in vitro. In both the

in vivo and in vitro cases, this action has indeed been confirmed. Further work suggests a possible action of isoflavones similar to the

nonestrogenic ligands that bind the estrogen-related receptors (ERRs). Recently, these receptors have been demonstrated to contribute to

lipolytic processes. Finally, evaluation of receptor activation studies suggests that thyroid receptor activation may provide additional clues

explaining the metabolic action of isoflavones. The recent advances in the discovery and evaluation of the promiscuous nuclear receptors that

bind many different chemical ligands should prove to help explain some of the biological effects of soy isoflavones and other phytochemicals.

D 2005 Elsevier Inc. All rights reserved.
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1. Soy intake affects lipid metabolism

Soy intake produces improvements in blood lipid levels

and atherosclerosis as shown in many animal and human

nutrition studies. In 1999, an FDA health claim was

established suggesting that intake of 25 g of soy per day in

a diet low in saturated fat and cholesterol may help to reduce

the risk of cardiovascular disease. Other results, mentioned

below, suggest a beneficial effect of soy intake for individuals

with type 2 diabetes. This review focuses on the cell and
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molecular actions of soy and the improvements in lipid

metabolism resulting from soy intake. Other important

aspects of soy research include the study of the relationship

between soy intake and cancer, osteoporosis, and symptoms

of menopause. These aspects of soy research are beyond the

scope of this review and are not discussed herein.

A metaanalysis of 38 different controlled clinical trials

concluded that in humans, consumption of soy protein,

rather than animal protein, lead to significantly decreased

serum concentrations of total cholesterol, low-density

lipoprotein (LDL) cholesterol and triglycerides [1]. The

search for the specific factor or factors within soy that are

responsible for these improvements has led to a number of
chemistry 16 (2005) 321–330
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conflicting results, which may be a matter of controversy

among nutrition researchers. Our guiding hypothesis is that

one component of soy, the isoflavones, are one factor among

others that exert a positive influence on lipid metabolism.

Readers are referred to other reviews [1–4] for an overview

of the lipid lowering effect of soy intake.

1.1. Soy isof lavones and lipid metabolism

Dietary soy includes protein, lipids, fiber and phytochem-

icals including the soy isoflavones. Isoflavones are particu-

larly abundant in soy and clover. In soy, the predominant

isoflavones are genistein, daidzein and glycitein. Metabolic

conversion of daidzein into another isoflavone, equol, may be

of particular importance as equol may have an unusually high

bioactivity [5]. Early studies identifying isoflavones as

bioactive agents determined that clover isoflavones were

agonists of estrogenic activity [6]. Based on these early

findings, a significant amount of research has been directed

toward understanding soy isoflavones as phytoestrogens.

Since females have a lower risk of heart disease until

menopause, there is wisdom in looking at the effect of

estrogen on the cardiovascular system. Investigating iso-

flavones as an agent separate from soy has produced a wide

range of results including both positive and negative results.

Some studies in animals clearly show effects of isoflavones

on lipid parameters [7–9]. A clinical trial demonstrated

differences in lipoprotein levels and monocyte LDL-receptor

mRNA levels after feeding postmenopausal women different

amounts of soy isoflavones [10]. In C57BL/6 mice, intake of

isoflavone-containing soy protein significantly reduced

VLDL+LDL cholesterol levels compared to feeding an

isoflavone-free diet; further, aortic sinus lesions were

significantly greater in the mice fed the isoflavone-free diet

[11]. Low-density lipoprotein receptor null mice did not show

any significant differences, although the authors noted that

lesion areas were so great in all groups of LDLr-null mice that

differences due to diet may be difficult to demonstrate.

Adams et al. [12,13] demonstrated significantly lower

amounts of cholesterol ester content in the aorta in the LDLr

�/�; +apoB mice fed isoflavone-containing soy. They

subsequently implicated estrogen receptor-a (ERa) in the

atheroprotective effect of isoflavones. Interestingly, a recent

report indicates decreased adipose deposition in C57BL/6

mice due to intake of the isoflavone genistein, apparently

dependent on ERa [14]. It is well apparent that the estrogen

receptor plays an important role in the development of

atherosclerosis and adiposity. The exact degree of influence

that the estrogen receptor contributes to atherosclerosis

and/or blood lipoprotein levels remains to be resolved in

contrast to other proteins singularly involved in lipid meta-

bolism such as the LDL receptor, the apolipoproteins and

the enzymes involved in lipid metabolism.

1.2. Soy isof lavones and type 2 diabetes

Although many researchers have focused mainly on

plasma lipid markers as an indicator of effectiveness of soy
and soy components, other parameters such as aortic lipid

content, general adiposity and liver lipid content are

important markers to help discern the effects of various

soy components. Recently, intake of soy isoflavones or

other botanicals have been associated with improvements in

symptoms of type 2 diabetes [15–17]. Although an

association was noted, no speculation regarding mechanism

of action seemed to be discussed in these reports. Only a

limited number of clinical studies [16–21] have investigated

the antidiabetic effects of soy protein and/or soy isofla-

vones. Many of these studies have been relatively short

and/or not optimally controlled when accounting for gender

or isoflavone content of the diets [17–21]. Moreover, a few

of the studies used a combination of plant-based foods in

which soy protein and/or other soy foods were not the only

variable; further, plasma isoflavone content was not mea-

sured to confirm compliance and efficacy of the dietary

regimens [18,20,21]. In a recent well-controlled study

utilizing a 12-week crossover design, 32 postmenopausal

women with type 2 diabetes benefited from a high-

isoflavone soy protein supplement. The high-isoflavone

soy protein supplement significantly reduced fasting insulin,

HbA(1c) and insulin-resistance values in this population

[16]. The authors contributed many of the beneficial effects

to the phytoestrogen (i.e., isoflavone) content of the

supplement, although they did not have a soy protein-only

supplement (i.e., low-isoflavone soy protein). Additionally,

the study was limited by the control (30 g of cellulose) that

was not well matched to the 30 g of soy protein dietary

supplement. A limited amount of data currently exists in this

important and potentially promising area of research.

1.3. Soy isoflavones as nuclear receptor ligands

Although it had been understood for many years that the

soy isoflavones acted as phytoestrogens, little was done to

evaluate the possibility that isoflavones activated other

nuclear receptors such as the lipid-regulating peroxisome

proliferator activated receptors (PPARs), the liver X receptor

(LXR) and the farnesoid X receptor (FXR). In 2000, Repa

et al. [22] demonstrated how ligands for receptors, such as the

PPARs (fibrates or glitazones), LXR (oxysterols) or FXR

(bile acids), could activate these dpromiscuousT receptors and
produce effects on liver lipid levels, bile acid synthesis, net

cholesterol absorption and lipoprotein metabolism. The

known effects of soy intake on lipid metabolism seemed to

resemble some of the actions caused by activation of these

lipid-regulating nuclear receptors. At a qualitative level, it

appears that the chemical structure of the isoflavones are

similar to that of the fibrates, agonists of PPARa used to treat

hyperlipidemia and type 2 diabetes [23]. Thus, reported

improvements in liver lipid levels associated with soy intake

could be caused by PPAR activation by isoflavones. After

considering the report of Repa et al. among these other

considerations, we formulated the hypothesis that one effect

of soy intake on lipid metabolism may be due to isoflavones

acting as activators of PPARs. Thus, we began a variety of
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studies utilizing PPARa and PPARg expression vectors in a

murine macrophage model, in the Zucker diabetic rat and

using a panel of chimeric nuclear receptors in HepG2 cells.

In the following section, we describe several studies inves-

tigating the activity of soy isoflavones as activators of nuclear

receptors, including the estrogen receptor and PPARs.
2. The estrogen receptors

2.1. Properties of the estrogen receptors

A cDNA for the estrogen receptor was first identified in

1985 [24], and later, a second receptor, ERh, was identified
[25]. Both ERa and ERh are classical endocrine receptors,

with estradiol and synthetic ligands being high-affinity

ligands of the receptor. Activated estrogen receptor largely

binds to target promoter sequences as a homodimer, but

ERa and ERh have also been shown to dimerize.

Predating the discovery of the genes for the estrogen

receptors was the discovery that sheep fed mainly on red

clover suffered reproductive dysfunction [6]. This failure

was determined to be due to disruption of normal patterns of

circulating steroid hormone concentrations in ewes grazing

on clover. Both plasma estrogen and progesterone levels

were disrupted. Later, these observations were understood

to be the result of estrogenic activity of the clover

isoflavones. This early study was later followed with many

others evaluating the estrogenic activity of the soy

isoflavones. As an agonist of the estrogen receptors,

genistein has been measured to be more potent than

daidzein, while both genistein and daidzein are more potent

ligands for ERh than ERa [26–28]. The differential agonist

activity of genistein and daidzein has led some to describe

the soy isoflavones as dietary components that may act as

selective estrogen receptor modulators (SERMs). In almost

all cases, glycitein has much lower potency as an estrogen

receptor agonist. In contrast to the isoflavones genistein and

daidzein, both bioavailable as a constituent of soy, is the

metabolite of daidzein, equol. Equol, so named from its

discovery in horse urine, is derived from daidzein in

humans and other species [29]. Equol is of particular

interest because although it is abundantly produced in most

animal models used for cardiovascular research, it appears

to be produced in significant amounts only in subsets of

humans [5,30,31]. Equol has been found to be a much more

potent ERa agonist compared to either genistein or

daidzein, while it acts similarly to daidzein on ERh. Thus,
in individuals who are able to convert daidzein to equol,

equol will be activating both ERa and ERh, while those

individuals who do not produce equol will be activating

primarily ERh. Many human nutrition studies evaluating

the effect of dietary soy intake or soy isoflavones may have

been confounded by the presence of different numbers of

equol producers and equol nonproducers. It will be

important to identify equol producers from nonproducers

in future studies.
The activity of soy components as ER agonists can be

demonstrated using a Gal4 fusion reporter system as shown

in Fig. 1. The ligand-binding domain (LBD) of the human

ERa receptor was joined to the DNA-binding domain

(DBD) of the yeast Gal4 gene, and this chimera was

evaluated in comparison to the intact Gal4 alone without the

ERa domain. Human hepatoma HepG2 cells were trans-

fected with an expression vector containing the Gal4 or ER-

Gal4 chimera and with a Gal4/luciferase reporter plasmid

containing a Gal4-driven promoter sequence. h-Galac-
tosidase was used as an internal control to ensure equiva-

lent transfection efficiencies between conditions. Following

24-h treatment periods during which cells were exposed

to various soy compounds or mixtures, cells were lysed

and luciferase levels measured as an indicator of Gal4- or

ER/Gal4-induced transactivation. Cells were treated with a

negative control; isoflavone-containing soy extracts contain-

ing mixtures of either conjugated (C-ISO) or unconjugated

(U-ISO) isoflavones; individually with genistein, daidzein or

glycitein; and also with soy saponins. Without the ERa LBD

(Fig. 1, left panel), Gal4 is unresponsive to any of the

treatments, that is, no transactivation is observed. In Fig. 1,

the middle panel demonstrates the relative effect of the

various soy components on ERa/Gal4-driven transactiva-

tion. Mixtures of both conjugated and unconjugated iso-

flavones induced ERa/Gal4-driven transactivation as did

genistein and daidzein. Compared with other isoflavones,

glycitein did not induce transactivation significantly. In

contrast, treatment with soy saponins proved to have no

ability to induce transactivation of the ERa/Gal4 chimera.

This trial was then repeated with the exception that all

previous treatments were tested in combination with

estradiol (e.g., genistein+estradiol) along with a negative

control, in addition to one group of cells that was incubated

with estradiol alone (E2) (Fig. 1, right panel). In this case, the

high affinity of estradiol for ERa in comparison to the

isoflavones becomes immediately apparent. Estradiol stim-

ulates ER/Gal4-driven transactivation approximately 50-

fold, while simultaneous treatment of HepG2 cells with

estradiol and any soy component did not significantly

increase estradiol-induced ER/Gal4-driven transactivation

further. Thus, the Gal4 receptor system serves as a sensitive

and effective indicator of ligand-dependent transactivation in

a cell culture system.
3. Orphan and adopted orphan nuclear receptors

After discovery of the first nuclear receptors including the

estrogen and glucocorticoid receptors (GRs), other members

of the nuclear receptor family were identified by a variety of

screening techniques. These candidate nuclear receptors had

similar sequence features at the protein level including

ligand-binding, DNA-binding and ligand-dependent and

ligand-independent activation functions, but as newly

discovered sequences, a corresponding endogenous ligand

was not known. Thus, these receptors discovered without
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known ligands were termed dorphan receptorsT. As ligands
were determined for orphan receptors, they were then

categorized as dadopted orphan receptorsT. This adopted

orphan receptor group now includes PPAR, LXR, pregnane

X receptor (PXR) and FXR.

3.1. Are the soy isoflavones ligands of promiscuous

nuclear receptors?

As mentioned in the Soy isoflavones and lipid metabo-

lism section (1.1), we considered the proposition that soy

isoflavones might be ligands for nuclear receptors other than

the estrogen receptors. Several studies substantiated that

other natural products or bile acids can act as agonists of

nuclear receptors [32–34]. To determine if isoflavones could

activate PPARs, we utilized the Gal4 fusion system to

determine if soy isoflavones could indeed serve as ligands

for the promiscuous lipid-regulating nuclear receptors, and

if so, for which specific receptors.

As shown in Fig. 2, a set of Gal4/LBD fusion vectors

were used to evaluate the effect of isoflavone-containing

mixtures, individual isoflavones and soy saponins. The

vectors used included a Gal4 DBD (amino acids 1–147)

with no ligand domain fused, and Gal4 DBD fused to the

LBDs of the retinoid X receptor (RXR), FXR, LXRa,

PPARa, PPARg, murine PXR (mPXR), thyroid hormone

receptor h (TRh), GR and vitamin D receptor (VDR).

Treatment details are provided in Fig. 2. Luciferase

expression was induced (+100% or greater) after treatment

with isoflavone-containing mixtures or individual isofla-

vones for PPARa, PPARg, PXR and TRh. PPARg and PXR
appeared to be induced to the greatest degree, and both by

mixtures of isoflavones and by individual isoflavones. For

example, after 24 h of treatment with 10 Ag/ml of a mixture

of unconjugated soy isoflavones (U-ISO), transactivation

driven by the Gal4-PPARg chimera was increased 320%

above control; by Gal4-PXR, +200%; by Gal4-PPARa,

+140%; by Gal4-TRh, +110%. Largely, soy saponins do not

appear to be efficacious ligands for the receptors tested,

perhaps limited by structural considerations or perhaps by

limited cellular uptake. A mixture of soy sterols was also

evaluated and no induction was observed with any receptor

(data not shown). The bioactivity of natural products does

not necessarily involve action as an agonist; for example,

guggulsterone, the active ingredient in the ayurvedic extract

gugulipid, was shown to be an antagonistic ligand for FXR

[33]. Interactions between agonist and a bioactive com-

pound might be synergistic or antagonistic in nature. To

screen for possible interactions, we then utilized the Gal4

fusion system to evaluate the effects of isoflavones on

agonist-stimulated expression for each reporter (Fig. 3).

Transfected HepG2 cells were either untreated (DMSO),

treated with known agonist (e.g., for RXR: 1 Amol/L 9-cis-

retinoic acid) or with known agonist plus 10 ng/L of soy

extract, individual isoflavone or saponins. Interestingly,

when agonist-induced expression was set at 100%, the

greatest further induction was observed with thyroid

hormone. All combinatorial treatments stimulated Gal4-

TRh expression 100% or more above treatment with T3

alone. A connection between soy intake and thyroid

hormone metabolism or action has been discussed and
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Fig. 2. Activation of nuclear receptors by soy compounds. HepG2 cells were cotransfected with the Gal4 luciferase reporter and a series of chimeric plasmids in

which the Gal4 DBD is fused to the indicated nuclear hormone receptor LBD. After transfection, cells were treated for 24 h with 10 ng/L of the indicated soy

compounds (see details in Fig. 1). Chimeric receptor plasmids were RXR, FXR, LXR, PPARa, PPARg, mPXR, human thyroid hormone receptor h (hTRb),

GR and VDR.
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investigated to a limited degree. Several studies have

evaluated the hypothesis that soy intake alters circulating

thyroid hormone levels, but most have suggested that soy

protein intake may have a small effect on thyroid hormone

levels but most likely not clinically important [35].

However, the data from the screening experiment in Fig. 3

suggest that an interaction may indeed be occurring and

further investigation may be warranted. It may be that
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thyroid hormone action is potentiated by isoflavones,

although the levels of thyroid hormone itself are not

changed significantly by soy intake. Other results from

Fig. 3 that may be worthy of note are +40–50% increases

above ligand-dependent activation for LXR and PXR, and

+40–80% increases for PPARa and PPARg. Further,

resembling their effects when tested without the appropriate

ligand, little of note was observed for RXR, FXR, GR and
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ounds and known receptor agonist. HepG2 cells were cotransfected with the

is fused to the indicated nuclear hormone receptor LBD. Details of the soy

are detailed in Fig. 2. After transfection, cells were treated for 24 h with a

eously treated with agonist and a given soy product (10 ng/L). The ligands

100 Amol/L chenodeoxycholic acid (CDCA); LXR, 10 Amol/L 22(R)-
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Fig. 4. Tissue-specific actions of the PPARs. PPARg serves as a direct

regulator of adipogenesis, and along with the LXRa receptor, regulates

cholesterol efflux from enterocytes through ATP-binding cassette choles-

terol transporters. In contrast, PPARa serves a primary function to stimulate

fatty acid oxidation, primarily in liver, and to a lesser extent, in heart and

muscle. Less well studied is PPARy. PPARy appears to be counter-

regulatory to PPARg, at least with respect to adipose tissue. While PPARg

serves to promote adipogenesis and fat accumulation, PPARy appears to

promote lipolysis and thermogenesis. In skeletal muscle, the stimulatory

effect of PPARy on fatty acid oxidation appears to greatly exceed the

contribution provided by the less-expressed PPARa. Solid lines represent

tissues where PPARs may direct lipid accumulation; dotted lines represent

tissues where catabolism may be most regulated.

Table 1

Isoform Tissue distribution Metabolic/physiological roles Ligands

PPARa Liver Regulation of h-oxidation genes Natural eicosanoids (8-S-HETE* and leukotriene B4),

oxidized phospholipids, fibrate medicationsKidney Stimulation of fatty acid catabolism

Heart Inhibition of NF-nB transcription

Muscle Inhibition of inflammatory response

at the vascular wallSites of fatty acid

Catabolism Increased glucose tolerance

PPARg Brown adipose tissue Increased adipocyte differentiation Arachidonic acids (PG-J*2 and 15-HETE),

fatty acid-derived compounds from oxLDLs,

glitazone medications

White adipose tissue Increased glucose tolerance

Intestine Increased insulin resistance

Sites of cellular Inhibition of VSMC proliferation

Differentiation and Inhibition of macrophage activation

Lipid storage Inhibition of NF-nB transcription

PPARh/y Heart Increased fatty acid oxidation Polyunsaturated FAs

Adipose tissue Lower TG and free fatty acid levels Prostaglandins

Brain Protects against fatty liver Retinoic acid

Muscle Controls inflammatory status of

macrophages

Synthetic ligands (carbaprostacyclin, GW501516)

Spleen

Lung Activates fatty acid oxidation in adipose tissue

Adrenal glands

Ubiquitously expressed May have role in adipocyte precursor cell proliferation
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VDR. In a separate set of trials, equol was tested using this

Gal4 system as a potential agonist. At 1 Amol/L, equol was

able to activate the ER/Gal4 chimera to the same degree as

did 1 Amol/L estradiol. Further, equol significantly induced

PXR-mediated luciferase expression, and to a lesser degree,

PPARa-mediated expression. Equol did not appear to up-

regulate PPARg transactivation (data not shown).

3.2. The peroxisome proliferator activated receptors

The PPAR receptors (a, g and y) have distinctly different

tissue distributions and have been shown to impact lipid

metabolism in the liver, muscle, adipocyte and macro-

phage among other tissues, and general background may be

reviewed in Refs. [36–39] and more recent information for

PPARg in Refs. [40] and [41]; for PPARa in Refs. [42] and

[43]; and PPARy in Refs. [44–46]. Summaries listing specific

roles and agonists of the PPARs are in Table 1 and Fig. 4.

Both cardiovascular disease and type 2 diabetes affect

millions, are significant causes of mortality and are huge

contributors to health care costs. Both diseases involve

dysregulation of lipid metabolism. Drugs used to improve

lipid levels include PPARa agonists (fenofibrate, dTricorT)
and PPARg agonists (rosiglitazone, dAvandiaT). Fibrates

stimulate the oxidation of fatty acids via PPAR activation,

acting in liver and muscle, among other tissues. Glitazones

acting on the PPARg receptor are insulin-sensitizing agents

and typically produce dramatic improvements in regulation

of blood glucose levels. Activation of PPARg also produces

an increase in adiposity; this may represent a redistribution

of lipids to adipocytes, perhaps due to the significant role

that PPARg plays in adipocyte differentiation. The long-

term consequences of this gain in body fat accompanying

glitazone treatment are not understood at this time; however,

the dramatic improvement of blood glucose concentrations

make this accompanying side effect a tolerable part of

therapy. Dysregulation of PPARs may contribute to foam
cell development and atherosclerosis. Three papers pub-

lished in 2001 [47–49] described actions of PPARs on the

macrophage. Consideration of these papers led us to the

hypothesis that if soy isoflavones are indeed PPAR ligands,

then they may be acting on macrophages in a similar manner

to PPAR agonists to retard foam cell and fatty streak

development. This effect may relate to experimental

measurements of atherosclerosis as indicated by blood

vessel lipid content.

In 2000, Smith et al. [50] demonstrated that administra-

tion of the PPAR agonist rosiglitazone retarded the
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development of diabetes in the obese Zucker rat (OZR). At

that same time, it was also shown that in male OZR, graded

improvements in liver triglycerides, cholesterol and choles-

terol ester levels, and improved plasma cholesterol, but not

plasma triglyceride levels when diets contained (1) casein,

(2) low-isoflavone containing soy and (3) high-isoflavone

containing soy [8]. Another study [51] detailed additional

findings in male and female OZR, whereby both male and

female OZR consuming a high isoflavone soy protein diet

displayed improvements in lipid and metabolic parameters

associated with the diabetic phenotype. Moreover, female

OZRs consuming a high isoflavone soy protein diet

displayed improvements in glucose tolerance consistent

with results observed in humans treated with antidiabetic

PPARa agonists such as the glitazones. Liver triglyceride,

liver cholesterol and plasma cholesterol levels decreased

significantly in all OZR fed high-isoflavone soy protein

diets compared to the casein-fed rats (Pb.05) [51]. These

findings are consistent with the hypothesis that soy

isoflavones improve lipid metabolism and produce an

antidiabetic effect by activating PPAR receptors.

In 2003, Dang et al. [52] confirmed that genistein was

indeed a ligand for PPARg with a Ki=5.7 AM, comparable

to that of some known PPARg ligands [53]. The

dissociation constant of rosiglitazone determined in satura-

tion experiments in the presence of high concentrations of

genistein was reduced compared to tests completed in the

absence of genistein, while the number of binding sites was

not altered. Further, using a PPRE-driven luciferase vector

and an expression vector coding for human PPARg, a dose-

dependent relationship was observed between genistein and

luciferase expression in a concentration range of 1–50

Amol/L of genistein. Taken together, Dang et al. provided

convincing evidence that genistein is a ligand for PPARg.

Further, functional assays were performed to evaluate dose

effects of genistein on osteogenesis in KS483 cells. At

doses focused around 1 Amol/L, genistein positively

impacted markers of osteogenesis while higher concen-

trations of genistein decreased these effects. Adipogenic

markers were also evaluated over the same range of

concentrations for genistein. Interestingly, at ~1 Amol/L,

genistein has a negligible effect on adipogenesis, but at

higher concentrations, up to 50 Amol/L, genistein promotes

adipogenesis. Thus, genistein appears to have two separate

actions: first, at low concentrations, acting via the estrogen

receptor, genistein promotes osteogenesis. At higher con-

centrations, genistein, acting as a ligand for PPARg, is

stimulating adipogenesis. Cotransfection studies implicated

PPARg as a factor down-regulating ER-mediated transcrip-

tional activity at the higher doses of genistein tested. Their

results suggest an antiestrogenic action of genistein at

higher concentrations acting via an ER-independent path-

way. These important data demonstrate that in vivo levels

of genistein or isoflavones are a very important consi-

deration. Serum levels of isoflavones may vary greatly

depending on soy intake, perhaps ranging more than
100-fold in humans, from perhaps 40 nmol/L to 4 Amol/L

[54–56]. Although serum concentrations have been deter-

mined after consumption of a single bolus of individual

isoflavones, to our knowledge, no study has measured serum

levels of isoflavones in individuals consuming isoflavone-

containing soy supplements. In these individuals, there is the

potential for serum levels to approach or exceed 10 Amol/L.

In addition to these concerns, one must also take into

consideration differential effects of genistein and daidzein as

ER and PPAR agonists, the metabolic conversion of daidzein

into equol, the heterogeneity of equol producers in the

population and differential effects on males versus females.

Other experiments evaluated PPAR-activated gene ex-

pression in the macrophage [51]. The murine macrophage

cell line RAW 264.7 was used as a model. Cells were

transfected with a PPRE-driven luciferase plasmid, a PPAR-

containing expression vector (a or g) and a control plasmid to

monitor transfection efficiency. The soy products evaluated

in these tests included mixtures of conjugated and unconju-

gated isoflavones, and individually, genistein, daidzein and

glycitein. When challenged with a mixture of unconjugated

soy isoflavones present at 2.5 Ag/ml (total isoflavone

concentration ~6 Amol/L), cells demonstrated induced levels

of both PPARa- and PPARg-dependent luciferase expression

of approximately two-fold or greater over a 24-h time course.

When challenged for a 24-h period, RAW cells expressing

either the PPARa or PPARg receptor demonstrated signifi-

cantly increased levels of PPRE-driven luciferase activity

when treated with a mixture of unconjugated soy isoflavones,

genistein alone (~10 Amol/L), daidzein alone (~10 Amol/L),

but not by a mixture of conjugated isoflavones or by glycitein

alone. We hypothesize that both conjugated isoflavones and

glycitein are either not well transported into RAW cells or the

structural differences make them less potent ligands of

PPARa or PPARg.

Taken together, in vivo data showing improvements in

liver lipids with increasing dietary isoflavones [51], in vitro

data from adipocytes and osteoblasts [52], in vitro data from

a macrophage cell line [51] and Figs. 1–3 from this article

all point consistently to an activity of isoflavones as PPAR

agonists. Further, carnitine palmitoyltransferase I (CPT-I), a

PPAR-regulated gene that is coordinately regulated with

hepatic fatty acid oxidation, was identified in a genetic

screen searching for soy- and isoflavone-regulated mRNAs

[57]. A recent evaluation of the PPAR-induced acyl CoA

oxidase (ACO) gene demonstrated in a set of 55 OZRs that

ACO mRNA was significantly increased in rats fed diets

containing either casein with rosiglitazone (+49%, Pb.1) or

isoflavone-containing diets (+35%, Pb.1) compared to

levels in rats fed casein alone [58]. Thus, at this time, it

appears that many independent lines of evidence point to a

new action of soy isoflavones as PPAR agonists.

3.3. Estrogen-related receptors

Another report [59] provides additional information

regarding flavones and isoflavones as nuclear receptor
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ligands, in this case, the estrogen-related receptors (ERRs).

The ERRs were identified by a variety of methods

[60– 62], and although they share amino acid homologies

to the estrogen receptors, estrogens are not ligands of

ERRs. Estrogen-related receptor appears to be constitu-

tively active, but antagonists have also been identified.

The search for agonists of these receptors has perhaps

been more difficult due to the constitutive activity of the

ERRs. Computer modeling of the ERRa LBD was used to

perform structural-based virtual binding studies using

commercially available natural products [59]. After com-

pleting a virtual screening project, several flavone and

isoflavone compounds were identified as agonists of ERRs

using mammalian transfection and two-hybrid experiments.

Genistein, daidzein and biochanin A were isoflavones

identified in this report. The flavone 6,3V,4V-trihydroxyfla-
vone was similarly identified. When challenged with

10 Amol/L of each compound, HeLa cells transfected with

ERRa or ERRh demonstrated increased luciferase expres-

sion. Cells transfected with ERRa had increased luciferase

expression when treated with biochanin A and 6,3V,4V-
trihydroxyflavone, but not with genistein or daidzein. The

isoflavones were subsequently shown to enhance inter-

actions between ERRs and coactivator PNRC. Suetsugi

et al. suggest that in vivo induction of ERRa may

influence the development of breast cancer. Others have

determined that ERRa is one of several important factors

regulating fatty acid h-oxidation [63,64]. It should be noted

that in the study reported by Suetsugi et al., transfection

studies were performed without cotransfection of an

additional reporter to monitor transfection efficiency

(e.g., h-galactosidase). As isoflavones are well known to

possess kinase inhibitor activities [65], phosphorylation

changes, especially within nuclear receptors or their

coactivators, may potently change transcription rates

mediated by the nuclear receptors.

The PPARg coactivator PGC-1h was recently shown to

function as a protein ligand for ERRa and may act to

enhance fatty oxidation and prevent obesity. Involvement of

ERRs in the lipid-lowering effects of soy isoflavones or

other natural compounds may prove to be a productive

direction for future research.
4. Conclusions

Long known as phytoestrogens, it appears that the soy

isoflavones need to be considered as dphytoglitazonesT and/or
dphytofibratesT if indeed the isoflavones are ligands for

PPARg and PPARa, respectively. In direct binding studies,

genistein has been demonstrated to bind to PPARg. In

receptor-based activation studies, genistein and daidzein are

more potent activators of the PPARs while glycitein does not

appear to be a potent ligand. Also tested as potential

activators were soy sterols and saponins. In both cases, these

components did not appear to have substantial activity.

Further testing will be required to determine if this lower
activity is due to reduced uptake into cells or reduced activity

as a ligand.

The relative potency of isoflavones and that of the

metabolite equol is an important issue for future study.

Equol is thought to be produced by the metabolic action of

the intestinal flora only in a subset of humans. If, in the

future, various isoflavone mixtures may be produced as

dietary supplements, the specific daidzein content of those

mixtures may be of considerable significance to the dequol-
producerT population.

Of further consideration and not extensively discussed in

this review is the PXR. PXR mediates the response to

xenobiotics by activating a set of phase I and phase II

enzymes in the liver. PXR may play a significant role in

lipid metabolism in at least two ways. First, PXR mediates

the modification and potential disposal of sterols and bile

acids in the body. Second, PXR can mediate the metabolism

and turnover of prescription drugs, including those used to

treat hypercholesterolemia and type 2 diabetes. As an

example, PXR regulates the metabolism of atorvastatin,

the world’s most commonly prescribed drug, by activating

the transcription of cytochrome P450-3A4 [66]. It appears

that a critical issue for the study of natural products and their

impact on lipid metabolism is to ensure that there is no

significant negative interaction between the consumption of

a supplement (e.g., isoflavones) and the metabolism of a

prescribed drug. The possibility exists for the isoflavones

that if PXR is activated by isoflavones, as Gal4 reporter

studies suggest, this activation may enhance the turnover of

atorvastatin and reduce the potency of this statin. Further

study is clearly warranted.

Finally, other works in progress include readdressing

the interaction of the isoflavones with thyroid hormone

action. Many researchers have attempted to ascribe the

lipid-lowering effects of soy intake on the modulation of

thyroid hormone levels. Although it has been difficult to

demonstrate clear-cut effects of soy intake on thyroid

hormone levels, again, reporter studies predict a possible

potentiation of thyroid hormone activation by isoflavones.

As with TR action, a potential impact on ERR action

suggests a potential activation pathway worthy of addi-

tional study.

The isoflavones and other related natural compounds

may have several features that allow them to serve as

ligands for several different receptors: their size, relatively

hydrophobic nature and similar structure to the sterols. As

sterols and sterol derivatives are known to activate the LXR

and FXR receptors and perhaps also serve as sterol

cleavage-activating protein (SCAP) ligands that regulate

sterol response element binding protein activation and sterol

homeostasis, it is not unlikely that specific molecules may

activate several different nuclear receptors. Clarifying the

effects of the various components of soy and the specific

cellular action of the isoflavones will prove to be a

significant challenge for molecular nutrition studies of the

next decade.
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