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Beneficial role of dietary phytoestrogens in obesity and diabetes™?

Sam J Bhathena and Manuel T Velasquez

ABSTRACT

Evidence is emerging that dietary phytoestrogens play a beneficial
role in obesity and diabetes. Nutritional intervention studies per-
formed in animals and humans suggest that the ingestion of soy
protein associated with isoflavones and flaxseed rich in lignans
improves glucose control and insulin resistance. In animal models
of obesity and diabetes, soy protein has been shown to reduce
serum insulin and insulin resistance. In studies of human subjects
with or without diabetes, soy protein also appears to moderate
hyperglycemia and reduce body weight, hyperlipidemia, and
hyperinsulinemia, supporting its beneficial effects on obesity and
diabetes. However, most of these clinical trials were relatively short
and involved a small number of patients. Furthermore, it is not
clear whether the beneficial effects of soy protein and flaxseed are
due to isoflavones (daidzein and genistein), lignans (matairesinol
and secoisolariciresinol), or some other component. Isoflavones
and lignans appear to act through various mechanisms that modu-
late pancreatic insulin secretion or through antioxidative actions.
They may also act via estrogen receptor-mediated mechanisms.
Some of these actions have been shown in vitro, but the relevance
of these studies to in vivo disease is not known. The diversity of
cellular actions of isoflavones and lignans supports their possible
beneficial effects on various chronic diseases. Further investiga-
tions are needed to evaluate the long-term effects of phytoestro-
gens on obesity and diabetes mellitus and their associated possi-
ble complications. Am J Clin Nutr 2002;76:1191-1201.
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INTRODUCTION

In recent years, phytoestrogens have attracted increased atten-
tion among the public and in the medical community because of
accumulated evidence from a large body of literature (1-8) sug-
gesting that consumption of plant-based foods rich in these phy-
tochemicals may benefit human health. Substantial data from epi-
demiologic surveys and nutritional intervention studies in humans
and animals suggest that dietary phytoestrogens have protective
effects against menopausal symptoms and a variety of disorders,
including cardiovascular disease, cancer, hyperlipidemia, osteo-
porosis, and various forms of chronic renal disease (1-8). The
Food and Drug Administration authorized the use on food labels
of health claims associated with soy protein and the reduced risk
of cardiovascular disease (9). Several studies in humans and ani-
mals have shown that soy protein reduces plasma total cholesterol

and LDL cholesterol. Evidence is also emerging that consumption
or supplementation of foods rich in phytoestrogens may have a
beneficial effect on diabetes mellitus and obesity in animals and
humans.

This review examines the evidence for a possible role of dietary
phytoestrogens in diabetes mellitus and obesity and discusses var-
ious mechanisms by which this class of phytochemicals may
affect glucose and lipid metabolism and improve the control of
body weight and glucose homeostasis.

BIOCHEMISTRY OF PHYTOESTROGENS

Phytoestrogens are a group of biologically active plant sub-
stances with a chemical structure that is similar to that of estra-
diol, an endogenous estrogen (Figure 1). This structural similar-
ity accounts for the ability of these compounds to bind to estrogen
receptors in various cells (10-13) and exert estrogenic or antie-
strogenic effects. The 3 major classes of phytoestrogens are
isoflavones, lignans, and coumestans. The major bioactive
isoflavones are genistein and daidzein, which are derived from the
precursors biochanin A and formononetin, respectively. Lignans
are constituents of many plants and form the building blocks for
the formation of lignin in the plant cell wall (14). They are more
prevalent in the plant kingdom than are isoflavones. The 2 major
lignans, enterolactone and enterodiol, are produced from
matairesinol and secoisolariciresinol, respectively. Coumestrol is
the most important form of coumestan consumed by humans.

FOOD SOURCES OF PHYTOESTROGENS

Phytoestrogens are found in various plants consumed by
humans, including legumes, seeds, and whole grains. The most
abundant food sources of isoflavones are soybean and soybean
products (Table 1). Other beans, lentil, peas, and clover contain a
very small quantity of isoflavones. The amount of isoflavone in
soybean varies according to the type of soybean, geographic area
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FIGURE 1. Structures of 17 B-estradiol, isoflavones (daidzein, glycitein, and genistein), coumestrol, and lignans (secoisolariciresinol and

matairesinol).

of cultivation, and harvest year (15, 17, 18). In addition, the
isoflavone content of different soy products varies substantially
as a result of differences in processing methods (19). In soybean,
the isoflavones are tightly associated with protein. The protein
content of soybeans is =36% by weight (20). The nutritional value
of soy protein is roughly equivalent to that of animal protein of
high biological value. For example, isolated soy protein has a pro-
tein digestibility—corrected amino acid score of 1.0, which is the
same as that of casein and egg protein (21). Processed soybean
proteins and foods provide various amounts of genistein and
daidzein, as either the conjugated glycones or as the aglycone
forms. Mature and roasted soybeans and commercially available
soy products (soy flour and textured protein) contain 0.1-5 mg
isoflavones/g protein. Green soybeans and tempeh are intermedi-
ate sources of isoflavones, providing 0.3 mg/g soy protein. One
serving of traditional soy foods provides 0.25-40 mg isoflavones
(15, 18). Tofu, isolated soy protein, and some soymilk prepara-
tions provide 0.1-2 mg isoflavones/g soy protein. Alcohol
extraction dissociates isoflavones bound to soy protein; therefore,
alcohol-denatured soy protein is devoid of significant amounts of
isoflavones.

Common food sources of lignans include seeds, whole grains,
legumes, and vegetables (Table 2). The highest concentrations of
lignans are found in flaxseed. The concentration of lignans iso-
lated from flaxseed is =100 times that produced from most other
foods (24). Values obtained from food samples range from 800

TABLE 1
Isoflavone contents of soy products’

Total
Soy products isoflavones  Genistein  Daidzein  Glycitein

ug/g

Roasted soybeans 2661 1426 941 294
Soy-protein isolate 987 640 191 156
Tempeh 865 422 405 38
Tofu 532 245 238 49
Protein concentrate? 73 19 0 54
Soy drink 28 21 7 —

! Adapted from Wang and Murphy (15). For the isoflavone contents of
other foods, see reference 16.
2 Alcohol extracted.

8002 ‘Gz AInr uo Aq 610 usle’mmm woly papeojumoq


http://www.ajcn.org

@ The American Journal of Clinical Nutrition

PHYTOESTROGENS IN OBESITY AND DIABETES 1193

TABLE 2
Lignans in selected foods’
Food and food group Secoisolariciresinol Matairesinol
ug/g
Seeds
Flaxseed 3699 10.9
Sunflower 6.1 0
Caraway 2.21 0.06
Pumpkin 213.7 0
Legumes
Soybean 2.73 Trace
Peanut 3.33 Trace
Pigeon pea 0.5 0
Urid dahl bean 2.4 0.79
Nuts
Walnut 1.63 0.05
Almond 1.07 Trace
Berries
Blackberry 37.1 0.23
Lingonberry 15.1 0
Strawberry 12.1 0.05
Cranberry 15.1 0
Red currant 1.6 0
Cereals
Oatmeal 0.1 0
Oat bran 0.24 1.55
Rye meal, whole grain 0.5 0.65
Rye bran 1.32 1.67
Vegetables
Broccoli 4.14 0.23
Garlic 3.79 0.04
Carrots 1.92 0.03
Coffee and tea
Arabica coffee (instant) 7.16 0
Green tea 24.6 1.86
Black tea 15.9 1.97

! Adapted from Mazur (22) and Mazur et al (23).

to 3700 pg/g. Other major sources of plant lignans include cere-
als, cereal brans, oil seeds, and fruit. Modern processing tech-
niques tend to deplete grains of their lignan content because they
remove the outer fiber layer, which has the highest concentration
of lignan precursors. The major food sources of coumestrol are
clover sprouts, alfalfa sprouts, dry round split peas, and other
legumes (25).

ABSORPTION AND METABOLISM OF
PHYTOESTROGENS

Isoflavones exist primarily in plants in the inactive form as gly-
cosides. Once ingested, isoflavone glycosides (genistin and
daidzin) are hydrolyzed in the intestines by bacterial B-glucosidases
and are converted to corresponding bioactive aglycones (genistein
and daidzein). Further fermentation proceeds in the distal intes-
tine with the formation of specific metabolites. The aglycones are
then absorbed from the intestinal tract and conjugated mainly in
the liver to glucuronides, which are either reexcreted through the
bile and reabsorbed by enterohepatic recycling or excreted
unchanged in the urine. Daidzein may be further metabolized to
equol, dihydrodaidzein, or O-desmethylangolensin, whereas
genistein may be metabolized to p-ethylphenol in the colon.
Daidzein, genistein, equol, and O-demethylangolensin are the

major isoflavones that have been detected in the blood and urine
of animals and humans. Dihydrodaidzein, p-ethylphenol, and
glycetin have also been detected in human plasma.

Plant lignans, like isoflavones, also undergo intestinal hydroly-
sis by bacterial 3-glucosidases. The lignan glycosides matairesinol
and secoisolariciresinol are converted to their corresponding
metabolites, enterolactone and enterodiol, by the action of colonic
bacteria; enterodiol is readily oxidized to enterolactone (24). These
metabolites are then absorbed in the colon and conjugated with glu-
curonic acid or sulfate in the liver. Some of the metabolites may
also undergo enterohepatic circulation. Lignans are excreted in bile
and urine as conjugated glucuronides and in feces in the unconju-
gated form. The major metabolites, enterolactone and enterodiol,
are excreted in the urine.

Concentrations of phytoestrogens and their metabolites in
plasma and urine have been reported in several studies of humans
and animals. In healthy humans consuming diets without soy,
plasma concentrations of isoflavones are usually in the nanomo-
lar range (eg, <40 nmol/L) (26). In contrast, plasma isoflavone
concentrations increase markedly in the micromolar range after
ingestion of isoflavones from soybean milk (27), soy meal (28), or
baked soybean powder (29). Plasma isoflavone concentrations of
1-4 pmol/L have been reported in various population groups con-
suming foods rich in isoflavones (26, 30-32). Similarly, urinary
excretion of isoflavones increases markedly after ingestion of
isoflavone-rich diets (32). In healthy young women consuming
diets supplemented with flaxseed, plasma lignan concentrations
increased from a baseline concentration of 29 to 52 nmol/L after
ingestion of flaxseed (26). Urinary lignan excretion also increased
with increasing dietary intake of lignan precursors (33-35). In a
study of women consuming various habitual diets, the urinary
excretion of lignans ranged from 1.5 to 3.3 wmol/24 h in omniv-
orous women; 2- to 3-fold higher excretion rates were found in
vegetarian women (34). A study in rats showed that urinary lig-
nan excretion increases linearly with ingestion of increasing
amounts of ground flaxseed or supplementation of the diet with
secoisolariciresinol diglycoside (36).

Effects of dietary soy on glucose and lipid metabolism

Metabolism of glucose and lipids is a complex process highly
regulated by both peptides and steroid hormones and is influenced
by diet. Many studies in humans and experimental animals have
examined whether the consumption of soy-containing diets have
an effect on glucose and lipid metabolism and on hormones con-
trolling their metabolism. Early studies in healthy human subjects
showed that soy polysaccharides reduce postprandial glucose and
triacylglycerol concentrations (37, 38), suggesting that polysac-
charides in soy may provide potential benefits in conditions of
impaired glucose tolerance and hyperlipidemia. The beneficial
effect of soy may also be due to proteins in soy. In one study, soy
protein induced a lower postprandial insulin-glucagon ratio in
healthy and hypercholesterolemic subjects than did casein (39).
Soy proteins are rich in arginine and glycine, which are involved in
insulin and glucagon secretion from the pancreas. Decreased
plasma insulin by soy protein may be due to decreased release from
the pancreas or increased hepatic removal. Thus, the decrease in
cholesterol seen with soy protein may be due to the decreased
insulin-glucagon ratio caused by arginine and glycine (40). In
healthy subjects, Lang et al (41, 42) observed no effect of protein
source (soy, other vegetable proteins, and animal proteins) on
plasma glucose, insulin, or glucagon, but the kinetics of glucose,
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insulin, and glucagon were different after ingestion of different
sources of protein in a mixed meal (41).

In an early study in gerbils, feeding soy protein in place of
casein increased plasma concentrations of insulin, thyroxine, and
thyroid-stimulating hormone (43). In healthy pigs, soy-protein
feeding compared with casein decreased postprandial serum con-
centrations of insulin and glucose with a significant reduction in
serum total cholesterol, LDL-cholesterol, and triacylglycerol con-
centrations (44). In another study in minipigs, soy protein and
casein affected insulin, glucagon, hydrocortisone, and triiodothy-
ronine similarly, but soy-protein feeding led to increased total and
free thyronine and postprandially increased growth hormone (45).
The variable hormonal responses to soy feeding in these early
studies are difficult to interpret but may be related in part to dif-
ferences in the basal nutritional state of the animals and in the
timing of the observations. However, these hormonal changes may
be partly responsible for the effect of soy protein on cholesterol
concentrations.

More recently, Lavigne et al (46) evaluated the effects of con-
trolled feeding with various types of dietary proteins on glucose
tolerance and insulin sensitivity in healthy male Wistar rats. The
rats were fed isoenergetic diets containing casein, cod protein, or
soy protein for 28 d. Rats fed cod and soy proteins had lower fast-
ing plasma glucose and insulin concentrations than did the rats fed
casein. After an intravenous glucose load (1.5 mL/kg body wt of
85% glucose in saline), the rats fed cod and soy proteins had lower
incremental areas under the curves for glucose than did rats fed
casein, suggesting that cod and soy proteins improve glucose tol-
erance. Additionally, higher glucose disposal rates were observed
in the rats fed cod and soy proteins than in the rats fed casein,
indicating an improvement in peripheral insulin sensitivity. How-
ever, in the postprandial state, the lower plasma insulin concen-
trations observed in the animals fed cod and soy proteins may have
been due to decreased pancreatic insulin release, increased hepatic
insulin removal, or both. In a study in ovariectomized cynomolgus
monkeys, soy protein significantly improved insulin sensitivity
and glucose effectiveness compared with casein (47). Further-
more, the animals fed soy protein showed a decrease in aortic cho-
lesterol ester content, suggesting that dietary soy protein may pro-
vide additional cardiovascular benefits. Thus, it appears from
these studies that soy-based diets may provide potential benefits
in conditions associated with impaired glucose tolerance, hyper-
lipidemia, and reduced insulin sensitivity.

OBESITY AND DIABETES MELLITUS

Obesity and diabetes mellitus are 2 nutritional disorders that
have become major public health concerns in industrialized coun-
tries, not only because of their increasing prevalence in epidemic
proportions but also because of their frequent association with
major cardiovascular risk factors (dyslipidemia, atherosclerosis,
and coronary artery disease), which are responsible for excess
morbidity and mortality. Obesity is a disorder of energy balance
and is associated with hyperinsulinemia, insulin resistance, and
abnormalities in lipid metabolism. Lipid abnormalities include
increased overall production of lipids with increased concentra-
tions of fatty acids, triacylglycerols, and VLDLs. Hyperinsuline-
mia and associated lipid disorders are well-known independent
risk factors for atherosclerosis and cardiovascular disease. Dia-
betes mellitus is a complex metabolic disorder that involves abnor-
malities in insulin secretion and insulin action, an altered

endocrine system, and endogenous glucose production that leads
to progressive deterioration of glucose tolerance and hypergly-
cemia. Many individuals with type 1 (insulin-dependent) and
type 2 (non-insulin-dependent) diabetes also have abnormalities
in lipid metabolism, which further increase the risk of premature
cardiovascular disease. Insulin resistance is a common feature of
obesity and diabetes and is affected by the nature of dietary fat
(48). Interventions to control obesity and diabetes should target
these abnormalities.

Various dietary interventions to control excess body weight,
hyperglycemia, and dyslipidemia have included low-energy and
low-fat diets and the consumption of vegetables, fruit, and
grains; foods with a high fiber content; and antioxidants. Such
interventions have focused on the manipulation of the amount
and nature of dietary energy and fat intakes (48). In recent years,
increased attention has been directed toward the role of dietary
protein intake in obesity and diabetes. Phytoestrogens have been
shown to have a beneficial effect by improving serum lipids and
modifying LDL oxidation, the basal metabolic rate, and insulin-
stimulated glucose oxidation. Isoflavones and lignans also affect
energy metabolism. These observations suggest that the con-
sumption of foods rich in phytoestrogens has a beneficial effect
on obesity and diabetes.

Effect of soy on obesity

Several studies in obese humans and animals suggest that soy
as a source of dietary protein has significant antiobesity effects
(Table 3). Bosello et al (49) evaluated the short- and long-term
effects of hypoenergetic diets containing proteins from different
sources in 24 adult humans with obesity (60% above ideal body
weight). In this study the subjects were divided into 2 groups and
were provided a very-low-energy (375 kcal/d) diet that contained
the same amount of protein as casein or soy protein for 15 d fol-
lowed by 60 d of a higher-energy diet (425 kcal/d). All subjects
lost weight, but the reduction was similar in both groups. Total
cholesterol, LDL cholesterol, VLDL cholesterol, and triacylglyc-
erol decreased more with soy than with casein. Thus, the reduc-
tion in excess body weight appeared to be due to a low energy
intake rather than to the source of protein. Similarly, Yamashita
et al (50) did not observe any difference in weight loss with very-
low-energy diets containing either lean meat or soy protein in
obese women. Furthermore, Jenkins et al (51) observed only a
marginally greater weight loss in obese subjects after consump-
tion of a low-energy diet with soy protein than after a low-energy
diet with casein as the protein source. Fisler et al (56) observed
that in obese men fed low-energy diets containing either soy or
collagen protein for 40 d, plasma essential amino acids were bet-
ter maintained by the soy diet than by the collagen protein diet.
These findings suggest that long-term substitution of vegetable
protein for animal protein in a low-energy diet may provide an
additional benefit for weight reduction in obese subjects. In a ran-
domized crossover study in 12 overweight male subjects, 24-h
energy expenditure was greater with animal protein than with soy
protein (52).

It is not clear from all these studies whether the favorable
effects of soy protein are related to its isoflavone content. How-
ever, a recent study by Goodman-Gruen and Kritz-Silverstein (57)
in presumably normal-weight, postmenopausal women showed
that the consumption of isoflavones, genistein, and daidzein was
associated with lower body mass indexes and fasting insulin con-
centrations and higher HDL cholesterol. Genistein and daidzein
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