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Estrogenic isoflavones are essentially considered to be the hydroxylated compounds i.e. genistein, daidzein and glycitein,

the methoxylated substances i.e. biochanin A and formononetin as well as the isoflavane metabolite: equol. Their

estrogenic effects have been shown in many occasions and many models and they can be either beneficial or adverse

depending on the physiological status of the consummers.
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1. Human Exposure and Bioavailability

1.1. Exposure According to Diet

Isoflavones are currently the most present phytoestrogens in the human environment due to the adoption of vegan diets

and the use of soybean for both soy-based foodstuffs and transformed foodstuffs. While the exposure in China was

recently evaluated on more than 53,000 people to range from 0.8 to 78.0 mg/day (median: 13.5 mg/day; IQR: 7.7, 21.4

mg/day) , in Japan , the isoflavones exposure, estimated on more than 30,000 people, ranged from 14 to 75 mg/day.

In Western countries, the isoflavones intake is currently considered to be lower: a few mg/day in the general population.

However, in some subpopulations like vegan consumers or the Adventists of the 7  day in the USA, the exposure can be

higher, reaching 17.9 mg/day as a median . Recently, an estimation of the French population exposure to soy

isoflavones was published . It showed that soy non-eaters consuming hidden soy through transformed foodstuffs were

exposed to a mean intake of 1.9 mg/day of isoflavones while the mean exposure among soy consumers was about 6.9

mg/day. These figures hide a great variability as in the same recent French exposure estimation, soy isoflavone intake

varied from 0 to 213 mg/day . In , the authors gave an extensive set of isoflavones measurements in French

foodstuffs. These data were obtained by specific ELISAs after a water extraction of the isoflavone glucosides. It can be

seen that some foods can bring between 40 and 50 mg of isoflavones per usual portion. From the literature, it seems like

there is no reproductive effects in adults below 20 mg/day but an increase in hypothyroidism symptoms was noticed in

women at 16 mg/day . The bioavailability of soy isoflavones in men and women has been studied extensively  and the

Tmax is known to occur usually around 8 hours for the main isoflavones   (except equol for which Tmax = 16 hours).

Such Tmax allows isoflavones to reach a steady state level when ingested regularly at a rhythm of twice a day . In

addition, according to  about 85% of the ingested isoflavones are excreted in the human urine within 48 hours after

ingestion showing that isoflavones are some of the most bioavailable polyphenols ever known. However, they are not

available in native form in plasma. Indeed, in soy, isoflavones are in glycosidic forms including glucoside, acetyl and

malonyl mono- or di-conjugates. On the enterocyte barrier the lactase-phloridzine hydrolase is able to de-conjugate all

polyphenols and also isoflavones. Mainly as aglycone, isoflavones enter enterocytes were they can be re-conjugated to

either glucuronide or sulfate moieties. Via the enterohepatic blood system, isoflavones, either aglucone or conjugated, are

transported to the liver where metabolic transformations are further performed. Finally, only less than 5% of isoflavones

are usually found as aglucone forms (active forms) in the blood stream  and are directly active at target-cells. It should

be noted, that the free fraction of the native estradiol, also represents a tiny proportion (<10%) of the total circulating

estradiol that is usually measured. The elimination half-life of isoflavones ranges between 12 and 30 hours depending on

the compound considered and recirculation phenomena between liver – gall-bladder on the one hand and duodenum on

the other hand . As mentioned earlier, the ingestion of clover-based dietary supplements containing formononetin and

biochanin A in humans, leads to an increase of daidzein and genistein in plasma due to the conversion of the

methoxylated isoflavones into hydroxylated parents by CYP450 hepatic enzymes .
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1.2. Gut Flora Involvement

In human, between 40 and 60% of people have a gut flora able to produce equol  from daidzein. Equol was first

discovered by Marrian and Haslewood  in the urine of mare. The new polyphenol was named equol for this reason and

was first considered as an inactive compound. It was shown that the gut flora was responsible for equol production as

early as in the 60’s . Figure 1 shows the global metabolic transformations of isoflavones in animals and human beings.

In humans, these conversions were recently shown to be caused by some bacterial genera . Indeed, the latter were

shown to be present only in equol producing women. These are Collinsella, Faecalibacterium and members of the

Clostridium clusters IV and XIVa. In parallel, in  it was considered that the microbiological conversion of daidzein into S-

equol is performed in three successive enzymatic reactions via dihydrodaidzein and tetra-hydrodaidzein. The study

reported that several equol-producing bacteria belong to diverse genera i.e. Eggerthella sp. YY7918, Lactococcus sp.

strain 20-92, Slackia sp. strain NATTS, as well as Slackia isoflavoniconvertens. Unlike humans, all horses and rodents

(including rats and mice models), harbor an equol-producing gut-flora. This means that comparing the effects of daidzein

alone or daidzein in soy extracts, between rodents and humans, may lead to effects misinterpretation at least for non-

equol-producers. This is why, so far, the only isoflavone tested for toxicological effects in rat is genistein. Testing daidzein

in rat may, indeed, lead to situations that are not easily extrapolated to humans, thus inducing potential over-protective

decisions.

Figure 1. Global feature of isoflavones metabolism in animals and human beings.

Nowadays, investigations on these bacterial metabolisms aim at finding ways to influence the gut ecosystem to promote

the production of these compounds of health interest .

1.3. Blood Concentrations

1.3.1. Hydroxylated isoflavones

Blood concentrations of isoflavones have been extensively studied and it is known that a twice daily intake can lead to a

steady-state level [9]. In this study where 60 menopausal women were exposed to 100 mg/day of soy isoflavones in food

supplements at a rhythm of two 50 mg-daily-intakes (in the morning and in the evening), a steady state concentration was

obtained after 5 days with a mean level of 4.56 µM eq aglycone (range: 1.61 µM – 9.96 µM). The study involved a rather

high isoflavone daily intake and could be used as an upper exposure reference. It showed that a great variability could be

observed in blood concentrations even under rigorously controlled conditions. This inter-individual variability, reaching a

factor 10, was in accordance with the toxicological safety factor that considers such a variability in human bioavailability of

xenobiotics . In the study by Mathey et al. [9], the plasma isoflavone-conjugates were hydrolyzed prior to extraction and

analysis. Because the aglycone forms tend to represent only 5% of the total circulating compounds [11] in humans, if no

conversion to aglycone forms is admitted at tissue levels, the aglycone isoflavone concentrations tested in vitro should not

exceed 0.5-1 µM. If higher concentrations are tested, the effects observed can involve cell signaling pathways that are

currently not activated in vivo. Higher concentrations can only be obtained if the conversion of conjugated-isoflavones into

aglucone forms is demonstrated locally at tissue level. Nevertheless, the distribution of isoflavones in tissue is generally

considered to be low, confirmed by a low distribution volume. To support this property,  showed that in women under
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soy milk, the genistein concentration in breast glandular tissue was 3 times lower than in serum (797.04 ± 237.27

pmol/mL of serum vs 283.71 ± 35.88 pmol/g in breast glandular tissue). The study also showed that genistein in breast

glandular tissue is essentially under conjugated form: genistein-7-O-glucuronide 268 ± 179 pmol/g; genistein-4’-O-

glucuronide 86 ± 46 pmol/g and free genistein 12 ± 2 pmol/g.

1.3.2. Methoxylated isoflavones

Finally, as already mentioned the methoxylated isoflavones formononetin and biochanin A can be absorbed with some

pulses i.e. lentils, chick peas, beans, broad beans, mungo beans, etc... They can either be in aglucone or in glucoside

forms, and their glycosidic conjugates are named ononine and sissotrine, respectively. As other glycosylated isoflavones,

they can be hydrolyzed by the b-glucosidase of the enterocytes (lactase phloridzine hydrolase) and transformed into

biochanin A and formononetin. Biochanin A seems to have a greater interaction with the food bowl proteins , and

consequently, has a lower absorption rate than its hydroxylated parent compound, genistein. Nevertheless, once the

enterocyte barrier crossed, the compounds enter the entero-hepatic blood stream and are directed to the liver. There, both

methoxylated compounds– biochanin A and formononetin– are metabolized by phase 1 enzymes, the so called

Cytochrome P450, which transform them into genistein and daidzein, respectively  (see Figure 1). Therefore, the

plasma concentrations of the methoxylated isoflavones are generally below the detection limit in humans . The study by

Muchiri and van Breenen showed that even with a clover formula balanced in genistein, daidzein, formononetin and

biochanin A, the resulting methoxylated isoflavone concentrations in blood are 2 to 10 times lower than that of the

hydroxylated parent compounds . In the same study , the Cmax for formononetin in a woman ingesting 120 mg of

red clover extract was 33.3 ± 7.7 ng/mL, 5 hours after ingestion, while under the same conditions, it was 8.92 ± 0.79

ng/mL for biochanin A. These concentrations correspond to 0.12 µM for formononetin and 0.03 µM for biochanin A.

Considering the poor estrogenic potencies of the two methoxylated isoflavones: formononetin and biochanin A, the

estrogenic effects of a clover extract in humans should essentially rely on their hydroxylated metabolites i.e. daidzein and

genistein, respectively.

2. Beneficial Effects

2.1. Hormonal Effects

2.1.1. Menopausal symptoms

Among all phytoestrogens health effects that were studied so far in humans, menopausal symptoms are those most

documented. Coumestrol and resorcylic acid lactones being considered as toxic compounds, no data were found on their

potential effects on climacteric symptoms of menopausal and peri-menopausal women in interventional studies. Beside,

many studies were undertaken using dietary supplements containing various classes of phytoestrogens to check for their

efficiency. Currently, the market of food supplements offers preparations based on soy, clover, alfalfa, kudzu, linseed and

hop. Other plants are used for menopausal symptoms including black cohosh, chasteberry or yam but their action modes

are not strictly estrogenic. Although effects are reported and confirmed by meta-analyses, the effects of phytoestrogens on

menopausal symptoms are still debated. The reasons are: a great interindividual variability, different effects according to

the peri- or post-menopausal status, strong placebo effects and studies based on self-declarations.

Several meta-analyses can be cited to assess these effects. According to one meta-analysis  which compared several

drugs and natural treatments on menopausal vasomotor symptoms, the most efficient natural treatments were those

involving isoflavones and black cohosh. For isoflavones, the odd ratio and CI 95% was 0.62 (0.44 – 0.67) while it was 0.4

(0.16 – 0.90) for black cohosh.

Soy isoflavones are the most popular for menopausal symptoms relief and another meta-analysis  analyzed specifically

the trials involving these compounds, based on 16 articles meeting the inclusion criteria. It compared efficient values in

placebo and treated groups and examined about 1710 subjects in total. According to this study, with soy isoflavones, a

25.2% hot flashes reduction was reported after elimination of the placebo effect. It should be noted that this placebo effect

counted for 57% of the symptom reduction by the reference treatment i.e. estradiol. The study also showed that a time of

treatment of 13.4 weeks was required for soy isoflavones to achieve half of its maximal effects. In addition to that, the

study stated that at least 48 weeks were needed to achieve 80% of soy isoflavones’ maximum effects.

Clover treatment was not always efficient as reported in the meta-analysis by Hanna and coworkers . Such variable

efficacy is observed at doses up to 120 mg/day.
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The effect of kudzu on menopausal symptoms was studied in another meta-analysis . The authors based their analysis

on 8 RCTs and concluded that the efficacy of kudzu on menopausal symptoms was inconclusive. The authors pointed out

methodological shortcomings including the placebo effects due to self-assessment/recall questionnaires and the lack of

standardization of the kudzu extracts. They advised to improve the trials via a better knowledge of concomitant plant

usages and a better assessment of the menopausal symptoms in comparison with estradiol treatments. They also

recommended a pharmacovigilance assessment.

2.1.2. Bone health

The main results reported on bone health concerned soy isoflavones. Two meta-analysis converged in saying that

isoflavones from soy may preserve bone density in menopausal women. However, the efficiency was only observed at

high doses i.e. over 80 mg/day. The first meta-analysis  only considered the effect of soy isoflavone extracts

supplementation (not soy proteins) on bone mineral density (BMD) in menopausal women. It only assessed RCTs

published in English, Japanese, or Chinese and reporting the effects of soy isoflavone extracts on lumbar spine or hip

BMD in menopausal women. Eleven studies matched the fixed criteria and the analysis included 1,240 menopausal

women in total. It showed that a daily intake of 82 mg of soy isoflavones (aglycone) on average, for 6 to 12 months, were

significantly associated with higher spine BMD. Treatment duration, geographic origin and basal BMD were major

influencing factors. There were no significant effects on either femoral neck, hip total, or trochanter BMD and the positive

effects of soy isoflavone extract supplements on BMD was restricted to lumbar spine in menopausal women. The second

meta-analysis , included RCTs which examined the effects of soy isoflavone supplementations in women for at least

one year. The main outcomes were BMD changes from baseline at the lumbar spine, total hip and femoral neck. 10 RCTs

gathering 896 women were found to be eligible according to the retained criteria. A mean dose of 87 mg of soy

isoflavones for at least one year did not significantly affect BMD. However, when doses were stratified, it was shown that

only large dose over 80 mg/day of isoflavones tended to weakly preserve BMD at lumbar spine and hip. Note that in

human or in rodent, isoflavones have never been able to re-build an osteoporotic skeleton.

2.1.3. Estrogen responsive tissues

As far as isoflavones are concerned, a controversy remains on their beneficial and / or deleterious effects on breast

cancers in women. This is due to opposite effects when cell  or animal  studies serving as toxicological references

are examined, compared to epidemiological population studies . If there is a clear reduction of breast cancer risk in

Asian women ingesting soy from childhood , the preventive effect in Western women is not so obvious . When

metanalysis of RCT are considered in women, the main problem was that none of them was clearly designed to see a

direct effect on breast cancer. In addition, volunteers were selected on health criteria which excluded breast cancer

occurrence. Because breast cancer can occur in the general population, these studies cannot be considered as

representative of the total population. In addition, exposing women to phytoestrogens to check for an aggravation of their

breast cancer is not considered ethical and rightfully not approved by ethical comities. Because there are data arguing for

both breast cancer aggravation and prevention, the best interpretation has to take them all, trying to make them fit within

the same mechanistical hypothesis. Doing that, it came out that genistein may be protective during the early promotion

phase, i.e. when cells were healthy, while it acted as a growth factor on estrogen-dependent tumour cells. This was in

accordance with  which showed a reduced breast cancer risk after one year of phytoestrogen intakes suggesting that

during the first year, the tumours already present may have been boosted by phytoestrogen intakes. Then once all women

with undetected breast cancers had revealed their pathology, the remaining women still maintained under phytoestrogen

treatments had no tumours and were protected. The protective action may be obtained via epigenetic effects, with a

certain degree of transgenerational transmission. This could explain the protection observed in Asian populations exposed

from childhood to modern soy-food rich in isoflavones . Besides, isoflavones are growth factors of breast cancer cells in
vitro when they express canonical estrogen receptors or GPER . In vitro, isoflavones doses compatible with human

soy consumption, exerted a growing effect. The doses of isoflavones which induced anti-proliferative effects on estrogen-

dependent breast cancer cells, were over 20 µM . Such doses cannot be achieved physiologically. Soy isoflavones also

act as growth factors in nude mice models implanted with human breast cancer cells and in that case, the plasma levels

and metabolic forms are closer to the in vivo situation in women . Additionally, in the only RCT existing so far on breast

cancer growth in women, plasma genistein was associated with the expression of genes controlling cell proliferation .

Ancient studies also showed that soy-food had estrogenic and proliferative effects on healthy breast cells in

premenopausal women . Equally, soy isoflavones have been shown to increase the mammary density in Western post-

menopausal women . To help interpreting such controversial results, it should be noted that existing studies most

probably underestimated soy and isoflavones intakes, not considering hidden isoflavones from manufactured foodstuffs.

These isoflavone levels ranged from 1.55 to 20.35 mg in Western foodstuffs containing soy . Besides, in Western
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countries, soybean consumers tend to have healthier behaviours which can reduce the analyses statistical power. Finally,

when breast cancer prevalence in the West and Asia are compared, global Asian dietary habits, which include tea or fish

intake, beside soybean products may also be protective .

Regarding vaginal and endometrial health, it should be reminded that both vaginal mucosa and endometrium develops

under estradiol stimulation and thus bears estradiol receptors: ERa, ERb, GPER as well as the estradiol related receptors

ERRs . The first isoflavones estrogenic effect ever shown was uterotrophy in New Zealand ewes grazing on

clover pasture. These effects were reported either in reproductive females or in females freshly ovariectomized. In all

cases, estradiol receptors were available to mediate an estrogenic effect of isoflavones. Conversely, in humans, most of

the studies which were designed to show an effect of isoflavones on the genital tract were performed in menopausal

women. In most studies the time distance to menopause was largely variable and the availability of ERs in the vagina and

endometrium, known to decrease after ovarian function arrest , was not checked. Thus, it appeared that isoflavones

were globally ineffective on Western post-menopausal women vagina and endometrium . However, in , a vaginal gel

containing isoflavones exhibited a significant estrogenic effect of on vaginal dryness, dyspareunia and maturing index of

vaginal cells in menopausal women. In addition, in  which reported results obtained on Japanese students on classical

Japanese diet, an isoflavone supplementation (20 or 40 mg of isoflavones daily) lengthened the menstrual cycle by two

days and this lengthening in both menstruations and bleedings was dose dependent. Considering the mean urinary levels

at base line, the usual isoflavone exposure due to Japanese diet was close to 25 mg/day. The effect appeared to vary

individually and no significant modifications of either steroid nor gonadotrophin hormones were noted. This suggested a

direct effect of isoflavones on the endometrium mucosa. Additionally, several studies reported a potential beneficial effect

of isoflavones and particularly equol, on the prevention of premenstrual syndrome in Japanese women .

Considering uterine cancer, although soy isoflavones at over 20 mg/day have been shown to increase endometrium

thickness [49] via endometrial cell proliferation, there is no convincing data showing a deleterious effect on endometrial

cancer . Indeed, it is known that hormonal replacement therapies can have opposite effects on breast and uterus

cancer . In the case of isoflavones, one explanation could be that uterus, ovary and vagina are rich in ERb subtypes for

which isoflavones have a greater affinity than for ERa. Moreover, ERb main variants are thought to be involved in cell

differentiation which counteracts cell proliferation that is rather induced by ERa . To conclude, isoflavones effects on

vagina and uterus of premenopausal women are not fully demonstrated and additional investigation is required. In post-

menopausal women, a vaginal effect of isoflavones may be achieved while an endometrial effect has never been clearly

shown despite a large number on trials.

Concerning prostate cancer, the effects of isoflavones on the incidence of the pathology differed in Western and Asian

populations . The difference observed seemed to concern cancer progression, since the occurrence of cancer, as

analysed by post-mortem diagnosis, showed similar frequencies between both populations . Here, the type of estradiol

receptors (ER) involved is crucial. Indeed, isoflavones, can be protective on ERb bearing tumours, and harmful on

tumours bearing the ERb2 variant . They can also be anti-androgenic .

2.2. Metabolic Beneficial Effects

2.2.1. Effect on cholesterol

The effect of soybean on cholesterol has long been studied. Soy intake was confirmed to reduce slightly both LDL and

Total Cholesterol (TC) in a recent meta-analysis gathering data from 46 clinical trials . The effect of soybean in

cholesterol lowering was always shown to be modest overall: LDL cholesterol was decreased by ∼3.2% and TC by 2.8%

when consuming ∼25 g soy protein/day. However, this lipid reduction was significant even if heterogeneous. It is thought

that soybean effect on blood lipids is due to the substitution of meat-proteins containing cholesterol, by pulse-proteins

devoid of cholesterol. To sustain this hypothesis, similar TC lowering effect was shown with other pulses including peas

. Besides, several studies performed on animal models [62] showed that this lipid lowering effect could occur without

phytoestrogens, as peas only contains very low levels of estrogenic isoflavones. Therefore, the role of estrogenic

isoflavones in this cholesterol lowering effect is still subjected to debate. In 1999, a RCT   reported that the LDL-

cholesterol was isoflavones-dose-dependently reduced in subjects eating soybean compared to a casein control.

However, the subgroups which were analysed counted less than 20 subjects and the overall reduction was not mentioned.

Nevertheless, the highest decrease recorded in this study was 10% and was observed in the highest isoflavone-intake

group (i.e. 37 mg/day). In addition, another study   compared the effect of soy-milk proteins and water-washed soy-

proteins with a reduced concentration of isoflavones. No difference was observed between the groups which counted 79

or 80 subjects, exposed to the diets for 3 weeks. However, water-washes can remove other constituents alongside

isoflavones.

2.2.2. Effect on metabolic syndrome
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Several reviews addressed the link between isoflavones and metabolic syndrome. They included in vitro mechanistic

demonstrations based on PPAR interactions   that have not always been obtained with relevant concentrations of

isoflavones. Indeed, the EC  of isoflavone for PPAR are usually above 20 µM while they are below 0.1 µM for ERa and

ERb . Despite this high affinity for the nuclear estradiol receptors, some authors still contest the estrogenic effects of

isoflavones in vivo in humans. Therefore, considering the isoflavone plasma levels in humans, a significant interaction of

isoflavones with PPAR receptors, in dietary conditions, must be questioned. The following reviews can be consulted with

interest . However, it can be difficult to assess the specific effects of isoflavones on metabolic syndrome, as these

substances are ingested at higher rate in a vegetable-based diet which is known to reduce the risk of metabolic syndrome

per se. Many studies  correlated isoflavone intake with reduced risk of metabolic symptoms. However, the effect was

usually depending on sex and such a correlation is not a definitive proof. Besides, studies were performed based on

genistein supplementation at doses of about 50 mg/day which can correspond to a dietary intake. The study  tested a

54 mg/day genistein supplementation on post-menopausal women with metabolic syndrome for one year. The study

design was a multicentric double blind RCT. After 1 year of treatment the treated subjects exhibited a reduced fasting

glucose, fasting insulin, and HOMA-IR while these parameters were unchanged in the placebo group. Genistein

statistically increased HDL-Chol, while TC, LDL-Chol, triglycerides, visfatin, and homocysteine blood levels were

decreased. Systolic and diastolic blood pressure were also reduced in the treated group. Similarly, in , a treatment of

Italian postmenopausal women with or without metabolic syndrome was performed using 54 mg genistein per day for 6

months. At the end of the treatment, the Flow Mediated Dilation (FMD) at 50s and peak FMD were slightly, although

significantly, increased in the treated group compared with placebo. In addition, TC, triglycerides, homocysteine and

visfatin were significantly decreased in the genistein treated group compared with placebo, while blood adiponectin levels

were increased. Finally, in   10 mg/day of S-Equol, a natural metabolite of daidzein, was tested on over-weight and

obese Japanese subjects in a double blind, randomized, cross-over trial. There was no wash-out period and the

treatments lasted for 12 weeks. It was first shown that equol production was less frequent in the selected group (over-

weight and obese subjects) than in the general population, and that a supplementation with S-equol was more efficient in

equol-non-producers than in equol producers. Several parameters were followed during this trial, including HbA1c, serum

LDL-Chol and cardio-ankle vascular index. These parameters evolved favorably and significantly although their

modification was tiny. The study indicated that soy effect on the metabolic syndrome may act in the sense of a reduction,

and that the active compounds to look for, in the diet, would include genistein and also daidzein, the precursor of S-Equol.

2.2.3. Effects on diabetes

Many studies including epidemiological prospective cohort studies, cross sectional studies, cases-control studies or RCTs

have been published in order to establish a definitive link between estrogenic isoflavones and Type 2 Diabetes Mellitus

(T2DM). Till now, the picture remains unclear, with on one hand, data clearly showing a beneficial effect of soy

isoflavones, per se or in soy-food, on the reduction of risk of T2DM; and on the other hand, more cautious studies

indicating a possible link with only some isoflavones or some soy-food or in some populations, but not in others. Briefly,

Tang et al.  analyzed 15 unique cohorts including 565,810 individuals and 32,093 incident cases. The relative risks of

developing a T2DM associated with legumes or soy intake was not significant. Besides, a risk reduction was observed

with soy-milk, soy-proteins, tofu and soy isoflavones. However, the authors considered that the heterogeneity between the

studies was sometimes high, and that further work was needed to ascertain the risk reduction of T2DM by soy and its

isoflavones. To sustain this conclusion, the study by Barańska et al.  showed a significant effect of soy isoflavones on

lipid blood criteria but not on blood glucose biomarkers including: fasting glucose, fasting insulin, HbA1c, and HOMA-IR.

This meta-analysis gathered 12 randomized controlled trials, 7 parallel randomized design, 5 case-crossover randomized

designs and overall 691 subjects. Cautious conclusions were also drawn from the study by Glisic et al. . It was

performed on RCTs and 9 prospective population-based studies gathering 1687 and 212,796 subjects, respectively. The

authors showed that phytoestrogen supplementation could improve fasting glucose and HOMA-IR without significant

decrease of insulin plasma concentrations. They also showed that the results of RCTs varied with the phytoestrogen

considered. Thereby, soy-derived isoflavones and genistein improved glucose homeostasis, while isoflavones mix and

daidzein had no effect or were associated with an adverse glycemic profile. The highest phytoestrogen intake was

associated with a 10% risk reduction of T2DM in observational studies. The authors also mentioned that adverse glycemic

profiles could be induced by soy and isoflavones in women. Conversely, in the study by Li et al.  gathering 8 studies, a

significant inverse association was observed between soy intake and T2DM risk with a high heterogeneity. However, the

relationship was obvious between soy protein and isoflavones intake and decreased risk of T2DM. This time there was no

heterogeneity. The protection was observed in women, in cross-sectional studies and in Asian populations. Finally, and to

highlight the complexity of the putative effects of phytoestrogens, the study by Guevara-Cruz et al.,   showed that

genistein, as pure supplemented compound (50 mg/day), was able to improve glucose tolerance and insulin resistance in

obese subjects. In this study, all subjects exhibited strong insulin-resistance (HOMA >2.5) and BMI >30. Nevertheless

after 2 months of genistein supplementation, the glucose tolerance was improved in the genistein treated subjects but not
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in the control group. The authors showed that genistein was able to modify the gut flora increasing, for instance, the

presence of Akkermansia muciniphila. This bacteria has been shown to reduce obesity and insulin resistance in rodent

models. The study also reported a modification of lipid metabolism that could be responsible for a change in the muscles

lipid profile. Overall, a beneficial effect of isoflavones on T2DM seems modest and the quality of evidence remains low.

The heterogeneity of the studies would indicate that isoflavones may not be the main substances responsible for the

observed effects and that confounding factors still exist in these studies. All authors agreed in saying that more high-

quality evidence from prospective studies was required.

3. Adverse Effects

3.1. Reference Doses

When toxic effects are considered, they are usually tested in toxicological studies which are led according to validated

protocols, in the most appropriate model. For reproduction or cancer issues, rats or rabbits are usually used, and

multigenerational exposure at low doses is usually more informative than acute exposure. Indeed, the effect of a define

compound can be different according to the period of exposure. For instance, neonatal exposure can be much more

deleterious than adult exposure. However, a life-long exposure may induce physiological disorders that will be difficult to

link to a define life period especially if epigenetic effects are involved. Chronic exposure can lead to define a lowest

observable adverse effect level (LOAEL) and a non-observable adverse effect level (NOAEL). These notions are crucial

since they are used to build reference doses (RfD) that will be used as limit of exposure for humans. Discrepancies can

arise from toxicological studies, and they essentially reflect the notion of adverse effect. When the animal model used in

toxicity studies shows a modification in a physiological parameter, the question is to determine if this modification is

beneficial, neutral or adverse. For estrogenic endocrine disruption, the physiological criteria examined in males and/or

females are usually: pituitary morphology, anogenital distance, age at vaginal opening, uterotrophy, cyclicity, penis length,

bulbourethral gland morphology, sperm production, fertility in first and subsequent generation… etc. In addition to that, an

effect may be interpreted differently if observed on pups, on pregnant females or in adults. Usually, the effects of toxic

compounds are recorded and compared to each other to allow a better transposition for human safety decision. This is the

case for endocrine disruptors, particularly, as their effects are usually complex and not always easy to determine. RfD are

classically derived from NOAEL applying safety factors to transpose dose-effects from rodent model to human. The first

safety factor accounts for the difference between animal and human. It has been fixed at a value of 10 [19, . The

second safety factor has also a value of 10 and accounts for the interindividual variation in the human species [19]. As

mentioned previously, this factor has been observed for isoflavones in human bioavailability studies [9]. Then, when a

NOAEL is not available and that the only dose available is LOAEL a third factor is introduced as a protection for the

human subjects. This factor equals 3 most often, but according to some authors, it can be optimized at a lower level after

appropriate statistical analysis . Table 1 gives the theoretical RfD derived from LOAEL or NOAEL available for the

phytoestrogens studied here. These RfD are compared to that of diethylstilboestrol, a synthetic estrogen considered as

endocrine disruptor, and to an estimation of the exposure evaluated in France. For lignans, the exposure is

underestimated since it is only related to matairesinol intake . The only compounds showing in France a potential

intake superior to the deduced RfD are genistein and daidzein.

Table 1. Reference doses for the phytoestrogens studied, compared to Diethylstilbestrol as reference and to potential

intake as recorded in France.

Compounds
Chemical
family

NOAEL or
LOAEL* in
animal

Model
species

Theoretical
Reference
dose
for human**
(RfD)

Potential
intake
in France

References

Diethylstilbestrol E2 analogue
NOAEL

5 mg/kg/d
Rat

0.05

mg/kg bw/d

Drug

forbidden

Genistein Phytoestrogen
LOAEL

35mg/kg/d
Rat

0.12

mg/kg bw/d

0 - 1.5

mg/kg bw/d

[79]

[80]

[81]

[82]

[83][84]



Daidzein Phytoestrogen
NOAEL

50 mg/kg/d
Hen

0.5

mg/kg bw/d

0 - 0.8

mg/kg bw/d

Biochanin A Phytoestrogen
LOAEL

25 mg/kg/d
Rat

0.083

mg/kg bw/d

0.0003

mg/kg bw/d

Formononetin Phytoestrogen
NOAEL

5 mg/kg/d
Mouse

0.05

mg/kg bw/d

0.0013

mg/kg bw/d

* the value is the limit fixed for human adults by the Belgian health authorities. ** Safety factor from LOAEL to NOAEL = 3

in this table.

3.2. Hormonal Based Effects

3.2.1. Pituitary interactions

Estrogens are known to regulate pituitary reproductive hormones, namely Follicle-Stimulating Hormone (FSH) and

Luteinising Hormone (LH). Such an effect is due to the regulation of the hypothalamic Gonadotrophin Releasing Hormone

(GnRH) . Depending on the cycle period, estradiol can either stimulate or repress pituitary hormone release. Using this

property, contraceptive drugs have been developed essentially based on the synthetic ethynyl-estradiol which

pharmacokinetic is longer than that of estradiol conferring it a higher potency. Therefore, expecting an effect of

phytoestrogens on pituitary hormones release seems sensible. If such an effect is recorded it should induce menstrual

cycle impairment and steroid synthesis modifications. Doing that phytoestrogens can act as endocrine disruptors and

affect male and female fertility. As will be seen below, such effects are sometimes recorded but other studies failed to

identify any endocrine disruption. This may be due to low dosages of phytoestrogens, to short treatments or too few

tested subjects.

The effects of methoxylated and hydroxylated isoflavones have been studied on animal reproduction since the discovery

of the clover infertility syndrome or clover disease in the late ‘40s . Their effects on gonadotrophins were first reported

in ewes by Findlay and co-workers . Such effects were then reported in women  and in men  affecting FSH, LH

and progesterone levels in pre-menopausal women [91] and affecting sperm production in men [92]. The doses required

in premenopausal women were shown to be 45 mg/day in a rigorously controlled diet while in men, the effect was

reported using 120 mg/day. The disruption on menstrual cycles in women was further confirmed by other authors 

and always obtained with dosages between 40 and 50 mg/day. Such dosages can easily be achieved with 2 soy-based

foodstuffs per day . Note that gonadotrophin hormone levels were also altered in trout fed semi-synthetic diet in fish

farms, and enriched with 500 ppm genistein . Such a result showed that the gonadotrophin regulation by estrogens

was a particularly well conserved process among vertebrates.

3.2.2. Estrogen based toxic effects

Many data exist on the effects of isoflavones on reproductive parameters on humans. All studies did not provide

consistent or significant results, and this was essentially due to: experimental bias, too short time of exposure, too small

population observed or to exposures that were below the effective dose. Indeed, unlike other endocrine disruptors which

can exhibit effects at very low doses, isoflavones are substances showing a threshold effect, at least in vivo. Looking at

the literature, it can be seen that no adverse effects were ever reported so far in humans, for an exposure below 0.3mg/kg

bodyweight/day. This is 20 mg/day of aglycone hydroxylated isoflavones for an adult weighing 60 kg. Nevertheless, when

compared to the phytoestrogens’ reproductive effects described for coumestrol or mycotoxins, the effects on reproduction

are undoubtable based on animal model studies. Indeed, a multigenerational reprotoxic study was published by the

National Toxicology Program in the USA in 2008 . It showed that females exposed to 51 mg/kg bodyweight/day of

genistein gave birth to pups with: lower pre- and post-weaning weights in F0, F1, F2, F3, F4; a reduction in anogenital

distance in F1, F2, F3, a reduction of the age at vaginal opening in F1, F2, F3, a cycle alteration in F1, F2, F3. For males

on 35mg/kg bodyweight/day, the pre- and post-weaning weights were decreased in several generations. The anogenital

distance was reduced in F1 and the rate of mammary gland hyperplasia was increased in F0, F1, F2. Renal tubules

showed calcifications in F1 and F2. As far as the fertility was concerned, a reduction of the litter size was observed in the

F2 generation. All these effects sign an estrogenic and anti-androgenic effect as was shown for other endocrine

disruptors.
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In humans, breast milk from Chinese mothers was shown to contain only low levels of isoflavones compared to soy-based

infant formulas. Indeed according to Zhou et al.,  the woman breast milk contained average concentrations of daidzein

and genistein ranging from 0.52 to 202.87 μg/kg. Besides, according to  American soy-based infant formulas contained

between 32,000 and 47,000 µg/kg and infants exclusively fed these soy-based formulas were the human subjects most

exposed to these substances. Thus, the neonatal exposure through soy-based infant formulas was studied in various

occasions even if in the US, safety authorities consider that the adverse effects were currently overcome by the beneficial

ones . From this high exposure (5 to 11 mg/kg/day according to formulas and infant age [98]) potentially leading to LH

secretion impairment, it is expected to observe a reduction of testis development at the time of exposure and a

subsequent alteration of sperm production in men adulthood. In addition, the neonatal exposure to estrogen of baby girls

should result in a masculinized behaviour and an alteration of female pituitary secretions and of the genital function and

physiology in women adulthood. Such an impairment is suspected to lead to a decreased fertility in adult women.

When differences were observed in human subjects on soy-based infant formula, it was generally by comparison to breast

feeding, not to cow milk formula . Likewise, in  it was shown that neonatal use of soy-based infant formula reduced

testis diameter in 4 month-old-babies. The exposure lasted for less than 4 months, and the cohort was only of 15 babies

in each group. However, to date, there is no investigation on the potential effect of such a neonatal exposure on sperm

production and fertility in men adulthood. Such a retrospective study would require large cohorts of volunteers since many

endocrine disruption events could occur between early life and adulthood potentially reducing the significance of the

observations. In young girls, Adgent and co-workers showed  that the playing behaviour could be transiently

masculinized (42 months old) when they had been fed soy-based infant formula during their first 6 months of life. In

addition, several studies showed significant increase of impaired menstrual cycles, increased menstrual bleeding and

pain, greater incidence of uterine fibrosis in women fed soy-based infant formula during the 4-6 first months of their life

. Such traces of early exposure to isoflavones suggest epigenetic alterations that were now shown in girls’

vaginas .

Early soy exposure i.e. in prepubertal period was associated by some authors to precocious puberty. In some studies, the

precocious puberty incidence was increased with soy consumption in girls  and in boys , while in others it was

decreased . Although, the puberty was not always assessed on the same criteria (age at menarche, breast

development, facial hairs or pubarche in boys…), in  which was performed on the Sister Study cohort, both effects

were recorded. The puberty acceleration was observed on women fed infant formula between 1960–1974 and mainly in

low outcome families. This suggests that the isoflavone levels that were higher in these formulas (delivering from 9 to 11

mg isoflavones/kg bodyweight/day) is important for the resulting effect. In   the puberty was delayed in Chinese

children that were essentially breast-fed during infancy but received substantial amounts of isoflavones daily during

childhood. This indicates that the physiological modifications due to an exposure to significant levels of isoflavones are

different according to the time of exposure (infancy or childhood).

When isoflavones are consumed by adults, high dosages can induce deleterious effects on the reproductive tract and

function. Several cases of soy over-consumption were reported in men showing secondary hypogonadism, gynecomastia

and libido impairment . In  the isoflavone intake was estimated at 200 mg/day (aglycone form) via 1.2 L of soy-

drink/day for 4 years. Such a consumption led to persistent dramatic drop in LH and testosterone levels explaining male

behaviour impairment. Consequences of over-consumption of soy-food, have also been reported in women . In

, the high isoflavone intake was responsible for menstrual cycles impairment under norethisterone contraception,

endometrial fibrosis, uterine myomas, endometriosis features and secondary infertility. All these pathological signs

vanished when soy was stopped.

Nowadays in men, 5 population studies linked a decrease in sperm count and quality, to high isoflavones intakes (>40

mg/day) and high isoflavones levels in biological fluids . Conversely, intervention studies did not show

any effect but either the time of exposure was too short  or the dose of exposure was below the efficient intake . In

American women, high isoflavone exposure (>50 mg/day) was shown to increase the occurrence of luteal phase

deficiencies that can delay conception  and shown to increase the risk to be nulliparous at the age of 26 or at

menopause . Such results lead to conclude in favour of a fertility impairment in women for soy isoflavone dosages

over 50 mg/day. In Asia, where these exposures can usually be achieved, reproductive effects of soy isoflavones are

difficult to demonstrate due to the absence of control populations. Considering the epigenetic effects of isoflavones, soy

arrest may not immediately lead to substantial modifications in reproductive issues when populations were exposed to

high levels for 2 to 3 generations. Nevertheless, total fertility rate figures are globally lower in Asian countries than in other

countries with similar contraceptive rates and similar GDP per capita . It should be noted that at doses below 10

mg/day, isoflavones seemed to improve in vitro fertilization . This sustains the threshold effect previously described.

3.2.3. Thyroid based toxic effects

[96]

[97]

[98]

[99] [100]

[101]

[102][103][104][105]

[106]

[107][108] [109]

[110]

[111]

[112]

[113][114] [113]

[105][115]

[115]

[116][117][118][119][120]

[121] [122]

[123]

[124]

[125]

[126]



As far as researchers know there are no toxicology data nor reference values for isoflavones on the thyroid function.

However, interactions of soy and isoflavones on the thyroid function have been reported in hypothyroid babies since the

development of soy based infant formula in the USA in the 1960s. At that time was define the “soy goiter” , which was

efficiently reduced by iodine supplementation. The article by Doerge and Sheenan  gives an extensive list of the

existing data at the time of 2002. Other observation studies and clinical cases were reported later like , for

instance, showing that the effect is major in hypothyroid patients, that it prevents from an efficient regulation by

levothyroxine and can induce mental retardation in young children. The question remained for a while about the role of

soy proteins or soy isoflavones in this adverse effect. Recently the RCT by Sathyapalan and co-workers answered the

question testing a soy diet bringing either 2 mg/day or 16 mg/day to lightly hypothyroid patients . Although they were no

statistical differences on thyroid hormone parameters between the groups exposed to the two isoflavone levels, 6 women

evolved toward deeper hypothyroidism when fed the high-isoflavone-diet. The mechanisms by which isoflavones are

involved in such a deleterious effect relies on their interactions at different steps of the thyroid endocrine system. Indeed,

isoflavones decrease T3 and T4 synthesis by reducing the activity of the thyroxine peroxidase enzyme  and capturing

iodate ions . They bind to transthyretin a thyroid hormone blood transporter  and bind to the thyroid hormone

receptor, being able to induce thyroid dependent gene transcription  at relevant concentrations.

3.2.4. Androgen based toxic effects

As mentioned earlier, phytoestrogens are able to decrease the anogenital distance in rats and this feature is a biomarker

of feminization or anti-androgenic effect occurring in utero . As far as phytoestrogens are concerned, this anti-

androgenic effects most probably results from the alteration of hypothalamus and pituitary secretions of gonadotrophins

during foetal development . If there are many studies showing such an effect in rodent models using dietary doses of

phytoestrogens like , for instance, very few data seems to be available on the effect of phytoestrogens on the male

in utero exposure to isoflavones although, isoflavones can be identified in cord blood . Rather, studies were performed

looking at the effects of isoflavones on neonatal development. When such an issue was studied in humans it essentially

delt with high neonatal exposure to soy phytoestrogens through soy-based infant formula. Finally, the results are unclear

with cases showing anti-androgenic effects , cases showing androgenic effects  and cases where no effect could

be reported on androgenic biomarkers . In adult men the over consumption of soybean and isoflavones decreases

sperm production via LH and testosterone dramatic drop . In vitro, isoflavones only marginally bind to the androgen

receptors and in that case do not induce gene transcription and play as anti-androgens . However, it is known that

aromatase which is able to convert testosterone into estradiol as well as GPER and ERb for which isoflavones have a

great affinity are involved in the male genital tract development in humans . Therefore, although the effect of

isoflavones on the increased penis length in infant fed soy-based formula as reported in  is not explained so far, the

interaction of phytoestrogens with the androgen axis in male humans requires attention. Moreover, early heavy

phytoestrogen exposure through infant formulas can definitively have an endocrine effect in male and female babies.

4. Conclusions

Isoflavones that exhibit an intermediate estrogenic activity, compared to 8-prenylnaringenin or coumestrol nowadays

reach active concentrations in biological tissues and fluids. This was not the case in the past neither in Western nor in

Asian populations. Deciphering their beneficial and adverse effects, it appears that the most plausible effects are

estrogenic and anti-thyroid actions in human subjects. Beneficial effects on metabolic syndrome and diabetes are still

controversial and sometimes based on unrealistic mechanisms considering physiological blood concentrations. Beneficial

effects on bone preservation and menopausal symptoms are most plausible when sufficient intake doses are involved.

Meanwhile, adverse effects on reproduction, which were demonstrated on many occasions in animals, can also be

observed in humans over a defined threshold.

Finally, estrogens and estrogenic isoflavones have both beneficial and adverse effects according to the consumers’

physiological status and they should be used with discernment. Such a wise view cannot be achieved by consumers who

usually do not know their exposure magnitude. Therefore, to benefit from phytoestrogens, it would be better to consider

their intake via food-supplements or drugs and to reduce them in conventional diets, as it was the case in earlier times.
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