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Review

I nactivation of thyroid peroxidase by soy isoflavones, in vitro and
in vivo
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Abstract

Soy-containing foods and dietary supplements are widely consumed for putative health benefits (e.g. cancer chemopreven-
tion, beneficial effects on serum lipids associated with cardiovascular health, reduction of osteoporosis, relief of menopausal
symptoms). However, studies of soy isoflavones in experimental animals suggest possible adverse effects as well (e.g.
enhancement of reproductive organ cancer, modulation of endocrine function, anti-thyroid effects). This paper reviews the
evidence in humans and animals for anti-thyroid effects of soy and its principal isoflavones, genistein and daidzein.
Published by Elsevier Science B.V.
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1 . Introduction

Considerable interest in the putative health bene-
fits from products containing soy isoflavones has*Corresponding author. Tel.:11-870-543-7943; fax:11-870-
recently spawned numerous epidemiological and543-7720.
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chemoprevention (breast and prostate), relief of although still within the normal range, in 37 healthy
postmenopausal symptoms, and osteoporosis amelio- iodine-sufficient adults without known thyroid dis-
ration. The preponderance of research investigations ease fed 30 g of pickled soy beans per day for as
on the biological effects of soy isoflavones in little as 1 month [18]. Changes in serum thyroid
humans and experimental animals, both beneficial hormone (T3 and T4) levels were not observed. One
and adverse, stem from their agonist activity toward month after stopping soy consumption, individual
estrogen receptorsa andb. These activities will not TSH values had decreased to the original levels and
be discussed in this review. However, there may be goiters were reduced in size. Duncan et al. described
important interactions between estrogen-signaling a statistically significant decrease in T3 levels in 14
pathways and those of the thyroid–pituitary axis, premenopausal, but not 18 postmenopausal, women
which is the focus of the present review. A signifi- consuming up to 2 mg total of soy isoflavones per kg
cant body of information from in vitro and in vivo body weight per day for about 3 months [19,20].
investigations indicates that modulation of estrogens Watanabe et al. recently reported decreased T3/T4
or thyroid hormones can have effects on the bio- levels during the luteal phase, but increased levels
logical activities of the other hormone. A possible during the follicular phase, of the menstrual cycle in
mechanism is the binding of thyroid hormone and response to soy isoflavone supplementation [21].
estrogen receptors to common response elements of This article reviews the literature pertaining to
target genes [1]. The result of such binding is either known effects of soy and isoflavones on thyroid
potentiation or inhibition of gene expression and function in experimental animals. Rodent studies are
suggests that environmental signals through these recognized as useful risk assessment models for
two endocrine systems are integrated with important thyroid toxicants, even though significant differences
cellular responses [2]. between rodent and human thyroid physiology have

However, the soybean also has a long-standing been documented [22]. It also attempts to put the
association with goiter in animals and humans. Many body of research on rodent thyroid effects in a
studies have shown the goitrogenic effects of soy in context that is useful for predicting potential risks
rats and the protective effect of dietary iodide from soy consumption in various human populations.
supplementation [3–7]. In a dramatic example of the
synergy between dietary iodine and soy, thyroid
carcinoma was rapidly induced in rats fed an iodine- 2 . Biosynthesis of thyroid hormones and
deficient diet consisting of 30% defatted soy [8]. inhibition by anti-thyroid chemicals
Anti-thyroid effects observed in human studies in-
clude goiter in infants consuming soy formula and Thyroid peroxidase (TPO) is the heme-containing
subsequent reversal upon switching to cow milk or enzyme found in the apical membrane of thyroid
iodine-supplemented diets [9–16]. Reports of goiter follicular cells that catalyzes the two reactions
in infants on soy formulas decreased dramatically required for thyroid hormone synthesis (Scheme 1):
after the 1960s, when manufacturers reportedly iodination of tyrosyl residues in thyroglobulin and
began iodine supplementation of formulas to mitigate subsequent oxidative coupling to yield thyroxine
possible anti-thyroid effects. A retrospective epi- (T4) and triiodothyronine (T3). A substantial amount
demiological study by Fort et al. showed that teen- of previous work from this laboratory has demon-
aged children with a diagnosis of autoimmune strated that inhibition of porcine TPO activity is a
thyroid disease were significantly more likely to have common mechanism for many classes of synthetic
received soy formula as infants (18 out of 59, 31%) anti-thyroid compounds [23–27], and naturally oc-
when compared to healthy siblings (nine out of 76, curring flavonoids [28]. Lactoperoxidase (LPO) is a
12%) or control group children (seven out of 54, commercially available model enzyme that shares
13%) [17]. However, there were no differences many structural and functional properties with TPO.
among these three groups with respect to breast- For this reason, we previously investigated the
feeding. Ishizuki et al. reported goiter and elevated ability of soy isoflavones to inhibit porcine TPO and
individual thyroid stimulating hormone (TSH) levels, LPO activity. Genistein and daidzein were identified
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Scheme 1. Proposed mechanism for TPO catalyzed thyroxine synthesis.

as the components in soy that inhibited TPO-cata- radical at the active site along with a radical form of
lyzed iodination and coupling [29]. In the absence of compound II, which could combine to form inacti-
iodide, genistein and daidzein are suicide substrates vated enzyme presumably through covalent modi-
for TPO and LPO as determined by the irreversible fication of active site amino acid residues. Consistent
loss of both iodinating and coupling activities and with this hypothesis are the covalent binding of
concomitant changes in the UV–Vis spectrum of the approximately 3 mol of radiolabeled genistein per
enzyme. In the presence of iodide, they acted as mol of inactivated LPO (unpublished data), the
alternate substrates that blocked tyrosine iodination unchanged heme content in inactivated LPO (un-
through preferential formation of iodinated iso- published data), and the UV–Vis spectral changes
flavone derivatives, and thereby dramatically de- observed upon inactivation of LPO and TPO [29].
creased the rate and extent of genistein-mediated loss
of peroxidase activity. It was also observed that
genistin, the glucoside conjugate, was much less 3 . Inactivation of TPO by isoflavones in vitro
effective in inactivating TPO.

A proposed suicide inactivation mechanism that is Rat microsomal TPO (rTPO), prepared from un-
consistent with these findings is shown in Scheme 2. treated animals, was used to investigate isoflavone-
The scheme shows the ways in which genistein can mediated inactivation in vitro [31]. Fig. 1 shows the
intercept reactive enzyme intermediates (i.e. TPO time-dependent loss of rTPO activity in the presence
compound I, the protein radical form of TPO com- of genistein and hydrogen peroxide. The control
pound II and the TPO iodinating species) involved in experiments demonstrate that neither H O nor2 2

the iodination and coupling reactions required for genistein had an effect on enzymatic activity, which
thyroxine synthesis [30]. Reaction of compound I is consistent with the suicide inactivation mechanism
with isoflavones would produce a reactive isoflavone proposed previously [29]. Kinetic analysis for in-
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Scheme 2. Proposed mechanisms for inhibition of TPO by soy isoflavones.

activation of rTPO by genistein showed that the mM) for 5 min produced activity losses of 5363,
apparent inhibition binding constant,K , and the 4066, 6263, and 6667%, respectively (mean6SD,i

maximal inactivation rate constant,k , were 50 n54). These results show that the inactivation ofinact
21nM and 0.28 min , respectively. Daidzein similarly microsomal rTPO was comparable to that produced

inactivated rTPO with the corresponding kinetic by genistein with other peroxidases, including hTPO,
21constants of 143 nM and 0.31 min . These kinetic and suggest that isoflavone-mediated inactivation of

parameters, which are consistent with very potent TPO is a general phenomenon across mammalian
inactivation, were of the same order as those de- species.
termined for LPO for which it was also determined
that the partition ratios for genistein and daidzein
were less than 3 (data not shown). 4 . Dietary exposure of Sprague–Dawley rats to

The sensitivity of microsomal rTPO to inactivation genistein
by genistein was compared with several related
purified solubilized mammalian peroxidases under The inhibitory effects of genistein and daidzein on
similar conditions [31]. Incubation of purified bovine purified peroxidases in vitro prompted a further
LPO, porcine (p)TPO, human (h)TPO, and micro- investigation of possible anti-thyroid effects in intact
somal rTPO with genistein (10mM) and H O (100 animals. Sprague–Dawley rats were exposed to2 2
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Table 2
Isoflavone intake and blood concentrations in humans. Estimates

aof total isoflavone intake and measurements of circulating
concentrations were obtained from the cited studies

aPopulation group Total isoflavones Blood isoflavones
b—Soy form (mg/kg per day) (mM)

Adults—Western diet Very low Very low
c dAdults—Asian diet ,1 0.1 –1.2
e eAdults—soy nutritional 0.7 0.5–0.9

supplement
f fInfants—soy formula 6–9 2–7
gAdults—soy cancer 200 ?

supplement
a Total active isoflavones5genistein1daidzein.
b Body weight 70 kg.Fig. 1. Inactivation of rat TPO by genistein in vitro. Microsomal
c Soy isoflavone intake from typical Japanese diet estimated atrat TPO was incubated with the indicated concentrations of

30 mg/day [21].genistein in the presence of H O (100 nM) at room temperature2 2 d From six Japanese men [35].in 0.1 M phosphate buffer, pH 7.0. At various times, aliquots were
e From three adult volunteers [36].removed and remaining activity determined using a spectrophoto-
f From seven infants [34].metric guaiacol oxidation assay. (A) Control, rTPO alone; (B)
g From label instructions.control, rTPO1H O ; (C) control, rTPO11000 nM genistein.2 2

Thereafter, G5[genistein] added to TPO and H O .2 2

electrospray mass spectrometry (LC-ES–MS, see
genistein in order to investigate the possible disrup- Table 1; [33]), were comparable to those previously
tion of endocrine function in dose range-finding [32] reported in several human populations (Table 2;
and multiple generation studies (in progress). Genis- [34–36]. Rats consuming the 500 ppm diet had
tein was administered at doses of 0, 5, 100, and 500 genistein levels similar to those measured in infants
ppm in soy-free basal diet (total genistein and consuming soy formulas [34]. Rats consuming the
daidzein ca. 0.5 ppm) to pregnant female rats 4 100 ppm diet had genistein levels similar to those
weeks prior to mating through weaning of pups at measured in adults consuming typical Asian diets
postnatal day (PND) 21. The rats were then placed [35] or soy isoflavone dietary supplements [36]. Rats
on the same diet consumed by the dam until sacrifice consuming 5 ppm and control diets had low genistein
at PND 140. Total blood genistein (i.e. the sum of levels, similar to those in humans consuming a
conjugates and aglycone) concentrations in the PND typical Western diet. This information is summarized
140 rats, measured using liquid chromatography in Table 1. Significantly higher blood genistein

Table 1
Genistein consumption and serum levels in Sprague–Dawley rats

Genistein dose Estimated genistein [Total genistein]
a b(mg/g in diet) intake (mg/kg per day) c cMales (mM) Females (mM)

Basal 0.04 ,0.01 ,0.01
5 0.4 0.0660.006 0.1060.008

100 8 0.5960.030 0.9460.21
500 40 6.0060.65 7.9462.47

Rats were fed a basal soy-free diet fortified with genistein aglycone at the indicated concentrations and serum levels of total genistein
measured using LC-ES–MS as described in Ref. [33].

a The basal soy-free diet which contained approximately 0.5 ppm of total genistein and daidzein was fortified genistein aglycone at the
indicated level.

b Feed consumption and body weights were measured for individual animals and the intake values shown are representative.
c Total genistein concentration was measured in serum from male and female rats using LC-ES–MS (limit of quantitation 0.01mM).
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concentrations were observed in female rats (as
opposed to the males) in all dose groups, consistent
with the significant shorter elimination half-time for
genistein measured in males (3.0 vs. 4.3 h, respec-
tively) [33]. Genistein glucuronides were shown to
be the predominant circulating metabolites (97–
99%) in both rats [37] and humans [36] consistent
with extensive first-pass metabolism in the gut [38].

5 . Intrathyroidal accumulation of genistein

The concentration of both total and aglycone
genistein was measured using LC-ES–MS in
thyroids from PND140 rats consuming genistein-
fortified diets 12 h after removal from dosed-feed
[31]. Fig. 2 shows the results for females and males
where the higher average thyroidal levels observed in
females reflected the higher average blood concen-
trations. The fraction of genistein present as agly-
cone in the thyroid was substantially increased
relative to that in blood (18–28 vs. 1–3%). One-way
ANOVA analysis showed a significant treatment
effect for intrathyroidal total and aglycone genistein
over the dose range, and Dunnett’s test showed
significant differences between the treatment and Fig. 2. Dietary consumption of genistein increases intra-thyroidal
control groups as indicated in Fig. 2. The doses concentrations of genistein. The concentrations of genistein pres-
administered produced serum concentrations of total ent in thyroid tissue, both total and aglycone, were determined

using LC-ES–MS for female (A) and male (B) rats. Statisticalthyroidal genistein in the range of 0.1–1.2 nmol /g
significance relative to the respective control (*) was determinedtissue and for the aglycone 0.1–0.3 nmol /g. Using
using Dunnett’s test (P,0.05) as described in Ref. [31].

estimates for the aqueous content of thyroid cells of
62%, the concentrations of genistein aglycone were
as high as 350 nM. Similar results were observed for 6 . Inactivation of rTPO by dietary genistein in
a number of male and female reproductive organs vivo
where total and aglycone genistein levels were
higher and the percentage of aglycone was found to Fig. 3 shows TPO activity determined in thyroids
be as high as 100% [33]. These data suggest that the from the rats fed genistein-fortified diets. In both
lipophilic aglycone form can partition into lipophilic male and female rats, dose-dependent decreases in
tissues, including the thyroid. No iodinated deriva- rTPO activity were observed. As much as 80% loss
tives of genistein were observed in thyroids or serum of TPO activity was observed in 500 ppm dose
using LC-ES–MS (estimated detection limit 0.05mM females, but of equal importance was the observation
in serum, 0.1 nmol /g thyroid). It should be noted that the lowest dose, 5 ppm, produced significant
that the intrathyroidal genistein aglycone levels activity losses of 40–55%. Although control rTPO
shown in Fig. 2 for 100 and 500 ppm dose groups levels were comparable for male and female rats,
(i.e. 50–300 nM) are in excess of those concen- two-way ANOVA showed a greater loss of activity in
trations found to inactivate rTPO in vitro (see Fig. 1 females relative to males (P,0.002). This finding
and Ref. [31]). was consistent with the higher serum and thyroid
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thyroid gland (ca. 28mM), attenuated the inactiva-
tion pathway in vitro. In the present study, no
evidence was obtained from LC-ES–MS analysis of
serum or thyroids to indicate formation of any of the
iodinated genistein species previously characterized
in vitro. This finding, coupled with the observation
of extensive TPO inactivation in vivo, suggests that
the isoflavone-mediated inactivation pathway is fa-
vored in the rat thyroid gland over competitive
substrate iodination. Therefore, this study with genis-
tein appears to be the first in which chemically-
induced loss of TPO activity has been demonstrated
both in vitro and in vivo.

7 . Inactivation of rTPO by dietary soy in vivo

The previous findings, obtained by fortification of
soy-free basal diet with genistein aglycone, were
confirmed in a diet comparison study where rats
were fed either a standard soy-containing feed (NIH
31 which contains 5% soy meal) or the basal diet
(5K96) which contained approximately 60 or 1 ppm
total isoflavones, respectively [39]. Soy contains
isoflavones as various glucoside conjugates [40] soFig. 3. Dietary consumption of genistein decreases rat TPO
another study addressed the issue of whether bio-activity. Microsomal rTPO activity was measured in thyroids from

female (A) and male (B) rats using a spectrophotometric guaiacol logical effects can be altered by the form of iso-
oxidation assay. One-way ANOVA demonstrated a significant flavone consumed in the diet. Reductions in TPO
treatment effect (P,0.05) for both males and females and

activity of approximately 50% were observed instatistical significance relative to the respective control (*) was
male and female rats consuming the standard soydetermined using Dunnett’s test (P,0.05) as described in Ref.
diet relative to the control diet (Fig. 4). The mag-[31].

nitude of reduction was commensurate with the
measured blood levels of isoflavones. In male rats

levels of genistein measured in females. One-way consuming NIH 31 diet, the average concentrations
ANOVA showed significant treatment effects for of total genistein and daidzein were 0.3560.03 and
females (P,0.001) and males (P,0.001) and Dun- 0.2060.02 mM, respectively; for females, the con-
nett’s test indicated that all groups were different centrations were 0.6260.05 and 0.2560.02 mM,
from controls (P,0.03). Furthermore, because the respectively [39]. Serum from rats consuming the
concentrations of genistein measured in rat thyroids basal soy-free diet contained 0.016 and 0.010 genis-
were sufficient for inactivation of rTPO in vitro, it is tein and daidzein, respectively [39]. These results
reasonable to conclude that the reductions observed show that the form of genistein present in the diet,
in TPO activity were due to enzyme inactivation in either aglycone or glucoside conjugates, does not
vivo. affect the total serum isoflavone concentrations

In a previous study, TPO inhibition by isoflavones reached at sacrifice or the dose-dependent reduction
in vitro was described and conditions were identified in TPO content. This finding is consistent with a
under which suicide inactivation or alternate sub- previous study that concluded administration of
strate inhibition occurred [29]. The presence of genistein, either as the aglycone or the mixture of
iodide, at concentrations expected in the normal glucoside conjugates present in soy, had a minimal
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genistein dose rats treated identically in a parallel
study (not shown). A recent study showed only
minor irregularities of the thyroid follicles following
administration of a 20% soy diet to rats [43]. These
findings were paradoxical in light of the dramatic
effects on TPO activity shown in Figs. 3 and 4,
although Ishzuki et al. reported goiter and elevated
TSH in humans consuming soy in the absence of
concomitant changes in T3 or T4 [18].

Thyroid hormone synthesis requires that TPO
activity be co-located with its substrates: thyroglob-
ulin, iodide, and H O , which is produced by the2 2

NADPH oxidase [44]. The best evidence suggests
Fig. 4. Measurement of rTPO activity in rats consuming either a that this occurs at the interface between the apical
standard soy-containing or a soy-free diet. Microsomal TPO was membrane of the follicular cell, which contains TPO
isolated from female and male rats fed NIH 31 diet (ca. 30 ppm and the NADPH oxidase [45], and the lumen in
each of genistein and daidzein), or the basal diet (ca. 0.5 ppm each

which iodide is accumulated by a sodium iodideof genistein and daidzein) and rTPO activity was measured
symporter present in the basolateral membrane [46]spectrophotometrically as described in Ref. [31].
and into which thyroglobulin is secreted [45]. How-
ever, histochemical studies have shown that TPO can
be more widely distributed in the cell [47]. This

effect on total absorption although small differences leaves open the possibility that an additional pool of
were observed in the peak concentrations [41]. TPO could be sequestered such that contact with
Thigpen et al. have shown that the isoflavone content isoflavones and H O , but not iodide, is possible.2 2

of typical rodent diets can vary from less than 5 ppm One possible explanation is the vesicles, shown by
up to about 500 ppm [42]. These findings suggest the histochemical analysis to contain TPO [45]; how-
possibility for additive effects on TPO activity ever, it is not clear how isoflavones and H O , but2 2

between soy in rodent diets and exogenous chemicals not iodide, would have access to this pool of TPO.
being tested for carcinogenicity or other toxicities. Another possible explanation for the paradoxical

findings is that there is a large excess of TPO present
in the apical membrane such that even substantial

8 . Absence of hypothyroid indicators in rats fed losses have a minimal effect on hormone homeosta-
genistein sis. An observation that is inconsistent with this idea

is the coordinated stimulation of TPO gene expres-
The significant loss of TPO activity in rats con- sion along with that for sodium iodide symporter and

suming genistein-fortified and soy-containing diets thyroglobulin in response to TSH stimulation of
made likely a hypothyroid state with concomitant thyroid follicular cells [48].
decreased T3/T4 and increased TSH levels. This
was predictable given the propensity of rats, par-
ticularly males due to their unique thyroid physi- 9 . Synergism of soy with iodine deficiency in
ology, to anti-thyroid chemicals [22]. However, producing hypothyroid effects in rats
analysis of sera from all rats in both these studies
showed no significant differences in the levels of Additional insight to the anti-thyroid mechanism
these hormones relative to untreated controls (data of soy and the striking synergism with iodine
not shown). Furthermore, gland weights and histo- deficiency has recently come from studies in the rat.
pathological examination of thyroid sections showed Ikeda et al. [43] showed, similarly to Kimura et al.
no differences between untreated and 500 ppm [8], that feeding rats a soy-containing diet (20%
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defatted soy bean) produced a severe hypothyroid accumulation in the thyroid gland (Fig. 2) and
state characterized by decreased T4, increased TSH inactivation of hTPO as shown above.
and thyroid weight, evidence for increased cell The absence of observed hypothyroid indicators in
proliferation, and marked histopathological changes rats following genistein consumption, despite exten-
from normal gland morphology. This hypothyroid sive inactivation of TPO [31], and from mixed
state was observed only when the additional dietary isoflavone consumption [49], makes it clear that
condition of iodine deficiency was included. In additional risk factors for thyroid dysfunction, par-
addition, marked changes in histopathology of the ticularly iodine deficiency, are necessary before soy
anterior pituitary from rats fed the combined soy/ consumption can induce anti-thyroid effects in rats.
iodine deficient diet suggested that an unknown Although the mechanism is still unclear, a significant
component of soy had a direct action on the pituitary amount of previous research has demonstrated the
gland. importance of dietary iodine deficiency as a factor in

Another report from this group tested the ability of induction by soy of a hypothyroid state in rats
isolated soy isoflavones to act synergistically with [4,8,43,49]. A link between iodine deficiency and
iodine deficiency to produce a hypothyroid state soy-induced hypothyroidism in humans comes from
[49]. Rats were fed soy-free diets with and without the studies of infants on soy formula in whom goiter
iodine and compared to the 20% defatted soy diet. was reversed upon supplementation with iodine [11].
Further, isolated soy isoflavones (12–18% genistein Additional factors that could influence progression to
aglycone, 12–18% daidzein aglycone, 2–4% glyci- a hypothyroid state include biochemical impairment
tein aglycone) were added to the respective soy-free of hormone synthesis and metabolism, and exposure
diets at levels of 0.2 and 0.04%. It was reported that to environmental goitrogens (e.g. perchlorate, sul-
the 0.04% level of supplementation was equivalent fonamides, glucosinolates, cyanogenic glycosides,
to the amount of isoflavones present in the 20% flavonoids [50], and persistent halogenated aromatic
defatted soy diets. As in the previous study [43], rats compounds). However, the results of Ishizuki et al.
receiving the 20% defatted soy diet developed a caution that soy-induced goiter and other hypo-
severe hypothyroid state only in the case of iodine thyroid indicators can occur in humans in the
deficiency. However, neither level of isoflavone absence of iodine deficiency [18]. This study re-
supplementation, in the presence or absence of ported anti-thyroid effects in 37 healthy, presumably
iodine deficiency, produced a hypothyroid state. iodine-sufficient adults without known thyroid dis-
These results suggested that only whole soy, but not ease. These effects included goiter and elevated
soy isoflavones alone, is sufficient to produce a individual TSH levels, although still within the
hypothyroid condition in rats under conditions of normal range, in 37 healthy adults fed 30 g of
iodine deficiency. These findings are, however, con- pickled soy beans per day for as little as 1 month.
sistent with isoflavone-mediated TPO inactivation Changes in serum thyroid hormone (T3 and T4)
acting synergistically with the unidentified compo- levels were not observed. One month after stopping
nent(s) of soy to produce hypothyroid effects in soy consumption, the individual TSH values had
iodine deficient rats. decreased to the original levels and goiters were

reduced in size.
Soy products are currently heavily marketed to

1 0. Possible effects of soy on human thyroid elderly women for relief from the symptoms of
health menopause, despite the absence of consistent clinical

data demonstrating any effects beyond those pro-
The concentrations of total genistein present in rat duced by a placebo [20]. The potential anti-thyroid

serum (Table 1) are similar to those in several effects of soy components may be particularly
human populations (Table 2). These similar levels of relevant because these women represent the popula-
internal exposure make it reasonable to conclude that tion subgroup in which overt hypothyroidism and a
human consumption of soy isoflavones could lead to sub-clinical hypothyroid state [51] are most likely to
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