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Use of soy-based infant formulas and soy�isoflavone supplements
has aroused concern because of potential estrogenic effects of the
soy isoflavones genistein and daidzein. Here we show that s.c.
genistein injections in ovariectomized adult mice produced dose-
responsive decreases in thymic weight of up to 80%. Genistein’s
thymic effects occurred through both estrogen receptor (ER) and
non-ER-mediated mechanisms, as the genistein effects on thymus
were only partially blocked by the ER antagonist ICI 182,780.
Genistein decreased thymocyte numbers up to 86% and doubled
apoptosis, indicating that the mechanism of the genistein effect on
loss of thymocytes is caused in part by increased apoptosis.
Genistein injection caused decreases in relative percentages of
thymic CD4�CD8� and double-positive CD4�CD8� thymocytes,
providing evidence that genistein may affect early thymocyte
maturation and the maturation of the CD4�CD8� helper T cell
lineage. Decreases in the relative percentages of CD4�CD8� thy-
mocytes were accompanied by decreases in relative percentages of
splenic CD4�CD8� cells and a systemic lymphocytopenia. In addi-
tion, genistein produced suppression of humoral immunity.
Genistein injected at 8 mg�kg per day produced serum genistein
levels comparable to those reported in soy-fed human infants, and
this dose caused significant thymic and immune changes in mice.
Critically, dietary genistein at concentrations that produced serum
genistein levels substantially less than those in soy-fed infants
produced marked thymic atrophy. These results raise the possibil-
ity that serum genistein concentrations found in soy-fed infants
may be capable of producing thymic and immune abnormalities, as
suggested by previous reports of immune impairments in soy-fed
human infants.

Soy-based formula for human infant nutrition is widely used,
with approximately 25% of formula-fed infants in the U.S.

consuming soy-based formula (1). This number represents 15%
of all infants in the U.S., or about 750,000 infants�year (1, 2).
Infants consuming soy formula are exposed to high levels of
genistein and daidzein, estrogenic isoflavones present in soy-
beans and soy products. On average, infants fed soy-based
formula consume 6.0–11.9 mg of isoflavones�kg per day (3, 4),
an order of magnitude greater than adults eating high-soy diets.
Total plasma levels of isoflavones and genistein in soy-fed
infants range from 2.0 to 6.6 and 1.5 to 4.4 �mol�liter, respec-
tively (3), 10-fold greater than levels in Japanese adults whose
diets have historically included soy, and 200-fold greater than
plasma levels in infants fed cow’s milk formula or human breast
milk (3, 5). Levels of the free genistein aglycone as a percent of
total genistein are higher in rat pups than in adults (6), but have
not been measured in human infants. If a similar phenomenon
occurs in humans, relative levels of the biologically active free
aglycones may be even greater than the 10-fold difference
documented in total (free � conjugated) serum isoflavone and
genistein levels in soy-fed infants vs. adults eating high-soy diets.

Total plasma isoflavone levels in soy-fed infants are up to
22,000 times greater than 17�-estradiol (E2) levels (3). However,
estrogenicity of genistein is only 1�1,000th to 1�10,000th that of
E2 (7). In addition, only a small fraction of circulating genistein

or daidzein is the active aglycone. Nonetheless, high genistein
levels in infants could have effects despite limited estrogenic
potency and the preponderance of conjugated forms in the
circulation.

Work on estrogenic effects of phytoestrogens has focused on
reproductive organs (7). However, thymus expresses both estro-
gen receptor (ER) � and ER�, and estrogen treatment of
developing rodents induces thymic atrophy and immune sup-
pression (8, 9). Despite genistein’s affinity for ER� and ER�,
thymic effects of genistein have not been studied. There are
reports of genistein effects at high concentrations on immune
cells in vitro (10), but it is unclear whether these effects occur at
physiological concentrations or in vivo.

In the present report, we examined thymic and immune effects
of genistein in mice. Our results indicate that genistein injections
decreases thymic weight and thymic and splenic CD4�CD8� T
cell numbers and result in lymphocytopenia and immune sup-
pression. Of greatest concern, thymic atrophy is seen when mice
are given dietary genistein levels that produce serum genistein
concentrations less than those reported for soy-fed human
infants.

Methods
Effect of Genistein on Thymic Weight, Apoptosis, and Thymocyte
Subtypes in Adult Mice. Female C57BL�6 mice (Harlan Breeders,
Indianapolis) were ovariectomized 1 week before injection to
mimic endocrine conditions in human infants, where circulating
E2 levels are minimal in both males and females (3). They were
fed ad libitum with a casein-based phytoestrogen-free diet
(AIN-93G) starting 2 days before injections began. Mice (100
days old when injected) were given one s.c. injection�day for 7
or 21 days of either 0.02 ml DMSO (control), E2 (5 �g�kg per
day), or genistein (Indofine Chemicals, Somerville, NJ) at 2–200
mg�kg per day.

We also determined the effects of genistein on thymic size in
castrated males. Seventy-day-old males were castrated, and 5
days later they were placed on phytoestrogen-free diet. Begin-
ning 1 week after castration, they were injected with DMSO, E2,
or genistein (200 mg�kg body weight�day) for 21 days.

Direct immunofluorescence was used to analyze lymphocyte
subpopulations in thymus of control and genistein-treated fe-
males. Thymic lymphocytes (1 � 106) were incubated with
allophycocyanin-conjugated anti-mouse CD4 (L3T4, PharMin-
gen) mAb and phycoerythrin-conjugated anti-mouse CD8
(LY-2, PharMingen) mAb. Cells were then fixed, and 10,000 cells
were examined by flow cytometry (Coulter EPICS XL). Appro-
priate controls were run with each sample.

Thymocytes were stained for annexin V-FITC and propidium
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iodide (PI) by using the annexin-V-FLUOS staining kit (Roche
Diagnostics), then apoptosis was quantitated by flow cytometry
(11). Annexin staining measures cell membrane phophatidyl-
serine externalization, which is a marker of the earlier stages of
apoptosis. PI stains cells that have large plasma membrane
ruptures characteristic of later stages of cell death. The use of
annexin and PI staining allows simultaneous detection of inde-
pendent apoptotic changes (12).

Effect of Genistein on Humoral Immunity and Blood Lymphocyte
Percentages. Juvenile (25–27 days old) mice were ovariectomized
and placed on phytoestrogen-free feed 5 days later. Beginning 1
week after ovariectomy, they were given daily injections of
DMSO, E2, or genistein (8–80 mg�kg per day) for 5 weeks. Mice
were immunized with 100 �g of keyhole limpet haemocyanin
(KLH) by using Bentonite as an adjuvant (13) 1 week after
initiation of treatment. Three weeks later, a KLH booster dose
was given, then animals were killed 1 week later, at the conclu-
sion of the treatment period. Serum was obtained for subsequent
measurement of anti-KLH antibody by ELISA in all groups, as
described (13), and thymic weights were determined. Splenic
lymphocyte subpopulations were determined as described above
for thymic lymphocytes. A blood smear was made from animals
used in the humoral immunity study. A differential count of 100
white blood cells was performed for each sample from the
control and various treated groups (n � 5–8).

Measurement of Serum Genistein Levels in Mice Given Dietary or
Injected Genistein. Serum genistein levels were measured in mice
that were ovariectomized at day 25–27 and placed on phytoestro-
gen-free feed as in the previous section. Beginning 1 week after
ovariectomy, mice received two daily injections of one of the
following: DMSO vehicle (n � 6) or genistein at 2, 8, 20, 80, and
200 mg�kg. Twenty-four hours after the second injection, blood
was collected by decapitation (time 0; n � 6 from each group),
while remaining mice were given a third injection and blood was
collected at 0.5, 1, 2, and 6 h after dosing (n � 5–6 for each time
point and treatment).

To test whether dietary genistein could cause thymic effects,
we fed 32- to 34-day-old, ovariectomized mice either a
phytoestrogen-free AIN-93G diet (control) or this diet supple-
mented with 1,000 or 1,500 ppm of genistein (Dyets, Bethlehem,
PA). Mice were killed at lights on (8 a.m.) on day 12 of feeding;
serum genistein levels at this time reflect levels seen during the
night, when the mice are eating (14). Thymuses were weighed,
and blood was collected for genistein measurement.

To determine genistein levels, blood was centrifuged and
serum was removed. Amounts of total genistein (aglycone �
conjugates) were determined by using duplicate 50-�l samples
from each animal. Samples were mixed with equal volumes of
acetonitrile, sonicated for 10 min, and centrifuged (15,000 rpm
for 10 min). To measure total genistein, the supernatant was
combined with 1 ml of sodium citrate buffer (25 mM, pH 5.0)
containing �-glucuronidase and sulfatase to deconjugate the
genistein. After incubation at 37°C for 4 h, the sample was loaded
onto a C-18 SPE column (J & W Scientific, Folsom, CA) and
washed with 30 ml of distilled water. The washed column was
eluted with 1.5 ml of methanol, evaporated under vacuum with
centrifugation, and resuspended in methanol for HPLC analysis.
Prepared samples were separated by HPLC with a Nova Pak
C-18 column (3.9 � 150 mm column, 4-�m particles; Waters) by
using a gradient solvent system. The solvent system consisted of
a sodium acetate buffer (50 mM, pH 4.8) and methanol (4:1)
mixture and a sodium acetate buffer, methanol, and acetonitrile
(2:2:1) mixture. The flow rate was 0.5 ml�min at a temperature
of 30°C. For isoflavone detection, a Waters Photodiode Array
(PDA) detector was used, with detection ranging from 210 to

400 nm. The assay had a minimum detection limit of 0.2
�mol�liter (15).

Statistical Analysis. Results from all experiments were analyzed by
one-way ANOVA followed by the Student–Newman–Keuls Mul-
tiple Comparisons test, and differences were considered signif-
icant at P � 0.05.

Results and Discussion
Genistein Decreases Thymic Size in Female and Male Mice Through ER
and Non-ER-Mediated Mechanisms. We examined thymic and im-
mune effects of genistein treatment in ovariectomized mice and
observed that genistein produced dose-responsive reductions in
thymic weight and size (Fig. 1). Thymic weights in E2-treated (5
�g�kg per day) females were decreased 50% compared with
controls; higher E2 doses (up to 12 �g�kg per day) did not
produce greater decreases (not shown). Thymic weights in
females given 200 mg�kg per day genistein were 78% less than
controls and 56% less than E2-treated females. Thymic weights
in the 8, 20, and 80 mg�kg per day genistein groups were 17%,
40% and 73% less than controls, respectively; genistein at 2
mg�kg per day did not produce significant decreases. Thus,
genistein decreases thymic weight of female mice and does so to
a greater degree than E2 at maximally effective doses.

The observations that genistein suppressed thymic weight
more profoundly than E2 indicated that genistein effects might

Fig. 1. Thymic effects of genistein. (A) Thymic weights in 100-day-old
ovariectomized mice given 21 daily s.c. injections with DMSO, E2 (5 �g�kg), or
genistein (2–200 mg�kg). Some mice given E2 or 200 mg�kg genistein were
also given weekly injections (5 mg�week) of the antiestrogen ICI 182,780.
Genistein produced dose-dependent decreases in thymic weights, which ex-
ceeded those seen with E2 at higher genistein doses. ICI 182,780 only partially
blocked genistein effects, indicating that genistein acts partly through a
non-ER mechanism. Data are presented as mean � SE; n � 7 for all groups.
Columns with different superscript letters are statistically different. (B) Whole-
mount photographs of individual thymic lobes from mice treated as in A.
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not be mediated entirely through ER. We determined whether
the anti-estrogen ICI 182,780 (Astra-Zeneca, Macclesfield,
U.K.) blocked genistein effects on thymic weight (Fig. 1).
Thymic weight was restored to control levels in ovariectomized
mice given E2 (5 �g�kg per day) � ICI 182,780 (200 mg�kg per
week). Conversely, ICI blocked only 50% of genistein’s effect on
thymic weight in the genistein (200 mg�kg per day) � ICI
182,780 (200 mg�kg per week) group, indicating that genistein’s
effects were partially non-ER mediated.

To ensure that ICI 182,780 treatment completely blocked
ER-mediated genistein signaling, we measured uterine and
vaginal weights, sensitive indicators of estrogenic effects.
Genistein or E2 markedly increased uterine and vaginal weights.
In both E2 � ICI and genistein � ICI groups, uterine and vaginal
weights equaled those of ovariectomized controls (not shown),
indicating that ICI 182,780 completely inhibited uterine and
vaginal estrogenic responses to E2 and genistein. Thus, thymic
effects of genistein seen after ICI 182,780 treatment occur
through non-ER-mediated mechanisms. These could involve
effects on protein tyrosine kinases and�or topoisomerase II,
both of which have been shown to be inhibited in thymocytes and
other cell types by high genistein concentrations in vitro (16, 17).

Thymic weight in genistein-treated castrated male mice was
42 � 4 mg (n � 7), 49% less then the DMSO controls (82 � 3
mg; n � 4) and 30% less than the E2-treated group (60 � 2 mg;
n � 7). All differences between groups were significant. Both
genistein and E2 produced less pronounced thymic suppression
in males than females, but genistein still caused greater thymic
atrophy in males than a maximally effective E2 dose, indicating
that genistein effects on thymic atrophy are similar in both sexes.

Genistein Increases Thymocyte Apoptosis and Preferentially De-
creases CD4�CD8� and CD4�CD8� Thymocytes. Thymocyte numbers
were measured with a hemocytometer to determine whether the
effects of genistein involved reductions in these cells. Thymocyte
numbers in DMSO, E2, and genistein (200 mg�kg per day)
groups were 18.3 � 1.6 � 106, 7.0 � 1.3 � 106, and 2.6 � 0.6 �
106, respectively (significant 62% and 86% reductions with E2
and genistein, respectively; all groups n � 7). Genistein there-
fore decreases thymocyte numbers to an extent similar to its
effect on thymic weight.

Reductions in thymocyte number in mice treated 21 days with
200 mg�kg per day of genistein were so severe that insufficient
thymocytes were available for analysis of apoptosis. We there-
fore treated mice with DMSO, E2, or 80 mg�kg per day genistein
for 7 days, and then quantitated apoptosis (11). The 7-day
genistein treatment decreased thymic weight 62%, only slightly
less than the 73% decrease after 21 days of treatment with this
genistein dose, indicating genistein effects occur rapidly. The
percentages of thymocytes in the relatively early stages of
apoptosis, indicated by annexin staining, in the DMSO, E2, and
genistein (80 mg�kg) groups were 0.8 � 0.2%, 1.8 � 0.2%, and
2.4 � 0.4%, respectively (Fig. 6, which is published as supporting
information on the PNAS web site, www.pnas.org). PI staining,
which identifies cells in the late stages of cell death, was similarly
increased by genistein (Fig. 6). PI staining was 2.6 � 0.3%, 4.6 �
0.3%, and 5.5 � 0.8% in the DMSO, E2, and genistein (80 mg�kg
per day) groups, respectively (n � 6 for each group and P � 0.05
for genistein and E2 vs. control for both annexin and PI staining).

These results demonstrate that decreases in thymic weight
induced by genistein occur relatively quickly, accompanied by
decreased thymocyte numbers and increased apoptosis. Thymo-
cyte apoptosis would appear to be an important aspect of the
mechanism of genistein’s thymic effects, although genistein
effects on other processes, such as cell proliferation, could also
be contributory. The increased thymocyte apoptosis that accom-
panied the genistein-induced thymic atrophy is consistent with

reports that estrogen-induced thymic atrophy also involves de-
creases in thymocyte numbers and increased apoptosis (18).

High doses of genistein (200 mg�kg per day) resulted in
near-total elimination of CD4�CD8� thymocytes and similar
striking inhibitions in double-positive CD4�CD8� thymocytes
(Fig. 2). These effects were dose-responsive, with the 8 mg�kg
per day dose decreasing CD4�CD8� cells 41% relative to
controls (P � 0.01). Relative percentages of double-positive
thymocytes, an early stage in thymocyte maturation that devel-
ops from CD4�CD8� (double negative) thymocytes, also
showed decreases (approximately 60%) at the 8 and 20 mg�kg
doses (P � 0.01). These results indicate that genistein may affect
early thymic thymocyte maturation and the maturation of the
CD4�CD8� lineage. Decreases in double-positive, but not
CD4�CD8�, thymocytes in response to estrogen have been
reported previously (18). These previous findings indicate that
although the decreases we observed in double-positive thymo-
cytes may be mediated through genistein effects mediated
through ER, reductions in CD4�CD8� thymocytes could reflect
non-ER-mediated actions. This possibility is consistent with our
preliminary observations that decreases in relative percentages
of CD4�CD8� thymocytes are still observed after genistein �
ICI 182,780 treatment (S.Y. and P.S.C., unpublished work).

Genistein Decreases Humoral Immunity and Splenic CD4�CD8� Cells
and Produces Lymphocytopenia. Suppressive effects of genistein on
thymic size and CD4�CD8� cell numbers raised the possibility
that genistein could inhibit immune function. Because changes
in immune function as a result of experimental treatments that
affect the thymus are more pronounced early in life than in

Fig. 2. Flow cytometric analysis of thymocyte subtypes in 100-day-old ovari-
ectomized mice treated for 21 days with DMSO or genistein (8, 20, or 200
mg�kg per day). Thymocytes were stained for CD4 (allophycocyanin) and CD8
(phycoerythrin) cell surface markers. (Upper Left) CD4�CD8�. (Upper Right)
CD4�CD8�. (Lower Left) CD4�CD8� (not labeled). (Lower Right) CD4�CD8�

thymocytes. Data shown are from individual animals, but percentage de-
creases for the various cell types were based on n � 6 for all groups.
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adulthood (19), we measured thymic weight, humoral immunity,
splenic CD4�CD8� cell numbers, and blood lymphocytes in
young ovariectomized females after treatment with DMSO or
genistein. Genistein at 8, 20, and 80 mg�kg per day produced
decreases in thymic weight of 30%, 35%, and 64%, respectively,
compared with DMSO-treated control mice (n � 9–10, P � 0.05
for all groups vs. controls). Thus, the magnitude of the genistein
response in terms of thymic weight reductions was comparable
in young and 100-day-old animals.

Genistein produced impairments in humoral immunity (Fig.
3a), with the 80 mg�kg per day genistein dose reducing KLH-
specific antibody titers by over 80%, whereas doses as low as 8
mg�kg per day produced a greater than 50% decrease. Prelim-
inary data indicates that genistein also decreases cell-mediated
immunity (S.Y. and P.S.C., unpublished work), indicating that
genistein may affect both the humoral and cell-mediated com-
ponents of immunity. Although the immunosuppressive effects
of high levels of exogenous estrogen have been established (20),
the present report indicates that estrogenic dietary isoflavones
such as genistein can produce immunosuppression in vivo.

These mice also had decreases in CD4�CD8� T cells as a
percentage of splenic lymphocytes at 8 mg�kg per day genistein
or above (Fig. 3b). CD4�CD8� T cell percentages were signif-
icantly lower at only the highest genistein 80 mg�kg per day dose

(not shown). Thus, genistein decreases relative percentages of
splenic T cells, and these are more severe in CD4�CD8� cells.
These splenic effects are consistent with both thymic effects of
genistein and its immunosuppressive effects discussed above.

Relative percentages of lymphocytes in blood of genistein-
treated mice were reduced (Fig. 3c), consistent with genistein’s
effects on thymus, spleen, and immune function described above.
This lymphocytopenia may reflect effects on T cell populations,
but also inhibitory effects on B-lymphopoiesis (21).

Serum Levels of Genistein After Injection. A critical question is
whether these injected doses of genistein that produced thymic
and immune effects produce physiological levels of genistein and
are potentially relevant for soy-fed human infants. Ingestion of
a compound normally leads to lower blood levels than injection,
making it difficult to compare injected and ingested doses.
Rodents, especially mice, metabolize genistein more quickly
than humans do (14, 15). Therefore, it is problematic to compare
effects of specific doses of genistein on mice and humans, and it
is more physiologically relevant to examine the effects on mice
of circulating genistein levels similar to those in soy-fed human
infants.

To compare serum genistein levels in our injected mice with
those reported for soy-fed human infants, total genistein (agly-
cone � conjugates) was measured in young ovariectomized mice
injected with 2–200 mg�kg per day of genistein, as described
(15). Serum genistein levels in control samples were below the
limit of detection. The 2 mg�kg dose produced transient in-
creases in serum genistein, but peak levels were less than levels
in soy-fed infants (Fig. 4a). Critically, serum genistein in mice
dosed with 8 mg�kg were comparable to those in soy-fed infants
at 0.5, 1, and 2 h (Fig. 4a), then levels declined to 0.4 � 0.4
�mol�liter by 6 h and were not measurable after 24 h. At 0.5 and
1 h postinjection, the 20 mg�kg dose produced serum genistein
levels 2- to 3-fold greater than maximal levels reported in soy-fed
infants. Levels were comparable to those in soy-fed infants
between 2 and 6 h. Genistein injections of 80 and 200 mg�kg
produced peak serum levels 10- to 20-fold greater, respectively,
than maximal levels in soy-fed infants (Fig. 4b). Levels in the 80
and 200 mg�kg groups remained greater than those seen in
soy-fed infants at 6 and 24 h.

Plasma isoflavone levels of 2.0–6.6 �mol�liter (mean � 3.7
�mol�liter) and genistein levels of 1.5–4.4 �mol�liter (mean �
2.5 �mol�liter) have been reported in 4-month-old human
infants (3). Maximal serum genistein in soy-fed infants are only
modestly less than peak serum levels in mice after 8 mg�kg
genistein injection, and this genistein persists less than 6 h,
whereas soy-fed infants have relatively constant high levels
caused by frequent nursing. Thus, genistein injected at an 8
mg�kg per day dose that produces peak blood levels compar-
able to those in soy-fed infants induces thymic and immune
abnormalities.

Dietary Genistein Produces Thymic Atrophy. Injecting genistein
produces different genistein pharmacokinetics and metabolism
than administering this compound by the physiologically relevant
route of dietary ingestion. It was therefore critical to determine
whether dietary genistein could produce thymic effects compa-
rable to those seen with genistein injection. Mice consuming feed
supplemented with 1,000 or 1,500 ppm genistein had thymic
weights approximately 10% and 25% less than those of controls
(Fig. 5a) at the end of a 12-day treatment (n � 18, 20, and 10 for
control, 1,000, and 1,500 ppm genistein groups, respectively).
Body weight was not different in control and 1,000 ppm genistein
groups and was slightly (�5%) lower in the 1,500 ppm group
compared with controls. These results are consistent with pre-
vious reports that dietary genistein at 1,000 ppm did not affect
body weight (22) and that genistein at 1,000 or 1,500 ppm did not

Fig. 3. Anti-KLH IgG antibody titers (a), splenic CD4�CD8� T cell percentages
(b), and relative blood lymphocyte percentages (c) in control and genistein-
treated mice. (a) Juvenile (30 days old) ovariectomized mice were treated with
DMSO or genistein for 5 weeks, and serum anti-KLH antibody was measured
to determine whether genistein diminished antibody response. Results are
expressed as a percentage of control. (b) Splenic CD4�CD8� T cell percentages
in mice from a, measured by flow cytometry. (c) Relative blood lymphocyte
percentages in mice shown in a and b. For all groups, n � 5–9. All genistein
treatments were less than controls, but were not different from each other.
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affect food consumption (22, 23). Serum genistein levels in mice
fed 1,000 and 1,500 ppm genistein were 0.97 � 0.04 and 1.12 �
0.18 �M, respectively, whereas genistein was not measurable in
17�18 control samples (Fig. 5b). These serum genistein levels are
comparable to peak levels reported for mice after oral genistein
administration (24), but are less than those in rats consuming
similar genistein concentrations (14) because of the faster
genistein metabolism in mice (14, 15, 24). Serum genistein levels
in mice fed 1,500 ppm genistein, which produces a 25% decrease
in thymic weight, are approximately 50% and 70% less than the
average and maximal levels in soy-fed human infants of 2.5 and
4.4 �M, respectively (3). These results indicate that dietary
genistein in mice decreases thymic weight at levels that produce
serum genistein concentrations substantially below what human
infants might be realistically exposed to.

Our results indicating thymic effects in mice at serum
genistein concentrations less than those of soy-fed human infants
raise the critical question of whether there would be thymic and
immune effects in infants consuming soy formula. A recent
large-scale study of 811 adults fed soy formula as infants
indicated that their growth was equal to a cow milk control

group, and the soy-fed group had had no obvious alterations of
reproductive development or adult function (2). However, the
only parameter examined related to immune function, use of
asthma or allergy medications, was different in the two groups.
Women fed soy-formula as infants had an almost 90% increase
in the regular use of allergy and asthma drugs, perhaps indicative
of an increased incidence and�or severity of these conditions in
adults fed soy formula as infants. Large-scale studies addressing
immune function or morbidity in soy-fed infants are needed to
conclusively determine whether there are immediate or long-
term immune abnormalities associated with soy formula con-
sumption, but data from this study, the largest to examine effects
of soy formula consumption, are not inconsistent with this
possibility. In addition, there are reports that gamma globulins
and immunoglobulins are decreased in soy-fed infants compared
with cow milk formula-fed controls (25, 26). T cell function
appeared to be more impaired in soy-fed infants than B cell
function (25). The decreased immunoglobulins and complement
levels and impairments in T cell function suggested that soy-fed
infants could have impaired humoral and cell-mediated immu-
nity. Infants fed soy formula did indeed have reduced titers of
antibodies against polio, tetanus, diptheria, and pertussis com-
pared with infants that had been similarly vaccinated but fed cow
milk formula (27). Morbidity, mainly upper respiratory infec-
tions and bronchitis, was increased in soy-fed vs. cow milk
formula-fed infants (25, 27). Thus, the effects observed in this
study with genistein effects on T cells and immune function in
mice parallel some reports in human infants suggesting soy
formula consumption impairs T cell and immune function while
increasing morbidity.

T cell development is similar in mice and humans, so murine

Fig. 4. Serum genistein levels in mice after injection of (a) 2–20 mg�kg or (b)
80–200 mg�kg of genistein. Data are mean � SE and n � 5 for all points.
Shaded bands represent the range of plasma genistein levels in 4-month-old
soy-fed human infants (3). (a) Serum genistein after the 2 mg�kg dose was less
than in soy-fed human infants. The 8 mg�kg dose produced genistein levels
comparable to those in soy-fed human infants for the first 2 h postinjection;
genistein declined to minimal levels by 6 h and was undetectable 24 h
postinjection. The 20 mg�kg dose produced peak levels 3-fold greater than
those in soy-fed human infants, then levels declined, equaling those in the 8
mg�kg dose by 2 h postinjection and becoming minimal by 6 h. (b) Genistein
levels after injection of 80 or 200 mg�kg showed a temporal pattern similar to
lower doses, although absolute levels from 0.5 to 6 h exceeded those in soy-fed
human infants. Note different scales in a and b.

Fig. 5. Thymic weights (a) and serum genistein levels (b) in ovariectomized,
juvenile mice after 12 days of feeding with a phytoestrogen-free diet or this
diet supplemented with 1,000 or 1,500 ppm genistein. (a) Control values were
different from 1,000 or 1,500 ppm genistein groups at P � 0.05 and P � 0.001,
respectively; the 1,000 or 1,500 ppm genistein groups were different at P �
0.01. (b) Control values were different from both genistein groups at P �
0.0001, but the genistein groups were not different from each other.
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studies are potentially applicable to humans (28). However,
extrapolation of results obtained with one species to another
must be done with great caution, and clearly important questions
still need to be addressed in the mouse model, such as the relative
level of the aglycone and conjugated forms of genistein in mice
consuming genistein relative to the soy-fed infant.

The recent popularity of dietary supplements containing
either soy protein or isoflavones makes it possible for adults to
ingest isoflavones doses severalfold greater than obtained with
even a high-soy diet. Consumption of recommended doses of
some of these products exposes adults to isoflavone levels similar
to those in soy-fed infants on a per-weight basis, and plasma
genistein levels in the soy-fed infant range were reported in
adults ingesting commercial supplements (29). Thymic and
immune effects of fetal and neonatal estrogen treatment are
extensively documented, but estrogens administered to adult
mice can cause thymic and immune impairments equaling those
in younger animals (30). There have been no studies of thymic

and immune function in adults consuming high supplement
levels, but this question needs to be addressed. However, a recent
study of the effects of a synthetic isoflavone derivative on
osteoporosis in women produced the unexpected finding that
some of these women had lymphocytopenia, which was consis-
tent with our present findings and suggested that the immune
effects of isoflavones documented here could account for these
results (31).

In conclusion, in light of our present results and other work
suggesting potential immune (25, 27), reproductive (32, 33), and
endocrine (34, 35) effects in infants or adults as a result of high
isoflavone consumption, the use of soy formula for infant
nutrition and high soy�isoflavone intake by adults through the
use of supplements needs to be approached with caution.
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