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SUMMARY

Diets rich in soy phytoestrogens have many potential health benefits but isoflavones such as genistein
may suppress cell mediated immune function. The effect of dietary phytoestrogens on the host response
to infection has not been extensively examined. Mice were fed a diet containing soy phytoestrogens and
infected with Mycobacterium avium to establish a chronic infection and inflammatory response. As phy-
toestrogens may act through classical oestrogen receptors (ER), mice deficient in ER ¢ signalling and
wild type mice were evaluated for a panel of Type 1-associated cytokines (IFNy, IL-12 and IL-18) in the
spleen. IFNy production in the spleen was increased approximately 4-fold in ER o-deficient mice fed a
casein-based diet over wild type mice fed a casein-based diet (P < 0-05), suggesting a role for ERa in
suppressing IFNy production. IL-18 levels in spleens of wild type mice were decreased compared to
ERo-deficient mice on a casein diet. Splenic IL-12 and IL-18 levels were not affected in wild type and
ERo~deficient mice on the phytoestrogen containing diets, with the exception that whole soy increased
IL-12 levels in the tissues of ER o deficient mice. We conclude that ER oz and dietary phytoestrogens can
influence production of key regulatory cytokines in response to chronic bacterial infection.
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INTRODUCTION

Dietary soy products have been proposed to be beneficial as
an alternative therapy to oestrogen replacement therapy for
oestrogenic stimulation of postmenopausal women. Soy prod-
ucts also have potent antioxidative activity and are a major
component of the Asian diet. Other potential benefits of
dietary consumption of soy phytoestrogens are decreased risk
of developing breast and prostate cancer as noted in Asian
populations [1,2]. Host immune responses to chronic infec-
tion can resemble immune responses to tumours in many
ways, involving similar protective cell populations and shared
cytokine signalling pathways. There is growing interest in the
potential influence of diet, especially soy phytoestrogens, on
the host immune function including aspects related to tumour
initiation and growth in addition to other potential health
benefits.
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There have been few if any studies of the effects of soy foods
and dietary hormones on modulation of cytokine responses dur-
ing chronic inflammation. Dietary soy phytoestrogens may influ-
ence the differentiation, signalling and actions of numerous cells
of the immune system as the receptor(s) have been identified on
many cell types including lymphocytes and antigen presenting
cells. This is further supported by the correlation between oestro-
gen levels and susceptibility to certain infectious agents in addi-
tion to the mounting evidence linking gender bias in cytokine
responses [3]. Several studies have noted altered gender-specific
Th1/Th2 immune responses attributable in part to signalling via
oestrogen or oestrogen-like compounds. In general, females are
considered more prone towards a Th2 response and males a Th1
response [4,5]. The action of phytoestrogens in the diet is likely
complex with the potential to act either as agonists or antagonists
on signalling through ER pathways. Additionally, higher concen-
trations can inhibit tyrosine kinases, constituents of many signal-
ling pathways in immune cells [6]. Genistein has also been shown
to modulate metabolism of E2 [7]. Collectively, signalling by
dietary phytoestrogens through these pathways may influence the
innate and adaptive immune responses to infection via alteration
of cytokine responses.
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Mouse models of infection have been of great benefit in elu-
cidating immune regulatory mechanisms involved in inflamma-
tory responses to a variety of intracellular and extracellular
pathogens [8]. Infection models with intracellular pathogens
which result in chronic infection allow evaluation of the role of
dietary compounds such as phytoestrogens on the production of
key potential regulatory type I cytokines such as IFNy, IL-12 and
IL-18. To determine whether dietary phytoestrogens, such as
genistein, can alter the cytokine responses to chronic infection
and inflammation, mice were fed diets containing either genistein
or whole soy and then infected with the facultative intracellular
pathogen, Mycobacterium avium. Bacterial growth and levels of
the Thl-associated cytokines, interleukin-12 (IL-12), interleukin-
18 (IL-18) and interferon-y (IFNy) were determined in liver and
spleen tissue. Our studies demonstrate that IFNy production
following chronic bacterial infection is negatively impacted by a
soy- or genistein-based diet. The effects of oestrogen and oestro-
gen-like compounds on IFNy production was influenced by the
presence of one of the key oestrogen receptors identified to date,
ERoa. Importantly, these studies establish a link for further inves-
tigation between ER o and regulation of IFNy production.

MATERIALS AND METHODS

Animals, surgery and diets

C57BL/6 mice heterozygous for the disrupted ERo coding
sequence (ER+/ER-) were maintained as a breeding colony at the
University of Missouri-Columbia [9,10]. All experiments were
conducted according to Animal Care and Use (ACUC) guidelines
as recommended by the National Institutes of Health. Wild type
(ER+/ER +) and homozygous ERaKO (ER-/ER-) animals used
in these experiments were either littermates or age-matched
whenever possible. Mice were maintained at constant tempera-
ture (21°C) and humidity (45%) on a 12 h light/12 h dark cycle.
Animals were supplied with Purina 5053 laboratory mouse chow
and water ad libitum. For ovariectomy, 30 wild type and 30
ERoKO animals were anaesthetized by inhalation of isoflurane,
and bilateral flank incisions were made in the abdominal cavity.
Each ovary was removed, the wound closed, and the animals
allowed to recover for 7 days. After surgery, all animals were
maintained on sterile feed and water until the end of the experi-
ment. At 7 days postsurgery, animals were randomly assigned to
groups of 5 animals each and fed one of the diets described in
Results. The diets were prepared by dry extrusion pelleting at low
temperature and sterilization by gamma irradiation. This experi-
ment was repeated once.

Bacterial infection

M. avium strain 49601 was obtained from American Type Culture
Collection (Rockville, MD, USA) and cultured on Middlebrook
7H11 agar. Smooth transparent colonies were selected and prop-
agated in Middlebrook 7H9 broth enriched with oleic albumin
dextrose catalase (OADC). Bacteria were grown to approxi-
mately 10° CFU/ml, which was determined by plating bacteria on
Middlebrook 7H11 agar. Aliqouts were frozen at —=70°C and used
for infections. Mice were fed their respective diets for 3 weeks and
then infected by intraperitoneal (IP) injection with 10’ CFU of M.
avium in saline. Infected animals were continued on their respec-
tive diets for 60 days under the standard conditions listed previ-
ously. At this time, animals were sacrificed by CO, asphyxiation
under aseptic conditions. Tissues were removed, weighed, and ali-

quots partitioned for bacteriology, histopathology and cytokine
analysis as indicated. Samples for histopathology were fixed in
formalin; samples for cytokine analysis were snap frozen in liquid
N, and stored at —70°C. Liver tissue for bacteriology was weighed,
homogenized, and passed through a 70 um mesh filter; the result-
ing suspension was serially diluted and plated on Middlebrook
7H11 Agar (Remel, Lenexa, KS, USA). Plates were incubated at
37°C for approximately 14 days at which time bacterial colonies
were counted.

Genistein measurements

Serum from individual mice were pooled by genotype and diet
regimen and 100 ul aliquots were combined with an equal volume
of distilled water and then treated with 400 ul ethanol to precip-
itate protein. Samples were vortexed and centrifuged at
3000 r.p.m. for 5 min. A 300 ul aliquot of the supernatant was
combined with 1-5 ml 0-1 M sodium acetate buffer (pH 5-1 con-
taining 0-1% ascorbic acid and 0-01% EDTA) and 1000 units of
beta-glucuronidase HP-2 (Sigma Chemical, St. Louis, MO, USA)
and incubated overnight at 37°C. Samples were acidified with
300 ul 2 N HCI and applied to preconditioned Waters 3 ml C
Sep-Pac-Vac disposable columns. Columns were washed with 2 ml
methanol : 0-1% acetic acid (1:1 v/v) and vacuum dried for
30 min. Genistein was eluted with 4 ml methanol and the sample
eluates taken to dryness. Samples were reconstituted in metha-
nol:water (80 :20 v/v) for HPLC analysis, which was done with a
4-channel ESA CoulArray Model 5600 HPLC detection system
together with an ESA isocratic HPLC pump connected to a
Thermo Separations Products Spectrasystem AS3500 autosam-
pler. Coularray settings were 450, 650, 700, and 875 mV. The sys-
tem was controlled and data acquired and processed using the
CoulArray software on a Pentium-based computer. A Supelco
Discovery HS F5 (15 x 4-6 mm, 5 um) column with a mobile phase
of 50 mM sodium acetate buffer (pH 4-8) : methanol : acetonitrile
(48 :26 :26) was used at a flow rate of 1 ml/minute. Genistein was
purchased from LC Laboratories (Woburn, MA, USA). Primary
standards (500 p.p.m) were prepared in methanol. Working
standards (10, 25, 50, 50 and 125 p.p.b) were prepared in
methanol : water (80 :20). Serum samples spiked with genistein
(100 p.p.b) had recoveries of greater than 85%. The serum sam-
ples were pooled within a single experiment not between exper-
iments and the data is presented as the mean of separate
determinations from 2 different experiments. The SE represents
one-half of the range.

Cytokine assays

The concentration of IFNy, IL-12p70 and IL-18 in spleen homo-
genates was measured by an enzyme-linked immunosorbent assay
(ELISA). Spleen tissue (approximately 40-60 mg) was homoge-
nized in lysing buffer (150 mM NaCl, 15 mM Tris, 1 mM CaCl,,
1 mMm MgCl,, 0-5% Triton-X100; 1 mg spleen/10 ul buffer) on ice,
centrifuged at 3500 x g for 10 min and 100 ul of supernatant was
assayed in triplicate by ELISA assay using commercially available
kits. IFNy and IL-12p70 was analysed using the DuoSet Elisa
Development System (R & D Systems, Minneapolis, MN) accord-
ing to manufacturer’s instructions. IL-18 was analysed using the
OptEIA Mouse IL-18 Set (BD Biosciences, San Diego, CA)
according to manufacturer’s instructions. Cytokine levels from
each group were evaluated statistically using a multifactorial, 2-
way ANOVA with genotype and diet as factors (P < 0-05 was con-
sidered significant).
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Table 1. Composition of experimental diets

Ingredient Suppliert Caseini Casein + Genisteini Whole soy%
Casein* ICN Biomedicals, Aurora OH 200 200 0
Soy protein§ Solae, St. Louis, MO. 0 0 200
Corn starch National Starch and Chemical Co, Bridgewater NJ 3975 3972 396-5
Dyetrose Dyets, Inc., Bethlehem PA 132 132 132
Sucrose Allen Foods, St Louis MO 100 100 100
Cellulose Alphacell, ICN Biomedicals, Aurora OH 50 50 50
Safflower oil ICN Biomedicals, Aurora OH 20 20 20
Corn oil Dyets, Inc., Bethlehem PA 50 50 50
Salt mix AIN 93G, ICN Biomedicals, Aurora OH 35 35 35
Vitamin mix AIN 93VX, ICN Biomedicals, Aurora OH 10 10 10
Choline bitartrate ICN Biomedicals, Aurora OH 2:5 25 2:5
DL-methionine ICN Biomedicals, Aurora OH 3 3 4
Genistein LC Laboratories, Woburn MA 0 03 0

Diets prepared by RS MacDonald, University of Missouri and pelleted by low temperature, dry extrusion. Estimated energy content 4-84 kcal/g. *High
nitrogen casein; §Soy Protein contained 3-03 mg total isoflavones/g which included 1-52 mg genistein-containing compounds/g. The whole soy diet provided
0-3 mg genistein-containing compounds/kg diet. TAll Suppliers are USA. $All values are g/kg.

RESULTS

Circulating phytoestrogen levels achieved through dietary
supplementation

Serum was collected by cardiac puncture at the time of sacri-
fice from M. avium infected mice that had been fed one of the
diets listed in Table 1. Samples were pooled by genotype and
diet regimen and phytoestrogen levels in the serum of the mice
on diets were analysed by HPLC for genistein, one of the major
phytoestrogens in soy (Table 2). Wild type and ERo-deficient
mice on casein-based diet had no detectable genistein in their
serum. Wild type and ERo-deficient mice fed a casein +
genistein diet or wild type mice fed a whole soy diet had levels
of genistein in their serum comparable to those of Japanese
adults consuming a diet traditionally high in soy [11-13]. ERo~
deficient mice on whole soy were not analysed for serum
genistein.

M. avium infection

Bacterial levels in tissues following infection were analysed at
60 days following establishment of chronic infection and the
accompanying focal inflammatory responses typical of mycobac-
terial infection (Figs 1-3). Spleen weights from infected wild type
and ERo-deficient mice on each diet showed dramatically
enlarged spleens when compared to uninfected controls (data
not shown). There were no statistically significant differences (2
way ANOVA, P >0-05) in spleen weights between any of the
groups on the different diets. The majority of mice examined had
typical histological manifestations of infection and resulting local
inflammatory response, including multifocal granulomas and
associated perivascular granulomatous regions in the spleen and
liver (data not shown). Bacterial loads were evaluated in the liv-
ers of mice on the respective diets at 60 days post infection
(Figs 2 and 3). There were no statistically significant differences
in bacterial numbers in the livers of ER o-deficient mice on con-
trol diet versus wild type mice on control diet (Fig.1a) or in
ERo~deficient mice fed dietary soy products relative to wild-type
mice (Figs 2a, 3a).

Table 2. Serum genistein levels in mice on treatment diets. The measure-
ments are the mean of determinations from 2 separate experiments. The
SE represent one-half of the range

Genistein (umol/l)

Genotype Diet Average SE
Wild Type Casein ND

Wild Type Casein + Genistein 0-96 0-262
Wild Type Whole soy 0-41 0-038
ERoKO Casein ND

ERoKO Casein + Genistein 0-41 0-160
ERoKO Whole soy NM

ND, None detected; NM, Not measured.

Loss of ERa. signalling modulates IFNy and 1L-18 production
in M. avium infected mice

Immunological control of mycobacterial infection requires IFNy
production by CD4 and CDS8 T cells and NK cells [14-17]. Both
mice and humans lacking IFNy production or signalling are more
susceptible to mycobacterial infection [18,19]. To determine the
effects of dietary soy (or genistein) on cytokine production in
response to chronic infection and inflammation, we measured
IFNy production in wild type and ERa-deficient mice infected
with M. avium. IFNy production in the spleen was increased
approximately 4-fold in ER a-deficient mice fed a casein-based
diet over wild type mice fed a casein-based diet (P <0-05), sug-
gesting a role for ER in suppressing IFNy production (Fig. 1b).
Diminished IFNyin spleens of wild type mice was not however,
associated with higher bacterial loads in the liver of wild type
mice compared to ERa-deficient mice on a casein diet (Fig. 1a).
IL-12 and IL-18 contribute to IFNyproduction in response to M.
avium infection of resistant mice [20]. Splenic IL-18 levels were
significantly increased in ERo-deficient versus wild type mice
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Fig. 1. Mycobacterial counts and cytokine production in M. avium infected wild type and ERaKO mice fed a nonestrogenic casein diet.
Ovariectomized wild type and ERaKO were fed a casein diet for three weeks and then infected with 1 x 107 CFU of M. avium for 60 days.
Diets were continued during the entire infection period. Liver tissue was collected and bacterial load (a) determined by plating serial
dilutions of macerated liver tissue. Spleen tissue was collected and frozen at —70°C. Aliquots were macerated and analysed for (b) IFNy,
(c) IL-12 and (d) IL-18 production by ELISA. Values represent the average of the values for individual mice in a treatment group, with
error bars representing the standard error of the mean. The number of animals evaluated is listed in each column. Mean differences were
evaluated statistically using a multifactorial, 2-way ANOVA with genotype and diet as factors (*P < 0-05).

(Fig. 1d) (P < 0-05). There was no effect of diet and no significant
interactions between genotype and diet. These data suggest 1L-18
may in part be responsible for the increased IFN yin the spleens of
ERo-deficient mice following infection (Fig.1d). IL-12 levels
appeared to be inversely correlated with IFNy in ERo-deficient
versus wild type mice at this time point (Fig. 1c). IL-12 alternative
pathways have been described in murine mycobacterial infection
models.

Soy phytoestrogens modulate IFN'y production in M. avium
infected mice

Estrogens have been shown to modulate IFNy expression in var-
ious model systems [21-25]. We hypothesized that dietary phy-
toestrogens may also influence IFNy production and the
inflammatory response to mycobacterial infection. To test this, we
infected wild type and ERo-deficient mice fed a casein, casein
plus genistein, or whole soy diet with M. avium and measured
IFNy, IL-12,IL-18 in spleen, and bacterial load in the liver to con-
firm infection. Consumption of phytoestrogen containing diets
significantly reduced IFNyproduction in spleens of ER a-deficient
mice (P <0-05; Fig. 3b), indicating phytoestrogen signalling, pos-
sibly through ERf, may have a role in regulating IFNy produc-
tion. Soy diets also slightly reduced IFNy production by wild type

spleen cells (Fig. 2b), suggesting the presence of ER o in wild type
mice plays a role in diminished IFNyproduction. IFNyproduction
in ERo~deficient mice fed soy-containing diets was not correlated
with increased mycobacterial load in the liver (Fig.3a). Splenic
IL-12 and IL-18 levels were not affected in wild type and ER o~
deficient mice on the phytoestrogen containing diets (Fig. 2c, 2d,
3c,d), with the exception that whole soy increased IL-12 levels in
the tissues of ER a-deficient mice (Fig. 3c).

DISCUSSION

Soy isoflavones are weak oestrogens that may alter the effect of
endogenous sex steroids on immune function. In this series of
studies, we demonstrate that IFNy production during chronic
infection was significantly higher in mice deficient in one of the
major oestrogen receptor signalling pathways (ERa-deficient
mice) compared to wild type mice across all of the diets. The effect
of loss of signalling via ERo was particularly apparent in the
casein control diet. This result is in contrast with studies in
uninfected mice in which oestrogen treatment increased IFNy
production by concanavalin-A-stimulated splenocytes from ova-
riectomized C57BL6 mice [22,23]. However, in a model of exper-
imental colitis, 17p-oestradiol treatments of CS57BL6 mice

© 2004 Blackwell Publishing Ltd, Clinical and Experimental Immunology, 135:219-225
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Fig. 2. Mycobacterial counts and cytokine production in M. avium infected wild type mice fed a casein-, casein + 300 mg/kg genistein-, or
a whole soy-based diet. Ovariectomized wild type mice were fed one of the above diets for three weeks before infection with 1 x 10’ CFU
of M. avium. Diets were continued during the entire infection period (60d). Liver tissue was collected and bacterial load determined by
plating serial dilutions of macerated liver tissue (a). Spleen tissue was analysed for (b) IFNy, (¢) IL-12 and (d) IL-18 production by ELISA.
Values represent the average of the values for individual mice in a treatment group, with error bars representing the standard error of the
mean. The number of animals evaluated is listed in each column. Mean differences were evaluated statistically using a multifactorial, 2-

way ANOVA with genotype and diet as factors (*P < 0-05).

decreased IFNyexpression in colonic tissue [21]. The basis for the
differences could be related to several factors including the dose
and duration of treatment in addition to the specific tissue and cell
type(s) involved. Nonetheless, our findings support a role for
ERo in regulating the production of IFNy during the course of a
chronic bacterial infection and inflammation. Ovariectomized
mice have relatively low levels of circulating 17f-oestradiol
(< 10 pg/ml), suggesting either the repression of IFNy production
mediated by ER o is extremely sensitive to 17 -oestradiol or unli-
ganded ERa can mediate this effect. Interestingly, NFxB regu-
lates IFNytranscription and has been shown to interact with ERs
(reviewed in [26]), however, interaction of NF«xB with ER has not
previously been shown to modulate IFNy.

In addition to the effects of loss of signalling via ER cc on IFNy
production, we also demonstrated that dietary phytoestrogens,
such as genistein and soy can modulate the cytokine response to
chronic bacterial infection and inflammation in mice. Secretory
IFNy production in the spleen was reduced on a soy-based diet
and by the addition of genistein to a casein-based diet. The effect
of a soy-based diet was the same whether genistein was added to
the casein diet or part of the whole soy diet. This response was

exacerbated in ER a-deficient mice relative to wild type mice. The
observed decrease in IFNy production by infected ER o-deficient
mice fed soy phytoestrogens was likely mediated via ERf given
the relative affinity of genistein for ER3 over ERa. However, we
cannot exclude the possibility that genistein may be acting
through a novel ER.

To further define cytokine networks involved in controlling
chronic bacterial infection in mice we measured two cytokines,
IL-12 and IL-18, which have important regulatory roles in pro-
duction of IFNy by T-cells, B-cells and NK cells [27,28]. M. avium
infection of genetically susceptible BALB/C mice is associated
with diminished IL-12, IL-18 and ensuing IFNy production and
Th1 responsiveness, whereas DBA/2 mice resistant to M. avium
infection exhibit increased production of IL-12, IL-18 and IFNy
[20]. In our studies IL-18 levels, but not IL-12 levels, correlated
with elevated IFNy production in chronically infected ERo-
deficient mice relative to wild type mice. IL-12p70 independent
pathways, primarily involving IL-23 have been described in M.
avium infected mice [29]. To our knowledge, oestrogen-signalling
pathways have not been reported to modulate IL-18; however,
these data suggest that signalling through ER-o may play a role in

© 2004 Blackwell Publishing Ltd, Clinical and Experimental Immunology, 135:219-225
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(*P <0:05).

secretory IL-18 production. In contrast to the action of genistein
on IFNy levels, however, phytoestrogen signalling through ERf
did not alter IL-18 levels. IL-18 synergizes with IL-12 to stimulate
IFNy production [27] and increased IL-18 secretion may be suffi-
cient to support the greater IFNy levels in chronically infected
ERo-deficient mice.

Collectively, these results suggest that dietary soy isoflavones,
such as genistein, may impact resistance or susceptibility to infec-
tion. Interestingly, an epidemiological study reported that the
vegetarian diet of Asian immigrants in the United Kingdom was a
risk factor for tuberculosis [30]. Although, the mechanism behind
the increased risk of tuberculosis was not determined, the authors
speculated that vitamin D deficiency may in part be responsible.
Other dietary factors, such as the phytoestrogen content, were not
ruled out. A multitude of natural plant products have been tested
for antimycobacterial activity in vifro and many have been used as
traditional medicines [31-33], but to our knowledge, phytoestro-
gens have not been tested extensively for these activities either in
Vitro or in vivo.

Consumption of soy products in dietary supplements and soy-
based infant formula can result in serum levels of phytoestrogens

that are actually higher than serum levels in Asian diets [13]. There
have been few studies on the immune modulatory effect of soy
products. Yellayi ez al. [11] showed that injection of genistein into
ovariectomized female mice resulted in dramatic reduction in the
size of the thymus as well as the percentage of CD4*CD8" thy-
mocytes. In this study, dietary supplementation of genistein pro-
duced significant decreases in thymic size, although not as great as
with injected genistein. However, in other studies orally adminis-
tered genistein resulted in an increased CTL and NK cell activity
that was correlated with inhibition of tumour growth [34]. More-
over, dietary supplementation of daidzein, another phytoestrogen
in soy, resulted in enhanced thymus weight and phagocytic activity
by macrophages [35]. Together, our results and the studies listed
above suggest that dietary oestrogens play a role in modulation of
cell-mediated immunity and type I inflammatory responses and
may be a factor in disease resistance and susceptibility.
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