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(ABSTRACT)

Octylphenol and genistein are two of the growing list of endocrine
disrupting chemicals found in the environment that mimic estrogen in
reproductive tissue both in vitro and in vivo.  It is well established that
endogenous estrogens modulate not only the reproductive system, but also the
immune system.  However, the effects of many endocrine disrupting chemicals,
such as octylphenol and genistein, on the immune system have yet to be
determined.  Preliminary studies on short-term treatment with genistein (0.6 mg)
and octylphenol (10 mg) showed that the thymus of orchiectomized
(NZBxNZW)F1 males is sensitive to these agents.  Further studies focused on the
effects of short-term treatment of octylphenol on the morphology and function of
the thymus in adult, reproductively intact non-autoimmune C57BL/6 and pre-
autoimmune (NZBxNZW)F1 males.  Oral dosing of 0.1 mg, 1 mg, or 10 mg of
octylphenol 3 times a week for 3 weeks did not affect the morphology or function
of the thymus as assessed by its weight, thymocyte cellularity, proportion of
immature and mature thymocytes, level of apoptosis, apoptotic rates of
stimulated thymocytes, and proportion of mature T cells in the spleen.
Furthermore, oral dosing of 0.1 mg, 1 mg, or 10 mg of octylphenol did not result
in estrogenic changes in the reproductive tract in our model.  Subcutaneous
injection of 10 mg of octylphenol resulted in skin lesions that confounded the
assessment of its affects on the thymus.  Further studies are needed to
definitively determine the effects of octylphenol on the immune system of both
males and females of various ages and to determine the effect of long-term
exposure.
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Chapter 1

Introduction, Rationale, and Literature Review

a.) Introduction and Rationale
Estrogen affects not only the reproductive system, but also the immune,

cardiovascular, and central nervous systems (Grossman, 1984; Ansar Ahmed et
al., 1985a; Olsen and Kovacs, 1996; Beyer, 1999; Mendelsohn and Karas, 1999).
Estrogen has been shown to induce thymic atrophy, alter B cell and T cell
mediated immunity, and accelerate the onset of autoimmune disease (Grossman,
1984; Ansar Ahmed et al., 1985a; Olsen and Kovacs, 1996).  Exposure to estrogens
can occur through endogenous estrogen, such as 17β-estradiol; through synthetic
compounds, such as diethylstilbesterol, oral contraceptives, or estrogen
replacement therapy; or through environmental estrogenic compounds, such as
pesticides, surfactants, phytoestrogens, and industrial chemicals.  These
environmental chemicals that have been shown to mimic estrogen in the body
are called environmental estrogens.  Environmental estrogens are part of a
broader category of chemicals known as endocrine disrupting chemicals (EDC),
which are able to disrupt the endocrine system by mimicking, antagonizing, or
altering the signaling of any hormone.  Octylphenol, a surfactant, and genistein,
a phytoestrogen, are two EDCs that have been shown to mimic estrogen in
reproductive tissue both in vitro and in vivo tissue (Mueller and Kim, 1978; Arts
and Van Den Berg, 1989; Whitten et al., 1993; White et al., 1994; Levy et al., 1995;
Blake and Boockfor, 1997; Blake and Boockfor, 1997; Coldham et al., 1997).  Both
octylphenol and genistein have also been shown to alter cellular responses in
ways estrogen does not.  For example, octylphenol was toxic to splenocytes in
vitro, while estrogen was not, and genistein inhibits tyrosine kinase activity in an
estrogen receptor independent manner (Piontek, et al., 1993; Boutin, 1994; Nair-
Menon et al., 1996).  Therefore, both of these compounds have the potential to
effect the immune system through their estrogenic and non-estrogenic activity.
Thus far, there are no reported studies on the short-term effects of octylphenol or
genistein on the immune system.  These initial studies attempt to bridge this gap
in the literature.  The aim of these studies is to determine the
immunomodulatory effects of short-term exposure to octylphenol and genistein
on adult male mice, focusing especially on the effects of octylphenol treatment on
the thymus of normal (C57BL/6) and pre-autoimmune (NZBxNZW)F1

reproductively mature male mice.
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b) Literature Review
Estrogen

Structure and Function: Estrogen, like all steroid hormones is derived
from the parent compound cholesterol.  All steroid hormones are derived from a
cyclopentanoperhydrophenanthrene nucleus.   Estrogens, 18 carbon compounds
(C18), are derived from the 19 carbon (C19) androgen compounds by the
removal of the methyl group at carbon 10 leading to the characteristic aromatic
ring A (Gower, 1979).

The ovaries are the main source of estrogen in pre-menopausal women,
while the adrenals produce small amounts of estrone. In men the testis are a
main source of estrogen.  Furthermore, peripheral tissues are able to utilize
plasma 4-androstenedione and testosterone to produce estrogen in men and
women, and peripheral tissue is the main source of estrogen in post-menopausal
women (Gower, 1979).

In the ovaries, the thecal and granulosa cells are the principle cells in
which estrogen is synthesized from cholesterol(Fig. 1.1).  Cholesterol is
synthesized into the androgens: androstenedione and testosterone.  The
testosterone and androstenedione are then converted into estradiol (E2) and
estrone (E1), respectively, by an aromatase.  The cholesterol to androgen
pathway occurs in the thecal cells.  The androgens can then be transferred to the
granulosa cells, transformed into estrogen, and the estrogen utilized locally.
Alternatively, the androgens can be converted to estrogen in the thecal cells and
released into circulation (Kettyle and Arky, 1998).  The estrogens, estradiol and
estrone, can be interconverted by 17β-hydroxysteroid oxidoreductase (Kettyle
and Arky, 1989).  Furthermore, estrone can then be hydrated to form estriol (E3)
(Gower, 1979; Kettyle and Arky, 1989).

Estrogen is classified as a female sex hormone because it is required for
the maturation of the female reproductive tract.  It is necessary for the
development of the vagina, uterus, and fallopian tubes and it stimulates the
growth of the endometrial lining of the uterus, vaginal secretions, and cervical
mucus.  However, it also has many other functions in the body.  It is involved in
lipid metabolism, calcium metabolism, and blood coagulation (Kettyle and Arky,
1998).  Furthermore, it modulates the central nervous system, cardiovascular
system, and the immune system, and has been shown to be necessary for proper
function of the male reproductive system in estrogen receptor knock-out mice
(Hess et al., 1997; Couse and Korach, 1998).
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Estrogen Receptor: Estrogen receptors are thought by some to be localized
in the cytosol.  Estrogen crosses the plasma membrane and binds to the
cytoplasmic receptor in two steps.  First a hydrogen bond is formed between the
C3 hydroxl group on estrogen and a side chain in the receptor-binding site.
Then, estrogen is stabilized by a hydrogen bond between the D ring and the
receptor (Raynaud et al., 1985; Anstead and Kym, 1995).  The receptor-estrogen
complex is then transported into the nucleus.  In the nucleus, the receptor-
estrogen complex is able to act as a nuclear transcription factor by binding to
estrogen-response elements of the DNA.  This binding can facilitate the assembly
of transcription complexes, thus influencing the transcription of DNA. Two
separate estrogen receptors have been identified and characterized, estrogen
receptor-alpha (ERα) and estrogen receptor-beta (ERβ).  In humans the DNA-
binding domain and the ligand binding domains are highly conserved between
ERα and ERβ.  However, the hinge region, F domain, and A/B domains of the
receptors are not conserved (Mosselman et al., 1996).

Estrogen receptors are not only localized to reproductive tissue, but are
also found in immune cells and other tissue.  ERβ  has been found in the ovaries,
testis, spleen and thymus of adult humans (Mosselman et al., 1996) and ovaries,
testis, adrenals, spleen, thymus, pituitary gland, skin, lung, kidney, and brain
cortex in the human fetus (Brandenberger et al., 1997).  ERα has also been found
not only in reproductive tissues such as the ovaries, uterus, and testis, but also in
the spleen (Brandenburger et al., 1997).  In the thymus, the ER (presumably
ERα) has been localized to epithelial cells (Grossman et al., 1979; Nilsson et al.,
1986; Kawashima et al., 1991), lymphocytes (Kawashima et al., 1992), and
lymphoblastoid cells (Gulino et al., 1985).  Some studies have linked thymulin
production and estrogen receptors to the same epithelial cells and suggest that
thymulin production, which stimulates thymocyte differentiation and
maturation, is a mechanism for sex hormone regulation of the immune system
(Sakabe et al., 1990; Kawashima et al., 1991).  In the spleen, the ER (presumably
ERα) has been localized the CD8+ T lymphocytes (suppressor/cytotoxic T cells)
subpopulation, but not to CD4+ T lymphocytes (helper T cells) subpopulation
(Cohen et al., 1983; Ansar Ahmed, 1985; Stimson, 1988).  Furthermore, the
estrogen receptor has been found in blood mononuclear cells (Weusten et al.,
1986).

Endocrine Disrupting Chemicals
Estrogens exist not only as natural compounds in our body or synthetic

compounds for therapeutics use, but also as endocrine disrupting chemicals in
the environment.  Endocrine disruptors are abundant in the environment and
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many compounds are continually being added to this category.  They can be
found in detergents and surfactants (Octylphenol, Nonylphenol), plants as
phytoestrogens (Genistein, Coumesterol), pesticides (Dichlorodophenyl-
trichloroethane (DDT), Methoxychlor, Dieldrin, Toxaphene), industrial chemicals
(polychlorinated biphenyls (PCBs), 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD))`,
plastics (Bisphenol A, Octylphenol), and in fungal metabolites (Zearalenone).

A subset of EDCs act through the estrogen receptor and mimic estrogen.
They are classified by some as environmental estrogens.  Many of these EDCs are
not structurally related to 17-β-estradiol, an endogenous estrogen. Nevertheless,
they exhibit estrogenic effects both in vitro and in vivo. They are able to bind to
the estrogen receptor, translocate the receptor from the cytoplasm to the nucleus,
bind to estrogen response elements, and induce the synthesis of estrogen
receptor-regulated proteins (Danzo, 1998; Gray, 1998).  Many of the
environmental estrogens, such as the alkylphenols, methoxychlor, DDT,
bisphenol A, and chlordecone, compete with 17β-estradiol for the binding of
both ERα and ERβ with a similar preference and degree (Kuiper et al, 1998).    In
contrast, some of the phytoestrogens, such as genistein, coumesterol, apigenin,
naringenin, and kaempferol, compete stronger with 17β-estradiol for the binding
of ERβ  than ERα (Kuiper et al, 1998).  Environmental estrogens are also able to
bind to hormone binding proteins, generally with lower binding affinities than
estrogen (Nagel et al, 1998, 1999).  However, because the environmental
estrogens have lower binding affinities for the hormone binding proteins, they
have enhanced access to estrogen receptor in serum (Nagel et al, 1998, 1999).  In
vivo, they increase uterine weights, reduce pregnancy rates and litter sizes, and
alter the development of the reproductive tract and sexual behavior (Cummings,
1997).  The EDCs are generally less potent than 17-β-estradiol; however, they are
generally more stable in the environment and have been shown to accumulate in
body fat (Zhu and Norstrom, 1993).  Furthermore, progeny may be exposed
during pregnancy or through colostrum/milk intake.  The global distribution of
EDC exposure is evident from the observation that polar bears, seals, and
humans in the arctic geographic region have elevated levels of EDCs in their
body fat, even though no direct exposure has been noted (Zhu and Norstrom,
1993).

Studies in Wildlife: Studies on wildlife populations have shown
reproductive changes associated with exposure to endocrine disrupting
chemicals.  In the Great Lakes, which is polluted with endocrine disrupting
chemicals, they have noted feminization, decreased fertility, diminished hatching
rates, and aberrant sexual behavior in the fish and birds (Fry and Toone, 1981;
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Morrison et al., 1985).  Furthermore, reproductive tract abnormalities have led to
a decrease in progeny of alligators in Lake Apopka, Florida, which is also
contaminated with endocrine disrupting chemicals (Guillette et al., 1994).

Studies in Laboratory Animals: Extensive studies in laboratory animals
have clearly shown the effects of EDCs on the reproductive system and other
tissues.  Administration of methoxychlor, an estrogenic compound in pesticides,
causes increased reproductive tract weight, hypertrophy of epithelial cells in the
vagina and the uterus, and an increase in gestation period in rodents (Swartz and
Corkern, 1992; Walters et al., 1993; Swartz et al., 1994).  Premature aging of the
mammary gland was noted in rats exposed to nonylphenol, bisphenol A, estrone,
or diethylstilbesterol (DES) (Holland and Roy, 1995, 1996; Colerangle and Roy,
1995a, 1995b, 1997).  Also, it has been shown that p,p’-DDE, an estrogenic
metabolite of DDT, inhibits the effects of androgens in adult, prepubertal, and
developing rats by blocking the binding of androgen to the androgen receptor
and thus the transcriptional activity induced by androgens (Kelce et al., 1995).  In
other tissues, it has been shown that bisphenol A results in a higher incidence of
multinucleated hepatocellular giant cells in male mice (Nat Tox Program, 1982).

Studies in Humans: Due to EDC’s adverse effects on laboratory animals
and their association with reproductive changes in wildlife, a linkage between
EDC and adverse health effects in humans is being investigated.  These
estrogenic chemicals are suspected in the increase in the incidence of testicular
cancer, hypospadias, and cryptorchidism (Toppari et al., 1996); decreased quality
of sperm; decline in sperm counts (Carlsen et al., 1992); and increased incidence
of breast cancer in women (Bradlow et al, 1996).  In vitro, DES, nonylphenol, and
bisphenol A result in telomeric associations and chromatid breaks in the human
breast cancer cell line, MCF-7 (Banerjee and Roy, 1996).  Furthermore, in vivo,
prenatal exposure to DES is associated with increased incidence of vaginal
adenocarcinomas (Herbst et al., 1971).  The duration of lactation in women has
been shown to decrease as the concentration of DDE in the milk increases (Rogan
et al., 1987; Gladen and Rogan, 1995), and neurotoxicologic effects were reported
in children exposed to PCBs (OTA, 1990).

Octylphenol: Alkylphenol ethoxylates (APEO) are precursors to
alkylphenols, such as octylphenol and nonylphenol, which are classified as
endocrine disrupting chemicals.  APEOS are nonionic surfactants that comprise
25% of the total nonionic surfactant production in the United States (Nimrod and
Benson, 1996).  It was estimated that 300,00-600,00 tons/year of APEOs are
produced worldwide (Chemical Manufacturers Assoc., 1994).  They are found in
industrial and domestic detergents, paints, pesticides, herbicides, laboratory
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reagents, and shampoos (Giger et al., 1984; White et al., 1994; Cserhati, 1995).
Alkylphenol ethoxylates are broken down slowly by progressive shortening of
the ethoxylate chain to form alkylphenoxyacetic acids, alkylphenol
monoethoxylates, and finally alkylphenols, such as octylphenol and nonylphenol
(Giger et al., 1984).  Alkylphenols have been found as breakdown products of
APEOs in effluent from sewage treatment plants and in the aquatic environment
such as river sediment.  Furthermore, alkylphenols were detected in rats exposed
to APEOs, suggesting the breakdown of APEOs can occur in the body (Knaak et
al., 1966; Giger et al., 1984).  Not only are alkylphenols breakdown products
APEOs, but they are also mass produced to be used in the production of APEOs
and as antioxidants in clear plastics.  Alkyphenols are degraded slowly and are
able to bioaccumulate because of their lipid solubility (Nimrod and Benson,
1996).

Since the 1930s, it has been known that alkylphenols are estrogenic, and
recent in vitro studies have found 4-tert-octylphenol (octylphenol) to be the most
potent estrogenic alkylphenol (White et al., 1994).  In vitro, octylphenol stimulates
proliferation of human breast cancer cells and chicken embryonic fibroblasts
transfected with the murine estrogen receptor, stimulates production of estrogen-
responsive vitellogenin in male trout hepatocytes, and increases the expression
of the estrogen-responsive prolactin gene in rat anterior pituitary cells (Mueller
and Kim 1978; Soto et al., 1992; Jobling and Sumpter, 1993; White et al., 1994;
Abraham and Frawley, 1997; Nagel et al., 1997).  Octylphenol had been shown to
mediate its estrogenic effects through the estrogen receptor binding to a similar
region as 17-β-estradiol (White et al., 1994).  Octylphenol also has effects on the
cardiovascular system, similar to endogenous estrogen.  It has been
demonstrated that in vitro octylphenol is able to inhibit the L-type Ca2+ channels
in vascular smooth muscle cells and evoke rapid, endothelium-independent
relaxation of coronary vasculature similar to estrogen (Ruehlmann et al., 1998).
Octylphenol stimulates estrogen-dependent uterine growth in prepubertal rats
and stimulates vitellogenin synthesis in male trout with concomitant inhibition
of testicular growth (Bicknell et al., 1995; Jobling et al., 1995).  Adult male rats
exposed to octylphenol had decreased hematocrit, food consumption, and body
weight gain and increased anterior pituitary/body weight ratios and prolactin
levels (Blake and Boockfor, 1997).  An extension of these studies showed
octylphenol has adverse effects on the male reproductive system. This includes a
decrease in sperm counts with an increase in tail and head abnormalities and an
adverse effect on the size, weight, and histological structure of the testis,
epididymides, ventral prostate gland, seminal vesicles, and coagulating gland
(Boockfor and Blake, 1997).  Furthermore, prenatal exposure to octylphenol has
resulted in a decrease in testicular size and daily sperm production and a
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decrease in the mRNA and protein levels of p450c17 in fetal leydig cells which is
necessary for testosterone production (Sharpe et al., 1995, Majdic et al., 1996).

Genistein: Genistein is a phytoestrogen that is found in soy, alfalfa, clover,
and other plants.  By definition, phytoestrogens are compounds that are
structurally or functionally similar to estrogen or are able to produce estrogenic
effects.  They are, therefore, classified as endocrine disrupting chemicals.
Phytoestrogens are categorized as either lignans or isoflavonoids.  The
isoflavonoids are then divided into three sub-categories: isoflavones, isoflavans,
or coumestans.  Genistein is an isoflavone and comes from the plant precursor
formononetin.  Soybeans contain ~0.2-1.6 mg/g dry of isoflavones and clover can
contain up to 5% dry weight of isoflavones (Adams, 1995; Kurzer and Xia, 1997).
Also, alfalfa contains a small amount of isoflavones, and whole grain, potatoes,
fruits, and vegetables all contain detectable levels of isoflavonoids, with
isoflavones as the most prevalent group (Adams, 1995; Adlecreutz and Mazur,
1997).

In 1946, Bennetts et. al. first described the clinical manifestation of
overexposure to isoflavones, specifically clover.  Ewes that grazed in clover-rich
fields exhibited prolapsed uteri, low lambing rates, enlargement of the bulbo-
urethral glands, sterility, and death (Bennetts et al., 1946).  Since then, many
other cases have been reported.  Heifers grazing in red clover rich fields
developed 35% longer teats and exhibited an accumulation of fluid in the vagina
and uterus (Nwannenna et al., 1994).  Furthermore, ovarian cysts, irregular
estrus, and anestrus have been noted in cattle exposed to phytoestrogens
(Adams, 1995).  The level of phytoestrogens in the forbs, a plant found in the
breeding grounds of California quail, was shown to effect the breeding of the
quail (Leopold et al., 1976).  In dry years, the forbs contained significantly higher
levels of genistein and formononetin than in the wet years, and higher levels of
genistein and formononetin led to decreased breeding (Leopold et al., 1976).
High levels of genistein and daidzein, another isoflavone, were also linked to
high mortality due to liver problems and low fertility in North American captive
cheetahs (Setchell et al., 1987).  The commercial diet fed to the cheetahs contained
5-13% soy protein, which led to ~1 mg/kg/day of phytoestrogens.  When the
diet was changed to a chicken based diet, the liver conditions improved, thus
mortality decreased, and females became pregnant (Setchell et al., 1987).  Wildlife
and livestock are not the only animals exposed to such high levels of
phytoestrogens.  Studies have shown that infants fed only soy formula may
consume 6-9 mg/kg/day and adult vegetarians and Asians consume 0.3-1.2
mg/kg/day on average of phytoestrogens (Barnes, 1995; Setchell et al., 1997).
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Both in vitro and in vivo studies have demonstrated the estrogenicity of
genistein.  Based on in vitro binding affinity assays with ERα, genistein is the
second most estrogenic phytoestrogen, the most estrogenic being coumesterol
(Arts and Van Den Burg, 1989; Coldham et al., 1997).  However, binding affinity
assays utilizing ERβ  have found that coumesterol and genistein compete equally
with 17β-estradiol for ERβ  binding (Kuiper et al, 1998).  Genistein has also been
shown to be estrogenic in vivo in laboratory animals.  In rodents genistein caused
cornification, metaplasia, and delayed opening of the vagina (Whitten et al., 1993;
Levy et al., 1995) and increased duct development in mammary tissue
(Lamartiniere et al., 1995).  Furthermore, genistein decreased birth weights,
increased the ano-genital distance in males (Levy et al., 1995), altered lutenizing
hormone levels (Faber and Hughes, 1991), and enlarged the sexually dimorphic
nucleus in the preoptic area of the hypothalamus (Faber and Hughes, 1991).

Genistein is also considered a chemopreventative agent for breast cancer.
Genistein is able to prevent the development of chemically or irradiation-
induced tumors in mammary of mice (Messina et al, 1994).  This may seem
contradictory to the estrogenic effects of genistein; however, in breast cancer cell
lines, genistein has been shown to have biphasic effects.  Above 10 µM genistein
has an antiproliferative effect in both ER+ and ER- cell lines and below 10 µM
genistein has a proliferative effect (Wang and Kurzer, 1997; Zava and Duwe,
1997).  It is believed that the chemopreventative effects of genistein are mediated
through the estrogen receptor (Messina et al, 1994; Kurzer and Xu, 1997; Kuiper
et al, 1998).  Genistein has a low binding affinity for the estrogen receptor and
may compete with estrogen for receptor sites without inducing the signals that
estrogen would induce.  Alternative mechanisms for the chemopreventative
effects, such as the inhibition of tyrosine kinase activity, have also been proposed
(Messina et al, 1994; Kurzer and Xu, 1997; Kuiper et al, 1998).

Genistein has also been to shown to have effects that are not mediated
through the estrogen receptor.  In vitro, genistein is able to stimulate the
synthesis of hormone binding globulin, which can possibly lead to a decrease in
circulating hormones in vivo (Adlercreutz et al., 1992).  In the ovaries, the
aromatase enzyme activity, which converts androgens to estrogens, is inhibited
by genistein and other phytoestrogens, equol and biochanin A (Wang et al., 1994;
Pelissero et al., 1996; Chen et al., 1997).  The 17β-hydroxysteroid oxidoreductase
Type I, which converts estrone to estradiol, was also shown to be blocked by
genistein (Franke and Custer, 1994).  Furthermore, genistein also inhibits tyrosine
protein kinase, which phosphorylates tyrosine residues such as growth factors
involved in proliferation (Piontek et al., 1993; Boutin, 1994), and DNA
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topoisomerases I and II, which are essential for DNA replication (Okura et al.,
1988; Kurzer and Xia, 1997).

Estrogen and Estrogenic Chemicals and the Immune System
Gender Differences: Gender differences in B cell and T cell mediated

immunity are well established (Grossman, 1984; Ansar Ahmed et al., 1985a;
Olsen and Kovacs, 1996). Females typically have stronger primary and secondary
B-cell-mediated responses to a variety of antigens, and higher levels of serum
immunoglobulins (Butterworth et al., 1967; Ansar Ahmed et al., 1985a; Olsen and
Kovacs, 1996).  Furthermore, women have increased CD4+ T cell numbers in the
peripheral blood (Amadori et al., 1995; Olsen and Kovacs, 1996).  In fact, a
decrease in CD4+/CD8+ T cell ratio in the peripheral blood with an increase in
the absolute number of lymphocytes and in the percentage of CD8+ lymphocytes
was demonstrated in women with estrogen deficiencies when compared with
normal controls (Hoet al., 1991).  Differences in cytokine production have also
been noted between genders.  Interferon- (IFN-) γ and interleukin- (IL-) 4
production is higher in lymph node cells from female mice than males mice
(Sarvetnick and Fox, 1990; Araneo et al., 1991).  In normal mice, IL-4 production
is increased in splenocytes during pregnancy (Dudley et al., 1993).  IL-1 is also
elevated in females compared to males in peritoneal macrophages in rats (Hu et
al., 1988) and mononuclear cells and urinary secretions in humans (Lynch et al.,
1994).  Furthermore, females exhibit increased resistance to a variety of bacterial,
viral, and parasitic infections (Willoughby and Watson, 1969; Rifkind, 1972;
Ansar Ahmed et al., 1985a; Ansar Ahmed and Talal, 1990; Homo-Delarche et al.,
1991).

Estrogen Treatment: Both in vivo and in vitro studies show that estrogen
and estrogenic chemicals are able to modulate the immune system.  Estrogen
may have varied effects on B cells, depending upon the stage of cell
development.  Clonal expansion of B cell precursors in the bone marrow is
suppressed by estrogen (Mazuzawa et al., 1994; Medina and Kincade, 1994;
Smithson et al., 1995), while maturation of B cells is increased (Homo-Delarche et
al., 1991; Home-Delarche and Durant, 1994).  Furthermore, long-term estrogen
treatment in normal mice induces a hyperactivity of splenic B cells that is
characterized by increased production of autoantibodies to mouse erythrocytes
(Ansar Ahmed et al., 1989), dsDNA (Verthelyi and Ansar Ahmed, 1994),
phospholipids (Ansar Ahmed and Verthelyi, 1993; Verthelyi and Ansar Ahmed,
1997), and an increased output of autoantibodies from plasma cells (Verthelyi
and Ansar Ahmed, 1998).  Also, studies have shown that chlordecone, an
estrogenic pesticide, increases antibody-forming cells in the spleen (Chetty et al.,
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1993), and DDT, another estrogenic pesticide, suppresses anti-sheep red blood
cell (RBC) antibodies in rats (Konner et al., 1998).

In T cell cultures, estrogen has been shown to increase the CD4+ T cell
subset, facilitate T cell maturation, and enhance T helper functions (Muller et al.,
1995; Olsen and Kovacs, 1996).  Conversely, both in vivo and in vitro studies have
shown that estrogen inhibits T suppressor cell activity from splenic lymphocytes
(Paavonen et al., 1981; Ansar Ahmed et al., 1985a; Schuurs and Verheul, 1990).
The increase in the ratio of CD4+:CD8+ T cells in females is also seen with
estrogen treatment or castration in males, and the increase can be reversed by
treatment with androgens (Olsen et al., 1991). Estrogen treatment also results in a
shorter duration for graft rejection, which is thought to result from either an
increase in T helper and inducer populations or a decrease in T suppressor and T
cytotoxic cell activity (Olsen and Kovacs, 1996).  In contrast, DDT treatment
resulted in decreased delayed-type hypersensitivity in rats (Konner et al., 1998).

Both in vivo and in vitro studies have shown that estrogen also alters
cytokine expression.  T cell clones from multiple sclerosis patients exposed to 17-
β-estradiol exhibited a dose dependent increase in IFN-γ and IL-10 production
and a biphasic production of tumor necrosis factor (TNF) (Gilmore et al., 1997).
High doses of 17-β-estradiol caused a decrease in TNF production and low doses
of 17-β-estradiol caused an increase in TNF production.  In these T cell clones, IL-
4 and TGF-β  production was not altered by estradiol exposure (Gilmore et al.,
1997).  Murine studies have shown found that IL-2 and IFN-γ production was
increased in splenocytes from castrated C57BL/6 males stimulated with
conconavalin A (Con A) when compared to intact males (Viselli et al., 1995).  In
contrast, a similar study in splenocytes from C3H mice stimulated with anti-CD3
did not find any changes in cytokine production (Araneo et al., 1991).  In vivo
administration of tamoxifen, an anti-estrogen, or anti-estradiol antibodies in
Balb/c mice with experimental autoimmune encephalomyelitis exhibited a
decrease in IFN-γ, IL-2, and IL-4 production and an increase in TNF-α and IL-1
(Dayan et al., 1997).  Furthermore, in an in vitro study, the increase in IFN-γ
production seen with estrogen treatment was due to an increase in the promoter
activity in murine spleen cells (Fox et al., 1991).  Another in vitro study has
shown that zearalenone, an estrogenic metabolite produced by Fusarium,
increases IL-2 and IL-5 levels in the EL4.IL-2 thyoma cell line (Marin et al., 1996).
In vitro, 17-β-estradiol has also been shown to enhance the lipopolysaccharide
(LPS) induced IL-1β  promoter activity and octylphenol has been shown to block
this activation at high concentrations (Ruh et al., 1998)
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Estrogen also inhibits natural killer (NK) cell activity (Seaman and
Gindhart, 1979; Ansar Ahmed et al., 1989; Baral et al., 1995; Puzanov et al., 1996)
and activation and recruitment of macrophages to inflammatory sites (Frazier-
Jessen et al., 1996) in mice.  Furthermore, genistein has been shown to increase
the activity of human peripheral blood NK cells in vitro at concentrations less the
5 µmol/L and inhibit the activity at concentrations greater than 5 µmol/L (Zhang
et al., 1999).  Similarly, men that consumed fish contaminated with PCBs,
endocrine disrupting industrial chemicals, had decreased NK cell activity
compared to those who did not consume fish (Svensson et al., 1994).

In vitro, octylphenol, an estrogenic metabolite of surfactants, affects
splenocytes in what may or may not be an estrogenic mechanism.  Octylphenol,
unlike 17-β-estradiol, has been shown to be toxic to splenocytes in a Ca2+-
dependent manner in culture (Nair-Menon et al., 1996).  However, prior
treatment of the splenocytes with 17-β-estradiol is able to prevent the toxicity
(Blake et al., 1997).

Immune changes have also been associated with exposure to estrogenic
endocrine disrupting chemicals in Lake Apopka, the Great Lakes, and the Baltic
Sea.  Young alligators of Lake Apopka had decreased antibody responses and
hypoplastic spleens and bone marrow (Schoeb et al., 1998).  Furthermore, a
decline in T-cell mediated immunity was noted in the caspian tern chicks and
herring gulls of the Great Lakes (Grasman, 1995), and a suppression of delayed-
type hypersensitivity and antibody response in harbor seals that fed on herring
was related to contamination in the Baltic Sea (Ross et al., 1995).  Environmental
contamination with DDT and PCBs has been associated with immune
suppression in many studies also.  High levels of DDT and PCBs were associated
with a decrease in the proliferative response of peripheral blood lymphocytes to
T cell mitogens in bottlenose dolphins (Lahvis et al., 1995).  Furthermore, the
immunosuppression induced by DDT and PCBs exposure is suspected in the
large-scale mortality noted in bottlenose dolphins due to increased infection
(Lahvis et al., 1995).  In another study on Beluga whales that were exposed to
p,p’DDT or PCBs, splenocytes and peripheral blood leukocytes showed a
decreased proliferative response to phytohaemagglutinin (PHA) (De Guise et
al.,1998).  Similar to the immune suppression seen in the wildlife from endocrine
disrupting chemical exposure, mice exposed to 17-β-estradiol and DES exhibited
suppressed host resistance to a variety of pathogens, including Listeria
monocytogenes (Pung et al., 1984; Pung et al, 1985), Toxoplasma gondii (Pung and
Luster, 1986), and Trichinella spiralis (Luebke et al., 1984).
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Estrogen and Estrogenic Chemicals and the Thymus
Thymus: The thymus is the primary lymphoid organ in which T cell

development takes place.  It is a bilobed organ that is further divided into
lobules.  Each lobule has an outer cortex with an inner medullary region.  The
cortex contains immature proliferating thymocytes with epithelial nurse cells in
the outer cortex and cortical epithelial cells forming the epithelial network.  The
medulla contains the mature thymocytes with the medullary epithelial cells
organized into clusters.  Macrophages and interdigiating dendritic cells can
mainly be found in the corticomedullary junction.

The thymus is the site of T cell differentiation and selection.  The
immature CD4-CD8-T cell receptor (TCR) – pro-thymocytes migrate from the
bone marrow to the cortex of the thymus.  In the cortex, after many intermediary
steps, thymocytes become CD4+CD8+TCRlow and they undergo positive selection.
During positive selection, those thymocytes with an affinity for the self-major
histcompatibility complex (MHC) do not undergo programmed cell death (PCD),
or apoptosis, whereas those thymocytes that are not able to engage or recognize
the self-MHC die by apoptosis.  Therefore, in theory, all the T cells that survive
positive selection are self-MHC restricted.  The surviving thymocytes then
differentiate in either CD4+CD8-TCRhigh or CD4-CD8+TCRhigh T cells.  The
thymocytes then undergo negative selection in order to eliminate any T cells that
will react to self-antigens.  In negative selection, those T cells that bind with a
high affinity to MHC molecules on macrophages, dendritic cells, or epithelial
cells presenting self-antigens or to MHC molecules without antigen under go
apoptosis.  In contrast those T cells with low or no affinity to MHC molecules
with or without antigen survive.  Therefore, those T cells that survive the
selection process should recognize only foreign antigens presented on self-MHC
molecules, leading to self-tolerance.  Approximately 97% of the thymocytes will
die by apoptosis as they mature and undergo positive and negative selection
within the thymus.  The mature T cells then migrate through the medulla and
exit the thymus into circulation.

Estrogenic Effects: It is well established that estrogen is able to induce
atrophy of the thymus. In women, the peak serum estradiol concentration of the
menstrual cycle inversely correlates with lymphocyte cell numbers in the
peripheral blood (Mathur et al., 1979, Danel et al., 1983).  Furthermore, atrophy
of the thymus is seen during pregnancy in mice, a time of high serum estrogen
concentrations, and is characterized by a loss of cortical cells (Phuc et al., 1991).
Castration or estrogen treatment of male rodents has also been shown to induce
thymic atrophy (Grossman, 1984).  Histological examination showed a loss of
thymocytes, atrophy of the lobules, and an increase in the fat content of the
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thymus (Grossman, 1984).  Further studies found that the atrophy is due to a
decrease in immature, CD4+CD8+ thymocytes in the cortex, leading to atrophy of
the cortex (Scarpanti et al., 1989, Silverstone et al., 1994).  Also, hypoplastic
thymuses have been noted in the same young alligators from Lake Apopka in
which feminization of the reproductive tracts was found (Schoeb et al., 1998).
The structure of the thymus is important in the differentiation and selection of T
cells.  Critical steps in both differentiation and selection occur in the cortex, prior
to the migration of thymocytes into the medulla.  The loss of the structure of the
cortex could lead to alterations in differentiation and selection of T cells and
ultimately to a breakdown in tolerance and autoimmunity.

Apoptosis: PCD is an essential process in both positive and negative
selection in the thymus.  Apoptosis is a term that describes morphological
changes in cells undergoing PCD (Cohen, 1991; Cohen and Richard, 1992).  With
apoptosis there is cell shrinkage, flipping of the phosphatidyl serines from the
inner to the outer membrane, condensation and systematic cleavage of the DNA,
and apoptotic body formation, which are then engulfed by surrounding cells,
and thus prevention of an inflammatory response (Wyllie, 1993).  In contrast,
necrosis is characterized by swelling of the cell and release of internal
chemotactic cell contents, which leads to an inflammatory response.  Apoptosis is
an essential part of the development of self-tolerance in the positive and negative
selection process.  Any defect in the signaling of apoptosis during selection can
lead to a breakdown in self-tolerance.  A break down in self-tolerance may result
in autoimmunity and ultimately lead to autoimmune disease.  Estrogen
treatment in many species has been shown to increase the incidence of
autoimmune disease; however, as of yet, there is no evidence that estrogens
directly induce apoptosis of thymocytes.  Furthermore, studies have shown that
DES, a synthetic estrogen, does not directly induce apoptosis of thymocytes in
vitro (Donner et al, 1999).

Estrogen and Estrogenic Chemicals and Autoimmune Disease
Gender Differences: Autoimmune disease afflicts 1 in 31 Americans

(Jacobson et al., 1997).  Genetics, viral infections, stress, and sex hormones have
all been implicated in autoimmune disease, however the precise contribution of
each of these factors is still unclear (Talal, 1981).  However, it is well established
that women are more susceptible to autoimmune disease than men (Ansar
Ahmed and Talal, 1989, 1993, 1998; Ansar Ahmed et al., 1999; Olsen and Kovacs,
1996; Sullivan, 1997b; Wilder, 1998; Lahita, 1999).  One epidemiologic study of 24
autoimmune diseases found that the majority of the 9 million people in the USA
that were afflicted were women (Jacobson et al., 1997). The female to male ratio
for systemic lupus erythematosus (SLE) and Sjogren’s Syndrome is 9:1, thyroid
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disease 25:1, autoimmune diabetes mellitus 5:1, scleroderma 3-4:1, autoimmune
adrenal disease 2-3:1, rheumatoid arthritis 2-4:1 (Ansar Ahmed et al., 1985a;
Homo-delarche et al., 1991), and multiple sclerosis 2-2.5:1 (Duquette et al., 1992).

Influences of Estrogen: Some believe that the increased incidence of
autoimmune disease in women is due to X-chromosomal activation (Stewart,
1998), but the majority of evidence points to modulation of the disease by sex
hormones.  Women with SLE have been shown to have lower androgen levels
than age-matched normal control (Jungers et al., 1982a; Lahita et al., 1987;
Apelgren et al., 1996), and abnormal sex hormone metabolism has been noted in
women with SLE and Klinefelter’s syndromes (Lahita et al., 1979, 1981; Talal,
1979; Ansar Ahmed et al., 1985a; Ben-Chetrit 1994).  Women with SLE have an
increase in 16β-hydroxylated estrogen metabolites, which presumably have more
potent estrogenic activity (Lahita et al., 1981).  Furthermore, the course of
autoimmune disorders has been shown to be modulated by alterations in
estrogen levels in the body, such as during pregnancy, oral contraceptive use,
and menopause (Ansar Ahmed et al., 1985a; Ansar Ahmed and Talal, 1988, 1990,
1993, 1998; Lahita, 1990)).  Three healthy women that received estrogen treatment
for ovulation induction for primary and secondary infertility developed SLE
within 1-3 months (Ben-Chetrit and Ben-Chetrit, 1994).  A link between prenatal
DES exposure and autoimmune disease has also been suggested by some (Noller
et al., 1988; Wingard and Turiel, 1988), although another preliminary study did
not find this connection (Baird et al., 1996).  Finally, fluctuating estrogen levels
during pregnancy and estrogen therapy have been shown to exacerbate the
progression of certain autoimmune disorders, such as SLE (Jungers et al., 1982b),
autoimmune thyroiditis (Amino, 1977a), Grave’s disease (Amino, 1977b;
Watanobe and Kawabe, 1996)

Animal Models: The increased incidence of autoimmune diseases in
females is also seen in the animal models for the human autoimmune disorders
(Ansar Ahmed et al., 1985a, 1999; Ansar Ahmed and Talal, 1989; Hahn, 1999;
Theofilopoulos and Kono, 1999). In the (SWRxSJL)F1, (SNF1) and the
(NZBxNZW)F1, (B/W), mouse models for SLE, the females have an earlier onset
of the disease and die at an earlier age than the males (Hahn, 1999).  Females in a
mouse model for arthritis have an increased ability to degrade implanted
cartilage, with an increase in IL-1 in the granulomata from the females compared
to the males (Da Silva et al., 1993).  The rat model for autoimmune thyroiditis has
a 3:1 ratio for incidence of the disease in females compared to males (Ansar
Ahmed et al., 1985a).  The non-obese diabetes (NOD) mouse model has an
increase in the incidence of spontaneous diabetes in females compared to males
(Fitzpatrick et al., 1991).  The incidence of hemolytic anemia is higher in female



15

mice compared to males; the polyarthritis ratio of female to male incidence is 6:1
in LEW/N rats and 3:1 in LEW/NxF344/N F1 rats; and for dogs the female to
male ratio of incidence of autoimmune thrombocytopenia is 2:1 (Ansar Ahmed at
al., 1985).

These animal models have allowed a significant amount of research on the
ability of sex hormones to modulate the onset and progression of autoimmune
diseases.  In the thymectomized-irradiated rat model for thyroiditis, both the
onset and the severity of the disease is modulated by sex hormones (Ansar
Ahmed and Penhale, 1980).  Testosterone has been shown to be beneficial in both
the prevention and the cure of thyroiditis in the rat model of autoimmune
thyroiditis (Ansar Ahmed et al., 1986).  Furthermore, in the SJL mouse model for
experimental autoimmune encephalomyelitis, which is induced by transfer of
myelin basic protein specific T cells, dihyrotestosterone was able to diminish the
severity of the disease.  An enhanced production of IL-10 by antigen specific T
lymphocytes was noted in the animals with diminished severity (Dalal et al.,
1997).  The susceptibility of male NOD to spontaneous diabetes is increased with
orchiectomy, and combined orchiectomy + thymectomy further increases the
incidence of the disease.  It is theorized that the androgens may be acting
through the gonadal-thymic axis (Fitzpatrick et al., 1991).  Modulation of the
onset and progression of SLE by sex hormones has also been found in the mouse
models.  Male B/W mice that have a depletion of male hormones or an increase
in estrogen through anti-androgens, orchiectomy, or estrogen treatment exhibit
an accelerated onset of the disease (Roubininan et al., 1978; Ansar Ahmed et al.,
1985a; Ansar Ahmed and Talal, 1988, 1990, 1993, 1998; Walker et al., 1994).  In
contrast, female B/W mice treated with androgens or anti-estrogens are more
resistant to the disease and have a delayed onset (Roubininan et al., 1978; Ansar
Ahmed et al., 1985a; Ansar Ahmed and Talal, 1990, 1993, 1988, 1998;).  In the
SNF1 model of SLE, male mice exhibit increased susceptibility to disease with
estrogen treatment (Gavalchin et al., 1998).  The susceptibility with estrogen
treatment seemed to be mediated by an increase in CD4+ T cells.  Increased CD4+

cells were found in the thymus, spleen, and kidneys (Gavalchin et al., 1998).
Furthermore, disease in both the MRL/lpr model for SLE, which is based on a
dysfunctional Fas receptor, and the immunized model for SLE, which is
immunized with the 16/6 idiotype bearing anti-DNA antibodies, is promoted by
estrogen treatment (Carlsten et al., 1990; Dayan et al., 1997).  Sjogren’s syndrome,
which is noted by autoimmune infiltrates in the lacrimal and salivary glands, is
reduced by testosterone treatment in the MRL/lpr and B/W models (Ariga et al.,
1989, Sullivan, 1997a).
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(NZBxNZW)F1 Model for SLE, (B/W): The B/W murine model for SLE is
believed by many to be the model that most closely resembles human SLE (Ansar
Ahmed et al, 1985; Hahn, 1999).  Furthermore, it is well established that the B/W
model is sensitive to sex hormone treatment, especially for modulation of the
onset and the progression of the disease (Ansar Ahmed et al., 1985a; Ansar
Ahmed and Talal, 1993, 1998;Walker, 1999).  The disease is enhanced/accelerated
by the administration of estrogens and the depletion of male hormone levels (by
orchiectomy and/or anti-androgen treatment).  Conversely, the disease can be
suppressed by the administration of androgens or anti-estrogens.  It is for this
reason, the B/W model was chosen to investigate the effects of EDC in these
studies.  Both the New Zealand black (NZB) and the New Zealand white (NZW)
parents contribute genetically to the immune abnormalities that cause the disease
in the F1 generation.  NZW mice have a slightly shorter life span with
intermittent autoantibody production throughout, leading to development of
nephritis late in life in some mice (Hahn and Shulman, 1969; Kelley and
Winkelstein, 1980).  NZW mice also have a deletion in the β  chain of the T cell
receptor, but this has not been shown to contribute to the disease (Hahn, 1999).
The NZB mice show B cell hyperactivity, with an abnormally high secretion of
immunoglobulins by one month of age (Steinberg et al., 1981; Yoshida et al.,
1990).  The genes for high immunoglobulin production are passed on to the B/W
mice; however, the B/W mice exhibit a strong T cell dependence of the secretion,
which is probably responsible for the switch from IgM to IgG anti-double
stranded DNA (dsDNA) antibodies (Steward and Hay, 1976; Papoian et al.,
1977).  The expression of the estrogen receptor (presumably ERα) is comparable
between the NZB, NZW, and B/W mice in the uterus, thymus, and the spleen.
However, in the liver, the expression of the estrogen receptor is two times higher
in the NZW and B/W compared to the NZB (Athreya et al, 1989).

The B/W mice die of glomerulonephritis due largely to deposition and
complement fixation of anti-dsDNA autoantibodies in the kidneys (Andrews et
al., 1978; Steinberg et al., 1981; Theofilopoulos and Dixon, 1981; Yoshida et al.,
1990).  Females die at an average of 280 days, whereas, males die at an average of
439 days.  Anti-nuclear antibodies (particularly IgM), including antibodies to
dsDNA, single stranded DNA (ssDNA), dsRNA, tRNA, histones, and
polynuceotides, appear at 2-3 months in females (Munns et al., 1982; Park et al.,
1983; Ballard and Voss, 1985; Brick et al., 1990; Fisher et al., 1988; Ohnishi et al.,
1994).  IgM anti-dsDNA antibodies rise in females between 3-5 months in age,
and an isotype switch occurs and IgG dsDNA antibodies appear between 5-7
months (Steward and Hay, 1976; Papoian et al., 1977; Andrews et al., 1978).  The
large IgG dsDNA antibody production is abrogated by the removal to CD4+ T
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cells (Wofsy and Seaman 1985, 1987).  Proteinuria is seen at 5-7 months in the
female, shortly after the isotype switch because the IgG isotypes fix complement
well, especially the IgG2a and IgG2b (Andrews et al., 1978).  Males also develop
anti-nuclear antibodies, and the IgM to IgG isotype switch occurs at ~12 months
of age.  Males generally die between 12-15 months from chronic nephritis
(Andrews et al., 1978; Ohgaki et al., 1989).  Histological changes, apart from those
in the kidneys, occur in other tissue.  Lymphocyte infiltration is seen in the
salivary glands, along with a mild inflammation around the bile duct in the liver.
Furthermore, pancarditis, vasculitis, myocardial infarcts, and deposits of DNA
and anti-DNA antibodies in the dermo-epidermal junction are seen (Andrews et
al., 1978; Jabs and Prendergast, 1994; Chandrasekar et al., 1995).

B cell and T cell abnormalities have been noted in B/W mice that may
contribute to the disease.  Mainly, the hyperactivity of B cells, which leads to an
abnormally high level of antibody production at an early age.  The antibody
production is dependent upon CD4+ T cells (Wofsy and Seaman, 1985, 1987), and
as the mice age the level of CD4+ T cells increase 5-fold (Rozzo et al., 1994).
Thymic epithelial and cortical atrophy in seen by 6 months of age.  Furthermore,
IL-1 secretion from macrophages is decreased in B/W mice (Hartwell et al., 1994;
Hartwell et al., 1995), and CD8+ cells are decreased in numbers and possibly
suppressor activity (Ito et al., 1992).

As can be seen from a review of the literature, estrogen and many
estrogenic chemicals are able to modulate, not only the reproductive system, but
also many aspects of the immune system.  Octylphenol and genistein are two
endocrine disrupting chemicals in our environment that are able to mimic
estrogenic effects on the reproductive tract and have been shown to effect
immune cells in vitro.  Therefore, it is necessary to determine the effects of in vivo
exposure to octylphenol or genistein on the immune system.
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Estrogen Production in the Ovaries

Fig. 1.1: Diagram of estrogen production in the thecal and granulosa cells of the
ovaries.  (Kettyle and Arky, Endocrine Pathophysiology, p. 235)
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Chapter 2

Preliminary studies to determine the effects of short-term oral
dosing of octylphenol and genistein on the thymus, spleen, and

lymph nodes of C57BL/6 or B/W mice

a.) Introduction
There is an extensive body of literature that exhibits estrogenic

modulation of the immune system.  It includes: the identification of the estrogen
receptor on immune cells, gender differences in immune responses, and
modulation of the progression of autoimmune disease by estrogen (Grossman,
1984; Ansar Ahmed et al., 1985a; Olsen and Kovacs, 1996).  Furthermore, a new
class of compounds, EDC, has emerged and is continually growing.  Many EDCs,
which are able to mimic estrogen in the body, have been found in the
environment.  octylphenol and genistein are two EDCs that have been shown to
mimic estrogen both in vitro and in vivo (Arts et al., 1989; Whitten et al., 1993;
White et al., 1994; Levy et al., 1995; Blake and Boockfor, 1997; Coldham et al.,
1997).  Furthermore, both chemicals possess non-estrogenic properties that may
also enable them to modulate the immune system.  Many studies have reported
the ability of genistein and octylphenol to modulate the reproductive system;
however few studies have investigated their ability to modulate the immune
system.  Preliminary in vitro studies in our laboratory examining the effects of
octylphenol, genistein, methoxychlor, and zearalenone on primary isolations of
lymphocytes from the thymus, spleen, and lymph nodes did not modulate the
immune system.  Therefore, this preliminary study investigates the in vivo effects
of genistein and octylphenol on the immune systems of mice.

Male C57BL/6 and the B/W orchiectomized mice were utilized in
preliminary studies.  The C57BL/6 strain is a ‘normal’ inbred strain and the B/W
strain develops a lupus-like autoimmune disease.  Both strains have been shown
to be sensitive to estrogenic modulation of the immune system (Verthelyi and
Ansar Ahmed, 1994, 1997, 1998; Walker, 1999).  In vivo estrogen treatment has
been shown to effect both B cell and T cell responses in orchiectomized male
C57BL/6 mice (Verthelyi and Ansar Ahmed, 1994, 1997, 1998; Hissong et al.,
unpublished data).  Furthermore, estrogen has been shown to accelerate the
onset of the lupus-like autoimmune disease in B/W males (Walker, 1999).  Since
both strains of mice have been shown to be sensitive to estrogen treatment,
octylphenol was tested in the B/W strain and genistein was tested in the
C57BL/6 strain.  Furthermore, endogenous estrogens or androgens may interfere
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in the effects of the estrogenically weaker EDCs.  Therefore, B/W males were
orchiectomized in order to decrease the levels of endogenous androgens and
estrogens and, hopefully, allow maximal effects of octylphenol.

b.) Specific Aim
The aim of the preliminary study was to determine which, if any, of the

lymphoid organs or cell populations of the immune system in the
orchiectomized or non-orchiectomized male mouse are sensitive to the effects of
octylphenol or genistein.  The following morphological and functional properties
were examined:

a.) Thymus
v Morphology: organ weight, cellularity, proportion of immature

(CD4+CD8+, CD4-CD8-) and mature (CD4+CD8-, CD4-CD8+)
thymocyte subpopulations

v Function: apoptosis and proliferation of unstimulated and
stimulated thymocytes

b.) Spleen
v Morphology:  organ weight, leukocyte cellularity, proportion of T

cell and B cell subpopulations
v Function: proliferation, very early activation antigen expression

(CD69), cytokine production, apoptosis, and entrance into the cell
cycle upon stimulation

c.) Lymph Nodes
v Morphology: T cell and B cell subpopulations
v Function: proliferation, very early activation antigen expression

(CD69), cytokine production, apoptosis, and entrance into the cell
cycle upon stimulation

c.) Materials and Methods
Mice: Eight to ten week old C57BL/6 males were purchased from Charles

River (Wilmington, MA) and four to six-week old B/W males were purchased
from the Jackson Laboratories (Bar Harbor, ME).  All mice were housed two per
cage, kept on a 14 hour light, 10 hour dark cycle, and fed a soy-depleted
commercial pellet diet (Teklaad 7001 (NIH-31), Harlan Teklaad, Madison, WI)
with water ad libitum.  One week after arrival the B/W males were anesthetized
with 0.625 – 1.25 mg of sodium pentobarbitol and orchiectomized (Ansar Ahmed
et al., 1989).
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Octylphenol treatment: Five-month old orchiectomized B/W males were
fed 10 mg of octylphenol three times a week for three weeks.  Previous studies
have found this dose to be estrogenic in relation to the reproductive changes in
male rats (Blake and Boockfor, 1997).  Octylphenol (Sigma, St. Louis, MO)
dissolved in ethanol at a stock concentration of 10 mg/20 µl was utilized for
treating B/W males. Twenty microliters of the stock was mixed with 10 µl of
autoclaved corn oil (ICN, Aurora, OH) and fed to the mice with a disposable tip
on a micropipetter three times a week for three weeks.  Control mice were fed 20
µl of ethanol mixed with 10 µl of corn oil with a micropipetter three times a week
for three weeks.  The corn oil was autoclaved to eliminate residual
phytoestrogens and eliminate any contamination.  Three days after the last
treatment the mice were killed by cervical dislocation as approved by the
Virginia Polytechnic Institute and State University Animal Care Committee.

Genistein treatment: Five-month old C57BL/6 males were fed 0.6 mg of
genistein everyday for three weeks.  The dose of genistein is based on studies in
mice that have examined its effect on luteinizng hormone release and DNA
adduct formation in bone marrow (Hughes et al., 1991; Giri and Lu, 1995). A 1M
(270.2 g/L) stock of genistein (Calbiochem, La Jolla, CA) dissolved in
dimethylsulfoxide (DMSO) (Fisher Scientific, Pittsburg, PA) was aliquoted and
kept –20°C and utilized for these studies.  A 1:7 dilution of the genistein stock
solution was made in autoclaved corn oil everyday and the 20 µl was fed to each
mouse in the genistein treatment group with a disposable tip on a micropipetter.
The control mice were fed 20 µl of a 1:7 dilution of DMSO in corn oil with a
micropipetter.  The day after the last treatment the mice were killed by cervical
dislocation.

Tissue collection and processing: The mice were weighed upon sacrifice.
The spleen, thymus, and lymph nodes were removed under sterile conditions,
and the spleen and thymus were weighed sterilely.  The body weights taken
prior to sacrifice were utilized in the % body weights ratios reported.  The spleen,
thymus, and lymph nodes were gently teased on a sterile 60-mesh steel screen as
described in earlier studies (Ansar Ahmed et al., 1989).  All cells were washed
with RPMI media (CellGro, Mediatech, Herndon, VA).  The erythrocytes were
removed from the splenic cell suspension by lysis in ACK lysis buffer  (0.15 M
NH4Cl, 1.0 mM KHCO3, 0.1 mM Na2EDTA, pH 7.4) as previously described
(Ansar Ahmed et al., 1994).  All cells were then washed in complete RPMI media
(RPMI media supplemented with 10% charcoal-stripped fetal bovine serum
(Hyclone, Logan, UT), 2mM L-glutamine (ICN, Costa Mesa, CA), 50 IU/ml
penicillin (Mediatech), and non-essential amino acids (Fisher)).  The lymphocytes
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in the thymus and leukocytes in the spleen and lymph nodes were then counted
and the viability was assessed by trypan blue exclusion.  The number of
lymphocytes and leukocytes isolated from each organ was noted, and all cells
were adjusted to a density of 5 X 106 cells/ml in complete RPMI and kept at 4°C
until utilized in assays.

Flow cytometric analysis of cell markers: Cells from the thymus, spleen,
and lymph nodes were stained with appropriate monoclonal antibodies and
analyzed by flow cytometry as previously reported (Ansar Ahmed et al., 1994).
Briefly, 100 µl of cells at 5 X 106/ml were plated into 96-well round bottom tissue
culture plates (Corning, NY).  One hundred microliters of diluted fluorochrome-
conjugated monoclonal antibody in incomplete media, or the appropriate species
and isotype matched control antibody in incomplete RPMI media were added to
each well.  The cells were incubated with the antibodies in the dark at 4°C for 30
minutes.  The cells were then washed and analyzed for fluorescence on an EPICS
XL-MXL flow cytometer (Coulter, Hialeah, FL).  The following antibodies were
utilized in these studies: fluorescein isothyocynate (FITC)-conjugated anti-CD8a
(53-6.7), anti-CD90 (Thy1.2, G7), anti-CD11b (Mac-1, M1/70), and a rat IgG2a

isotype control (R35-95) or phycoerythrin (PE)-conjugated anti-CD4 (RM4-5),
anti-CD19 (1D3), and rat IgG2a isotype control (R35-95).  All monoclonal
antibodies were purchased from Pharmigen (San Diego, CA).

Stimulation and expression of Very Early Activation Antigen (CD69):
One hundred microliters of cells from the thymus, spleen, and lymph nodes at a
density of 5 X 106 cells/ml were added to 96-well round bottom plates.  One
hundred microliters of complete RPMI media containing 10 ng/ml of phorbol
myristate acetate (Sigma) and 0.5 µg/ml of ionomycin (Calbiochem) (PMA+I)
were added to each well.  The cells were incubated at 37°C, 5% CO2.  After 6
hours, the plate was centrifuged at 300 X g for 6 minutes to pellet the cells and
the supernatants were removed.  The cells were resuspended in 100 µl of
incomplete RPMI media and stained as in the previous section for cell surface
markers.  The cells were stained with either PE-conjugated anti-CD69 (H1.2F3)
(Pharmigen) or PE-conjugated hamster IgG isotype control (A19-3) (Pharmigen)
and analyzed by the flow cytometer for fluorescence.

Stimulation and cell cycle analysis: One hundred microliters of cells from
the thymus, spleen, and lymph nodes at a density of 5 X 106 cells/ml were added
to 96-well round bottom plates.  Thymocytes were stimulated with 100 µl of
complete RPMI media containing 15 µg/ml of anti-CD3 antibodies (YCD3,
purified in our lab), or complete RPMI media containing 10 ng/ml of phorbol
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myristate acetate and 0.5 µg/ml of ionomycin (PMA+I).  Thymocyte cultures that
received 100 µl of complete media only served as base-line controls.  Leukocytes
from the spleen and lymph nodes were exposed to 100 µl of complete media,
complete media containing 10 µg/ml conconavalin A (Con A, ICN), complete
RPMI media containing 10 µg/ml lipopolysaccharide (LPS, Sigma), or complete
media containing 10 ng/ml of phorbol myristate acetate and 0.5 µg/ml of
ionomycin.  Plates were incubated at 37°C, 5% CO2 for 8, 12, 24, or 48 hours.
After incubation, the cells were pelleted at 200 X g for 5 minutes and
resuspended in Vindelov’s propidium iodide solution followed by the addition
of sodium azide buffer as described previously (Robinson et al., 1993; Zhi-June et
al., 1998).  Samples were incubated overnight at 4°C followed by flow cytometric
analysis using DNA cell cycle analysis software.  The cells are divided into the
sub G0 (or apoptotic), G1/G0, or S and G2/M phases of the cell cycle.  The data
are presented as the change from the media baseline of the stimulated cells in the
proportion of cells in each phase.

Alamar Blue proliferation assay: Lymphocytes from the thymus and
leukocytes from the spleen and lymph nodes were stimulated as described above
for cell cycle analysis.  Proliferation was determined utilizing the non-radioactive
Alamar Blue assay.  The Alamar Blue dye (Accumed International, Westlake,
OH) contains a redox indicator that changes from a blue to a red color and from
non-fluorescent to fluorescent state in the microenvironment of cellular
proliferation.  The extent of color change or the intensity of fluorescence is a
reflection of the cellular proliferation.  Studies in our laboratory have shown that
the Alamar Blue assay is an indirect method of detecting cellular proliferation
that is comparable to the 3H-thymidine incorporation method (Ansar Ahmed et
al., 1994, Zhin-Jun et al., 1998).  Briefly, 20 µl of Alamar Blue dye were added to
each well at the same time the cells and stimulants were added.  The cells were
incubated with stimulants and Alamar Blue dye for 48 hours at 37°C, 5% CO2.
At 8, 12, 24, and 48 hours of incubation, the fluorescence of each well was
determined utilizing the CytoFluor II, fluorescence multiwell plate reader
(PerSpectives Biosystems, Framington, MA) at excitation 530 nm, emission 590
nm, and a gain of 35. The data are presented as the change from the media
baseline of the stimulated cells in the fluorescence readings.

IL-2 and IFN-γγ  ELISA: Leukocytes isolated from the spleen and lymph
nodes were stimulated as described above for cell cycle analysis.  Cells were
incubated for 24 and 48 hours at 37°C, 5% CO2, and subsequently, cells were
pelleted by centrifuging at 300 X g for 6 minutes.  The supernatants were
removed and frozen for use in an enzyme-linked immunosorbent assay (ELISA)
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to determine cytokine levels.  A sandwich ELISA was utilized to determine the
levels of IL-2, and IFN-γ.  High-binding, flat bottom 96-well Nunc-immunoplates
with MaxiSorb surface (Nunc, Denmark) were coated with 50 µl of rat anti-
mouse IL-2 (JES6-1A12, Pharmigen) or rat anti-mouse IFN-γ antibodies (R4-6A2,
purified in our lab) at 2 µg/ml in PBS.  The plates were incubated overnight at
25-27°C and then washed three times with wash buffer (50 mM Tris with 0.2%
Tween 20, pH 7.0-7.4).  The plates were then blocked with 200 µl of 2% bovine
serum albumin (BSA) in PBS per well and incubated for one hour.  Supernatants
were diluted in complete media and 100 µl/well were added to each plate after
three washes.  Serial dilutions of known standards were also added to each plate
at 100 µl/well.  The samples and standards were incubated for 3 hours.  After
incubation, the plates were washed three times and anti-IL-2 (TES6-5H4,
Pharmigen) or anti-IFN-γ (XΜG1.2, Pharmigen) biotinylated detecting antibody
were diluted 1:2000 and added at 100 µl/well to each plate.  Plates were
incubated for 1 hour and washed again three times.  Horse-radish peroxidase-
conjugated streptavidin (Vector Labs, Burlingame, CA) was diluted 1:4000 and
100 µl was added/well to each plate.  The plates were incubated covered for 30
minutes and then washed three times.  The TMB substrate (Kirkegaard and Perry
Laboratories, Gaithersburg, MD) was then added at 100 µl/well and incubated in
the dark for 30 minutes.  One hundred microliters of a 0.18 M H2SO4 solution
were added to each well to stop the reaction and the absorbance of the plates was
read at 450 nm on the Molecular Devices kinetic plate reader.  The concentrations
of cytokines per well of the ELISA plate were determined utilizing known
standards on each plate and the concentration of cytokines per sample of
supernatants was determined by the concentration per well and the dilution
utilized for the ELISA.

Statistics: The MIXED procedure of SAS (SAS ver. 6.12, SAS Institute,
Cary, NC) was used to perform a mixed effects, repeated measures analysis of
variance (ANOVA) on the cell cycle and proliferation data.  A first order
autoregressive model was used to model covariance among repeated
measurements from a mouse.  Cell cycle and proliferation data were analyzed as
the change from the media baseline.  All other data were analyzed utilizing the
GLM procedure of SAS to perform a one-way ANOVA.  For all data, p<0.05 was
considered significant.

d.) Results
Effect of octylphenol treatment on the morphology of the thymus in

orchiectomized B/W males: Octylphenol treatment altered the morphology of
the thymus in orchiectomized B/W males.  The number of thymocytes recovered
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from the thymus of octylphenol treated mice was significantly less than the
number recovered from control mice (Fig 2.1a).  However, a comparable decrease
in the percent body weight of the thymus was not seen (Fig 2.1b).  Furthermore,
no change in the proportion of immature (CD4+CD8+) thymocytes or presumably
mature (CD4+CD8-, CD4-CD8+) thymocytes was noted (Fig 2.2).

Effect of octylphenol treatment on the function of thymocytes in
orchiectomized B/W males: The effect of octylphenol treatment on the
proliferation or level of apoptosis of stimulated thymocytes was not statistically
significant (Fig 2.3, 2.4).  The proliferation of thymocytes induced by anti-CD3
antibodies or PMA+I at 8 and 24 hours of culture was not altered by octylphenol
treatment (Fig 2.3).  Furthermore, the percent of apoptotic cells at 8 and 24 hours
of culture that were induced by stimulation with anti-CD3 antibodies and
PMA+I was not statistically significant (Fig 2.4).  However, a trend of increased
induction of apoptosis compared to control was seen at 8 hours of culture by
anti-CD3 stimulation and, to a lesser extent, PMA+I stimulation, but was gone by
24 hours (Fig 2.4).

Effect of octylphenol treatment on the morphology of the spleen and
lymph nodes in orchiectomized B/W males: No change in the number of splenic
leukocytes or in the percent body weight of the spleen was noted in octylphenol
treated mice (Fig 2.1a,b).  Furthermore, octylphenol treatment neither altered the
proportion of Thy1.2+ T cells or CD19+ B cells (Fig 2.5), nor altered the proportion
of the T helper cells (CD4+) and T cytotoxic cells (CD8+) in the spleen or lymph
nodes (Fig 2.5).  Finally, the CD11b+ developing granulocyte, monocyte and
macrophage population in the spleen also was not affected by octylphenol
treatment (Fig 2.5).

Effect of octylphenol treatment on the function of lymphocytes from the
spleen and lymph nodes in orchiectomized B/W males: The secretion of IFN-
γ by stimulated lymphocytes isolated from the spleen and lymph nodes was the
only functional assay that appeared to be affected by octylphenol treatment.
Splenic lymphocytes from octylphenol treated mice exhibited a trend of
decreased secretion of IFN-γ at 24 hours with Con A stimulation and at 48 hours
with both Con A and PMA+I stimulation (Fig 2.6).  Lymphocytes from the lymph
nodes of octylphenol treated mice also exhibited a decrease in IFN-γ secretion by
48 hours of culture with Con A and PMA+I stimulation, which was not seen at 24
hours of culture (Fig 2.7).  However, at 48 hours the lymphocytes from the lymph
nodes of one of the three control mice did have lower levels of IFN-γ secretion
than the three octylphenol treated mice (Fig 2.7).  Upon stimulation with Con A
or PMA+I, lymphocytes from the spleen and lymph nodes of octylphenol treated
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and control mice secreted similar levels of IL-2 by 24 and 48 hours of culture (Fig
2.8).  The expression of CD69 after 6 hours of stimulation with PMA+I did not
change with in vivo octylphenol treatment (Fig 2.9).  Furthermore, proliferation as
assessed by Alamar blue and the levels of apoptosis and entrance into the cell
cycle as assessed by propidium iodide staining were not altered in octylphenol
treated mice.  Leukocytes from the spleen and lymph nodes stimulated with a T
cell stimulant (Con A), a B cell stimulant (LPS), or a pan stimulant (PMA+I) had
similar changes from the media baseline in proliferation (Fig 2.10), apoptosis (sub
Go – Fig 2.11, 2.12), and entrance into the cell cycle (S/G2/M - Fig 2.11, 2.12) at
24 and 48 hours whether they were from octylphenol treated mice or control
mice.

Effect of genistein treatment on the morphology of the thymus in
C57BL/6 males: In vivo feeding of genistein significantly decreased the percent
body weight of both the thymus and the spleen in C57BL/6 males without a
comparable decrease in lymphoctye numbers (Fig 2.13).  The proportions of
immature (CD4+CD8+) and mature (CD4+CD8-, CD4-CD8+) thymocytes in the
thymus was not altered by genistein treatment (Fig 2.14).

Effect of genistein treatment on the function of thymocytes in C57BL/6
males: In vivo treatment with genistein also did not alter the function of the
thymocytes as assessed by proliferation and apoptosis.  Anti-CD3 antibody and
PMA+I induction of proliferation was not altered by genistein treatment as
assessed by Alamar blue at 12 and 24 hours (Fig 2.15).  Furthermore, anti-CD3
antibody and PMA+I induction of apoptosis was not altered by genistein
treatment as assessed by propidium iodide staining at 12 and 24 hours of culture
(Fig 2.16).

Effect of genistein treatment on the morphology of the spleen and
lymph nodes in C57BL/6 males: In vivo feeding of genistein also significantly
decreased the percent body weight of the spleen in C57BL/6 males without a
comparable decrease in leukocyte numbers (Fig 2.13).  The proportions of the T
helper cells (CD4+) and T cytotoxic cells (CD8+) in the spleen and lymph nodes
were not altered by genistein treatment (Fig 2.17).  Furthermore, the proportion
of Thy1.2+ T cells and CD19+ B cells in the spleen and lymph nodes and the
proportion of the CD11b+ developing granulocyte, monocyte and macrophage
population in the spleen were not effected by genistein treatment (Fig 2.17).

Effect of genistein treatment on the function of lymphocytes from the
spleen and lymph nodes in C57BL/6 males: In vivo treatment of genistein did
not alter the function of the leukocytes isolated from the spleen and lymph nodes
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as measured by CD69 expression, proliferation, activation-induced apoptosis,
entry into the cell cycle, or cytokine expression.  Stimulation of the leukocytes
with PMA+I for 6 hours resulted in CD69 levels of expression that did not differ
with genistein treatment (Fig 2.18).  The induction of proliferation by a T cell
stimulant (Con A), a B cell stimulant (LPS), or a pan stimulant (PMA+I) was not
altered at 12, 24, or 48 hours by in vivo treatment with genistein (Fig 2.19).   The
induction of apoptosis (sub Go) and of entry into the cell cycle (S/G2/M) by Con
A, LPS, and PMA+I did not differ between treatment groups at 24 or 48 hours for
lymphocytes from the spleen (Fig 2.20) or at 48 hours for lymphocytes from the
lymph nodes (Fig 2.21) as assessed by cell cycle analysis.  Finally, the secretion of
IL-2 and IFN-γ induced by Con A and LPS stimulation was not altered by
treatment with genistein (Fig 2.22).

e.) Discussion
Both the genistein treatment in C57BL/6 males and the octylphenol

treatment in B/W males, akin to estrogen, affected the morphology of the
thymus.  However, each treatment affected the thymus differently.  The percent
body weight of the thymus in C57BL/6 mice was decreased by treatment with
genistein and the cellularity of the thymus in B/W mice was decreased by
octylphenol treatment.  The differential effects could be attributed to the different
properties of the chemicals or the differences in the models in which they were
tested.  Neither genistein, nor octylphenol mimicked all the effect seen in
previous studies with short-term 17β-estradiol treatment.  Treatment with 17β-
estradiol has been shown to result in thymic atrophy resulting from a decrease in
the weight and cellularity of the thymus.  The atrophy is due mainly to a loss of
the immature CD4+CD8+ thymocytes in the cortex of the thymus (Scarpanti et al.,
1989; Silverstone et al., 1994).  Both genistein and octylphenol affected the
thymus by causing either a decrease in the weight or cellularity of the thymus,
but neither mimicked exactly the effects of 17β-estradiol treatment.

The decrease in the cellularity of the thymus in orchiectomized B/W
males could have resulted from many different mechanisms of action.  The level
of apoptosis at 8 hours of culture was not found to be significantly different in
octylphenol treated mice from control mice, but a trend of increased apoptosis in
octylphenol treated mice was noted.  This could indicate an increase in apoptosis
at early hours of culture that is not seen at later hours of culture, possibly due to
the engulfment of apoptotic cells by macrophages and neighboring cells.  It must
also be noted that by 24 hours of culture most thymocytes are dead (Zhi-Jun et
al., 1998; Donner et al., 1999).  The increased apoptosis could not have targeted a
certain cell population, because a change in the proportion of immature and
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mature thymocytes was not noted.  The decreased cellularity could also result
from a decrease in the migration of precursor cells from the bone marrow or an
increase in the migration of mature cell out of the thymus.  In either case, a
change in the migration rates would have to coincide with another alteration in
the thymocyte population, because the proportion of immature and mature
thymocytes was not altered by octylphenol treatment.  Furthermore, a decrease
in the percent body weight of the thymus was not noted.  Therefore, the decrease
in thymic lymphocytes may have coincided with an increase in the connective
tissue, epithelial cells, or fat deposits in the thymus.

The decrease in the percent body weight of the thymus and spleen in
C57BL/6 mice as a result of genistein treatment is more difficult to explain,
because a comparable decrease in leukocyte cellularity was not seen.  The
decrease in the weight of the organs could have resulted from a decrease in the
connective tissue, epithelial cells, or, in the case of the spleen, the red blood cells.

The morphology of the spleen and lymph nodes was not affected by
octylphenol treatment in B/W males.  However, octylphenol treatment may have
affected the ability of the lymphocytes from the spleen and lymph nodes to
secrete IFN-γ upon Con A and PMA+I stimulation.  IFN-γ is an important
cytokine in the stimulation of an immune response, especially a cytotoxic
response.  A decrease in the secretion of IFN-γ could impair the immune systems
ability to fight infection, especially intracellular infection.  Further studies
confirming a decrease in the ability of lymphocytes from secondary lymphoid
organs to secrete IFN-γ upon octylphenol treatment are necessary.  Furthermore,
it is necessary to determine the effect of decreased IFN-γ secretion on the
functioning of the immune system, such as the ability to fight infections that
require a cytotoxic response.  Also, it is necessary to determine the effects of
octylphenol treatment in other models, such as females or reproductively
immature male, and to determine the immunological effects of long-term
octylphenol treatment.

In contrast, the function of the leukocytes isolated from the spleen and
lymph nodes was not affected by genistein treatment in C57BL/6 males.  The
spleen and lymph nodes may not be sensitive to the estrogenic properties or non-
estrogenic properties of genistein in the models in which we tested them.
However, again, this was a short-term study.  Long-term exposure to genistein
may adversely affect the immune system.  As with octylphenol, other models
such as females or reproductively immature males may be more sensitive to the
genistein, or a different route of exposure may be more effective.
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In the models tested, the thymus seemed to be the lymphoid organ that
was most sensitive to treatment with octylphenol and genistein.  Furthermore,
octylphenol treatment resulted in a decrease in the T cells of the thymus and
possibly an increase in apoptosis of T cells.  The thymus is the site for the
development and selection of T cells.  Therefore, any alteration in the number of
T cells that are able to develop to maturity or in apoptosis, which is necessary for
the selection process, could adversely affect the ability of the immune system in
fighting infection or could theoretically result in the development of an
autoimmune disease. Therefore, future studies should investigate further the
effects of octylphenol treatment on the thymus in normal mice and autoimmune
mice.  Furthermore other models, such as females and males of a different age,
and different routes of exposure should be investigated to determine other
models in which the thymus may be sensitive to the effects of octylphenol and
genistein.
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Fig. 2.2: Five-month old orchiectomized B/W males were treated three times a
week for three weeks with 10 mg of octylphenol or an ethanol/oil control.  Three
days after the last treatment the thymocytes were isolated and stained with PE-
conjugated anti-CD4 antibodies and FITC-conjugated anti-CD8a antibodies or
isotype matched controls.  The stained cells were analyzed using an EPICS-XL
flow cytometer.  The data are presented as the percentage of cells that stained
positive.  p < 0.05 was considered significant. (n=4 for control, n=5 for
octylphenol)
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Fig. 2.3: Five-month old orchiectomized B/W males were treated three times a
week for three weeks with 10 mg of octylphenol or an ethanol/oil control.  Three
days after the last treatment the thymocytes were isolated and stimulated with
Anti-CD3 antibodies, PMA+I, or media for a baseline.  Alamar blue was added to
the cells and the fluorescence was read 8 and 24 hours of culture (ex. 530, em.
590, gain=35).  The data are presented as the change in fluorescence from the
media baseline.  Media baselines are listed in the appendix.  p < 0.05 was
considered significant. (n=4 for control, n=5 for octylphenol)
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Fig. 2.4: Five-month old orchiectomized B/W males were treated three times a
week for three weeks with 10 mg of octylphenol or an ethanol/oil control.  Three
days after the last treatment the thymocytes were isolated and stimulated with
Anti-CD3 antibodies, PMA+I, or media for a baseline.  At 8 and 24 hours of
culture the thymocytes were stained with Vindelov’s propidium iodide solution
and fixed with sodium azide.  The stained thymocytes were analyzed using an
EPIC-XL flow cytometer and the proportion of the cells in the sub Go peak was
determined and considered apoptotic.  The data are presented as the change
from the media baseline.  Media baselines are listed in the appendix.  p < 0.05
was considered significant. (n=4 for control, n=5 for octylphenol)
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Fig. 2.5: Five-month old orchiectomized B/W males were treated three times a
week for three weeks with 10 mg of octylphenol or an ethanol/oil control.  Three
days after the last treatment the leukocytes were isolated from the spleen and
lymph nodes and stained with PE-conjugated anti-CD4 antibodies and FITC-
conjugated anti-CD8a antibodies, PE-conjugated anti-CD19 antibodies and FITC-
conjugated anti-Thy1.2 antibodies, FITC-conjugated anti-CD11b antibodies, or
isotype matched controls.  The stained cells were analyzed using an EPICS-XL
flow cytometer.  The data are presented as the percentage of cells that stained
positive.  p < 0.05 was considered significant. (n=4 for control, n=5 for
octylphenol – spleen; n=3 for control, n=5 for octylphenol – lymph nodes)
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Fig. 2.6: Five-month old orchiectomized B/W males were treated three times a
week for three weeks with 10 mg of octylphenol or an ethanol/oil control.  Three
days after the last treatment the leukocytes were isolated from the spleen and
stimulated with Con A or PMA+I.  After 24 and 48 hours of culture the
supernatants were removed and the concentration of IFN-γ within the
supernatants was determined by sandwich ELISA. p < 0.05 was considered
significant. (n=2 for control and octylphenol)
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Fig. 2.7: Five-month old orchiectomized B/W males were treated three times a
week for three weeks with 10 mg of octylphenol or an ethanol/oil control.  Three
days after the last treatment the leukocytes were isolated from the lymph nodes
and stimulated with Con A or PMA+I.  After 24 and 48 hours of culture the
supernatants were removed and the concentration of IFN-γ within the
supernatants was determined by sandwich ELISA.  p < 0.05 was considered
significant. (n=2 for control and octylphenol at 24 hours; n=3 for control at 48
hours; n=4 for octylphenol at 48 hours)
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Fig. 2.8: Five-month old orchiectomized B/W males were treated three times a
week for three weeks with 10 mg of octylphenol or an ethanol/oil control. Three
days after the last treatment the leukocytes were isolated from the spleen and
lymph nodes.  Lymphocytes from the spleen and lymph nodes were stimulated
with Con A or PMA+I.  After 24 and 48 hours of culture the supernatants were
removed and the concentration of IL-2 within the supernatants was determined
by sandwich ELISA.  p < 0.05 was considered significant. (n=2 for control and
octylphenol at 24 and 48 hours – spleen; n=2 for control and octylphenol at 24
hour - lymph nodes; n=4 for control and octylphenol at 48 hours  - lymph nodes)
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Fig. 2.9: Five-month old orchiectomized B/W males were treated three times a
week for three weeks with 10 mg of octylphenol or an ethanol/oil control. Three
days after the last treatment the leukocytes were isolated from the spleen and
lymph nodes and stimulated with PMA+I.  After 6 hours of culture the cells were
stained with PE-conjugated anti-CD69 or an isotype matched control.  The
stained cells were analyzed using an EPICS-XL flow cytometer.  The data are
presented as the percentage of cells that stained positive.  p < 0.05 was
considered significant. (n=4 for control, n=5 for octylphenol – spleen; n=3 for
control, n=5 for octylphenol – lymph nodes)
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Fig. 2.10: Five-month old orchiectomized B/W males were treated three times a
week for three weeks with 10 mg of octylphenol or an ethanol/oil control. Three
days after the last treatment the leukocytes were isolated from the spleen and
lymph nodes.  Leukocytes from the spleen and lymph nodes were stimulated
with Con A, LPS, PMA+I, or media for a baseline.  Alamar blue dye was added
to the cell cultures and the fluorescence was read at 8, 24, and 48 hours of culture
(ex. 530, em. 590, gain=35).  The data are presented as the change in fluorescence
from the media baseline.  Media baselines are listed in the appendix.  p < 0.05
was considered significant. (n=2 for control and n=3 for octylphenol – spleen at
12 hours; n=4 for control and n=5 for octylphenol – spleen at 24 and 48 hours ;
n=1 for control and n=3 for octylphenol – lymph nodes at 12 hours; n=3 for
control and n=5 for octylphenol – lymph nodes at 24 and 48 hours)
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Fig. 2.11: Five-month old orchiectomized B/W males were treated three times a
week for three weeks with 10 mg of octylphenol or an ethanol/oil control. Three
days after the last treatment the leukocytes were isolated from the spleen and
stimulated with Con A, LPS, PMA+I, or media for a baseline.  At 24 hours and 48
hours of culture the leukocytes were stained with Vindelov’s propidium iodide
solution and fixed with sodium azide.  The stained leukocytes were analyzed
using an EPIC-XL flow cytometer and the proportion of the cells in the sub Go,
Go/G1, S, and G2/M peaks was determined.  The data are presented as the
change from the media baseline in the proportion of cells that are in the sub Go
peak (apoptotic cells), Go/G1 peak (resting cells), and S+G2/M peaks (cells
entering the cell cycle or actively cycling). Media baselines are listed in the
appendix..  p < 0.05 was considered significant. (n=4 for control and n=5 for
octylphenol)
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Fig. 2.12: Five-month old orchiectomized B/W males were treated three times a
week for three weeks with 10 mg of octylphenol or an ethanol/oil control. Three
days after the last treatment the leukocytes were isolated from the lymph nodes
and stimulated with Con A, LPS, PMA+I, or media for a baseline.  At 24 and 48
hours of culture the leukocytes were stained with Vindelov’s propidium iodide
solution and fixed with sodium azide.  The stained leukocytes were analyzed
using an EPIC-XL flow cytometer and the proportion of the cells in the sub Go,
Go/G1, S, and G2/M peaks was determined.  The data are presented as the
change from the media baseline in the proportion of cells that are in the sub Go
peak (apoptotic cells), Go/G1 peak (resting cells), and S+G2/M peaks (cells
entering the cell cycle or actively cycling).  Media baselines are listed in the
appendix.  p < 0.05 was considered significant. (n=2 for control and octylphenol –
lymph nodes at 24 hours; n=3 for control and n=5 for octylphenol – lymph nodes
at 48 hours)
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Fig. 2.13: Five-month old C57BL/6 males were fed 0.6 mg of genistein or an
ethanol/oil control everyday for three weeks.  The day after the last treatment
the mice were weighed and the thymus and spleen were removed.  a.) The
spleen and thymus were weighed and the percent body weight was calculated.
b.) The lymphocytes were isolated from the thymus and the leukocytes were
isolated from the spleen and counted.  p < 0.05 was considered significant. (n=4
for control and genistein)
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Fig. 2.14: Five-month old C57BL/6 males were fed 0.6 mg of genistein or an
ethanol/oil control everyday for three weeks.  The day after the last treatment
the thymocytes were isolated and stained with PE-conjugated anti-CD4
antibodies and FITC-conjugated anti-CD8a antibodies or isotype matched
controls.  The stained cells were analyzed using an EPICS-XL flow cytometer.
The data are presented as the percentage of cells that stained positive.  p < 0.05
was considered significant. (n=4 for control and genistein)
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Fig. 2.15: Five-month old C57BL/6 males were fed 0.6 mg of genistein or an
ethanol/oil control everyday for three weeks.  The day after the last treatment
the thymocytes were isolated and stimulated with Anti-CD3 antibodies, PMA+I,
or media for a baseline.  Alamar blue was added to the cells and the fluorescence
was read 12 and 24 hours of culture (ex. 530, em. 590, gain=35).  The data are
presented as the change in fluorescence from the media baseline.  Media
baselines are listed in the appendix.  p < 0.05 was considered significant. (n=4 for
control and genistein)
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Fig. 2.16: Five-month old C57BL/6 males were fed 0.6 mg of genistein or an
ethanol/oil control everyday for three weeks.  The day after the last treatment
the thymocytes were isolated and stimulated with Anti-CD3 antibodies, PMA+I,
or media for a baseline.  At 12 and 24 hours of culture the thymocytes were
stained with Vindelov’s propidium iodide solution and fixed with sodium azide.
The stained thymocytes were analyzed using an EPIC-XL flow cytometer and the
proportion of the cells in the sub Go, Go/G1, S, and G2/M peaks was
determined.  The data are presented as the change from the media baseline in the
proportion of cells that are in the sub Go (apoptotic cells), Go/G1 (resting cells),
and S/G2/M (cells entering the cell cycle or actively cycling) peaks.  Media
baselines are listed in the appendix.  p < 0.05 was considered significant. (n=4 for
control and genistein)
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Fig. 2.17: Five-month old C57BL/6 males were fed 0.6 mg of genistein or an
ethanol/oil control everyday for three weeks.  The day after the last treatment
the leukocytes were isolated from the spleen and lymph nodes and stained with
PE-conjugated anti-CD4 antibodies and FITC-conjugated anti-CD8a antibodies,
PE-conjugated anti-CD19 antibodies and FITC-conjugated anti-Thy1.2
antibodies, FITC-conjugated anti-CD11b antibodies, or isotype matched controls.
The stained cells were analyzed using an EPICS-XL flow cytometer.  The data are
presented as the percentage of cells that stained positive.  p < 0.05 was
considered significant. (n=4 for control and genistein)
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Fig. 2.18: Five-month old C57BL/6 males were fed 0.6 mg of genistein or an
ethanol/oil control everyday for three weeks.  The day after the last treatment
the leukocytes were isolated from the spleen and lymph nodes and stimulated
with PMA+I.  After 6 hours of culture the cells were stained with PE-conjugated
anti-CD69 or an isotype matched control.  The stained cells were analyzed using
an EPICS-XL flow cytometer.  The data are presented as the percentage of cells
that stained positive.  p < 0.05 was considered significant. (n=4 for control and
genistein)
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Fig. 2.19: Five-month old C57BL/6 males were fed 0.6 mg of genistein or an
ethanol/oil control everyday for three weeks.  The day after the last treatment
the leukocytes were isolated from the spleen and lymph nodes.  Leukocytes from
the spleen and lymph nodes were stimulated with Con A, LPS, PMA+I, or media
for a baseline.  Alamar blue dye was added to the cell cultures and the
fluorescence was read at 12, 24, and 48 hours of culture (ex. 530, em. 590,
gain=35).  The data are presented as the change in fluorescence from the media
baseline.  Media baselines are listed in the appendix.  p < 0.05 was considered
significant.   (n=2 for control and genistein – spleen at 12 hours; n=4 for control
and genistein – lymph nodes at 12, 24, and 48 hours, spleen at 24 and 48 hours)
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Fig. 2.20: Five-month old C57BL/6 males were fed 0.6 mg of genistein or an
ethanol/oil control everyday for three weeks.  The day after the last treatment
the leukocytes were isolated from the spleen and stimulated with Con A, LPS,
PMA+I, or media for a baseline.  At 24 hours and 48 hours of culture the
leukocytes were stained with Vindelov’s propidium iodide solution and fixed
with sodium azide.  The stained leukocytes were analyzed using an EPIC-XL
flow cytometer and the proportion of the cells in the sub Go, Go/G1, S, and
G2/M peaks was determined.  The data are presented as the change from the
media baseline in the proportion of cells that are in the sub Go peak (apoptotic
cells), Go/G1 peak (resting cells), and S+G2/M peaks (cells entering the cell cycle
or actively cycling).  Media baselines are listed in the appendix.  p < 0.05 was
considered significant. (n=4 for control and genistein)
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Fig. 2.21: Five-month old C57BL/6 males were fed 0.6 mg of genistein or an
ethanol/oil control everyday for three weeks.  The day after the last treatment
the leukocytes were isolated from the lymph nodes and stimulated with Con A,
LPS, PMA+I, or media for a baseline.  At 48 hours of culture the leukocytes were
stained with Vindelov’s propidium iodide solution and fixed with sodium azide.
The stained leukocytes were analyzed using an EPIC-XL flow cytometer and the
proportion of the cells in the sub Go, Go/G1, S, and G2/M peaks was
determined.  The data are presented as the change from the media baseline in the
proportion of cells that are in the sub Go peak (apoptotic cells), Go/G1 peak
(resting cells), and S+G2/M peaks (cells entering the cell cycle or actively
cycling).  Media baselines are listed in the appendix.  p < 0.05 was considered
significant. (n=4 for control and genistein)
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Fig. 2.22: Five-month old C57BL/6 males were fed 0.6 mg of genistein or an
ethanol/oil control everyday for three weeks.  The day after the last treatment
the leukocytes were isolated from the spleen and lymph nodes.  Leukocytes from
the spleen and lymph nodes were stimulated with Con A or PMA+I.  After 48
hours of culture the supernatants were removed and the concentration of IL-2
and IFN-γ within the supernatants was determined by sandwich ELISA.  p < 0.05
was considered significant. (n=4 for control and octylphenol – spleen and lymph
nodes with Con A; n=4 for control and n=3 for octylphenol – spleen and lymph
nodes with PMA+I)
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Chapter 3

Dose range studies to determine the effects of short-term oral
administration of octylphenol on the thymus of reproductively

mature C57BL/6 and B/W males

a.) Introduction
Preliminary studies examined the effects of octylphenol on

orchiectomized male B/W mice and genistein on male C57BL/6 mice in an
attempt to determine whether the spleen, thymus, or lymph nodes are
morphologically or functionally sensitive to the effects of these endocrine
disruptors.  The greatest effects were seen in the thymus of the orchiectomized
B/W mice treated with octylphenol.  B/W mice in the octylphenol treatment
group exhibited a decrease in thymocyte numbers, without a comparable
decrease in thymic to body weight ratios or any change in the proportion of
immature or mature thymocytes.  Furthermore, a trend of increased apoptosis
was seen in anti-CD3 antibody and PMA+I stimulated thymocytes from
octylphenol treated mice.  Even though no remarkable changes in T cell functions
were evident, there was a trend of decreased IFN-γ secretion in octylphenol
treated mice.  Based on the above preliminary data, the connection between a
decrease in thymic cellularity and a trend of increased apoptosis of thymocytes
caused by octylphenol treatment was explored further in C57BL/6 and B/W
males.

The preliminary studies utilized orchiectomized males, in order to test a
model that we felt would be the most sensitive to the effects of weak estrogenic
chemicals. However, orchiectomized animals are not the most environmentally
relevant models for exposure to octylphenol in humans, wildlife, or the majority
of livestock.  Both males and females are exposed to octylphenol, and due to
differing levels of endogenous estrogens and androgens, the effects on a female
could differ from the effects on a male.  Furthermore, in females the effects of
octylphenol could vary since estrogen levels fluctuate throughout the life cycle of
a single female.  Also, prenatal or neonatal exposure could have the greatest
effects, because the thymus is still developing.  In these studies we chose to focus
on reproductively mature males because of lower endogenous levels of estrogen
in the males and because their gonadal hormones would be fairly stable until the
geriatric stage.  It is also possible that octylphenol could affect the thymus by
means other than estrogenic properties.  In this case, the adult male model is as
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good as any model for initial examinations.  Therefore, further studies utilize
intact, reproductively mature male C57BL/6 and B/W mice.

Orchiectomized male B/W mice treated with estrogens have an
accelerated onset of autoimmune disease (Roubininan et al., 1978; Ansar Ahmed
et al., 1985a; Ansar Ahmed and Talal, 1990, 1993, 1988, 1998; Walker et al., 1994).
Signs of autoimmunity, such as dsDNA autoantibodies, which normally do not
develop until 10 - 12 months on age, have been noted as early as 3 - 4 months of
age in estrogen treated orchiectomized B/W males (Roubinian et al., 1978).  The
estrogen treated B/W and C57BL/6 mice in our model are euthanized at 3 – 3 ½
months of age.  Young B/W males in a pre-autoimmune state were chosen for
this study.  These mice are most likely too young to have developed signs of
autoimmune disease; however, the effects of octylphenol on the B/W model are
not known.  Therefore, autoimmune parameters will be analyzed.

The dose of octylphenol in the preliminary studies was based on doses
that have been shown to cause estrogenic changes on the reproductive system of
male rats, when injected subcutaneously (Blake and Boockfor, 1997).  Although,
oral administration may decrease the effect of octylphenol compared to
subcutaneous injection, the 10 mg dose of octylphenol is already much higher
than would normally be encountered in the environment; therefore, the dose was
not increased.  Furthermore, as stated before, the environmental exposure is
much lower than the 10 mg dose.  To extrapolate from a murine dose to a human
dose, a 10 mg dose for a 25 g mouse is equal to a 24-28 g dose for a 60-70 kg
human.  Therefore, a range of doses (0.1 mg, 1 mg, and 10 mg) was utilized in an
attempt to characterize effects seen at a high dose and determine whether more
environmentally relevant doses are still able to cause changes.

b.) Specific Aims
I) The primary aim of this study was to determine whether oral dosing of

octylphenol at 0.1 mg, 1 mg, or 10 mg alters the morphology or function of
the thymus in intact, adult B/W and C57BL/6 males.  The following were
examined:

a.) Morphology of Primary Lymphoid Organs:
v Thymus weight and cellularity
v Proportion of immature and mature thymocytes
v Bone marrow cellularity to determine whether a decrease in thymic

cellularity is due to a decrease in thymocyte precursor cells from
the bone marrow
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b.) Function of Thymus:
v Proportion of immature and mature thymocytes to determines

whether proper development of T cells is occurring
v Apoptosis of unstimulated and stimulated thymocytes to

determine whether there is proper signaling for apoptosis

c.) Autoimmune Parameters:
v Autoantibody production
v Histopathologic examination of the kidneys, liver and salivary

glands to determine whether proper selection is occurring to
prevent autoimmune changes

d.) Morphology of Secondary lymphoid organs:
v Splenic weight and leukocyte cellularity
v T cell/B cell  proportions to determine any alteration in the

migration of mature T cells out of the thymus into the spleen

II) The secondary aim of this study is to determine whether octylphenol acts in
an estrogenic manner in C57BL/6 or B/W intact, adult males

a.) 17-β-estradiol will be utilized as a positive control for all studies

b.) Testis and seminal vesicles will be weighed to determine reproductive
changes

c.) Materials and Methods
Mice: Eight to ten-week old C57BL/6 males were purchased from Charles

River (Wilmington, MA) and eight to ten-week old B/W males were purchased
from Jackson Laboratories (Bar Harbor, ME).  All mice were housed, fed, and
watered as in Chapter 2.

Octylphenol and 17ββ -estradiol treatment: One week after arrival the B/W
and C57BL/6 males were fed 10 mg, 1 mg, or 0.1 mg of octylphenol, 6 µg or 9 µg
of 17β-estradiol, or an ethanol/oil control three times a week for three weeks.
Octylphenol (Sigma, St. Louis, MO) was dissolved in ethanol to make a stock
concentration of 10 mg/20 µl.  The dose of 17β-estradiol was based on a dose that
has been shown to induce thymic atrophy in short-term studies by subcutaneous
injection (Ansar Ahmed et al., 1985b).  The dose was increased in an attempt to
account for a decrease in activity due to oral administration.  A 1:10 dilution in
ethanol of the stock solution resulted in a 1 mg/20 µl solution, and a 1:10 dilution
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of the 1 mg/20 µl solution resulted in a 0.1 mg/20 µl solution.  Twenty
microliters of each solution were mixed with 10 µl of autoclaved corn oil (ICN,
Aurora, OH) and fed to the mice with a disposable tip on a micropipetter three
times a week for three weeks.  Two concentrations of 17β-estradiol (Sigma) were
made: 6 µg/20 µl and 9 µg/20 µl.  Twenty microliters of the 6 µg/20 µl solution
were mixed with 10 µl of corn oil and fed to C57BL/6 males as a positive control
and twenty microliters of the 9 µg/20 µl solution were mixed with 10 µl of corn
oil and fed to B/W males as a positive control.  A high dose of 17β-estradiol was
fed to the B/W mice because they weighed approximately one third more than
the C57BL/6 mice at the start of dosing.  Negative control mice were fed 20 µl of
ethanol mixed with 10 µl of corn oil.  All solutions were made fresh each day of
feeding.  Three days after the last treatment the mice were killed by cervical
dislocation.

Serum collection and detection of dsDNA antibodies: Mice were bled
retro-orbitally prior to euthanization.  Serum was collected and kept frozen until
tested for dsDNA antibodies.  The dsDNA antibodies were detected in the serum
by standard ELISA techniques as previously reported (Verthelyi and Ansar
Ahmed, 1994, 1997, 1998).  Briefly, 96-well flat bottom plates (High-binding
EIA/RIA plate, Costar, Cambridge, MA) were coated with 2mg/ml methylated
bovine serum albumin (mBSA, Sigma) in PBS.  Plates were then incubated with
calf thymus dsDNA overnight at 4°C.  Residual ssDNA was removed by
incubation with S1 nuclease (Promega, Madison, WI) and then the wells were
blocked with PBS containing 2% bovine serum albumin (BSA, Fisher Scientific,
Pittsburg, PA).  Mouse sera was diluted in PBS containing 10% heat-inactivated
adult bovine serum (Sigma) and added to the wells.  After incubation and
washing, alkaline phosphatease conjugated goat anti-mouse immunoglobulin
(heavy chain specific, Caltag, South San Francisco, CA) diluted in 10% adult
bovine serum PBS was added to each well.  Plates were washed and developed
with p-nitrophenylphosphate in diethanolamine buffer (Sigma).  Plates were
read at 405 nm on a Molecular Devices kinetic plate reader (Molecular Devices,
Menlo Park, CA).  Positive anti-dsDNA controls contained sera from MRL/lpr or
B/W mice and negative controls contained either known negative sera or all the
chemicals but the serum.  The absorbance for the negative controls was
subtracted from the test samples.  The absorbance of the test sera was analyzed
as the percent of the positive controls per plate [(O.D.-negative control/positive
control)*100].

Lymphoid tissue collection and processing: The mice were weighed and
killed by cervical dislocation.  The percent body weight of the spleen and thymus
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were determined as described above in Chapter 2.  The spleen and thymus were
then processed and the cellularity determined as described above in Chapter 2.
The bone marrow was washed from the left femur by injecting complete media
into the cavity with a syringe and 23-gauge needle.  The erythrocytes were
removed from the bone marrow cell suspensions by lysis in ACK lysis buffer as
previously described for the spleen cells and were then washed in complete
RPMI media. The bone marrow cells were then counted and the viability was
assessed by trypan blue exclusion.  All cells were adjusted to a density of 5 X 106

cells/ml in complete RPMI and kept at 4°C until utilized in assays.

Non-lymphoid tissue collection and processing: The testis, seminal
vesicles, kidneys, liver, and salivary glands were removed from each mouse for
histopathological examination.  The testis and seminal vesicles were weighed
and the percent body weight was noted.  All tissues were fixed in 10% buffered
formalin (Fisher) and examined in a blinded study by a board-certified
pathologist.

Flow cytometric analysis of cell markers: Cells from the thymus and
spleen were stained with appropriate monoclonal antibodies and analyzed by
flow cytometry as described in Chapter 2.  The following antibodies were
utilized in these studies: fluorescein isothyocynate (FITC)-conjugated anti-CD8a
(53-6.7), anti-Thy1.2 (CD90, G7), and rat IgG2a isotype control (R35-95);
phycoerythrin (PE)- conjugated anti-CD4 (RM4-5), anti-CD19 (1D3), and rat
IgG2a isotype control (R35-95); and coy-chrome-conjugated anti-ΑΒ−TCR (H57-
597) and hamster IgG isotype control (G235-2356).  All monoclonal antibodies
were purchased from Pharmigen (San Diego, CA).

Detection of apoptosis: The percent of freshly isolated and stimulated
thymocytes undergoing apoptosis was determined by 7-aminoactinomycin-D (7-
AAD) fluorescence as previously described (Schemed et al., 1994).  Recent
studies in our laboratory have shown that the 7-AAD technique is reliable and
sensitive in identifying apoptotic thymocytes, and in particular thymocytes in the
early stages of apoptosis (Donner et al., 1999).  Briefly, for apoptosis of freshly
isolated thymocytes, 100 µl of 7-AAD (Molecular Probes, Eugene, OR) at 20
µg/ml in incomplete media was added to 5 x 105 thymocytes suspended in 100 µl
of incomplete media.  The cells were incubated with 7-AAD in the dark for 20
minutes at 4°C and then analyzed by flow cytometry.  Negative controls are
incubated in incomplete media without 7-AAD.  Thymocytes were also cultured
for 4, 12, and 24 hours and the percent of apoptotic thymocytes at each time point
was detected as above.  Briefly, one hundred microliters of thymocytes at a
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density of 5 X 106 cells/ml were added to 96-well round bottom plates.
Thymocytes were stimulated with 100 µl of complete RPMI media, complete
RPMI media containing 15 µg/ml of anti-CD3 antibodies (YCD3, purified in our
lab), or complete RPMI media containing 5 ng/ml of phorbol myristate acetate
(Sigma) and 0.25 µg/ml of ionomycin (Calbiochem, La Jolla, CA) (PMA+I).  After
4, 12, and 24 hours of incubation, the cells were pelleted at 300 X g for 6 minutes
and resuspended in 100 µl of incomplete media. Thymocytes were stained with
7-AAD and analyzed on the flow cytometer as described above.  The percent of
7-AAD uptake is directly related to the extent of apoptosis.  Therefore, the 7-
AADdull cells are considered live, the 7-AADintermediate cells are considered early
apoptotic, and the 7-AADbright cells are considered late apoptotic/necrotic.  The
7-AADintermediate and 7-AADbright are combined to determine the proportion of the
total dying population (7-AADintermediate+bright).  The data are represented as the
change from the media baseline of the anti-CD3 and PMA+I stimulated
thymocytes in each of the 7-AADdull, 7-AADintermediate, 7-AADbright, and 7-
AADintermediate+bright proportions of the population.

Statistics: The MIXED procedure of SAS (SAS ver. 6.12, SAS Institute,
Cary, NC) was used to perform a mixed effects, repeated measures ANOVA on
the 7-AAD apoptosis data.  A first order autoregressive model was used to
model covariance among repeated measurements from a mouse.  Single degree
of freedom contrasts were utilized to determine whether any of the doses of
octylphenol or 17β-estradiol differed from control.  The apoptosis data were
analyzed as the change from the media baseline.  All other data were analyzed
utilizing the General Linear Model procedure of SAS to perform a one-way
ANOVA.  Single degree of freedom contrasts were utilized to determine whether
any of the doses of octylphenol or 17β-estradiol differed from control.  Because of
the multiple comparisons, Bonferonni correction was used to hold the
experimentwise error rate to 0.05 (comparisonwise alpha = 0.01, therefore p<0.01
was considered significant).

d.) Results
Effect of octylphenol on the morphology of the thymus: The

morphology of the thymus was not altered by treatment with 0.1 mg, 1 mg, or 10
mg of octylphenol in either the C57BL/6 or the B/W males.  The percent body
weight of the thymus (Fig 3.1), the thymocyte cellularity of the thymus (Fig 3.2),
and the proportion of immature (CD4+CD8+, CD4-CD8-) thymocytes and
presumably mature (CD4+CD8-, CD4- CD8+) thymocytes (Fig 3.3) was not
significantly altered by treatment with any dose of octylphenol.  The 17β-
estradiol treatment resulted in a significant decrease in thymocyte cellularity in
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B/W males, but did not alter the thymocyte cellularity of C57BL/6 males (Fig
3.2).  The percent body weight of the thymus and the proportion of immature
and mature thymocytes were not effected by 17β-estradiol treatment in either
strain (Fig 3.1, 3.3).

Effect of octylphenol on apoptosis of thymocytes: The level of apoptosis
in freshly isolated thymocytes and the kinetics of apoptosis of cultured
thymocytes stimulated with anti-CD3 antibodies or PMA+I were studied.
Neither treatment with 0.1, 1, or 10 mg of octylphenol, nor 17β-estradiol
treatment affected the amount of apoptosis in freshly isolated thymocytes in
C57BL/6 or B/W males as assessed by 7-AAD fluorescence (Fig 3.4).  The kinetic
data were analyzed and reported as the changes in the proportions from media
of the anti-CD3 and PMA+I stimulated thymocytes in the live (7-AADdull), early
apoptotic (7-AADintermediate), late apoptotic/necrotic (7-AADbright), and total dying
(7-AADintermediate+bright ) cells populations.  Anti-CD3 stimulated apoptosis of
thymocytes was not affected by in vivo treatment with any dose of octylphenol or
17β-estradiol in the B/W males (Fig 3.5, 3.6).  However, at 24 hours of culture,
the thymocytes from the C57BL/6 males treated with 0.1 mg, 1 mg, and 10 mg of
octylphenol and 17β-estradiol exhibit a significantly greater decrease from media
in the proportion of live (7-AADdull) cells (Fig 3.7) and a significantly greater
increase from media in the proportion of total dying (7-AADintermediate+bright) cells
upon anti-CD3 stimulation than the controls (Fig 3.8).  Furthermore, the 17β-
estradiol treatment also resulted in a significantly greater increase from media at
24 hours in the proportion of late apoptotic/necrotic (7-AADbright) cells upon
anti-CD3 stimulation (Fig 3.8).  At 12 hours, in vivo treatment with 0.1 mg of
octylphenol resulted in a significantly greater increase from media in the
proportion of late apoptotic/necrotic (7-AADbright) cells upon anti-CD3
stimulation (Fig 3.8).  Altered apoptotic responses were also seen in thymocytes
from treatment groups of both the C57BL/6 and B/W males in response to
PMA+I stimulation (Fig 3.9-3.12).  At 24 hours, thymocytes from B/W mice
treated in vivo with 0.1 mg of octylphenol or 17β-estradiol and from C57BL/6
males treated in vivo with 0.1 mg octylphenol, 1 mg of octylphenol, or 17β-
estradiol exhibited a significantly greater increase in the proportion of early
apoptotic (7-AADintermediate) cells than thymocytes from control mice (Fig 3.10,
3.12).

Effect of octylphenol on bone marrow cellularity: The cellularity of the
bone marrow was not affected by treatment with any dose of octylphenol in
either the C57BL/6 or B/W males (Fig 3.13).  The 17β-estradiol treatment did
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cause a significant decrease in the bone marrow cellularity in B/W males, but not
in C57BL/6 males (Fig 3.13).

Effect of octylphenol on dsDNA autoantibody production: The
production of anti-dsDNA autoantibodies was not affected by treatment with 0.1
mg, 1 mg, or 10 mg of octylphenol or 17β-estradiol in the C57BL/6 or B/W mice
(Fig 3.14).  Both the C57BL/6 and B/W mice exhibited detectable levels of IgM
isotype anti-dsDNA antibodies.  The average absorbance for the B/W males was
higher than the average absorbance for the C57BL/6 males.  The levels detected
in the treatment groups did not differ from the controls in either strain (Fig 3.14).
The level of IgG isotype anti-dsDNA antibodies, also, did not differ between the
control and the treatment groups in either strain (Fig 3.14).

Effect of octylphenol on non-lymphoid tissue: Treatment with 0.1 mg, 1
mg, or 10 mg of octylphenol or 17β-estradiol did not cause pathological changes
in the liver, kidneys, or salivary glands of the C57BL/6 (n=30) or B/W males
(n=20).  The kidneys and salivary glands were found to be normal in all
treatment groups from both strains.  In one out of six C57BL/6 mice in the
control and 1 mg octylphenol treatment groups, in 1 out of 5 in the 0.1 mg
octylphenol treatment group, and in 2 out of five mice in the 17β-estradiol
treatment group, small foci of neutrophils, macrophages, or lymphocytes were
found in the liver.  However, they were diagnosed as normal.  The liver was
found to be normal in all the treated and control B/W mice examined,
suggesting that these compounds were not hepatotoxic.

Effect of octylphenol on the morphology of the spleen: In both the
C57BL/6 and B/W males, the morphology of the spleen was not altered by
treatment with 0.1 mg, 1 mg, or 10 mg of octylphenol.  The percent body weight
of the spleen (Fig 3.15) and the number of splenic leukocytes (Fig 3.16) were not
altered by treatment with any dose of octylphenol.  The proportion of Thy1.2+ or
αβ-TCR+ T cells and CD19+ B cells was also unaffected by treatment with
octylphenol (Fig 3.17).  In contrast the percent body weight of the spleen was
significantly increased by treatment with 17β-estradiol in the C57BL/6 males, but
not in the B/W males (Fig 3.15).  However, neither an increase in the number of
splenic lymphocytes, nor any change in the proportion of Thy1.2+ or αβ-TCR+ T
cell or CD19+ B cells was seen with 17β-estradiol treatment in either strain (Fig
3.16, 3.17).

Effect of octylphenol on reproductive tissue: The percent body weight of
the testis and seminal vesicles were measured to determine any estrogenic effects
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on the reproductive tissue.  Neither the testis nor seminal vesicle weights were
affected by the 0.1 mg, 1 mg, or 10 mg dose of octylphenol in either the C57BL/6
or B/W males (Fig 3.18, 3.19).  Treatment with 17β-estradiol in the C57BL/6
males significantly decreased the % body weight of the seminal vesicles, but not
of the testis (Fig 3.18).  Neither the seminal vesicles weights nor the testis weights
were affected by 17β-estradiol in the B/W males (3.19).  The testis and seminal
vesicles from all doses of octylphenol and 17β-estradiol were found normal by
histopathological examination.

e.) Discussion
The feeding of 0.1 mg, 1 mg, or 10 mg of octylphenol did not alter the

morphology or function of the thymus, as we assessed it, in either the B/W or
C57BL/6 males.  The decrease in cellularity, which was seen with 10 mg
octylphenol treatment of B/W males in preliminary studies, was not seen in
these studies in either strain.  However, there are distinct differences in the
models utilized in the two studies.  The preliminary studies utilized
orchiectomized B/W males in order to increase the sensitivity to detecting the
weak estrogenic effects of octylphenol.  The present study utilized intact males
because it is a more relevant model for the majority of animals exposed to
octylphenol.  Previous studies in B/W mice have indicated that testosterone has
counter-active effects on the estrogenic acceleration of autoimmune disease.  In
B/W mice it has been shown that castration in males results in acceleration of the
disease, whereas testosterone treatment in females results in amelioration of the
disease (Melez et al, 1978).  Also, the endocrine system is closely regulated by an
intricate feedback system, which includes serum and site specific levels of the
hormones, and estrogens are produced by the conversion of androgens to
estrogens.  Therefore, any changes in the androgen levels may affect the
conversion of androgens to estrogens through the feedback system.
Furthermore, the age of the animals differed between studies.  The B/W mice
treated in the preliminary studies were 5 months of age and the B/W and
C57BL/6 mice utilized in the present study were 2 to 2 ½ months of age.  The
differences in the models utilized may account for the differing results seen from
the same treatment.

The 0.1 mg, 1 mg, and 10 mg doses of octylphenol did not result in any
significant changes in the parameters tested, other than apoptosis of thymocytes.
Kinetic studies of stimulated thymocyte apoptosis did note significant changes in
certain apoptotic or live populations at particular time points.  However, no
overall change in the kinetics of apoptosis was noted.  No changes were noted in
the spleen or bone marrow as a result of octylphenol treatment, nor were any
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signs of accelerated onset of autoimmune disease noted in the histopathology of
the kidneys, liver, or salivary glands or in the level of IgM or IgG anti-dsDNA
antibodies in the serum.  IgM anti-dsDNA autoantibodies were detected in the
serum of both strains, although higher in the B/W than the C57BL/6 mice, but
short-term treatment with neither estrogen nor octylphenol were able to
accelerate the production of the autoantibodies or the isotype switch to IgG.
However, the mice were only 3 – 3 ½ months old by the end of the treatment,
which is the earliest that autoimmune parameters, such as increased
autoantibody production, have been noted in orchiectomized B/W males treated
with estrogens (Roubinian et al., 1978).

The reproductive changes that have been noted in other models when
treated with a comparable dose/gram body weight of octylphenol were not seen
in either the B/W or C57BL/6 mice treated with 10 mg of octylphenol.  However,
both the route of exposure and the model were different in the previous studies
that we analyzed to determine the dose of octylphenol to be administered.  In the
previous studies, octylphenol was administered by subcutaneous injection to
rats.  The route of exposure is very important when testing the effects of any
chemical.  Subcutaneous injection and oral dosing lead to two different pathways
of exposure in the body.  Subcutaneous injection leads to a direct absorption into
circulation and eventual metabolism in the liver and kidneys.  Oral dosing leads
to possible inactivation in the high pH of the stomach, followed by absorption
from the digestive tract and direct transport to the liver for detoxification and
metabolism prior to entry into circulation.  The different route of exposure may
account for the different effects on the reproductive tissue.  The differences
between metabolism in a rat and in a mouse may also account for the different
effects noted.

The doses of octylphenol tested did not mimic the estrogenic effects seen
with the 17β-estradiol treatment, and the 17β-estradiol treatment did not exhibit
estrogenic effects to the extent which have been noted in other studies.
Furthermore, 17β-estradiol treatment had differential effects between the B/W
and C57BL/6 strains.  A decrease in thymocyte and bone marrow cellularity was
seen in the B/W males, but not in the C57BL/6 males, and a decrease in the %
body weight of the seminal vesicles was noted in the C57BL/6 males, but not in
the B/W males.  It may be that the reproductive tract of the C57BL/6 males is
more sensitive to estrogenic treatment than the immune system, and the immune
system of the B/W males is more sensitive to estrogenic treatment than the
reproductive tract.  However, estrogen treatment has been shown to cause
thymic atrophy in the C57BL/6 model and has been shown to cause a decrease in
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bone marrow cellularity, which was not seen in the C57BL/6 males.  Also, the
decrease in thymocyte and bone marrow cellularity in 17β-estradiol treated B/W
males was not accompanied by a decrease in the proportion of immature
CD4+CD8+ thymocytes.  Estrogen induced thymic atrophy has been shown to
result from a decrease in the CD4+CD8+ thymocytes located in the thymic cortex
(Scarpanti et al., 1989; Silverstone et al., 1994).  Furthermore, no signs of
accelerated onset of autoimmune disease were noted in the kidneys, liver, or
salivary glands of 17β-estradiol treated mice.  As with the octylphenol treatment,
the mice are only 3 – 3 ½ months old at the end of the treatment and may not
have been old enough to see histopathological changes.  In contrast, significant
changes were noted in the kinetic studies of apoptosis.  Estrogen treatment has
not been shown to cause changes in the apoptosis of thymocytes in other studies.
However, as with the changes noted form octylphenol treatment, significant
changes were only noted in certain levels of 7-AAD fluorescence at isolated time.
No overall changes in kinetics were noted, nor could any trends be deciphered.
The route of administration, again, may account for the different results noted in
this study compared to previous studies.  Previous studies mainly utilized
subcutaneous injection or implants.  Although the dose of 17β-estradiol was
increased in these studies to account for the loss of activity due to oral dosing, it
may not have been enough.

Treatment with 0.1 mg, 1 mg, or 10 mg did not affect the morphology or
function of the thymus.  However, octylphenol treatment and 17β-estradiol
treatment did not result in the estrogenic changes noted in other studies.  A
difference in the route of administration may account for the differences in the
findings between our study and other studies.  Therefore, further studies should
be performed to determine whether subcutaneous injection of octylphenol will
cause estrogenic changes in the thymus or reproductive tract in our model, and
to determine whether differential estrogenic effects will be seen between the
injection and feeding of octylphenol and 17β-estradiol.
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Fig. 3.1: Eight to ten-week old B/W and C57BL/6 males were treated three times
a week for three weeks with 0.1 mg, 1 mg, or 10 mg of octylphenol, 6 or 9 µg 17β-
estradiol, or an ethanol/oil control.  Three days after the last treatment both
strains were weighed and the thymus was removed.  The thymus was weighed
and the percent body weight was calculated. p < 0.010 was considered
significant. (C57BL/6: n=6 for control, n=7 for 10 mg octylphenol, n=6 for 1 mg
octylphenol, n=5 for 0.1 mg octylphenol, n=7 for 17β-estradiol; B/W: n=6 for all
groups)
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Fig. 3.2: Eight to ten-week old B/W and C57BL/6 males were treated three times
a week for three weeks with 0.1 mg, 1 mg, or 10 mg of octylphenol, 6 or 9 µg 17β-
estradiol, or an ethanol/oil control.  Three days after the last treatment both
strains had the thymus removed.  The thymocytes were isolated and counted.  p
< 0.010 was considered significant. (C57BL/6: n=6 for control, n=7 for 10 mg
octylphenol, n=6 for 1 mg octylphenol, n=5 for 0.1 mg octylphenol, n=7 for 17β-
estradiol; B/W: n=6 for all groups)
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Fig. 3.3: Eight to ten-week old B/W and C57BL/6 males were treated three times
a week for three weeks with 0.1 mg, 1 mg, or 10 mg of octylphenol, 6 or 9 µg 17β-
estradiol, or an ethanol/oil control.  Three days after the last treatment the
thymocytes were isolated from both strains and stained with PE-conjugated anti-
CD4 antibodies and FITC-conjugated anti-CD8a antibodies or isotype matched
controls.  The stained cells were analyzed using an EPICS-XL flow cytometer.
The data are presented as the percentage of cells that stained positive.  p < 0.010
was considered significant. (C57BL/6: n=6 for control, n=7 for 10 mg
octylphenol, n=6 for 1 mg octylphenol, n=5 for 0.1 mg octylphenol, n=7 for 17β-
estradiol; B/W: n=6 for all groups)
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Fig. 3.4: Eight to ten-week old B/W and C57BL/6 males were treated three times
a week for three weeks with 0.1 mg, 1 mg, or 10 mg of octylphenol, 6 or 9 µg 17β-
estradiol, or an ethanol/oil control.  Three days after the last treatment the
thymus was removed from both strains and the thymocytes were isolated.  The
thymocytes were stained with 7-AAD and analyzed using an EPICS-XL flow
cytometer to detect apoptosis.  The data are presented as the percentage of cells
that are 7-AADdull (live), 7-AADintermediate (early apoptotic), and 7-AADbright (late
apoptotic/necrotic), and 7-AADintermediate+bright (total dying).  p < 0.010 was
considered significant. (C57BL/6: n=6 for control, n=7 for 10 mg octylphenol,
n=6 for 1 mg octylphenol, n=5 for 0.1 mg octylphenol, n=7 for 17β-estradiol;
B/W: n=6 for all groups)
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Fig. 3.5: Eight to ten-week old B/W males were treated three times a week for
three weeks with 0.1 mg, 1 mg, or 10 mg of octylphenol, 9 µg 17β-estradiol, or an
ethanol/oil control.  Three days after the last treatment the thymus was removed
from both strains and the thymocytes were isolated.  The thymocytes were
stimulated with anti-CD3 antibodies or media for a baseline.  At 4, 12, and 24
hours of culture the thymocytes were stained with 7-AAD and analyzed using an
EPICS-XL flow cytometer to detect apoptosis. The data are represented as the
change from the media baseline of the anti-CD3 stimulated thymocytes in the
proportion of 7-AADdull (live) thymocytes (% stimulated - % media).  Media
baselines are listed in the appendix.  p < 0.010 was considered significant.  (n=4
for 0.1 mg octylphenol at 24 hours, n=5 for 17β-estradiol at 4 and 24 hours, n=6
for all other groups and time points)
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Fig. 3.6: Eight to ten-week old B/W males were treated three times a week for
three weeks with 0.1 mg, 1 mg, or 10 mg of octylphenol, 9 µg 17β-estradiol, or an
ethanol/oil control.  Three days after the last treatment the thymus was removed
from both strains and the thymocytes were isolated.  The thymocytes were
stimulated with anti-CD3 antibodies or media for a baseline.  At 4, 12, and 24
hours of culture the thymocytes were stained with 7-AAD and analyzed using an
EPICS-XL flow cytometer to detect apoptosis. The data are represented as the
change from the media baseline of the anti-CD3 stimulated thymocytes in each of
the 7-AADintermediate (early apoptotic), 7-AADbright(late apoptotic/necrotic), and 7-
AADintermediate+bright (total dying) proportions of the population (% stimulated - %
media).  Media baselines are listed in the appendix.  p < 0.010 was considered
significant. (n=4 for 0.1 mg octylphenol at 24 hours, n=5 for 17β-estradiol at 4 and
24 hours, n=6 for all other groups and time points)
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Fig. 3.7: Eight to ten-week old C57BL/6 males were treated three times a week
for three weeks with 0.1 mg, 1 mg, or 10 mg of octylphenol, 6 µg 17β-estradiol, or
an ethanol/oil control.  Three days after the last treatment the thymus was
removed from both strains and the thymocytes were isolated.  The thymocytes
were stimulated with anti-CD3 antibodies or media for a baseline.  At 4, 12, and
24 hours of culture the thymocytes were stained with 7-AAD and analyzed using
an EPICS-XL flow cytometer to detect apoptosis. The data are represented as the
change from the media baseline of the anti-CD3 stimulated thymocytes in the
proportion of 7-AADdull (live) thymocytes (% stimulated - % media).  Media
baselines are listed in the appendix.  p < 0.010 was considered significant (n=6
for control, n=7 for 10 mg octylphenol, n=6 for 1 mg octylphenol, n=5 for 0.1 mg
octylphenol, n=7 for 17β-estradiol)

¢

¢

¢

�

�

�

p

p

p

Ó

Ó

Ó

¿

¿

¿

-12

-8

-4

0

*
**

*

C
ha

ng
e 

fro
m

 M
ed

ia
 (%

) 

4 12 24

* p<0.010

Effect of Octylphenol Treatment in C57BL/6 Mice on the Proportion of 
Live (7-AADdull)  Thymocytes upon Anti-CD3 Stimulation

¢ Control

� 10 mg Octylphenol

p 1 mg Octylphenol

Ó 0.1 mg Octylphenol

¿ 17β-estradiol

Hours of Culture



70

Fig. 3.8: Eight to ten-week old C57BL/6 males were treated three times a week
for three weeks with 0.1 mg, 1 mg, or 10 mg of octylphenol, 6 µg 17β-estradiol, or
an ethanol/oil control.  Three days after the last treatment the thymus was
removed from both strains and the thymocytes were isolated.  The thymocytes
were stimulated with anti-CD3 antibodies or media for a baseline.  At 4, 12, and
24 hours of culture the thymocytes were stained with 7-AAD and analyzed using
an EPICS-XL flow cytometer to detect apoptosis. The data are represented as the
change from the media baseline of the anti-CD3 stimulated thymocytes in each of
the 7-AADintermediate (early apoptotic), 7-AADbright(late apoptotic/necrotic), and 7-
AADintermediate+bright (total dying) proportions of the population (% stimulated - %
media).  Media baselines are listed in the appendix.  p < 0.010 was considered
significant. (n=6 for control, n=7 for 10 mg octylphenol, n=6 for 1 mg
octylphenol, n=5 for 0.1 mg octylphenol, n=7 for 17β-estradiol)
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Fig. 3.9: Eight to ten-week old B/W males were treated three times a week for
three weeks with 0.1 mg, 1 mg, or 10 mg of octylphenol, 9 µg 17β-estradiol, or an
ethanol/oil control.  Three days after the last treatment the thymus was removed
from both strains and the thymocytes were isolated.  The thymocytes were
stimulated with PMA+I or media for a baseline.  At 4, 12, and 24 hours of culture
the thymocytes were stained with 7-AAD and analyzed using an EPICS-XL flow
cytometer to detect apoptosis. The data are represented as the change from the
media baseline of the PMA+I stimulated thymocytes in the proportion of 7-
AADdull (live) thymocytes (% stimulated - % media).  Media baselines are listed
in the appendix.  p < 0.010 was considered significant. (n=3 for 17β-estradiol at
24 hours; n=4 for control, 0.1 mg octylphenol, 1 mg octylphenol, and 10 mg
octylphenol at 24 hours; n=5 for 17β-estradiol at 4 hours; n=6 for all other groups
and time points)
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Fig. 3.10: Eight to ten-week old B/W males were treated three times a week for
three weeks with 0.1 mg, 1 mg, or 10 mg of octylphenol, 9 µg 17β-estradiol, or an
ethanol/oil control.  Three days after the last treatment the thymus was removed
from both strains and the thymocytes were isolated.  The thymocytes were
stimulated with PMA+I or media for a baseline.  At 4, 12, and 24 hours of culture
the thymocytes were stained with 7-AAD and analyzed using an EPICS-XL flow
cytometer to detect apoptosis. The data are represented as the change from the
media baseline of the PMA+I stimulated thymocytes in each of the 7-
AADintermediate (early apoptotic), 7-AADbright(late apoptotic/necrotic), and 7-
AADintermediate+bright (total dying) proportions of the population (% stimulated - %
media).  Media baselines are listed in the appendix.  p < 0.010 was considered
significant.  (n=3 for 17β-estradiol at 24 hours; n=4 for control, 0.1 mg
octylphenol, 1 mg octylphenol, and 10 mg octylphenol at 24 hours; n=5 for 17β-
estradiol at 4 hours; n=6 for all other groups and time points)
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Fig. 3.11: Eight to ten-week old C57BL/6 males were treated three times a week
for three weeks with 0.1 mg, 1 mg, or 10 mg of octylphenol, 6 µg 17β-estradiol, or
an ethanol/oil control.  Three days after the last treatment the thymus was
removed from both strains and the thymocytes were isolated.  The thymocytes
were stimulated with PMA+I or media for a baseline.  At 4, 12, and 24 hours of
culture the thymocytes were stained with 7-AAD and analyzed using an EPICS-
XL flow cytometer to detect apoptosis. The data are represented as the change
from the media baseline of the PMA+I stimulated thymocytes in the proportion
of 7-AADdull (live) thymocytes (% stimulated - % media).  Media baselines are
listed in the appendix.  p < 0.010 was considered significant. (n=6 for control, n=7
for 10 mg octylphenol, n=6 for 1 mg octylphenol, n=5 for 0.1 mg octylphenol, n=7
for 17β-estradiol)

0

¢

¢
¢

�

�

�

p

p

p

Ó

Ó

Ó

¿

¿

¿

-40

-30

-20

-10

C
ha

ng
e 

fr
om

 M
ed

ia
 (%

)

4 12 24

Effect of Octylphenol Treatment in C57BL/6 Mice on the Proportion of 
Live (7-AADdull)  Thymocytes upon PMA+I Stimulation

¢ Control

� 10 mg Octylphenol

p 1 mg Octylphenol

Ó 0.1 mg Octylphenol

¿ 17β-estradiol

Hours of Culture



74

Fig. 3.12: Eight to ten-week old C57BL/6 males were treated three times a week
for three weeks with 0.1 mg, 1 mg, or 10 mg of octylphenol, 6 µg 17β-estradiol, or
an ethanol/oil control.  Three days after the last treatment the thymus was
removed from both strains and the thymocytes were isolated.  The thymocytes
were stimulated with PMA+I or media for a baseline.  At 4, 12, and 24 hours of
culture the thymocytes were stained with 7-AAD and analyzed using an EPICS-
XL flow cytometer to detect apoptosis. The data are represented as the change
from the media baseline of the PMA+I stimulated thymocytes in each of the 7-
AADintermediate (early apoptotic), 7-AADbright(late apoptotic/necrotic), and 7-
AADintermediate+bright (total dying) proportions of the population (% stimulated - %
media).  Media baselines are listed in the appendix.  p < 0.010 was considered
significant.  (n=6 for control, n=7 for 10 mg octylphenol, n=6 for 1 mg
octylphenol, n=5 for 0.1 mg octylphenol, n=7 for 17β-estradiol)
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Fig. 3.13: Eight to ten-week old B/W and C57BL/6 males were treated three
times a week for three weeks with 0.1 mg, 1 mg, or 10 mg of octylphenol, 6 or 9
µg 17β-estradiol, or an ethanol/oil control.  Three days after the last treatment
the bone marrow was washed from the left femur of both strains, the red blood
cells were removed, and the remaining cells were counted.  p < 0.010 was
considered significant. (C57BL/6: n=4 for control, n=4 for 10 mg octylphenol,
n=4 for 1 mg octylphenol, n=4 for 0.1 mg octylphenol, n=4 for 17β-estradiol;
B/W: n=6 for all groups)
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Fig. 3.14: Eight to ten-week old B/W and C57BL/6 males were treated three
times a week for three weeks with 0.1 mg, 1 mg, or 10 mg of octylphenol, 6 or 9
µg 17β-estradiol, or an ethanol/oil control.  Three days after the last treatment
both strains were bled retro-orbitally and the serum removed.  ELISAs were
performed to determine the level of IgM and IgG anti-dsDNA autoantibodies in
the serum.  The data are presented as the percentage of the positive control
serum to control for plate to plate variation.  p < 0.010 was considered
significant. (C57BL/6: n=6 for control, n=7 for 10 mg octylphenol, n=6 for 1 mg
octylphenol, n=5 for 0.1 mg octylphenol, n=7 for 17β-estradiol; B/W: n=6 for all
groups)
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Fig. 3.15: Eight to ten-week old B/W and C57BL/6 males were treated three
times a week for three weeks with 0.1 mg, 1 mg, or 10 mg of octylphenol, 6 or 9
µg 17β-estradiol, or an ethanol/oil control.  Three days after the last treatment
both strains were weighed and the spleen was removed.  The spleen was
weighed and the percent body weight was calculated.  p < 0.010 was considered
significant. (C57BL/6: n=6 for control, n=7 for 10 mg octylphenol, n=6 for 1 mg
octylphenol, n=5 for 0.1 mg octylphenol, n=7 for 17β-estradiol; B/W: n=6 for all
groups)
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Fig. 3.16: Eight to ten-week old B/W and C57BL/6 males were treated three
times a week for three weeks with 0.1 mg, 1 mg, or 10 mg of octylphenol, 6 or 9
µg 17β-estradiol, or an ethanol/oil control.  Three days after the last treatment
the spleen was removed from both strains.  The leukocytes were isolated and
counted.  p < 0.010 was considered significant. (C57BL/6: n=6 for control, n=7 for
10 mg octylphenol, n=6 for 1 mg octylphenol, n=5 for 0.1 mg octylphenol, n=7 for
17β-estradiol; B/W: n=6 for all groups)
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Fig. 3.17: Eight to ten-week old B/W and C57BL/6 males were treated three
times a week for three weeks with 0.1 mg, 1 mg, or 10 mg of octylphenol, 6 or 9
µg 17β-estradiol, or an ethanol/oil control.  Three days after the last treatment
the spleen was removed from both strains. The leukocytes were isolated from the
spleen and stained with PE-conjugated anti-CD19 antibodies and FITC-
conjugated anti-Thy1.2 antibodies, cy-chrome-conjugated anti-αβTCR antibodies,
or isotype matched controls.  The stained cells were analyzed using an EPICS-XL
flow cytometer.  The data are presented as the percentage of cells that stained
positive.  p < 0.010 was considered significant. (C57BL/6: n=6 for control, n=7 for
10 mg octylphenol, n=6 for 1 mg octylphenol, n=5 for 0.1 mg octylphenol, n=7 for
17β-estradiol - αβTCR; n=4 for all groups – Thy1.2 and CD19; B/W: n=6 for all
groups – αβTCR and Thy1.2; n=4 for all groups – CD19)
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Fig. 3.18: Eight to ten-week old B/W and C57BL/6 males were treated three
times a week for three weeks with 0.1 mg, 1 mg, or 10 mg of octylphenol, 6 or 9
µg 17β-estradiol, or an ethanol/oil control.  Three days after the last treatment
both strains were weighed and the testis were removed.  The testis were weighed
and the percent body weight was calculated.  p < 0.010 was considered
significant. (C57BL/6: n=6 for control, n=7 for 10 mg octylphenol, n=6 for 1 mg
octylphenol, n=5 for 0.1 mg octylphenol, n=7 for 17β-estradiol; B/W: n=6 for all
groups)
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Fig. 3.19: Eight to ten-week old B/W and C57BL/6 males were treated three
times a week for three weeks with 0.1 mg, 1 mg, or 10 mg of octylphenol, 6 or 9
µg 17β-estradiol, or an ethanol/oil control. Three days after the last treatment
both strains were weighed and the seminal vesicles were removed.  The seminal
vesicles were weighed and the percent body weight was calculated.  p < 0.010
was considered significant. (C57BL/6: n=6 for control, n=7 for 10 mg
octylphenol, n=6 for 1 mg octylphenol, n=5 for 0.1 mg octylphenol, n=7 for 17β-
estradiol; B/W: n=4 for all groups)
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Chapter 4

Route of administration studies to compare the effects of oral and
subcutaneous administration of octylphenol and 17ββ -estradiol in

C57BL/6 and B/W Mice

a.) Introduction
The dose range studies, which looked at the effects of octylphenol on the

thymus of adult male C57BL/6 and B/W mice, exhibited no immunological or
reproductive effects on the at oral doses of 0.1 mg, 1 mg, or 10 mg.  Two main
differences existed between the model in the preliminary studies and that of the
dose range experiments.  First, both models utilized adult mice, but the mice
were 3 months older in the preliminary studies.  Second, the preliminary studies
utilized orchiectomized mice, whereas the dose range studies utilized
reproductively intact mice to study a more relevant model.  Either change in the
model could have caused the different responses seen in the 10 mg treatment of
octylphenol.

However, to complicate matters, 17β-estradiol also did not exhibit the
estrogenic effects that have been seen in other studies.  The 17β-estradiol
treatment did not induce the thymic atrophy expected from findings in previous
studies and a decrease in the weights of the seminal vesicles was only seen in the
C57BL/6 mice, not in the B/W mice.  Furthermore, a decrease in bone marrow
cellularity was noted in the 17β-estradiol treated B/W mice, but not in the
C57BL/6 mice. In the majority of previous studies, 17β-estradiol was
administered either by subcutaneous injection or subcutaneous implant (Seaman
and Gindhart, 1979; Ansar Ahmed et al., 1985a; Ansar Ahmed et al., 1989;
Screpanti et al., 1989; Ansar Ahmed and Verthelyi, 1993; Silverstone et al., 1994;
Verthelyi and Ansar Ahmed, 1994, 1997, 1998; Holland and Roy, 1995; Olsen and
Kovacs, 1996).  Therefore, choosing a dose that induces thymic atrophy upon oral
administration was not obvious from the literature. The dose of 17β-estradiol
was based on previous studies that examined the induction of thymic atrophy by
subcutaneous injection (Ansar Ahmed et al., 1985b).  In this study, the dose
which has been shown to induce thymic atrophy after short-term administration
of 17β-estradiol by subcutaneous injection was increase by 3X and given orally in
the previous studies.
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The route of exposure is a likely explanation for the differences in the
findings of our study compared to those in previous studies.  Previous studies on
the reproductive changes caused by octylphenol have utilized subcutaneous
injections, and most studies on the estrogenic effects of 17β-estradiol have also
utilized subcutaneous administration of an injection or an implant.
Subcutaneous exposure, especially with injections, leads to a high dose absorbed
directly into circulation, which is eventually taken to the liver for metabolism
and detoxification.  Upon oral dosing a compound must enter the high pH of the
stomach, and then lipid soluble compounds are absorbed into circulation in the
small intestines, which has a portal directly to the liver for metabolism and
detoxification.  The different routes of exposure can directly effect the potency to
the compounds tested.  Therefore, in order to determine whether octylphenol has
estrogenic effects on the thymus or on the reproductive tissue as seen in other
studies, octylphenol and 17β-estradiol were subcutaneously injected in C57BL/6
or B/W adult males.  The effects on the morphology and function of the thymus
were noted, along with reproductive changes.  Furthermore, to determine the
importance of the route of administration for estrogenic activity of octylphenol
and 17β-estradiol, oral feeding of octylphenol and 17β-estradiol will be
compared to subcutaneous injection in the parameters measured.

b.) Specific Aims
I.) The primary aim of this study is to determine whether the subcutaneous
injection of octylphenol at 10 mg will affect the morphology and function of the
thymus of C57BL/6 and B/W adult males and will cause reproductive changes.
The following were examined:

a.) Morphology of Primary Lymphoid Organs:
v Thymus weight and cellularity
v Proportion of immature and mature thymocytes.
v Bone marrow cellularity to determine whether a decrease in thymic

cellularity is due to a decrease in precursor cells from the bone
marrow

b.) Function of the thymus:
v Proportion of immature and mature thymocytes to determines

whether proper development of T cells is occurring
v Apoptosis of unstimulated and stimulated thymocytes to

determine whether there is proper signaling for apoptosis
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c.) Autoimmune Parameters:
v Autoantibody production
v Histopathologic examination of the kidneys, liver and salivary

glands to determine whether proper selection is occurring

d.) Morphology of Secondary Lymphoid Organs:
v Splenic weight and leukocyte cellularity
v T cell/B cell  numbers to determine any alteration in the migration

of mature T cells out of the thymus into the spleen

e.) Reproductive changes: testis and seminal vesicle weights

II) The secondary aim of this study is to determine whether the route of exposure
of octylphenol and 17β-estradiol is important in the estrogenic effects they have
on the thymus and reproductive tract of C57BL/6 and B/W adult males.
Therefore, octylphenol and 17β-estradiol will be administered by feeding, as well
as by subcutaneous injection, and the results from the above parameters will be
compared

c.) Materials and Methods
Mice: Eight-to-ten week old C57BL/6 males were purchased from Charles

River (Wilmington, MA) and eight-to-ten week old B/W males were purchased
from Jackson Laboratories (Bar Harbor, ME).  All mice were housed, fed, and
watered as described in Chapter 2.

Octylphenol and 17ββ -estradiol treatment: One week after arrival the B/W
and C57BL/6 males randomly divided into treatment groups, selected mice were
either fed 10 mg of octylphenol, subcutaneously injected with 10 mg of
octylphenol, fed 15 µg of 17β-estradiol, subcutaneously injected with 15 µg of
17β-estradiol, or injected with an ethanol/oil control three times a week for three
weeks.  Octylphenol (Sigma, St. Louis, MO) was dissolved in ethanol to make a
stock concentration of 20 mg/30 µl.  A 1:2 dilution in autoclaved corn oil (ICN,
Aurora, OH) of the stock solution gave a 10 mg/30 µl solution for feeding and
injection.  A solution of 17β-estradiol (Sigma) in ethanol at a concentration of 30
µg/30 µl was made.  A 1:2 dilution in corn oil of the 17β-estradiol solution gave a
15 µg/30 µl solution for feeding and injection.  Negative control mice were
injected with equal parts ethanol and corn oil.  The mice were either fed or
subcutaneously injected with 30 µl of one of the treatments three times a week
for three weeks.  The subcutaneous injections were rotated between the left and
right abdominal area and the back.  All solutions were made fresh each day of



85

treatment.  Three days after the last treatment the mice were euthanized by
cervical dislocation as approved by the Virginia Polytechnic Institute and State
University Animal Care Committee.

Serum collection and detection of dsDNA antibodies: Mice were bled
retro-orbitally prior to euthanization.  Serum was collected and kept frozen until
tested for dsDNA antibodies.  The dsDNA antibodies were detected in the serum
by standard ELISA techniques as described previously in Chapter 3.  The
absorbance of the test sera was analyzed as the percent of the positive controls
per plate [(O.D.-negative control/positive control)*100].

Lymphoid tissue collection and processing: The mice were weighed and
the spleen, thymus, and bone marrow were removed and processed as described
previously in Chapter 3.  The body weights taken prior to euthanization were
utilized in the percent body weights ratios reported for the spleen and thymus.
The number of lymphocytes isolated from thymus and the number of leukocytes
isolated from the spleen and bone marrow was noted, and all cells were adjusted
to a density of 5 X 106 cells/ml in complete RPMI and kept at 4°C until utilized in
assays.

Non-lymphoid tissue collection and processing: The testis, seminal
vesicles, kidneys, liver, and salivary glands were removed from each mouse and
examined histopathologically as described previously in Chapter 3.  In some
mice, a small section of the spleen was also sent for histopathological
examination.  These spleens were not utilized in cellularity counts.  The testis
and seminal vesicles were weighed and the percent body weight was noted.

Flow cytometric analysis of cell markers: Thymus, spleen, and bone
marrow cells were stained with appropriate monoclonal antibodies and analyzed
by flow cytometry as described previously in Chapter 2.  The following
antibodies were utilized in these studies: fluorescein isothyocynate (FITC)-
conjugated anti-CD8a (53-6.7), anti-Thy1.2 (CD90, G7), anti-F480 (F480), anti-
CD11b (Mac1, M1/70), and rat IgG2a isotype control (R35-95); phycoerythrin
(PE)- conjugated anti-CD4 (RM4-5), anti-CD19 (1D3), anti-CD71 (C2), anti-GR1
(Ly-6G, RB6-8C5), and rat IgG2a isotype control (R35-95); and cy-chrome-
conjugated anti-αβ−TCR (H57-597), and hamster IgG isotype control (G235-
2356).  All monoclonal antibodies were purchased from Pharmigen (San Diego,
CA).

Stimulation and expression of Very Early Activation Antigen (CD69):
Leukocytes from the spleen were plated and stimulated as previously described
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in Chapter 2.  After 4 hours, the plate was centrifuged at 300 X g for 6 minutes to
pellet the cells and the supernatants were removed.  The cells were resuspended
in 100 µl of incomplete RPMI media and stained as in the previous section for cell
markers.  In most experiments the cells were stained with either PE-conjugated
anti-CD69 (H1.2F3) (Pharmigen) or hamster IgG isotype control (A19-3)
(Pharmigen) and analyzed by the flow cytometer for fluorescence.  In some
experiments, the cells were double stained with FITC-conjugated anti-CD69 and
PE-conjugated anti-GR1 or FITC-conjugated hamster IgG isotype control and PE-
conjugated rat IgG2a isotype control.

Detection of apoptosis: The percent of freshly isolated and stimulated
thymocytes undergoing apoptosis was determined by 7-aminoactinomycin-D (7-
AAD) fluorescence as described previously in Chapter 3.  The percent of 7-AAD
uptake is directly related to the extent of apoptosis.  Therefore, the 7-AADdull

cells are considered live, the 7-AADintermediate cells are considered early apoptotic,
and the 7-AADbright cells are considered late apoptotic/necrotic.  The 7-
AADintermediate and 7-AADbright are combined to determine the proportion of the
total dying population (7-AADintermediate+bright).  The data are represented as the
change from the media baseline of the anti-CD3 and PMA/I stimulated
thymocytes in each of the 7-AADdull, 7-AADintermediate, 7-AADbright, and 7-
AADintermediate+bright proportions of the population.

Statistics: The MIXED procedure of SAS (SAS ver. 6.12, SAS Institute,
Cary, NC) was used to perform a mixed effects, repeated measures ANOVA on
the 7-AAD apoptosis data.  A first order autoregressive model was used to
model covariance among repeated measurements from a mouse.  Single degree
of freedom contrasts were utilized to determine whether the injected octylphenol
or 17β-estradiol groups differed from the injected control groups and whether
the injected octylphenol or 17β-estradiol groups.  The apoptosis data were
analyzed as the change from the media baseline.  All other data were analyzed
utilizing the General Linear Model procedure of SAS to perform a one-way
ANOVA.  Single degree of freedom contrasts were utilized to determine whether
the injected octylphenol or 17β-estradiol groups differed from the injected
control groups and whether the injected octylphenol or 17β-estradiol groups
differed from the fed octylphenol or 17β-estradiol groups, respectively.  Because
of the multiple comparisons, Bonferonni correction was used to hold the
experimentwise error rate to 0.05 (comparisonwise alpha = 0.01, therefore p<0.01
was considered significant).
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d.) Results
Effect of octylphenol on the morphology of the thymus: The

morphology of the thymus was altered by subcutaneous injection of 10 mg of
octylphenol in the C57BL/6 males, but not the B/W males.  The thymocyte
numbers were significantly decreased compared to controls by subcutaneous
injection of 10 mg of octylphenol and by subcutaneous injection of 15 µg of 17β-
estradiol in C57BL/6 males (Fig 4.1).  Furthermore, injection of 17β-estradiol, but
not octylphenol, resulted in a significant decrease in the percent body weight of
the thymus in C57BL/6 males (Fig 4.2).  In the B/W males, the percent body
weight of the thymus and the thymocyte numbers were significantly decreased
by subcutaneous injection of 17β-estradiol, but not by subcutaneous injection of
10 mg of octylphenol (Fig 4.1, 4.2).  The decrease in thymocyte numbers seen in
the C57BL/6 mice injected with octylphenol was also significantly different from
the thymocyte numbers of mice fed octylphenol (Fig 4.1).  Similarly, the decrease
in the % body weight of the thymus in mice injected with 17β-estradiol was also
significantly different from the percent body weight of the thymus of mice fed
17β-estradiol in the C57BL/6 males (Fig 4.2).  In contrast, the decrease in the
thymocyte cellularity seen in both the B/W and C57BL/6 males injected with
17β-estradiol and the decrease in the percent body weight of the thymus in the
B/W males injected with 17β-estratdiol was not significantly different from the
thymocyte cellularity and % body weight of the thymus in mice fed 17β-estradiol
(Fig 4.1, 4.2).

Although the injection of 10 mg of octylphenol and 17β-estradiol resulted
in decreased thymic cellularity, no significant changes in the proportion of
immature (CD4+CD8+, CD4-CD8-) and mature (CD4+CD8-, CD4-CD8+)
thymocytes were noted in the C57BL/6 males (Fig 4.3).  In contrast, injection of
17β-estradiol in the B/W males resulted in an increase in the presumably mature
CD4-CD8+ thymocytes compared to control mice, but not compared to mice fed
17β-estradiol (Fig 4.3).  The injection of 10 mg of octylphenol in B/W males did
not result in any change in the proportion of immature or mature thymocytes
(Fig 4.3).

Effect of octylphenol on apoptosis of thymocytes: The level of apoptosis
of freshly isolated thymocytes and of cultured thymocytes stimulated with anti-
CD3 antibodies and PMA+I was determined.  The data were analyzed and are
presented as the change from the media baseline of the thymocytes stimulated
with the anti-CD3 or PMA+I (Anti-CD3 or PMA+I – Media).  The level of
apoptosis was assessed by the proportion of live (7-AADdull), early apoptotic (7-
AADintermediate), late apoptotic/necrotic (7-AADbright), and total dying (7-
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AADintermediate+bright) cells. The feeding or injection of octylphenol or 17β-estradiol
did not affect the level of apoptosis in freshly isolated thymocytes in either the
C57BL/6 or B/W males (Fig 4.4).  The proportion of live or apoptotic thymocytes
at 4, 12, or 24 hours of culture with anti-CD3 or PMA+I was not affected by the
feeding or injection of octylphenol or the feeding of 17β-estradiol in either the
C57BL/6 or B/W males (Fig 4.5-4.12).  The in vivo injection of 17β-estradiol did
effect the change from media in the level of apoptosis of both strains at 24 hours
of culture.  Thymocyte isolated from C57BL/6 male injected with 17β-estradiol
and stimulated with anti-CD3 had a significantly greater increase from media in
the proportion of live cells (7-AADdull) than the controls (Fig 4.7).  Thymocytes
isolated from B/W males injected with 17β-estradiol and stimulated with PMA+I
had a significantly lower increase from media in the proportion of late
apoptotic/necrotic cells (7-AADbright) (Fig 4.10).

Effect of octylphenol on bone marrow cellularity: Neither the feeding
nor the injection of 10 mg of octylphenol caused a change in the bone marrow
cellularity in either the C57BL/6 or B/W males (Fig 4.13).  In contrast, the
injection of 17β-estradiol caused a significant decrease in bone marrow cellularity
compared to controls in both strains (Fig 4.13).  However, the bone marrow
cellularity was not significantly different between mice fed 17β-estradiol and
mice injected with 17β-estradiol (Fig 4.13).  Bone marrow was also double stained
for GR1 and CD11b+F480 and analyzed by flow cytometry to determine the
proportion of developing granulocytes, monocytes, and macrophages in the bone
marrow.  The data are represented as a dot plot because n=2 for each treatment.
The injection of 10 mg of octylphenol resulted in an increase in the
GR1+CD11b/F480+ cells in C57BL/6 males (Fig 4.14) and an increase in the
GR1+CD11b/F480+ and the GR1-CD11b/F480+ in the B/W males (Fig 4.14).

Effect of octylphenol on dsDNA autoantibody production: The level of
anti-dsDNA autoantibodies in the serum was not affected by the feeding or the
injection of 10 mg of octylphenol or 15 µg of 17β-estradiol in the C57BL/6 or
B/W mice (Fig 4.15).  Both the C57BL/6 and B/W mice exhibited detected levels
of IgM isotype anti-dsDNA antibodies; however, the average absorbance for the
B/W males was higher than the average absorbance for the C57BL/6 males, and
the levels detected in the treatment groups did not differ from the controls in
either strain (Fig 4.15).  The level of IgG isotype anti-dsDNA antibodies in the
serum, also, did not differ between the control group and the treatment groups
in either strain (Fig 4.15).   Furthermore, in both the C57BL/6 and B/W mice
neither the level of the IgG nor the IgM anti-dsDNA antibodies in the serum
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differed between the mice fed octylphenol or 17β-estradiol and those injected
with octylphenol or 17β-estradiol, respectively (Fig 4.15).

Effect of octylphenol on non-lymphoid tissue: The liver, kidneys,
salivary glands, heart, and lungs from all mice were examined
histopathologically.  One out of 6 of the B/W mice in the injected control group
was diagnosed with purulent sialoadenitis because of an inflammation of the
salivary glands that could have been caused by a bacterial infection.  One out of 5
C57BL/6 mouse fed octylphenol had hydronephrosis and pyelonephritis in the
kidney that is indicative of a chronic infection of the lower urinary tract.  The
kidneys, salivary glands, heart, and lungs from all other mice were found to be
normal.

Injection of 10 mg of octylphenol resulted in hepatic hematopoiesis in both
the C57BL/6 and B/W males (Table 4.1).  Six out of the six livers from C57BL/6
mice and 5 out of 5 livers from B/W mice injected with octylphenol showed
hematopoiesis upon histopathological examination (Table 4.1).  One out of the
seven C57BL/6 mice fed 17β-estradiol and 1 out of the 5 fed octylphenol also
exhibited minimal hematopoiesis of the liver (Table 4.1).  No treatment other
than the injection of octylphenol resulted in signs of hepatic hematopoiesis in the
B/W mice (Table 4.1).

The injection of 10 mg of octylphenol also resulted in severe inflammation
and necrosis of the skin in both strains.  Raised areas, severe adhesions and
scabbing were noted at the sites of injection in all mice injected with octylphenol,
but not in mice injected with the oil/ethanol control or 17β-estradiol.  Sections of
the skin from mice injected with octylphenol and control mice were examined
histopathologically.  The skin sections from control mice injected with
oil/ethanol were found to be normal.  The skin sections from B/W and C57BL/6
mice injected with octylphenol were diagnosed with necrotizing, suppurative
panniculitis with fibrosis and dermal necrosis, which could have been caused by
bacterial infections.  Corn oil smeared on blood agar plates ensure sterility. One
B/W mouse lost the function of its hind leg during the third week of treatment.
Muscle sections from the leg sent for histopathological examination also showed
necrosis with surrounding inflammation and infiltration of lymphocytes and
neutrophils.  Final treatments with octylphenol were injected on the lower back
close to the hind limbs because of adhesions and scabs on the upper back.  Long-
term studies utilizing subcutaneous injection of 10 mg of octylphenol were thus
abandoned.
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Effect of octylphenol on the morphology of the spleen: Subcutaneous
injection of 10 mg of octylphenol resulted in a significant increase compared to
controls and to mice fed octylphenol in both the size and cellularity of the spleen
in both the C57BL/6 and B/W males (Fig 4.16, 4.17).  The percent body weight of
the spleen was increased more than 3-fold in both strains (Fig 4.16) and the
cellularity following lysis of the red blood cells was increased more than 4-fold in
both strains (Fig 4.17). The injection of 17β-estradiol did not result in any change
in the percent body weight of the spleen or in the cell numbers following lysis of
the red blood cells (Fig 4.16, 4.17).

Subcutaneous injection of octylphenol also resulted in significant changes
in the proportion of T cell and B cell markers in the splenic cells from both the
C57BL/6 and B/W males (Fig 4.18).  The proportion of both the Thy1.2+ and the
αβ-TCR+ T cells was significantly reduced by more than half in mice
subcutaneously injected with octylphenol compared to controls in both strains
(Fig 4.18).  Furthermore, the proportion of Thy1.2+ T cells in the B/W mice
injected with octylphenol and the proportion of αβ-TCR+ T cells in the B/W and
C57BL/6 mice injected with octylphenol, were significantly lower than those
seen in mice fed octylphenol (Fig 4.18).  The proportion of CD19+ B cells was also
decreased significantly compared to control mice and mice fed octylphenol in the
C57BL/6 model, but only compared to control mice in the B/W model (Fig 4.18).
A comparable, significant increase in the proportion of Thy1.2-CD19- cells was
seen in mice from both strains injected with octylphenol compared to controls
and mice fed octylphenol (B/W: control – 14.2+1.2, 10 mg octylphenol injected –
53.0+3.4, 10 mg octylphenol fed – 17.5+3.5; C57BL/6: control – 15.0+2.9, 10 mg
octylphenol injected – 54.5+2.2, 10 mg octylphenol fed – 10.8+1.5).  The injection
of 17β-estradiol did not result in any change in the proportion of Thy1.2, αβ-TCR,
or CD19 positive cells in either strain (Fig 4.18).  However, injection of 17β-
estradiol did cause a significant increase in the proportion of Thy1.2-CD19- cells
compared to controls and compared to those mice fed 17β-estradiol in the B/W
males (control – 14.2+1.2; 17β-estradiol injected – 27.9+2.7, 17β-estrdiol fed –
16.0+3.2).

A few spleens were also examined histopathologically because of the
drastic increase in the percent body weight and cellularity of the spleen and
decrease in T cell and B cell markers.  Excessive hematopoiesis was noted in each
spleen from C57BL/6 and B/W males injected with 10 mg of octylphenol (n=4)
and spleens from all other treatments were normal.  One spleen from a C57BL/6
mouse injected with octylphenol was diagnosed with granulocytic leukemia.
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Because preliminary results suggested that the increase in splenic
cellularity was due to excessive hematopoiesis with an increase in granulocyte
precursors, the proportion of granulocytes in the spleen was assessed by flow
cytometric analysis of cell markers in the final experiments for both the C57BL/6
and B/W males.  CD71 a developmental marker for granulocytes, monocytes,
and macrophages, but it is also expressed on activated T cells, B cells, and NK
cells.  Therefore, spleen cells were double stained with PE-anti-CD71 antibodies
and FITC-anti-Thy1.2 plus FITC-anti-CD45Rb antibodies to rule out the activated
T and B cells expressing CD71 and assess the proportion of developing
granulocytes, monocytes, and macrophages in the spleen.  GR1 and CD11b are
also developmental markers expressed on granulocytes, monocytes, and
macrophages, and F480 is expressed on monocytes.  Spleen cells were double
stained with PE-anti-GR1 antibodies and FITC-anti-F480 antibodies plus FITC-
anti-CD11b antibodies to further assess the proportion of developing
granulocytes, monocytes and macrophages in the spleen. The data are reported
as dot plots due to the small sample size (n=2).  Injection with 10 mg of
octylphenol seemed to result in an increase in the proportion of CD71 single
positive cells (CD71+Thy1.2/CD4Rb-) in both the C57BL/6 and B/W mice, but
not in the proportion of CD71 cells double stained with the T cell and B cell
markers (CD71+Thy1.2/CD45Rb+) (Fig 4.19).  Injection of octylphenol in both
strains of mice also seemed to result in an increase in the proportion of GR1+
cells that double stained with CD11b and F480 (GR1+CD11b/F480+) (Fig 4.20).
No other treatment affected the proportion of staining of CD71, GR1, CD11b, or
F480 (Fig 4.19, 4.20).

The expression of CD69 was also examined in the splenic cells after 4
hours of stimulation with PMA+I.  The expression of CD69 was significantly
decreased compared to controls and mice fed octylphenol in both the C57BL/6
and B/W males that were subcutaneously injected with octylphenol (Fig 4.21).
The injection of 17β-estradiol also significantly decreased the expression of CD69
compared to control, but not compared to the feeding of 17β-estradiol in B/W
males (Fig 4.21).  To asses the relationship between an increase in the number of
developing granulocytes in the spleen and the decreased expression of CD69
upon stimulation, splenic cells which were stimulated for 4 hours with PMA+I,
were double stained with FITC-anti-CD69 antibodies and PE-anti-GR1 antibodies
in the final B/W and C57BL/6 experiments.  Injection with octylphenol seemed
to result in a decrease in the proportion of CD69+GR1- cells and an increase in the
proportion of CD69-GR1- and CD69-GR1+ cells in both the C57BL/6 and B/W
males (Fig 4.22).
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Effect of octylphenol on reproductive tissue: Reproductive changes were
seen in C57BL/6 male subcutaneously injected with 10 mg of octylphenol, but
not in B/W males injected with octylphenol.  Neither strain had changes in the
percent body weight of the testis (Fig 4.23); however, C57BL/6 mice injected with
octylphenol had a significant decrease in percent body weight of the seminal
vesicles compared to controls and mice fed octylphenol, whereas the B/W males
did not (Fig 4.24).  Subcutaneous injection of 17β-estradiol, also, did not result in
significant changes in the percent body weight of the testis in either strain (Fig
4.23).  However, subcutaneous injection of 17β-estradiol did result in a significant
decrease in the percent body weight of the seminal vesicles compared to controls
in both the C57BL/6 and B/W males (Fig 4.24).  Furthermore, the percent body
weight of the seminal vesicle in the B/W mice injected with 17β-estradiol was
significantly different from that of B/W mice fed 17β-estradiol; whereas the
percent body weight of the seminal vesicle does not differ between the C57BL/6
fed 17β-estradiol and those injected with 17β-estradiol (Fig 4.24).  The testis and
seminal vesicles from all treatment groups were found to be normal by
histopathological examination.

e.) Discussion
The injection of 10 mg of octylphenol led to changes in the spleen, thymus,

and reproductive tract; however, the results were complicated by the
inflammation and necrosis that developed around the sites of injection.  Every
C57BL/6 and B/W mouse that was injected with octylphenol developed skin
lesions and skin lesions were not found on mice from any other treatment group.
The lesions were diagnosed with necrotizing, suppurative panniculitis with
fibrosis and dermal necrosis, and may have been caused by bacterial infections.
The oil, which was utilized for injections in all treatment groups, was analyzed
and found to be sterile.  Octylphenol is corrosive chemical and could have
initiated necrosis of the tissue upon injection allowing for bacterial infection to
take hold.  The presence of such severe skin lesions may affect immune
parameters because of the stress induced, or if a bacterial infection is present
immune parameters will be affected because of changes induced in the immune
system to fight the infection.  Therefore, any changes in the immune parameters
tested could be due to the estrogenic or non-estrogenic properties of octylphenol,
to the infection or stress, or to a combination of the properties of octylphenol and
the stress and infection from the skin lesions and interactions between the two.

Injection of 10 mg of octylphenol led to a decrease in thymic cellularity
and a decrease in seminal vesicle weights in the C57BL/6 mice, but not in the
B/W mice.  Since both strains had skin lesions and the thymic changes were only
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seen in the C57BL/6 mice, it might suggest that these changes are due to the
estrogenic properties of octylphenol.  However, it is also possible that the B/W
mice are less vulnerable to the effects of stress, which is known to cause thymic
atrophy, or are less vulnerable to infections.  Furthermore, although no changes
were noted in the thymus or reproductive tract of the B/W males, it could be
argued that the skin lesions altered the metabolism of octylphenol.  Therefore,
definitive conclusions can not be drawn about the effects of the injection of 10 mg
of octylphenol on the thymus or reproductive tract in our model.

Both the C57BL/6 and B/W males that were injected with 10 mg of
octylphenol developed abnormal hematopoiesis in the liver and spleen.  The
hematopoiesis seen could have been induced to aid the bone marrow in the
production of granulocyte, monocyte, and macrophage precursors as a result of
the severe inflammation of the skin.  However, estrogen treatment has also been
shown to increase mononuclear cells in the liver (Okayama et al, 1992).  The
mononuclear cells include αβT cells with intermediate TCR, especially forbidden
autoreactive T cell oligoclones and Vβ8+ cells characterized as extrathymic αβT
cells (Okuyama et al, 1992).  The increase in granulocyte precursors that was
noted in histopathological examination of the spleen agrees with cell surface
marker data from flow cytometric analysis.  The decrease in the proportion of T
cells and B cells is likely due to the increase in the CD71+ and GR1+CD11b/F480+

developing granulocytes, monocytes, and macrophages in the spleen.
Furthermore, the decrease in the expression of CD69 on stimulated spleen cells
could be due to the decrease in T cells and B cells, which express CD69 upon
stimulation, and an increase in a population of cells, such as the GR1+
developing granulocytes, monocytes, and macrophages, that may not express
CD69 upon stimulation with PMA+I.  An increase in developing granulocytes,
monocytes, and macrophages (GR1+CD11b/F480+) was also seen in the bone
marrow of both strains, along with an increase in the CD11b/F480 single positive
cells in the B/W mice.  It is possible that these changes are due to severe
inflammation or infection in the skin, which may stimulate the overproduction of
granulocytes and monocytes.  However, in the B/W mice the decreased
expression of CD19 and in the C57BL/6 mice the decreased expression of Thy1.2,
which were significantly different from the control mice, were not significantly
different from mice fed octylphenol.  Therefore, the levels of CD19 and Thy1.2
expression on lymphocytes from mice fed octylphenol must have been decreased
enough that they were not significantly different from the lymphocytes from
mice injected with octylphenol.  This suggests a mechanism related to the
properties of octylphenol, because the mice fed octylphenol did not have skin
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lesions.  Therefore, definite conclusions can not be drawn about cause of the
changes seen in the spleens of mice injected with 10 mg of octylphenol.

The injection of 17β-estradiol induced the expected atrophy of the thymus
in both the C57BL/6 and B/W mice; however, a decrease in the immature cell
(CD4+CD8+), which has been shown by many to be the cause of the atrophy seen
in estrogenic treatment, was not noted.  It has been suggested that the decrease in
the number of immature T cells in the thymus is due to a decrease in bone
marrow cellularity upon estrogen treatment, which leads to a decrease in the
migration of precursors to the thymus.  A decrease in the bone marrow
cellularity was noted in both strains upon the injection of 17β-estradiol, along
with an increase in the CD8+ mature thymocytes in the B/W mice.  Changes in
CD69 expression and apoptosis of cultured thymocytes, neither of which have
been previously reported with estrogen treatment, were also noted in our study.
In the B/W mice, there was a decrease in the expression of CD69 upon
stimulation of the spleen cells isolated with the injection of 17β-estradiol.  This is
in agreement with unpublished data in our lab in which a decrease in CD69
expression on stimulated spleen cells is noted with long-term estrogen treatment
by subcutaneous implant.  Furthermore, in the kinetic studies of apoptosis of
thymocytes, at 24 hours of culture there was a decrease in the population of late
apoptotic/necrotic cells in thymocytes from the B/W mice injected with 17β-
estradiol and an increase in the population of live cells in thymocytes isolated
from C57BL/6 mice injected with 17β-estradiol.  This may indicate that with
estrogen treatment there are fewer cells dying at 24 hours of culture because
most have already died and the apoptotic rate has decreased compared to
controls or the population of cells normally dying at this time point are rescued
from apoptosis.  However, no changes in the proportions of live and apoptotic
cells were noted with estrogen treatment at any earlier time points, and no
significant changes were noted in the other populations of cells at the 24 hour
time point.  Therefore, these may be incidental findings that have no bearing on
the functioning of the apoptotic signaling in thymocytes from mice injected with
17β-estradiol.  The injection of 17β-estradiol did not result in histopathological
changes in the kidney, liver, or salivary glands or in increased levels of anti-
dsDNA autoantibodies in the serum to indicate an accelerated onset of
autoimmune disease.  As discussed in Chapter 3, the mice may have been too
young to have pathological evidence of accelerated autoimmune changes,
especially because they are not orchiectomized.

The second aim of this study was to determine whether or not feeding and
injection of octylphenol or 17β-estradiol have differential effects on the immune
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parameters studied.  Due to the complications involved in the mice injected with
octylphenol, definitive conclusions can not be drawn about whether or not
feeding of octylphenol has the same effects on the thymus and reproductive
tract.  However, one can still compare the feeding and injection of 17β-estradiol.
Of all the changes noted from the injection of 17β-estradiol that were
significantly different from control mice, only three were also significantly
different from mice fed 17β-estradiol.  The percent body weight of the thymus in
C57BL/6 mice, the percent body weight of the seminal vesicles in the B/W mice,
and the proportion of Thy1.2-CD19- spleen cells in the B/W mice were
significantly different between the mice fed 17β-estradiol and those injected with
17β-estradiol.  All other changes were not significantly different between the
routes of administration.  As can be seen from the graphs of these data, the
feeding of 17β-estradiol results in data that lies between the data from control
mice and the data from 17β-estradiol injected mice.  This suggests that these
changes seen in the thymus and reproductive tract from feeding 17β-estradiol are
similar to the changes seen with the injection of 17β-estradiol, but are of a lesser
extent because of different routes of administration.

Furthermore, the significant difference in percent body weight of the
thymus in the C57BL/6 mice and the percent body weight of the seminal vesicles
in the B/W mice between mice that were fed and injected with 17β-estradiol,
may suggest organs with differing sensitivity to the estrogenic effects of oral 17β-
estradiol in each strain.  The significant difference in results between the feeding
and injection of 17β-estradiol indicates that the mice fed 17β-estradiol did not
have changes similar to the mice injected with 17β-estradiol.  In contrast, when a
significant difference is seen between the control mice and mice injected with
17β-estradiol, but a significant difference is not seen between the mice fed 17β-
estradiol and those injected with 17β-estradiol, it indicates similar changes in the
fed and injected mice.  Therefore, the feeding of 17β-estradiol did not result in
the estrogenic decrease in the percent body weight of the thymus similar to the
injected mice in the C57BL/6 model, but it did in the B/W model.  In contrast,
the feeding of 17β-estradiol did not result in the estrogenic decrease in the %
body weight of the seminal vesicles seen in the injected mice in the B/W model,
but did in the C57BL/6 model.  This suggests that the thymus in the B/W males
may be more sensitive to oral estrogenic treatment than the reproductive tract,
and the reproductive tract in the C57BL/6 males may be more sensitive to oral
estrogenic treatment than the thymus.

Future studies could attempt to decipher whether the changes noted in the
spleen were the result of octylphenol treatment or the result of skin lesions
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caused by the subcutaneous injection of octylphenol.  It would be necessary to
find a dose of octylphenol that was able to induce the changes in the spleen
without causing the skin lesions.  However, subcutaneous injection is not a
relevant route of exposure to octylphenol, therefore it is questionable whether it
is necessary to determine if the splenic changes are due to the injection of
octylphenol.  These studies were conducted to determine whether octylphenol is
estrogenic in our model as compared to other models tested, because we did not
find any estrogenic effects of octylphenol in previous studies utilizing oral
dosing.  We found that we are unable to study the effects of 10 mg of octylphenol
subcutaneously injected in our model because of skin lesions that develop.
Therefore, future studies may want to focus on another model, such as another
age group or females instead of males, or another relevant route of exposure,
such as dermal exposure.



97

Fig. 4.1: Eight to ten-week old B/W and C57BL/6 males were treated three times
a week for three weeks with subcutaneous injections of 10 mg of octylphenol or
15 µg 17β-estradiol, oral dosing of 10 mg of octylphenol or 15 µg of 17β-estradiol,
or subcutaneous injection of an ethanol/oil control. Three days after the last
treatment both strains had the thymus removed.  The thymocytes were isolated
and counted.  p < 0.010 was considered significant. (C57BL/6: n=5 for 10 mg
octylphenol fed; n=6 for control, 10 mg octylphenol injected, and 17β-estradiol
fed; n=7 for 17β-estradiol fed; B/W: n=5 for 10 mg octylphenol injected; n=6 for
all other groups)
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Fig. 4.2: Eight to ten-week old B/W and C57BL/6 males were treated three times
a week for three weeks with subcutaneous injections of 10 mg of octylphenol or
15 µg 17β-estradiol, oral dosing of 10 mg of octylphenol or 15 µg of 17β-estradiol,
or subcutaneous injection of an ethanol/oil control.  Three days after the last
treatment both strains were weighed and the thymus was removed.  The thymus
was weighed and the percent body weight was calculated. p < 0.010 was
considered significant. (C57BL/6: n=5 for 10 mg octylphenol fed; n=6 for control,
10 mg octylphenol injected, and 17β-estradiol fed; n=7 for 17β-estradiol fed;
B/W: n=5 for 10 mg octylphenol injected; n=6 for all other groups)
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Fig. 4.3: Eight to ten-week old B/W and C57BL/6 males were treated three times
a week for three weeks with subcutaneous injections of 10 mg of octylphenol or
15 µg 17β-estradiol, oral dosing of 10 mg of octylphenol or 15 µg of 17β-estradiol,
or subcutaneous injection of an ethanol/oil control.  Three days after the last
treatment the thymocytes were isolated from both strains and stained with PE-
conjugated anti-CD4 antibodies and FITC-conjugated anti-CD8a antibodies or
isotype matched controls.  The stained cells were analyzed using an EPICS-XL
flow cytometer.  The data are presented as the percentage of cells that stained
positive.  p < 0.010 was considered significant. (C57BL/6: n=5 for 10 mg
octylphenol fed; n=6 for control, 10 mg octylphenol injected, and 17β-estradiol
fed; n=7 for 17β-estradiol fed; B/W: n=5 for 10 mg octylphenol injected; n=6 for
all other groups)
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Fig. 4.4: Eight to ten-week old B/W and C57BL/6 males were treated three times
a week for three weeks with subcutaneous injections of 10 mg of octylphenol or
15 µg 17β-estradiol, oral dosing of 10 mg of octylphenol or 15 µg of 17β-estradiol,
or subcutaneous injection of an ethanol/oil control.  Three days after the last
treatment the thymus was removed from both strains and the thymocytes were
isolated.  The thymocytes were stained with 7-AAD and analyzed using an
EPICS-XL flow cytometer to detect apoptosis.  The data are presented as the
percentage of cells that are 7-AADdull (live), 7-AADintermediate (early apoptotic),
and 7-AADbright (late apoptotic/necrotic), and 7-AADintermediate+bright (total dying).
p < 0.010 was considered significant. (C57BL/6: n=3 for 10 mg octylphenol
injected, n=2 for all other groups; B/W: n=3 for octylphenol injected; n=4 for all
other groups)
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Fig. 4.5: Eight to ten-week old B/W males were treated three times a week for
three weeks with subcutaneous injections of 10 mg of octylphenol or 15 µg 17β-
estradiol, oral dosing of 10 mg of octylphenol or 15 µg of 17β-estradiol, or
subcutaneous injection of an ethanol/oil control.  Three days after the last
treatment the thymus was removed from both strains and the thymocytes were
isolated.  The thymocytes were stimulated with anti-CD3 antibodies or media for
a baseline.  At 4, 12, and 24 hours of culture the thymocytes were stained with 7-
AAD and analyzed using an EPICS-XL flow cytometer to detect apoptosis.  The
data are represented as the change from the media baseline of the PMA+I
stimulated thymocytes in the proportion of 7-AADdull (live) thymocytes (%
stimulated - % media).  Media baselines are listed in the appendix.  p < 0.010 was
considered significant. (n=3 for 10 mg octylphenol injected at 4, 12, and 24 hours
and 17β-estradiol injected at 4 and 12 hours; n=4 for all other groups and time
points)
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Fig. 4.6: Eight to ten-week old B/W males were treated three times a week for
three weeks with subcutaneous injections of 10 mg of octylphenol or 15 µg 17β-
estradiol, oral dosing of 10 mg of octylphenol or 15 µg of 17β-estradiol, or
subcutaneous injection of an ethanol/oil control.  Three days after the last
treatment the thymus was removed from both strains and the thymocytes were
isolated.  The thymocytes were stimulated with anti-CD3 antibodies or media for
a baseline.  At 4, 12, and 24 hours of culture the thymocytes were stained with 7-
AAD and analyzed using an EPICS-XL flow cytometer to detect apoptosis. The
data are represented as the change from the media baseline of the anti-CD3
stimulated thymocytes in each of the 7-AADintermediate (early apoptotic), 7-
AADbright(late apoptotic/necrotic), and 7-AADintermediate+bright (total dying)
proportions of the population (% stimulated - % media).  Media baselines are
listed in the appendix.  p < 0.010 was considered significant. (n=3 for 10 mg
octylphenol injected at 4, 12, and 24 hours and 17β-estradiol injected at 4 and 12
hours; n=4 for all other groups and time points)
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Fig. 4.7: Eight to ten-week old C57BL/6 males were treated three times a week
for three weeks with subcutaneous injections of 10 mg of octylphenol or 15 µg
17β-estradiol, oral dosing of 10 mg of octylphenol or 15 µg of 17β-estradiol, or
subcutaneous injection of an ethanol/oil control.  Three days after the last
treatment the thymus was removed from both strains and the thymocytes were
isolated.  The thymocytes were stimulated with anti-CD3 antibodies or media for
a baseline.  At 4, 12, and 24 hours of culture the thymocytes were stained with 7-
AAD and analyzed using an EPICS-XL flow cytometer to detect apoptosis.  The
data are represented as the change from the media baseline of the PMA+I
stimulated thymocytes in the proportion of 7-AADdull (live) thymocytes (%
stimulated - % media).  Media baselines are listed in the appendix.  p < 0.010 was
considered significant. (n=3 for control, n=4 for 10 mg octylphenol injected, 10
mg octylphenol fed, and 17β-estradiol fed; n=5 for 17β-estradiol injected)
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Fig 4.8: Eight to ten-week old C57BL/6 males were treated three times a week for
three weeks with subcutaneous injections of 10 mg of octylphenol or 15 µg 17β-
estradiol, oral dosing of 10 mg of octylphenol or 15 µg of 17β-estradiol, or
subcutaneous injection of an ethanol/oil control.  Three days after the last
treatment the thymus was removed from both strains and the thymocytes were
isolated.  The thymocytes were stimulated with anti-CD3 antibodies or media for
a baseline.  At 4, 12, and 24 hours of culture the thymocytes were stained with 7-
AAD and analyzed using an EPICS-XL flow cytometer to detect apoptosis. The
data are represented as the change from the media baseline of the anti-CD3
stimulated thymocytes in each of the 7-AADintermediate (early apoptotic), 7-
AADbright(late apoptotic/necrotic), and 7-AADintermediate+bright (total dying)
proportions of the population (% stimulated - % media).  Media baselines are
listed in the appendix.  p < 0.010 was considered significant. (n=3 for control, n=4
for 10 mg octylphenol injected, 10 mg octylphenol fed, and 17β-estradiol fed; n=5
for 17β-estradiol injected)
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Fig. 4.9: Eight to ten-week old B/W males were treated three times a week for
three weeks with subcutaneous injections of 10 mg of octylphenol or 15 µg 17β-
estradiol, oral dosing of 10 mg of octylphenol or 15 µg of 17β-estradiol, or
subcutaneous injection of an ethanol/oil control.  Three days after the last
treatment the thymus was removed from both strains and the thymocytes were
isolated.  The thymocytes were stimulated with PMA+I or media for a baseline.
At 4, 12, and 24 hours of culture the thymocytes were stained with 7-AAD and
analyzed using an EPICS-XL flow cytometer to detect apoptosis.  The data are
represented as the change from the media baseline of the PMA+I stimulated
thymocytes in the proportion of 7-AADdull (live) thymocytes (% stimulated - %
media).  Media baselines are listed in the appendix.  p < 0.010 was considered
significant. (n=3 for 10 mg octylphenol injected at 4, 12, and 24 hours and 17β-
estradiol injected at 12 hours; n=4 for all other groups and time points)
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Fig. 4.10: Eight to ten-week old B/W males were treated three times a week for
three weeks with subcutaneous injections of 10 mg of octylphenol or 15 µg 17β-
estradiol, oral dosing of 10 mg of octylphenol or 15 µg of 17β-estradiol, or
subcutaneous injection of an ethanol/oil control.  Three days after the last
treatment the thymus was removed from both strains and the thymocytes were
isolated.  The thymocytes were stimulated with PMA+I or media for a baseline.
At 4, 12, and 24 hours of culture the thymocytes were stained with 7-AAD and
analyzed using an EPICS-XL flow cytometer to detect apoptosis. The data are
represented as the change from the media baseline of the PMA+I stimulated
thymocytes in each of the 7-AADintermediate (early apoptotic), 7-AADbright(late
apoptotic/necrotic), and 7-AADintermediate+bright (total dying) proportions of the
population (% stimulated - % media).  Media baselines are listed in the appendix.
p < 0.010 was considered significant. (n=3 for 10 mg octylphenol injected at 4, 12,
and 24 hours and 17β-estradiol injected at 12 hours; n=4 for all other groups and
time points)
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Fig. 4.11: Eight to ten-week old C57BL/6 males were treated three times a week
for three weeks with subcutaneous injections of 10 mg of octylphenol or 15 µg
17β-estradiol, oral dosing of 10 mg of octylphenol or 15 µg of 17β-estradiol, or
subcutaneous injection of an ethanol/oil control.  Three days after the last
treatment the thymus was removed from both strains and the thymocytes were
isolated.  The thymocytes were stimulated with PMA+I or media for a baseline.
At 4, 12, and 24 hours of culture the thymocytes were stained with 7-AAD and
analyzed using an EPICS-XL flow cytometer to detect apoptosis.  The data are
represented as the change from the media baseline of the PMA+I stimulated
thymocytes in the proportion of 7-AADdull (live) thymocytes (% stimulated - %
media).  Media baselines are listed in the appendix.  p < 0.010 was considered
significant. (n=3 for control, n=4 for 10 mg octylphenol injected, 10 mg
octylphenol fed, and 17β-estradiol fed; n=5 for 17β-estradiol injected)
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Fig. 3.12: Eight to ten-week old C57BL/6 males were treated three times a week
for three weeks with subcutaneous injections of 10 mg of octylphenol or 15 µg
17β-estradiol, oral dosing of 10 mg of octylphenol or 15 µg of 17β-estradiol, or
subcutaneous injection of an ethanol/oil control.  Three days after the last
treatment the thymus was removed from both strains and the thymocytes were
isolated.  The thymocytes were stimulated with PMA+I or media for a baseline.
At 4, 12, and 24 hours of culture the thymocytes were stained with 7-AAD and
analyzed using an EPICS-XL flow cytometer to detect apoptosis. The data are
represented as the change from the media baseline of the PMA+I stimulated
thymocytes in each of the 7-AADintermediate (early apoptotic), 7-AADbright(late
apoptotic/necrotic), and 7-AADintermediate+bright (total dying) proportions of the
population (% stimulated - % media).  Media baselines are listed in the appendix.
p < 0.010 was considered significant. (n=3 for control, n=4 for 10 mg octylphenol
injected, 10 mg octylphenol fed, and 17β-estradiol fed; n=5 for 17β-estradiol
injected)
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Fig. 4.13: Eight to ten-week old B/W and C57BL/6 males were treated three
times a week for three weeks with subcutaneous injections of 10 mg of
octylphenol or 15 µg 17β-estradiol, oral dosing of 10 mg of octylphenol or 15 µg
of 17β-estradiol, or subcutaneous injection of an ethanol/oil control.  Three days
after the last treatment the bone marrow was washed from the left femur of both
strains, the red blood cells were removed, and the remaining cells were counted.
p < 0.010 was considered significant. (C57BL/6: n=2 for 10 mg octylphenol
injected, 17β-estradiol injected, and 17β-estradiol fed; n=3 for control; B/W: n=2
for all groups)
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Fig. 4.14: Eight to ten-week old B/W and C57BL/6 males were treated three
times a week for three weeks with subcutaneous injections of 10 mg of
octylphenol or 15 µg 17β-estradiol, oral dosing of 10 mg of octylphenol or 15 µg
of 17β-estradiol, or subcutaneous injection of an ethanol/oil control.  Three days
after the last treatment the bone marrow was washed from the left femur of both
strains and the cells were stained with PE-conjugated anti-GR1 and FITC-
conjugated anti-F480 plus FITC-conjugated anti-CD11b.  The stained cells were
analyzed using an EPICS-XL flow cytometer.  The data are presented in dot plots
as the percentage of cells that stained positive.  p < 0.010 was considered
significant. (C57BL/6: n=3 for control; n=2 for all other groups; B/W: n=1 for
17β-estradiol fed; n=2 for all other groups)
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Fig. 4.15: Eight to ten-week old B/W and C57BL/6 males were treated three
times a week for three weeks with subcutaneous injections of 10 mg of
octylphenol or 15 µg 17β-estradiol, oral dosing of 10 mg of octylphenol or 15 µg
of 17β-estradiol, or subcutaneous injection of an ethanol/oil control.  Three days
after the last treatment both strains were bled retro-orbitally and the serum
removed.  ELISAs were performed to determine the level of IgM and IgG anti-
dsDNA autoantibodies in the serum.  The data are presented as the percentage of
the positive control serum to control for plate to plate variation.  p < 0.010 was
considered significant. (C57BL/6: n=5 for 10 mg octylphenol fed; n=6 for control,
10 mg octylphenol injected, and 17β-estradiol fed; n=7 for 17β-estradiol fed;
B/W: n=5 for 10 mg octylphenol injected and 17β-estradiol fed; n=6 for all other
groups)

Effect of Octylphenol and 17ββ-estradiol Treatment on the Level of 
Anti-dsDNA Autoantibodies in the Serum of B/W and C57BL/6 Mice

IgM IgG
0

10

20

30

40

50

%
 P

os
iti

ve
 C

on
tr

ol

IgM IgG

B/W C57BL/6

Control (Inj.)

10 mg Octylphenol (Inj .)

10 mg Octylphenol (Fed)

15 µg 17β-estradiol (Inj.)

15 µg 17β-estradiol (Fed)



112

Table 4.1

Subcutaneous Injection of 10 mg of Octylphenol Results in
Hepatic Hematopoiesis in B/W and C57BL/6 Mice

B/W C57BL/6
Incidence             Percent Incidence            Percent

Control       0/6                      0       0/6                       0
Octylphenol (Injection)       5/5                  100       6/6                   100
Octylphenol (Feeding)       0/6                      0       1/5                     20
17β-estradiol (Injection)       0/6                      0       0/7                       0
17β-estradiol (Feeding)       0/6                      0       1/7                     14

Eight to ten-week old B/W and C57BL/6 males were treated three times a week
for three weeks with subcutaneous injections of 10 mg of octylphenol or 15 µg
17β-estradiol, oral dosing of 10 mg of octylphenol or 15 µg of 17β-estradiol, or
subcutaneous injection of an ethanol/oil control.  Three days after the last
treatment the liver was removed and fixed in 10% buffered formalin.  Sections
were examined by a board-certified pathologist
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Fig. 4.16: Eight to ten-week old B/W and C57BL/6 males were treated three
times a week for three weeks with subcutaneous injections of 10 mg of
octylphenol or 15 µg 17β-estradiol, oral dosing of 10 mg of octylphenol or 15 µg
of 17β-estradiol, or subcutaneous injection of an ethanol/oil control.  Three days
after the last treatment both strains were weighed and the spleen was removed.
The spleen was weighed and the percent body weight was calculated.  p < 0.010
was considered significant. (C57BL/6: n=5 for 10 mg octylphenol fed; n=6 for
control, 10 mg octylphenol injected, and 17β-estradiol fed; n=7 for 17β-estradiol
fed; B/W: n=5 for 10 mg octylphenol injected; n=6 for all other groups)
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Fig. 4.17: Eight to ten-week old B/W and C57BL/6 males were treated three
times a week for three weeks with subcutaneous injections of 10 mg of
octylphenol or 15 µg 17β-estradiol, oral dosing of 10 mg of octylphenol or 15 µg
of 17β-estradiol, or subcutaneous injection of an ethanol/oil control.  Three days
after the last treatment the spleen was removed from both strains.  The
leukocytes were isolated and counted.  p < 0.010 was considered significant.
(C57BL/6: n=5 for 10 mg octylphenol fed; n=6 for control, 10 mg octylphenol
injected, and 17β-estradiol fed; n=7 for 17β-estradiol fed; B/W: n=5 for 10 mg
octylphenol injected and 17β-estradiol fed; n=6 for all other groups)
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Fig. 4.18: Eight to ten-week old B/W and C57BL/6 males were treated three
times a week for three weeks with subcutaneous injections of 10 mg of
octylphenol or 15 µg 17β-estradiol, oral dosing of 10 mg of octylphenol or 15 µg
of 17β-estradiol, or subcutaneous injection of an ethanol/oil control.  Three days
after the last treatment the spleen was removed from both strains. The eukocytes
were isolated from the spleen and stained with PE-conjugated anti-CD19
antibodies and FITC-conjugated anti-Thy1.2 antibodies, cy-chrome-conjugated
anti-αβTCR antibodies, or isotype matched controls.  The stained cells were
analyzed using an EPICS-XL flow cytometer.  The data are presented as the
percentage of cells that stained positive.  p < 0.010 was considered significant.
(C57BL/6: n=5 for 10 mg octylphenol fed; n=6 for control, 10 mg octylphenol
injected, and 17β-estradiol fed; n=7 for 17β-estradiol fed; B/W: n=5 for 10 mg
octylphenol injected and 17β-estradiol fed; n=6 for all other groups)
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Fig. 4.19: Eight to ten-week old B/W and C57BL/6 males were treated three
times a week for three weeks with subcutaneous injections of 10 mg of
octylphenol or 15 µg 17β-estradiol, oral dosing of 10 mg of octylphenol or 15 µg
of 17β-estradiol, or subcutaneous injection of an ethanol/oil control.  Three days
after the last treatment the spleen was removed from both strains. The leukocytes
were isolated from the spleen and stained with PE-conjugated anti-CD71
antibodies and FITC-conjugated anti-Thy1.2 antibodies plus FITC-conjugated
anti-CD45Rb or isotype matched controls.  The stained cells were analyzed using
an EPICS-XL flow cytometer.  The data are presented in dot plots as the
percentage of cells that stained positive.  p < 0.010 was considered significant.
(C57BL/6: n=1 for 10 mg octylphenol fed; n=2 for octylphenol injected, 17β-
estradiol injected, and 17β-estradiol fed; n=3 for control; B/W: n=1 for 17β-
estradiol fed; n=2 for all other groups)
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Fig. 4.20: Eight to ten-week old B/W and C57BL/6 males were treated three
times a week for three weeks with subcutaneous injections of 10 mg of
octylphenol or 15 µg 17β-estradiol, oral dosing of 10 mg of octylphenol or 15 µg
of 17β-estradiol, or subcutaneous injection of an ethanol/oil control.  Three days
after the last treatment the spleen was removed from both strains. The leukocytes
were isolated from the spleen and stained with PE-conjugated anti-GR1
antibodies and FITC-conjugated anti-F480 plus FITC-conjugated anti-CD11b
antibodies or isotype matched controls.  The stained cells were analyzed using an
EPICS-XL flow cytometer.  The data are presented in dot plots as the percentage
of cells that stained positive.  p < 0.010 was considered significant. (C57BL/6:
n=1 for 10 mg octylphenol fed; n=2 for octylphenol injected, 17β-estradiol
injected, and 17β-estradiol fed; n=3 for control; B/W: n=1 for 17β-estradiol fed;
n=2 for all other groups)
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Fig. 4.21: Eight to ten-week old B/W and C57BL/6 males were treated three
times a week for three weeks with subcutaneous injections of 10 mg of
octylphenol or 15 µg 17β-estradiol, oral dosing of 10 mg of octylphenol or 15 µg
of 17β-estradiol, or subcutaneous injection of an ethanol/oil control.  Three days
after the last treatment the leukocytes were isolated from the spleen and lymph
nodes and stimulated with PMA+I.  After 4 hours of culture the cells were
stained with PE-conjugated anti-CD69 or an isotype matched control.  The
stained cells were analyzed using an EPICS-XL flow cytometer.  The data are
presented as the percentage of cells that stained positive.  p < 0.010 was
considered significant. (C57BL/6: n=5 for 10 mg octylphenol fed; n=6 for control,
10 mg octylphenol injected, and 17β-estradiol fed; n=7 for 17β-estradiol fed;
B/W: n=5 for 10 mg octylphenol injected and 17β-estradiol fed; n=6 for all other
groups)
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Fig. 4.22: Eight to ten-week old B/W and C57BL/6 males were treated three
times a week for three weeks with subcutaneous injections of 10 mg of
octylphenol or 15 µg 17β-estradiol, oral dosing of 10 mg of octylphenol or 15 µg
of 17β-estradiol, or subcutaneous injection of an ethanol/oil control.  Three days
after the last treatment the leukocytes were isolated from the spleen and
stimulated with PMA+I.  After 4 hours of culture the cells were stained with
FITC-conjugated anti-CD69 and PE-conjugated anti-GR1 or isotype matched
controls.  The stained cells were analyzed using an EPICS-XL flow cytometer.
The data are presented in dot plots as the percentage of cells that stained
positive.  p < 0.010 was considered significant. (C57BL/6: n=1 for 10 mg
octylphenol fed; n=2 for octylphenol injected, 17β-estradiol injected, and 17β-
estradiol fed; n=3 for control; B/W: n=1 for 17β-estradiol fed; n=2 for all other
groups)
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Fig. 4.23: Eight to ten-week old B/W and C57BL/6 males were treated three
times a week for three weeks with subcutaneous injections of 10 mg of
octylphenol or 15 µg 17β-estradiol, oral dosing of 10 mg of octylphenol or 15 µg
of 17β-estradiol, or subcutaneous injection of an ethanol/oil control.  Three days
after the last treatment both strains were weighed and the testis were removed.
The testis were weighed and the percent body weight was calculated.  p < 0.010
was considered significant. (C57BL/6: n=5 for 10 mg octylphenol fed; n=6 for
control, 10 mg octylphenol injected, and 17β-estradiol fed; n=7 for 17β-estradiol
fed; B/W: n=5 for 10 mg octylphenol injected and 17β-estradiol fed; n=6 for all
other groups)
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Fig. 4.24: Eight to ten-week old B/W and C57BL/6 males were treated three
times a week for three weeks with subcutaneous injections of 10 mg of
octylphenol or 15 µg 17β-estradiol, oral dosing of 10 mg of octylphenol or 15 µg
of 17β-estradiol, or subcutaneous injection of an ethanol/oil control.  Three days
after the last treatment both strains were weighed and the seminal vesicles were
removed.  The seminal vesicles were weighed and the percent body weight was
calculated.  p < 0.010 was considered significant. (C57BL/6: n=5 for 10 mg
octylphenol fed; n=6 for control, 10 mg octylphenol injected, and 17β-estradiol
fed; n=7 for 17β-estradiol fed; B/W: n=5 for 10 mg octylphenol injected; n=6 for
all other groups)
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Chapter 5

General Discussion

The list of endocrine disrupting chemicals in the environment that are able
to mimic estrogen is very long and continually growing.  These chemicals are
classified as endocrine disrupting chemicals because their ability to mimic
estrogen in the reproductive tissue allows them to disrupt the endocrine system.
It is well established that estrogen is able to modulate the immune system
(Grossman, 1984; Ansar Ahmed et al., 1985a; Olsen and Kovacs, 1996).  This
opens the possibility that any endocrine disrupting chemical that is able to mimic
estrogen may be able to modulate the immune system.  The increasing list of
chemicals that are able of mimic estrogen and the large number of models,
depending on age, gender, and route of administration, in which to test them
leaves a vast amount of work to be done to determine whether we should be
concerned about the ability of endocrine disrupting chemicals to modulate the
immune system.

The main purpose of these studies was to determine the effects of
genistein and octylphenol on the immune system of non-autoimmune and
genetically prone-autoimmune mice.  However, these studies were only able to
closely examine the effects of octylphenol on the thymus of reproductively intact,
mature C57BL/6 and B/W males.  The preliminary study in Chapter 2 showed
us that the thymus of orchiectomized B/W males and, possibly, IFN-γ secretion
by orchiectomized B/W males is affected by oral octylphenol treatment; and that
the weight of the thymus and spleen are affected by genistein treatment.  The
study in Chapter 3 examined a range of doses of octylphenol, and showed that
the thymus of reproductively mature, intact C57BL/6 and B/W males (unlike
orchiectomized B/W males) is not affected by the same or lower oral doses of
octylphenol.  However, octylphenol also did not show estrogenic changes in the
reproductive tract, and the 17β-estradiol positive control did not have all the
estrogenic effects expected.  The study in Chapter 4 was conducted to ensure the
findings in the previous study were valid.  The effects of subcutaneously injected
octylphenol on the thymus and the reproductive tract was examined to
determine whether octylphenol is estrogenic in our model, as it has been shown
to be in other models (Blake and Boockfor, 1997; Boockfor and Blake, 1997). Also,
the effects of subcutaneous injection and feeding were compared for octylphenol
and 17β-estradiol to determine the importance of the route of exposure in the
estrogenic potency of both chemicals.  Due to the induction of inflammatory



123

dermal lesions by subcutaneous injection of octylphenol, it was not possible to
ascertain its estrogenic effects or the importance of route of exposure for
estrogenic potency.  Observations on the effects of injection and feeding of 17β-
estradiol showed that oral dosing, not our handling, decreased the activity of the
compound.  In summation, the main conclusion to draw from these studies
about the effects of octylphenol on the immune system is that short-term oral
dosing of 10 mg, 1 mg, or 0.1 mg of octylphenol does not affect the morphology
or function of the thymus in reproductively mature, intact C57BL/6 or B/W
males.

The route of exposure and the model in which the endocrine disrupting
chemicals were tested were two very important variables when assessing the
immunomodulatory effects and the relevance of these studies. The route of
exposure may determine the estrogenic activity of an EDC.  Different routes of
exposure result in varying levels of exposure of diverse target organs.  Moreover,
the differing routes of administration may result in different metabolic and
detoxification pathways.  The studies in chapters 3 and 4 exhibit the importance
of the route of exposure in an effective estrogenic dose of 17β-estradiol.  Oral
dosing of 17β-estradiol seems to decrease its estrogenic activity, and, therefore, a
much higher dose was necessary in order to see the estrogenic effects seen with
subcutaneous exposure.  Endocrine disrupting chemicals are generally weakly
estrogenic and the route of exposure may be important in determining whether
an environmentally relevant dose has estrogenic activity upon exposure.
However, if the purpose of the study is to determine whether to be concerned
about environmental exposure to EDCs, then relevant routes of exposure and
environmental doses become pivotal factors.

Furthermore, all the studies exhibit the importance of the model in which
the chemical is tested.  Chapters 3 and 4 show that chemicals may have different
effects in different strains of mice.  For example, data in both chapter 3 and
chapter 4 suggest that the thymus is more sensitive to oral estrogenic effects than
the reproductive tract in reproductively mature B/W males, and that the
reproductive tract is more sensitive to oral estrogenic effects than the thymus in
reproductively mature C57BL/6 males.  Furthermore, chapters 2 and 3 exhibit
the importance of the level of endogenous hormones in the model on the effects
of the weak environmental estrogens.  In orchiectomized B/W males,
octylphenol significantly decreases the thus cellularity; whereas, in intact B/W
males, the thymus is not affected by the same octylphenol treatment.  As
discussed earlier in chapter 3, the endocrine system is highly regulated by a
feedback system and hormone levels are interdependent because of the feedback
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regulation and because testosterone can be converted into estrogen.
Furthermore, testosterone has been shown to ameliorate the estrogen-induced
acceleration of autoimmune disease in B/W females (Melez et al, 1978).  The
endogenous levels of testosterone in the intact males utilized in the studies in
chapter 3 may have interfered in the induction of thymic atrophy or other
estrogenic effects.  Therefore, it is important to determine a relevant model in
which to test an EDC and to be cautious when extrapolating findings to other
strains, and especially other species.

Possible exposure of the laboratory animals or in vitro cells to other
endocrine disrupting chemicals is also an important variable to consider.  Many
commercially available murine diets are high in phytoestrogens and exposure of
the laboratory animals through the feed may interfere in the testing of the weak
EDCs (Thigpen et al, 1999).  Furthermore, when testing EDCs in vitro or culturing
cells in vitro after in vivo exposure to EDCs, exposure to other EDCs through
plasticware is also possible (Soto et al, 1991).  p-Nonylphenol has been shown to
be released from the polystyrene of plasticware and has been shown to interfere
with the results of EDC testing (Soto et al, 1991).  Therefore, exposure to other
EDCs throughout the experiments is another important variable to consider.

Modulation of the immune system by EDC could vary with the age and
particular strain of mice.  Prenatal or neonatal mice whose immune systems are
still developing and may be sensitive to estrogenic effects, or older mice of an
autoimmune strain to determine whether the onset of disease can be accelerated
by octylphenol.  Female mice of different ages could also be studied to determine
whether different level of endogenous estrogen result in differing effects of
octylphenol.  Furthermore, dermal exposure can be examined.   Dermal exposure
is a relevant route of exposure for octylphenol, and it may have different effects
from oral exposure.  Our study found that oral octylphenol treatment did not
affect the thymus of reproductively mature B/W or C57BL/6 males, however,
different models, doses, or routes of exposure may have very different results.
Furthermore, octylphenol could have caused subtle immunological effects that
could not detected in our assays.  It is possible that subtle changes could affect
the ability of octylphenol-treated mice to respond to infection or handle the onset
of neoplastic conditions.  This is another avenue in which octylphenol treatment
needs to be tested.

Furthermore, future studies need to examine further the effects of
octylphenol on the secretion of IFN-γ by lymphocytes from secondary lymphoid
organs.  The preliminary studies suggested that lymphocytes from the spleen
and lymph nodes of octylphenol treated mice had a decreased ability to secrete
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IFN-γ upon mitogen stimulation.  A decrease in IFN-γ secretion could have
deleterious affects on the functioning of the immune system.  It may cause a
decrease in the ability of the immune system to initiate an immune response
because the IFN-γ may not be present to induce macrophages and natural killer
cells to secrete more IL-12 and IL-18.  Furthermore, IFN-γ secretion is utilized in
T helper 1 cytotoxic responses to intracellular infections.  A decrease in IFN-γ
secretion could lead to a T helper 2, B cell mediated responses, which would be
ineffective against an intracellular pathogen (Kasuga-Aoki et al, 1999).
Furthermore, IFN-γ inhibits apoptosis of malignant, CD5+ B lymphocytes of B
cell chronic lymphocytic leukemia; therefore, a decrease in IFN-γ could affect the
progression of the leukemia or possibly other diseases (Buschle et al, 1993).
Studies need to confirm whether or not oral octylphenol can affect mitogen-
induced or antigen-specific stimulation of IFN-γ secretion in reproductively
intact, mature males or in any other model.  If IFN-γ is affected by octylphenol
treatment in any model, the consequences of this decrease on the function of the
immune system needs to be examined.

There are many endocrine disrupting chemicals in the environment that
are able to mimic estrogen and, therefore, may modulate the immune system,
and the list is growing.  There are also many combinations of age, gender, and
route of exposure that can be examined for each chemical, not taking into
account the many different strains of mice, rats, or species of lab animal in which
to study them. This is one small initial study in the expanse of studies that need
to be conducted to definitively determine the level of concern necessary for the
ability of endocrine disrupting chemicals in our environment to modulate the
immune system.



126

 Literature Cited

Abraham EJ, Frawley LS. Octylphenol (OP), an environmentalestrogen,
stimulates prolactin (PRL) gene expression. Life Sciences, 60:1457-1465, 1997.

Adams NR. Detection of the effects of phytoestrogens on sheep and cattle. J
Anim Sci, 73:1509, 1995.

Adlercrutz H, Mousavi Y, Clark J, Hockersted K, Hamalainen EK, Wahala K,
Makela T, Hase T. Diestary phytoestrogens and cancer: in vitro and in vivo
studies. J Steroid Biochem Mol Biol, 41:33, 1992.

Adelrcreutz HJ. Mazur W. Phyto-oestrogens and western diseases. Ann Med,
29:95, 1997.

Amadori A. Zamarchi R, DeSilvestro G, Forza G, , Cavatton G, Danieli GA,
Clementi M, Chieco-Bianchi L. Genetic control of the CD4/CD8 T cell ratio in
humans. Nature Med, 1:1279-1283, 1995.

Amino N, Miyai K, Kuro R, Taniznawa O, Azukizawz M, Takai S, Tanaka E,
Nishi K, Kahuashima M, Kumahara Y. Transient poatpartum hypothyroidism:
fourteen cases with autoimmune thyroiditis. Ann Int Med, 87:155-159, 1977a.

Amino N, Miyai K, Yamamoto K. Transient reoccurence of hypothyroidism after
delivery in Grave’s disease. J Clin Endocrinol Metab, 44:130-136, 1977b.

Andrews BS, Eisenberg RA, Theofilopoulos AN, Izui SN, Wilson CB, McConahey
PS, Murphy ED, Roths JB, Dixon FJ. Spontaneous murine lupus-like syndromes.
Clinical and immunopathological manifestation in several strains. J Exp Med,
148:1198-1215, 1978.

Ansar Ahmed S, Penhale WJ. The role of sex hormones in autoimmune
thyroiditis. Fourth International Congress of Immunology, Preud’Homme JL,
Hawken VAL, ed, Academic Press, Paris, 14.3.02, 1980.

Ansar Ahmed S, Penhale WJ, Talal N. Sex hormones, immune responses and
autoimmune disease. Am J Pathol, 121:531-559, 1985a.

Ansar Ahmed S, Dauphinee’ MJ, Talal N. Effects of short-term administration of
sex hormones on normal and autoimmune mice. J Immunol, 134:204-210, 1985b.



127

Ansar Ahmed S, Young PR, Penhale WJ. Beneficial effects of testosterone in the
treatment of chronic autoimmune thyroiditis in rats. J Immunol, 136:143-147,
1986.

Ansar Ahmed S, Talal N. Sex steroids, sex steroid receptors and autoimmune
disorders. In: Steroid Receptors and Disease: Cancer, Autoimmune, Bone and
Circulatory Disorders, Sheridan PJ, Blum K, Trachtenberg MC, eds, Marcel-
Dekker Inc, NY, 289-316, 1988.

Ansar Ahmed S, Talal N. Immune-endocrine interaction and autoimmune
diseases. In: Autoimmunity and Toxicology, Kammuller ME, Bloksma N, Seinen
W, eds,145, 1989.

Ansar Ahmed S, Talal N. Sex hormones and the immune system – Part 2, Animal
Data. Bailiere’s Clin Rheum, 4:13-31, 1990.

Ansar Ahmed S, Verthelyi D. Anticardiolipin autoantibodies in normal C57BL/6
mice: Induction by estrogen by not dihydrotestosterone. J Autoimmun, 6:265-279,
1993.

Ansar Ahmed S, Talal N. Importance of sex hormones in lupus. In: Dubois’
Lupus Erythematosus, Wallace DJ, Hahn BH, Fibiger L, eds, 148-156, 1993.

Ansar Ahmed S, Dauphinee MJ, Montoya IA, Talal N. Estrogen induces normal
murine CD5+ B cells to produce autoantibodies. J Immunol, 142:2647-2653, 1989.
Ansar Ahmed S, Gogal RM Jr, Walsh JE. A new rapid and simple non-radioactive
assay to monitor and determine the proliferation of lymphocytes: an alternative
to [3H}thymidine incorporation assay. J Immunol Meth, 170:211-224, 1994.

Ansar Ahmed S, Talal N. Effect of sex hormones on immune responses and
autoimmune diseases: an update. In: A decade in autoimmunity, Shoenfeld Y,
ed, 325-329, 1998.

Ansar Ahmed S, Hissong B, Verthelyi D, Donner K, Becker K, Karpuzoglu-Sahin
E. Gender and risk of autoimmune disease. Environ Health Perspect, 107 Suppl
5, in press, 1999.

Anstead GM, Kym PR. Benz(a)anthracene diols: predicted carcinogenicity and
structure-estrogen receptor binding affinity relationships. Steroid, 60:383, 1995.



128

Apelgren LD, Bailey DL, Fouts RL, Short L, Bryan N, Evans GF, Sandusky GE,
Zuckerman SH, Glasebrook A, Bumol TF. The effect of a selective estrogen
receptor modulator on the progression of spontaneous autoimmune disease in
MRLlpr/lpr mice. Cell Immunol, 173:55-63, 1996.

Araneo BA, Dowell T, Diegel M, Daynes RA. Dihydrotestosterone exerts a
depressive influence on the production of interleukin-4 (IL-4), IL-5, and gamma-
interferon, but not IL-2 by activated murine T cells. Blood, 78:688-699, 1991.

Ariga H, Edwards J, Sullivan DA. Androgen control of autoimmune expression
in lacrimal gland of MRL-MP/lpr-lpr mice. Clin Immun Immunopath, 53:499-
508, 1989.

Arts CJM, Van Den Berg H. Multi-residue screening of bovine urine on
xenobiotic oestrogens with an oestrogen radioreceptor assay. J Chromaogr,
489:225, 1989.

Athreya BH, Moore WC, Wadsworth SA, Gupta C, Goldman AS. Estrogen
receptor levels in a murine model of systemic lupus erythematosus. Clin Exp
Rheumatol, 7(6):589-593, 1989.

Baird DD, Wilcox AJ, Herbst AL. Self-reported allergy, infection and
autoimmune diseases among men and women exposed in utero to
diethylstilbesterol. J Clin Epidemiol, 49:263-266, 1996.

Ballard DW, Voss EW Jr. Base specificity and idiotype of anti-DNA antibodies
reactive with synthetic nucleic acids. I immunol, 135:3372-3380, 1985.

Banerjee SK, Roy D. Is exposure of cells to environmental estrogen-like chemicals
able to induce telometric associations? Proc Am Assoc Cancer Res, 37:547, 1996.

Baral E, Nagy E, Berczi I. Modulation of natural killer cell-mediated cytotoxicity
by tamoxifen and estradiol. Cancer, 75:591-599, 1995.

Barnes S. Effects of genistein on in vitro and in vivo models of cancer. J Nutr,
125:s777, 1995.

Ben-Chetrit A, Ben-Chetrit B. Systemic lupus erythematosus induced by
ovulationn induction treatment. Arthritis Rheum, 37:1614-1617, 1994.



129

Bennetts HW, Underwood EJ, Sheir FL. Aspecific breeding problem of sheep on
subterranean clover pastures in Western Australia. Aust Vet J, 22:2, 1946.

Beyer C. Estrogen and the developing mammalian brain. Anat Embryol (Berl),
199(5):379-90, 1999.

Bicknell RJ, Herbison AE, Sumpter JP. Oestrogenic activity of an environmentally
persistant alkylphenol in the reproductive tract but not in the brain of rodents. J
Steroid Biochem Molec Biol, 54:7-9, 1995.

Blake CA, Boockfor FR. Chronic administration of the environmental pollutant 4-
tert-octylphenol to adult male rats interferes with the secretion of luteinizing
hormone, follicle stimulating hormone, prolactin, and testosterone. Biol Reprod
57(2):255-266, 1997.

Blake CA, Nair-Menon JU, Campbell GT. Estrogen can protect splenocytes from
the toxic effects of the environmental pollutant 4-tert-octylphenol. Endocrine,
6:243-249, 1997.

Boockfor FR, Blake CA. Chronic administration of 4-tert-octylphenol to adult
male rats cause shrinkage of the testes and male accessory sex organs, disrupts
spermatogenesis, and increases the incidence of sperm deformities. Biol Reprod
57(2): 267-277, 1997.

Boutin JA. Minireview – tyrosine protein kinase inhibition and cancer. Int J
Biochem, 26:1203, 1994.

Bradlow HL, Davis DL, Lin G, Sepkovic D, Tiwari R. Effects of pesticides on the
ratio of 16a/2-hydroxyestrone: A biologic marker of breast cnacer risk. Environ
Health Perspect, 103 Suppl 7, 1996.

Brandenberger AW, Tee MK, Lee JY, Chao V, Jaffe RB. Tissue distribution of
estrogen receptors alpha (ER-α) and beta (ER-β) in the midgestational human
fetus. J Clin Endocrinol Metab, 82:3509, 1997.

Brick JE, Ong SH, Bathon JM, Walker SE, O’Sulivan FX, DeBartolomeo AG. Anti-
histone antibodies in the serum of autoimmune MRL and NZB/NZW F1 mice.
Clin Immunol Immunopathol, 54:372-381, 1990.



130

Buschle M, Campana D, Carding SR, Richard C, Hoffbrand AV, Brenner MK.
Interferon gamma inhibits apoptotic cell death of B cell chronic lymphocytic
leukemia. J Exp Med, 177(1):213-218, 1993.

Butterworth M, McClellan R, Allensmith M. Influence of sex on immunoglobulin
levels. Nature, 214:1224-1225, 1967.

Carlsen E, Giwereman A, Keiding N, Skakkebaek NE. Evidence for decreasing
sperm quality of semen during the past 50 years. Br Med J, 304:609-613, 1992.

Carlsten H, Tarkowski A, Holmdahl R, Nilsson LA. Oestrogen is a potent disease
accelerator in SLE-prone MRLlpr/lpr mice. Clin Exp Immunol, 80:467-473, 1990.

Chandrasekar B, McGuff HS, Aufdermorte TB, Troyer DA, Talal N, Fernandes G.
Effects of calorie restriction on transforming growht factor beta 1 and
proinflammatory cytokines in murine Sjogren’s syndrome. Clin Immunol
Immunopathol, 76;291-296, 1995.

Chen S, Kao Y, Laughton C. Binding characteristics of aromatase inhibitors and
phytoestrogens to human aromatase. J Steroid Biochem Mol Biol, 61:107, 1997.

Chetty KN, Brown K, Walker J, Woods L. Effects of chlordecone and
malnutrition on immune response in rats. Life Scie, 52:175-180, 1993.

Cohen JHM, Danel L, Cordier G, Saez S, Revillard JP. Sex steroid receptors in
peripheral T cells: Absence of androgen receptors and restriction of estrogen
receptors to OKT 18-positive cell. J Immunol, 131:2767-2671, 1983.

Cohen JJ. Programmed cell death in the immune system. Adv Immunol, 50:55-85,
1991.

Cohen JJ, Richard CD. Apoptosis and programmed cell death in immunity. Annu
Rev Immunol, 10:267-293, 1992.

Coldham NG, Dave M, Sivapathasundaram S, McDonnell DP, Connor C, Sauer
MJ. Evaluation of a recombinant yeast cell estrogen screening assay. Environ
Health Perspect, 105:734, 1997.



131

Colerangle JB, Roy D. Exposure of rats to environmental estrogenic compound
nonylphenol alters cell cycle kinetics in the mammary gland. Toxicologist, 15:233,
1995a.

Colerangle JB, Roy D. Perturbation of cell cycle kinetics in the mammary gland
by stilbene estrogen, diethylstilbestrol (DES). Cancer Lett, 94(1):55-63, 1995b.

Colerangle JB, Roy D. Profound effects of the weak environmental estrogen-like
chemical bisphenol A on the growth of the mammary gland of Noble rats. J
Steroid Biochem Mol Biol, 60(1-2):153-60, 1997.

Couse JF, Korach KS. Exploring the role of sex steroids through studies of
receptor deficient mice. J Mol Med, 76(7):497-511, 1998.

Cserhati T. Alkyl ethoxylated and alkylphenol ethoxylated nonionic surfactants:
interactions with bioactive compounds and biological effects. Environ Health
Perspect, 103(4):358=64, 1995.

Cummings AM. Methoxychlor as a model for environmental estrogens. Crit Rev
Toxicol, 27(4):367-379, 1997.

Da Silvia JAP, Larbre J-P, Seed MP, Cutolo M, Villaggio B, Scott D, Willoughby
DA. Sex differences in inflammation induced cartilage damage in rodents. The
influence of sex steroids. J Rheumatol, 21:330-336, 1993.

Dalal M, Kim S, Voskhl RR. Testosterone therapy ameliorates experimental
autoimmune thyroiditis and induces a T helper 2 bias in autoantigen-specific T
lymphocyte response. J Immunol, 159:3-6, 1997.

Danel L, Souweine G, Monier JC, Saez S. Specific estrogen binding sites in
human lymphoid cells and thymic cells. J Steroid Biochem, 18:559-563, 1983.

Danzo BJ. The effects of environmental hormones on reproduction. Cell Mol Life
Sci, 54(11):1249-64, 1998.

Dayan M, Zinger H, Kalush F, Mor G, Amir-Zoltman Y, Kohen F, Stohger Z,
Moses E. The beneficial effects of treatment with tamoxifen and anti-oestradiol
antibody on experimental systemic lupus erythematosus are associated with
cytokine modulations. Immunology, 90:101-108, 1997.



132

De Guise S, Martineau D, Beland P, Fournier M. Effects of in vitro exposure of
beluga whale leukocytes to selected organochlorines. J Toxicol Health, 55:479-
493, 1998.

Donner KJ, Becker KM, Hissong BD, Ansar Ahmed S. Comparison of multiple
assays for kinetic detection of apoptosis in thymocytes exposed to
dexamethasone or diethylstilbesterol. Cytometry, 35:1-11, 1999.

Dudley  DJ, Chen CL, Mitchell MD, Daynes RA, Araneo BA. Adaptive immune
responses during murine pregnancy: pregnancy-induced regulation of
lymphokine production by activated T lymphocytes. Am J Obstet Gynecol,
168:1155-1163, 1993.

Duquette P, Pleiner J, Girard M, Charest L, Senecal-Quevillon M, Masse C. The
increased susceptability of women to multiple sclerosis. Can J Neurol Sci, 19:466-
471, 1992.

Faber KA, Hughed CLJ. Effects of neonatal exposure to diethylstilbesterol,
genistein, and zearalenone on pituitary responsiveness and sexually dimorphic
nucleus volume in the castrated adult rat. Biol Repord, 45:649, 1991.

Fisher CL, Eisenberg RA, Cohen PL. Quantitation and IgG subclass distribution
of antichromatin autoantibodies in SLE mice. Clin Immunol Immunopathol,
46:205-213, 1988.

Fitzpatrick F, Lepault F, Homo-Delarche F, Bach J-F, Dardenne M. Influence of
castration, alone or combined with thymectomy, on the development of diabetes
in nonobese diabetes mouse. Endocrinology, 129:1382-1390, 1991.

Fox HS, Bond BL, Parslow TG. Estrogen regulates the IFN-gamma promoter. I
Immonol, 146:4362-4367, 1991.

Franke AA, Custer LJ. High-performance liquid chromatographic assay of
isoflavonoids and coumesterol from human urine. J ChromatogrB: Biomed Appl,
662:47, 1994.

Frazier-Jessen MR, Mott FJ, Witte PL, Kovacs EJ. Estrogen suppression of
connective tissue deposition in a murine model of peitoneal adhesion formation.
J Immunol 156:3036-3042, 1996.



133

Fry DM, Toone CK. DDT-induced feminization of gull embryos. Science, 213:922-
924, 1981.

Gavalchin J, Shanley P, Silvin CJ, Stoll M, Gasiewicz TA, Silverstone AE.
Estradiol (E2) treatment of male NZB X SWR (SNF1) mice produces
immunological alterations associated with lupus-like autoimmune nephritis in
female SNF1 mice. Presented at Linking Environmental Agents and
Autoimmune Diseases, NIEHS/NIH, Research Triangle, NC, Abstract #28, 1998.

Giger W, Brunner PH, Schaffner C. 4-nonylphenol in sewage sludge:
accumulation of toxic metabolites from nonionic surfactants. Science, 255:623-
625, 1984.

Gilmore W, Weiner LP, Correale J. Effect of estraidol cytokine secretion by
proteolipid protein-specific T cell clones isolated from multiplesclerosis patients
and normal control subjects. J Immunol, 158:446-451, 1997.

Giri AK, Lu LJ. Genetic damage and the inhibition of 7, 12-
dimethylbenz[a]anthracene-induced genetic damage by the phytoestrogens,
genistein and daidzein, in female ICR mice. Cancer Lett, 95(1-2):125-133, 1995.

Gladen BC, Rogan WF. DDE and shortened duration of lactation in a Northern
Mexican town. Am J Public Health, 85:504-508, 1995.

Gower DB. Steroid Hormones. Croom Helm Ltd, London, 1979.

Grasman KA. Immunological and hematological biomarkers from contaminats in
fish-eating birds of the Great Lakes. PhD dissertation, Virginia Polytechnic
Institute and State University, Blacksburg, VA, 1995.

Gray LE Jr. Xenoendocrine disrupters: laboratory studies on male reproductive
effects. Toxicol Lett, 102-103:331-335, 1998.

Grossman CJ, Sholiton LJ, Nathan P. Rat thymic estrogen receptor. I. Preparation,
location and physiochemical properties. J Steroid Biochem. 11:1233-1240, 1979.

Grossman CJ. Regulation of the immune system by sex steroids. Endocron Rev,
5:435-454, 1984.

Guillette LJ Jr, Grass TS, Masson GR, Matter JM, Percival HF, Woodard AR.
Developmental abnormalities of the gonad and abnormal sex hormone



134

concentrations in juvenile alligators from contaminated and control Lakes in
Florida. Environ Health Perspect 102:680-688, 1994.

Gulino A, Screpanti I, Torriai MR, Frati L. Estrogen receptors and estrogen
sensitivity of fetal thymocytes are restricted to blast lymphoid cells.
Endocrinology, 117(1):47-54, 1985.

Hahn BH, Shulman LE. Autoantibodies and nephrotis in the white strain (NZW)
of New Zealand mice. Arthritis Rheum, 12:355-364, 1969.

Hahn BH. Animal models in systemic lupus erythematosus. In: Dubois’ Lupus
Erythematosus, Wallace DJ, Hahn BH, eds, 339-82, 1999.

Hartwell D, Levine J, Fenton M, Francis C, Leslie C, Beller D. Cytokine
dysregulation and the initiation of systemic autoimmunity (review). Immunol
Lett, 43:15-21, 1994.

Hartwell DW, Fenton MJ, Levine JS, Beller DI. Abberant cytokine regulation in
macrophages from young autoimmune-prone mice: evidence that the intrinsic
defect in MRL macrophage IL-1 expression is transcriptionally controlled. Mol
Immunol, 32:743-751, 1995.

Herbst AL, Ulfelder H, Poskanzer DC. Adenocarcinoma of the vagina.
Association of maternal stilbesterol therapy with tumor appearance in young
women. New Engl J Med, 284:878-881, 1971.

Hess RA, Bunick D, Lee KH, Bahr J, Taylor JA, Korach KS, Lubahn DB. A role for
oestrogen in the male reproductive system. Nature, 390(6659):509-512, 1997.

Hissong BD; Donner KJ, Nordyke PG, Vaught TD, Becker KM, Gogal RM Jr,
Walsh JE, Saunders GK, Verthelyi DI, Ansar Ahmed S. Estrogen is a potent
immunomodulator in normal mice: Long-term estrogen treatment impairs
spontaneous and induced T-cell activation and rescue from apoptosis.
Manuscript in preparation.

Ho PC, Tang GWK, LawtonJWM. Lymphocyte subsets in patients with estrogen
deficiencies. J Report Immunol, 20(1):85-91, 1991.

Holland MB, Roy D. Estrone-induced cell proliferation and differentiation in the
mammary gland of the female Noble rat. Carcinogenesis, 16(8):1955-1961, 1995.



135

Holland MB, Roy D. Antiproliferative activity of naturally occurring edible plant
flavone-induced cell proliferation in the mammary gland of Noble rats. In:
Hormonal Carcinogenesis II, Li JJ, Li sa, Gustafsson JA, Nandi S, Sekely LI, eds,
Springer-Verlag, New York, NY, 1996.

Homo-Delarche F, Fitzpatrick F, Christeff N, Nunez EA, Bach JF, Dardenne M.
Sex steroids, glucocorticoids, stress and autoimmunity. J Steroid Biochem Mol
Biol, 40:619-637, 1991.

Home-Delarche F, Durant S. Hormones, neurotransmitters and neuropeptides as
modulatros of lymphocyte function. In: Handbook of Immunopharmacology,
Rola-Pleszcynski M, ed, Academic Press Ltd, London, 1994.

Hu SK, Mitcho YL, Rath NC. Effects of estradiol on interleukin 1 synthesis by
macrophages. Int J Immunopharacol, 10:247-252, 1988.

Hughes CL Jr, Chakinala MM, Reece SG, Miller RN, Schomberg DW Jr, Basham
KB. Acute and Subacute effects of naturally occuring estrognes on luteinizing
hormone secretion in the ovariectomized rat: Part 2. Reprod Toxicol, 5(2):133-137,
1991.

Ito S, Ueno M, Nishi S, Arakawa M, Fujiwara M. Suppression of spontaneous
murine lupus by inducing graft-versus-host reaction with CD8+ cells. Clin Exp
Immunol, 90:260-265, 1992.

Jabs DA, Prendergast RA. Murine models of Sjogren’s syndrome (review). Adv
Exp Med Biol, 350:623-630, 1994.

Jacobson DL, Gange SJ, Rose NR, Graham NMH. Epidemiology and estimated
population burden of selected autoimmune diseases in the United States. Clin
Immunol Immunopathol, 84:223-243, 1997.

Jobling S, Sumpter JP. Detergent components in sewage effluent are weakly
oestrogenic to fish: An in vitro study using rainbow trout (Oncorhynchus
mykiss) hepatocytes. Aquatic Toxicology, 27:361-372, 1993.

Jobling S, Sheahan D, Osborne JA, Matthiessen P, Sumpter JP. Inhibition of
Testicular growth in rainbow trout (oncorhynchus mykiss) exposed to estrogenic
alkylphenolic chemicals. Environ Toxicol Chem, 15:194-202, 1996.



136

Jungers P, Nahoul K, Pelissier C, Dougados M, Tron F, Bach JF. Low plasma
androgens in women with active or quiescent systemic lupus erythematosus.
Arthritis Rheum, 25:454-457, 1982a.

Jungers P, Dougados M, Pelissier C, Kuttenn F, Tron F, Lesavre P, Bach JF.
Influence of oral contraceptive therapy on the activity of systemic lupus
erythematosus. Arthritis Rheum, 25(6):618-23, 1982b.

Kasuga-Aoki H, Takai S, Sasaki Y, Tsubaki S, Madarame H, Nakane A. Tumour
necrosis factor and interferon gamma are requires in host resistance against
virulent Rhodococcus equi infection in mice: cytokine production depends on the
virulence levels of R. equi. Immunology, 69(1):122-127, 1999.

Kawashima I, Sakabe K, Seiki K, Fujii-Hanamoto H, Akatsuka A, Tsukamoto H.
Localization of sex steroid receptor cells with special reference to thymulin (FTS)-
producing cells in female rats thymus. Thymus, 18:79-93, 1991.

Kawashima I, Seiki K, Sakabe K, Ihara S, Akatsuka A, Katsumata Y. Localization
of estrogen receptor and estrogen receptor-mRNA in female mouse thymus.
Thymus, 20:115-121, 1992.

Kelce WR, Stone CR, Laws SC, Gray LE, Kemppainen JA, Wilson EM. Persistant
DDT metabolite p,p’-DDE is a potent androgen receptor antagonist. Nature,
375:581-585, 1995.

Kelley VE, Winkelstein A. Age- and sex-related glomerulonephritis in New
Zealand White mice. Clin Immunol Immunopathol, 16:142-150, 1980.

Kettyle WM, Arky RA. Endocrine Pathophysiology. Lippincott’s
Pathophysiology Series, Lippincott-Raven Publishers, New York, NY, 1998.

Knaak JB, Eldridge JM, Sullivan LJ. Excretion of certain polyethylene glycol ether
adducts of nonylphenol by the rat. Toxicol Appl Pharmacol, 9:331, 1966.

Konner BC, Banerjee BD, Ray A. Organochlorine pesticide-induced oxidative
stress and immune suppression in rats. Indian J Exp Biol, 36:395-398, 1998.

Kuiper G, Lemmen JG, Carlsson BO, Corton JC, Safe SH, van der Saag PT, van
der Burg B, Gustafsson J. Interaction of estrogenic chemicals and phytoestrogens
with estrogen receptor β. Endocrinology, 139(10):4252-4263, 1998.



137

Kurzer MS, Xia X. Dietary phytoestrogens. Annu Rev Nutr, 17:353, 1997.

Lahita RG, Bradlow HL, Kunkel HG, Fishman J. Alterations of estrogen
metabolism in systemic lupus erythematosus. Athritis Rheum, 22:1195, 1979.

Lahita RG, Bradlow L, Fishman J. Increased 16b-hydroxylation of estradiol in
systemic lupus erythematosus. J Clin Endocrinol, 53:174-178, 1981.

Lahita RG, Bradlow HL, Ginzler E, Pang S, New M. Low plasma androgens in
women with systemic lupus erythematosus. Arthritis, 30:241-248, 1987.

Lahita R. Sex hormones and the immune response – human studies. Bailiere’s
Clin Rheumatol, 4:1-12, 1990.

Lahita RG. Gender and Age in Lupus. In: Systemic Lupus Erythematkosus, Lahit
RG, ed, 129-143, 1999.

Lahvis GP, Wells RS, Kuehl DW, Stewart JL, Rhinehart HL, Via CS. Decreased
lymphocyte responses in free-ranging bottlenose dolphins (Tursiops trunctus)
are associated with increased concentrations of PCBs and DDT in peripheral
blood. Environ Health Perspect, 103;67-72, 1995.

Lamartinier CA, Moore JB, Brown NM, Thompson R, Hardin MJ, Barnes S.
Genistein suppresses mammary cancer in rats. Carcinogenesis, 16:2833, 1995.

Leopold A, Erwin M, Oh J, Browning B. Phytoestroegns: adverse effects on
reproduction in California quail. Science, 191:98, 1976.

Levy JR, Faber KA, Ayyash L, Hughes CL Jr. The effects of prenatal exposure to
the phytoestrogen genistein on sexual differentiation in rats. Proc Soc Exp Biol
Med, 208:60, 1995.

Luebke RW, Luster MI, Dean JH, Hayes HT. Altered host resistance to
Trichinella spiralis infection following subchronic exposure to diethystilbesterol.
Int J Immunopharmacol, 6:609-617, 1984.

Lynch EA, Dinarello CA, Cannon JG. Gender differences in IL1- alpha, IL-1 beta,
and IL-1 receptor antagonist secretion from the mononuclear cells and urinary
secretions. J Immunol, 153:300-306, 1994.



138

Madjic G, Sharpe RM, O’shaughnessy PJ, Saunders PTK. Expression of
Cytochrome P450 17a-hydroxylase/c17-20 lyase in the fetal rat testis is reduce by
maternal exposure to exogenous estrogens. Endocrinology, 137:1063-1070, 1996.

Marin ML, Murhta J, Dong W, Pestka JJ. Effects of mycotoxins on cytokine
production and proliferation in EL-4 thyoma cells. J Toxicol Environ Health,
48:379-396, 1996.

Mathur S, Mathur RS, Goust JM, Williamson MO, Eidenberg MM. Cyclic
variations in cell subpopulations in the human menstrual cycle: Correlations
with progesterone and estradiol. Clin Immunopathol, 13:246-253, 1979.

Mazuzawa T, Miyaura C, Oneo Y, Kusano K, Ohta H, Nozawa S, Suda T.
Estrogen deficiency stimulates B lymphopoiesis in mouse bone marrow. J Clin
Invest, 94:1090-1097,1994.

Medina K, Kincade PW. Pregnancy-related steroids are potential negative
regulators of B lymphopoiesis. Proc Natl Acad Sci USA, 91:5382-5386, 1994.

Melez KA, Reeves JP, Steinburg AD. Modification of murine lupus by sex
hormones. Ann Immunol (Paris), 129c(5):707-714, 1978.

Mendelson ME, Karas RH. The protective effects of estrogen on the
cardiovascular system. N Engl J Med, 340(23):1801-11, 1999.
Morrison PF, Leatherland JF, Sonstegard RA. Plasma cortisol and sex steroid
levels in Great Lakes echo salmon (Oncorhynchus kisutch Walbaun) in relation
to fecundity and egg survival. Comp Biochem Physiol A, 80(1):61-68, 1985.

Messina MJ, Persky V, Setchell KDR, Barnes S. Soy intake and cancer risk: a
review of in vitro and in vivo data. Nutr Cnacer 21:113-131, 1994.

Mosselman S, Polman J, Dijkema A. Erβ : indentification and characterization of a
novel human estrogen receptor. FEBS Lett, 392:49, 1996.

Mueller G, Kim UH. Displacement of estradiol from estrogen receptors by simple
alkylphenols. Endocrinology, 102:1429-1435, 1978.



139

Muller D, Chen  M, Vikingson A, Hildeman D, Pederson K. Oestrogen influences
CD4+ T-lymphocyte activity in vivo and in vitro in β2-microglobulin-deficient
mice. Immunology, 86:162-167, 1995.

Munns TW, Liszewski MK, Hahn BH. Antibody-nucleic acid complexes.
Antigenic domains within nucleosides as defined by solid-phase immunoassay.
Biochemistry, 23:2958-2964, 1982.

Nagel SC, vom Saal FS, Thayer KA, Dhar MG, Boechler M, Welshons WV.
Relative binding affinity-serum modified access(RBA-SMA) assay predicts the
relative in vivo bioactivity of the xenoestrogens bisphenol A and octylphenol.
Environ Health Perspect, 150:70-76, 1997.

Nagel SC, vom Saal FS, Welshon WV. The effective free fraction of estradiol and
xenoestrogens in human serum measured by whole cell uptake assays:
physiology of delivery modifies estorgenic activity. Proc Soc Exp Biol Med,
217(3):300-309, 1998.

Nagel SC, vom Saal FS, Welshon WV. Developmental effects of estrogenic
chemicals are predicted by as in vitro assay incorporating modification of cell
uptake by serum. J Steroid Biochem Mol Bio, 69(1-6):343-357, 1999.

Nair-Menon JU, Campbell GT, Blake CA. Toxic effects of octylphenol on cultured
rat and murine splenocytes. Tox and Appl Pharm, 139:437-444, 1996.

National Toxicology Program. Carcinogenesis bioassay of Bisphenol A in F344
rats and B6C3F1 mice. National Toxicology Program Tech Rep, 215:1-21, 1982.

Nilsson B, Bergqvist A, Lindblom D, Ljungberg O, Sodergard R, von Schoultz B.
Characterization and localization of specific oestrogen binding in the human
thymus. Gynecol Obstet Invest, 21:150-157, 1986.

Nimrod AC, Benson WH. Environmental estrogenic effects of alkylphenol
ethoxylates. Crit Rev Toxicol, 26(3):335-364, 1996.

Noller KL, Blair PB, O’Brien PC, Melton III LJ, Offord JR, Kauffman RH, Colton
T. Increased occurrence of autoimmune disease among women exposed in utero
to diethylstilbesterol. Fertility and Sterility, 49:1080-1082, 1988.



140

Nwannenna AI, Madej A, Lundh TJO, Fredriksson G. Effects of oestrogenic
silage on some clinical and endocrinological parameters in ovariectomized
heifers. Acta Vet Scand, 35:173, 1994.

Office of Technology Assessment. Neurotoxicity: Identifying and controlling
poisons of the nervous system. OTA-BA-436, US Government Printing Office,
Washington DC, 1990.

Ohgaki M, Ueda G, Shiota J, Nishimura H, Hirose S, Sato H, Sirai T. Two distinct
monoclonal natural thymocytotoxic autoantibodies from New Zealand black
mouse. Clin Immunol Immunopahtol, 53:475-487, 1989.

Ohnishi K, Ebling FM, Mitchell B, Singh RR, Hahn BH, Tsao BP. Comparison of
pathogenic and non-pathogenic murine antibodies to DNA: antigen binding and
structural characteriztics. Internat Immunol, 6:817-830, 1994.

Okura A, Arakawa H, Oka H, Yoshinari T, Monden Y. Effect of genistein on
topoisomerase activity and on the growht of [Val12] Ha-ras-transformed NIH
3T3 cells. Biochem Biophys Res Commun, 157:183, 1988.

Okuyama R, Abo T, Seki S, Ohteki T, Sugiura K, Kusumi A, Kumagai K.
Estrogen administration activates extrathymic T cell differentiation in the liver. J
Exp Med, 175(3):661-669, 1992.

Olsen N, Watson MB, Henderson GS, Kovacs WJ. Androgen deprovation induces
phenotypic and functional changes in the thymus of adult male mice.
Endocrinology, 129:2471-2476, 1991.

Olsen N, Kovacs WJ. Gonadal Steroids and immunity. Endocrin Rev, 17:396-384.
1996.

Paavonen T, Anderson LC, Adlercreutz H. Sex hormone regulation of in vitro
immune response. Estradiol enhances human B cell maturation via inhibition of
suppressor T cells in pokeweed mitogen-stimulated cultures. J Exp Med,
154:1935-1945, 1981.

Papoian R, Pillarisetty R, Talal N. Immunological regulation of spontaneous
antibodies to DNA and RNA. II. Sequential switch from IgM to IgG in
NZB/NZW F1 mice. Immunology, 32:75-79, 1977.



141

Park CL, Balderaas RS, Fieser TM, Slack JH, Prud’Homme Gj, Dixon FJ,
Theofilopoulos AN. Isotypic profiles and other fine characteristics if immune
responses to exogenous thymus-dependent and independent antigens by mice
with lupus syndrome. J Immunol, 130:2161-2167, 1983.

Pelissero C, Lenczowski M, Chinzi D, Davail-Cuisset B, Sumpter J, Fostier A.
Effects of flavonoids on aromatase activity, an in vitro study. J Steroid Biochem
Mol Biol, 57:215, 1996.

Phuc LH, Papiernik M, Berrih S, Duval D. Thymic involution in pregnant mice. I.
Characterization of the remaining thymocyte subpopulations. Clin Exp Immunol
44(2):247-52, 1981.

Piontek M, Hangels KJ, Porschen R, Strohmeyer G. Anti-proliferative effect of
tyrosin kinase inhibitors in epidermal growth factor-stimulated growth of
human gastric cancer cells. Anticanc Res, 13:2119, 1993.

Pung OJ, Luster MI, Hayes HT, Rader J. Influence of steroidal and nonsteroidal
sex hormones on host resistance in mice: increased susceptability to Listeria
monocytogenes after exposure to estrogenic hormones. Infect Immun, 46:301-307,
1984.

Pung OJ, Tucker AN, Vore SJ, Luster MI. Influence of estrogen on host resistance:
increased susceptability of mice to Listeria monocytogenes correlates with
depressed production of interleukin 2. Infect Immun, 50:91-96, 1985.

Pung OJ, Luster MI. Toxoplasma gondii: decreased resistance to infection inmice
due to estrogen. Exp Parasitol, 61:48-56, 1986.

Puzanov IJ, Bennett M, Kumar V. IL-15 can substitute for the marrow
microenvironment in the differentiation of natural kill cells. J Immunol, 157:4282-
4285, 1996.

Raynaud JP, Ojasco T, Bouton MM, Bignon E, Pons M, Crastes de Paulet A.
Structure-activity relationships of steroid estrogens, in Estrogens in the
Environment, McLachlan JA, ed, Elsevier Science Publishing Co., New York, NY,
1985.

Rifkind D. Sex difference in antibody response of CFW mice to Candida albicans.
Infect Immun, 5:363-369, 1972.



142

Robinson JP, Darzykiewics Z, Dean P, Dressler L, Tanke H, Wheeless L. Hand
book of Flow Cytometry Methods. A John Wiley and Sons Inc, 1993.

Rogan WF, Gladen BC, McKinney JD, Carreras N, Hardy P, Thullen J, Tinglestad
J, Tully M. Polychlorinated biphenyl (PCBs) and dichlorodiphenyl
dichloroethane (DDE) in human milk: Effects on growth, morbidity, and
duration of lactation. Am J Public Health, 77:1294-1297, 1987.

Ross PS, DeSwart RL, Rejinders PJH, Van Loveren H, Vos JG, Osterhaus AD.
Contaminat-related suppression of delayed-type hypersensitivity and antibody
responses in harbor seals fed herring from the Baltic Sea. Environ Health
Perspect 103:162-167, 1995.

Roubininan JR, Talal N, Greenspan JS, Goodman JR, Siiteri PK. Effects of
castration and sex hormone treatment on survival, nulceic acid antibodies and
glomerulonephritis in NZB x NZW F1 mice. J Exp Med, 147:1568, 1978.

Rozzo SJ, Drake CG, Chiang BI, Gershwin ME, Kotzin BL. Evidence for
polyclonal T cell activation in murine models of systemic lupus erythematosus. J
Immunol, 153:1340-1351, 1994.

Ruehlmann DO, Steinert JR, Valverde MA, Jacob R, Mann GE. Environmental
estrogenic pollutants induce acute vascular relaxation by inhibiting L-type Ca 2+

channels in smooth muscle cells. FASEB J, 12:613-619, 1998.

Ruh MF, Bi Y, Cox L, Berk D, Howlett AC, Bellone CJ. Effects of environmental
estrogens on IL-1beta promote activity in a macrophage cell line. Endocrine,
9:207-211, 1998.

Sakabe K, Kawashima I, Seiki K, Fujii-Hanamoto H. Hormone and immune
response, with special reference to steroid hormone. 2. Sex steroid receptors in
rat thymus. Tokai J Exp Clin Med, 15(2-3):201-211, 1990.

Sarvetnick N, Fox HS. Interferon-gamma and the sexual dimorphism of
autoimmunity. Mol Biol Med, 7:323-331, 1990.

Schmid I, Uittenbogaart CH, Keld B, Giorgi JV. A rapid method for measuring
apoptosis and dual-colo immunofluorescence by single laser flow cytometry. J
Immunol Methods, 170:145-157, 1994.



143

Schoeb TR, Richly LJ, Gross TS, Klein PA, Brown MB, Gross DA. Endocrine
disruptors and host resistance in Lake Apopka alligators. Presented at: Endocrine
Disruptor Investigators Meeting, Oct 7-9, NIEHS, Research Triagle Park, NC,
1998.

Schuurs AHWM, Verheul HAM. Effects of gender and sex hormones on the
immune response. J Steroid Biochem, 35:157-172, 1990.

Screpanti I, Morrone S, Meco D. Steroid sensitivity of thymocytic subpopulations
during intrathymic differentiation. Effect of 17β-estradiol and dexamethasone on
subsets expressing T cell antigen receptor or IL-2 receptor. J Immunol, 142:3378-
3383, 1989.

Seaman WE, Gindhart TD. Effect of estrogen on natural killer cells. Arthritis
Rheum, 22(11): 1234-1245, 1979.

Setchell KDR, Gosselin SJ, Welsh MB, Johnston JO, Balistreri WF, Kramer LW,
Dresser BL, Tarr MJ. Dietary estrogens – a probable cause of infertility and liver
disease in captive cheetahs. Gastroenterology, 93:225, 1987.

Setchell KDR, Zimmer-Nechemias L, Cai J, Heubi JE. Exposure of infants to
phyto-oestrogen from soy-based infant formula. Lancet, 350:23, 1997.

Sharpe RM, Fisher JS, Millar MM, Jobling S, Sumpter JP. Gestational and
lactational exposure of rats to xenoestrogens results in reduced testicular size
and sperm production. Environ Health Perspect, 103:1136-1143, 1995.

Silverstone AE, Frazier DE Jr, Fiore NC, Soults JA, Gasiewicz TA.
Dexamethasone, b-estradiol, and 2,3,7,8-Tetrachlorodibenzo-p-dioxin elicit
thymic atrophy through different cellular targets. Toxicol Appl Pharm, 126:248-
259, 1994.

Smithson G, Medina K, Ponting L, Kincade PW. Estrogen suppresses stromal
cell-dependent lymphopoiesis in culutre. J Immunol, 155:3409-3417, 1995.

Soto AM, Justicia H, Wray JW, Sonnenschein C. p-Nonyl-phenol: an estrogenic
xenobiotic released from “modified” polystyrene. Environ Health Perspect,
92:167-173, 1991.

Soto AM, Lin T, Justicia H, Silvia RM, Sonnenschein C. An “in culture” bioassay
to assess the estrogenicty of xenobiotics (E-Screen). In: Chemically Induced



144

Alterations in Sexual and Functional Development: The Wildlife/Human
Connection, Colburn T, Clement C, eds, Princeton Scientific Publishing,
Princeton, NJ, 1992.

Steinberg AD, Huston DP, Taurog JD, Cowdery JS, Raveche ES. The cellular and
gentic basis of murine lupus. Immunol Rev, 55:121-154, 1981.

Steward MW, Hay FC. Changes in immunoglobulin class and subclass of anti-
DNA antibodies with increasing age in NZB/NZW F1 hybrid mice. Clin Exp
Immunopathol, 26:363-370, 1976.

Stewart JJ. The female X-inactivation mosaic in systemic lupus erythematosus.
Immunol Today, 19:352-357, 1998.

Stimson WH. Oestrogen and human T lymphocytes: presence of specific
receptors in the T-suppressor/cytotoxic subset. Scand J Immunol, 28:345-350.
1988.

Sullivan DA, Edwards JA. Androgen stimulation of lacrimal gland function in
mouse models of Sjogren’s syndrome. J Steroid Biochem Mol Biol, 60(3-4):237-45
1997a.

Sullivan DA. Sex hormones and Sjogren’s syndrome. J Rheumatol, 24 Suppl
50:17-32, 1997b.

Svensson BG, Hallberg T, Nilsson A, Schultz A, Hagmar L. Parameters of
immunological competence in subjects with high consumption of fish
contaminated with persistant organochlorine compounds. Int Arch Occup
Environ Health, 65:351-358, 1994.

Swartz WJ, Corken M. Effects of methoxychlor treatment of pregnant mice on
female offspring of the treated and subsequent pregnancies. Reprod Toxicol
6:431-437, 1992.

Swartz WJ, Wink CS, Johnson WD. Response of adult murine uterine epithelium
to 50% methoxychlor. Reprod Toxicol 8:81-87, 1994.

Talal N. Systemic lupus erythematosus, autoimmunity, sex, and inheritance. N
Engl J Med, 301:838-839.1979,



145

Talal N. Sex steroid hormones and systemic lupus eryhtematosus. Arthritis
Rheum, 24(8):1054-56, 1981.

Theofilopoulos AN, Dixon FJ. Etiopathogenesis of murine systemic lupus
erythematosus. Immunol Rev, 55:179-216, 1981.

Thigpen JE, Setchell KD, Goelz MF, Forsythe DB. Phytoestrogen content in
rodent diet. Environ Health Perspect, 107(4):A182-183, 1999.

Toppari J, Larsen JC, Christiansen P, Giwereman A, Grandjean P, Guillette LJ Jr,
Jegou B, Jensen TK, Jouannet P, Keiding N, Leffers H, McLachlan JA, Meyer O,
Muller J, Rajpert-De Meyts E, Scheike T, Sharpe R, Sumpter J, Skakkebaek NE.
Male reproductive health and environmental xenoestrogens. Environ Health
Perspect, 104 Suppl 4:741-803, 1996.

Verthelyi D, Ansar Ahmed S. 17-β-estradiol, but not 5-α-dihydrotestosterone,
augments antibodies to double-stranded deoxyribonucleic acid in
nonautoimmune C57BL/6J mice. Endocrinology, 135:2615-2622, 1994.

Verthelyi D, Ansar Ahmed S. Characterization of estrogen-induced
autoantibodies to cardiolipin in non-autoimmune mice. J Autoimmun, 10:115-
125, 1997.

Verthelyi D, Ansar Ahmed S. Estrogen increases the number and activity of
plasma cells and enhances their autoantibody production in non-autoimmune
C57Bl/6 mice. Cell Immunol, 189:125-134, 1998.

Viselli SM, Stanziale S, Shults K, Kovacs WJ, Olsen NJ. Castration alters
peripheral immune function in normalmale mice. Immunology, 84:337-342, 1995.

Walker S, Besch-Williford C, Keisler D. Accelerated deaths from systemic lupus
erythematosus in NZBxNZw F1 mice treated with the testosterone-blocking drug
flutamide. J Lab Clin Med, 124:401-407, 1994.

Walker SE. The importance of sex hormones in lupus. In: Dubois’ Lupus
Erythematosus, Wallace DJ, Hahn BH, eds, 311-322, 1999.

Walters LM, Rourke AW, Eroschenko VP. Purified methoxychlor stimulates the
reproductive tract in immature female mice. Reprod Toxicol, 7:599-606, 1993.



146

Wang C, Makela T, Hase TA, Adlercreutz CHT, Kurzer MS. Lignans and
isoflavonoids inhibit aromatase enzyme in human preadipocytes. J Steroid
Biochem Mol Biol, 50:215, 1996

Wang C, Kurzer MS. Phytoestrogen concentration determines effects on DNA
synthesis in human breast cancer cells. Nutr Canc, 28:236, 1997.

Watanobe H, Kawabe H. Relapse of Graves' disease after oestrogen therapy for
climacteric symptoms. Clin Endocrinol (Oxf), 45(4):505, 1996.

Weusten JJ, Blankenstein MA, Gmelig-Meyling FH, Schuurman HJ, Kater L,
Thijssen JH. Presence of oestrogen receptors in human blood mononuclear cells
and thymocytes. Acta Endocrinol (Copenh), 112(3):409-414, 1986.

White R, Jobling S, Hoare SA, Sumpter JP, Parker MG. Environmentally
persistant alkylphenolic compounds are estrogenic. Endocrinology, 135(1): 175-
182, 1994.

Whitten PL, Lewis C, Naftolin F. A phytoestrogen diet induces the premature
anovulatory syndrome in lactationally exposed female rats. Biol Reprod 49:1117,
1993.

Wilder RL. Hormones, pregnancy, and autoimmune diseases.  Ann N Y Acad
Sci, 840:45-50, 1998.

Willoughby DS, Watson DW. Host-parasite relationships amoung group A
streptococciII. Influence of sex on susceptability of inbred mice towards
streptococcal infection. J Bact 87:1457-1461, 1969.

Wingard DL, Turiel J. Long-term effects of exposure to diethystilbesterol. West J
Med, 149:551-554, 1988.

Wofsy D, Seaman WE. Successful treatment of autoimmunity in NZB/NZW F1

mice with monoclonal antibodies to L3T4. J Exp Med, 161:378-391, 1985.

Wofsy D, Seaman WE. Reversal of advanced murine lupus in NZB/NZw F1
mice by treatment with monoclonal antibodies to L3T4. J Immunol, 138:3247-
3253, 1987.

Wyllie AH. Apoptosis. Br J Cancer, 67:205-208, 1993.



147

Yoshida S, Castles JJ, Gershwin ME. The pathogenesis of autoimmunity in New
Zealand mice. Semin Arthritis Rheum, 19:224-242, 1990.

Zava DT, Duwe G. Estrogenic and antiproliferative properties of genistein and
other flavonoids in human breast cancer cells in vitro. Nutr Canc, 27:31, 1997.

Zhang Y, Song TT, Cunnick JE, Murphy PA, Hendrich S. Daidzein and genistein
glucuronides in vitro are weakly estrogenic and activate human natural killer
cells at nutritionally relevant concentrations. J Nutr, 129(2):399-405, 1999.

Zhi-Jun Y, Sriranganathan N, Vaught T, Arastu SK, Ansar Ahmed S. A dye-based
lymphocyte proliferation assay that permits multiple immunological analyses:
mRAN, cytogenetic, apoptosis and immunophenotyping studies. J Immunol
Meth, 210:25-39, 1998.

Zhu J, Norstrom RF. Identification of polychlorocamphenes (PCCs) in the polar
bear (Ursus maritimus) food chain. Chemosphere, 27:1923-1936, 1993.



148

Appendix

Media Baselines

Fig 2.3: The media baseline fluorescence averaged 1380.0+66.7 at 8 hours and
1700.9+60.4 at 24 hours for control mice and 1469.6+131.8 at 8 hours and
1765.6+111.8 at 24 hours for octylphenol treated mice.

Fig 2.4: The proportion of cells within each category for the media baseline are as
follows: 8 hours Control - sub Go 4.78+1.53, Go/G1 87.08+2.36, S/G2/M
5.85+0.95; Octylphenol - sub Go 10.6+2.22, Go/G1 79.48+3.02, S/G2/M 7.2+0.55;
24 hours Control – sub Go 44.7+9.93, Go/G1 47.93+11.81, S/G2/M 1.7+0.32;
Octylphenol – sub Go 43.9+8.24, Go/G1 47.44+9.31, S/G2/M 1.94+0.39.

Fig 2.10: The media baseline fluorescence for lymphocytes from the spleen
averaged 1018.2+205.5 for control mice and 1100.1+58.7 for octylphenol treated
mice at 8 hours, 1411.0+147.5 for control mice and 1332.8+74.9 for octylphenol
treated mice at 24 hours, and 1892.9+213.4 for control mice and 1735.3+78.1 for
octylphenol treated mice at 48 hours.  The media baseline fluorescence for
lymphocytes from the lymph nodes averaged 666.7+0 for control mice and
786.2+30.7 for octylphenol treated mice at 12 hours, 1156.7+160.7 for control mice
and 1026.3+21.6 for octylphenol treated mice at 24 hours, and 1555.5+224.6 for
control mice and 1336.3+31.8 for octylphenol treated mice at 48 hours.

Fig. 2.11: The proportion of cells within each category for the media baseline are
as follows: 24 hours Control - sub Go 50.4+1.36, Go/G1 42.75+1.86, S/G2/M
3.03+0.2; Octylphenol - sub Go 53.9+1.82, Go/G1 38.38+2.37, S/G2/M 3.35+0.28;
48 hours Control – sub Go 58.0+1.03, Go/G1 35.88+1.61, S/G2/M 3.25+0.36;
Octylphenol – sub Go 59.0+2.42, Go/G1 35.62+3.15, S/G2/M 3.18+0.33.

Fig. 2.12: The proportion of cells within each category for the media baseline are
as follows: 24 hours Control - sub Go 52.6+1.55, Go/G1 37.6+1.3, S/G2/M
6.5+0.1; Octylphenol - sub Go 61.0+1.2, Go/G1 28.7+1.9, S/G2/M 5.11+0.05; 48
hours Control – sub Go 50.6+9.52, Go/G1 40.33+12.63, S/G2/M 5.20+1.36;
Octylphenol – sub Go 53.2+7.4, Go/G1 38.54+7.74, S/G2/M 3.82+0.61.

Fig 2.15: The media baseline fluorescence averaged 1168.5+76.7 at 12 hours and
1403.5+94.7 at 24 hours for control mice and 1229.7+89.6 at 12 hours and
1390.8+84.7 at 24 hours for genistein treated mice.
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Fig. 2.16: The proportion of cells within each category for the media baseline are
as follows: 12 hours Control - sub Go 56.2+5.2, Go/G1 31.8+7.4, S/G2/M 8.2+0.8;
Genistein - sub Go 59.0+0.7, Go/G1 29.5+3.1, S/G2/M 7.6+0.8; 24 hours Control
– sub Go 67.6+1.5, Go/G1 20.4+5.1, S/G2/M 7.8+1.9; Genistein – sub Go
62.1+2.5, Go/G1 22.6+1.2, S/G2/M 6.9+1.1.

Fig. 2.19: The media baseline fluorescence for lymphocytes from the spleen
averaged 996.9+80.1 for control mice and 1100.2+47.1 for genistein treated mice
at 12 hours, 1028.3+69.2 for control mice and 1141.1+54.2 for genistein treated
mice at 24 hours, and 1344.1+48.2 for control mice and 1457.5+60.3 for genistein
treated mice at 48 hours.  The media baseline fluorescence for lymphocytes from
the lymph nodes averaged 974.7+9.4 for control mice and 851.9+75.7 for genistein
treated mice at 12 hours, 1251.0+78.9 for control mice and 1069.3+32.0 for
genistein treated mice at 24 hours, and 1542.7+112.5 for control mice and
1311.1+37.1 for genistein treated mice at 48 hours.

Fig. 2.20: The proportion of cells within each category for the media baseline are
as follows: 24 hours Control - sub Go 40.0+5.3, Go/G1 45.1+6.0, S/G2/M 3.7+0.6;
Genistein - sub Go 40.9+6.8, Go/G1 45.1+7.0, S/G2/M 2.9+0.3; 48 hours Control
– sub Go 55.7+3.9, Go/G1 36.8+3.8, S/G2/M 3.6+1.0; Genistein – sub Go
52.9+2.5, Go/G1 39.4+1.9, S/G2/M 3.5+0.7.

Fig. 2.21: The proportion of cells within each category for the media baseline are
as follows: 48 hours Control - sub Go 58.6+3.5, Go/G1 30.5+3.2, S/G2/M 2.9+0.7;
Genistein - sub Go 56.1+2.9, Go/G1 31.5+2.4, S/G2/M 4.4+0.6.

Fig. 3.5: The following are the ranges of the media baselines over treatment
groups that were subtracted from the stimulated values: 4 hours – 86.9+3.0-
92.1+1.0; 12 hours - 75.5+4.8-86.7+0.6; 24 hours – 60.6+4.1-76.1+0.8.

Fig 3.6: The following are the ranges of the media baselines over treatment
groups that were subtracted from the stimulated values: 4 hour - early apoptotic
– 3.9+0.6-7.2+1.7, late apoptotic/necrotic – 3.0+0.4-5.2+1.3, total dying – 7.1+0.9-
12.4+2.9; 12 hour - early apoptotic – 5.3+0.6-11.9+1.7, late apoptotic/necrotic –
7.2+0.3-12.0+3.0, total dying – 12.5+0.7-23.8+4.7; 24 hour - early apoptotic –
7.2+0.5-15.7+1.1, late apoptotic/necrotic – 15.9+0.3-22.9+3.5, total dying -
23.3+0.7-38.6+3.9.

Fig. 3.7: The following are the ranges of the media baselines over treatment
groups that were subtracted from the stimulated values: 4 hours – 81.7+6.6-
90.8+0.5; 12 hours – 72.3+7.0-81.2+2.9; 24 hours – 51.7+6.7-63.7+3.9,
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Fig 3.8: The following are the ranges of the media baselines over treatment
groups that were subtracted from the stimulated values: 4 hour - early apoptotic
– 4.3+0.2-9.5+3.6, late apoptotic/necrotic – 4.3+0.4-8.1+2.9, total dying – 8.6+0.5-
16.8+6.9; 12 hour - early apoptotic – 6.6+0.5-12.7+3.6, late apoptotic/necrotic –
11.6+1.7-16.8+4.8, total dying – 18.3+1.6-27.1+7.1; 24 hour - early apoptotic –
11.9+1.5-16.8+2.8, late apoptotic/necrotic – 23.2+3.1-30.2+4.2, total dying –
35.6+4.0-47.0+6.7.

Fig. 3.9: The following are the ranges of the media baselines over treatment
groups that were subtracted from the stimulated values: 4 hours – 86.9+3.0-
92.1+1.0; 12 hours - 75.5+4.8-86.7+0.6; 24 hours – 60.6+4.1-76.1+0.8.

Fig 3.10: The following are the ranges of the media baselines over treatment
groups that were subtracted from the stimulated values: 4 hour - early apoptotic
– 3.9+0.6-7.2+1.7, late apoptotic/necrotic – 3.0+0.4-5.2+1.3, total dying – 7.1+0.9-
12.4+2.9; 12 hour - early apoptotic – 5.3+0.6-11.9+1.7, late apoptotic/necrotic –
7.2+0.3-12.0+3.0, total dying – 12.5+0.7-23.8+4.7; 24 hour - early apoptotic –
7.2+0.5-15.7+1.1, late apoptotic/necrotic – 15.9+0.3-22.9+3.5, total dying -
23.3+0.7-38.6+3.9.

Fig. 3.11: The following are the ranges of the media baselines over treatment
groups that were subtracted from the stimulated values: 4 hours – 81.7+6.6-
90.8+0.5; 12 hours – 72.3+7.0-81.2+2.9; 24 hours – 51.7+6.7-63.7+3.9,

Fig 3.12: The following are the ranges of the media baselines over treatment
groups that were subtracted from the stimulated values: 4 hour - early apoptotic
– 4.3+0.2-9.5+3.6, late apoptotic/necrotic – 4.3+0.4-8.1+2.9, total dying – 8.6+0.5-
16.8+6.9; 12 hour - early apoptotic – 6.6+0.5-12.7+3.6, late apoptotic/necrotic –
11.6+1.7-16.8+4.8, total dying – 18.3+1.6-27.1+7.1; 24 hour - early apoptotic –
11.9+1.5-16.8+2.8, late apoptotic/necrotic – 23.2+3.1-30.2+4.2, total dying –
35.6+4.0-47.0+6.7.

Fig. 4.5: The following are the ranges of the media baselines over treatment
groups that were subtracted from the stimulated values: 4 hours – 78.8+13.2-
88.8+4.7; 12 hours – 75.6+4.8-80.7+4.0; 24 hours – 48.6+6.5-52.2+4.7

Fig 4.6: The following are the ranges of the media baselines over treatment
groups that were subtracted from the stimulated values: 4 hours - early apoptotic
– 5.0+1.7-8.3+6.6, late apoptotic/necrotic – 5.7+3.1-12.2+8.3, total dying –
10.7+2.4-20.4+6.5; 12 hours - early apoptotic – 7.8+2.0-11.1+2.7, late
apoptotic/necrotic – 10.6+1.3-13.1+2.7, total dying – 18.9+2.0-23.9+2.8; 24 hours -
early apoptotic – 9.6+1.3-11.5+3.2, late apoptotic/necrotic – 36.9+3.0-41.2+5.8,
total dying – 47.3+2.5-50.8+3.2.
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Fig. 4.7: The following are the ranges of the media baselines over treatment
groups that were subtracted from the stimulated values: 4 hours – 78.6+8.9-
85.0+3.4; 12 hours – 60.9+5.6-68.7+5.7; 24 hours – 29.1+3.8-32.6+7.0.

Fig 4.8: The following are the ranges of the media baselines over treatment
groups that were subtracted from the stimulated values: 4 hours - early apoptotic
– 8.1+2.4-12.0+6.1, late apoptotic/necrotic – 6.6+1.1-10.0+5.8, total dying –
14.7+1.7-21.0+4.0; 12 hours - early apoptotic – 12.7+3.3-13.2+2.7, late
apoptotic/necrotic – 18.4+3.2-24.9+4.2, total dying – 31.0+2.9-38.6+2.5; 24 hours -
early apoptotic – 16.2+5.0-19.6+2.7, late apoptotic/necrotic – 47.3+4.6-52.7+5.3,
total dying – 66.0+3.2-69.1+2.4.

Fig. 4.9: The following are the ranges of the media baselines over treatment
groups that were subtracted from the stimulated values: 4 hours – 78.8+13.2-
88.8+4.7; 12 hours – 75.6+4.8-80.7+4.0; 24 hours – 48.6+6.5-52.2+4.7

Fig 4.10: The following are the ranges of the media baselines over treatment
groups that were subtracted from the stimulated values: 4 hours - early apoptotic
– 5.0+1.7-8.3+6.6, late apoptotic/necrotic – 5.7+3.1-12.2+8.3, total dying –
10.7+2.4-20.4+6.5; 12 hours - early apoptotic – 7.8+2.0-11.1+2.7, late
apoptotic/necrotic – 10.6+1.3-13.1+2.7, total dying – 18.9+2.0-23.9+2.8; 24 hours -
early apoptotic – 9.6+1.3-11.5+3.2, late apoptotic/necrotic – 36.9+3.0-41.2+5.8,
total dying – 47.3+2.5-50.8+3.2.

Fig. 4.11: The following are the ranges of the media baselines over treatment
groups that were subtracted from the stimulated values: 4 hours – 78.6+8.9-
85.0+3.4; 12 hours – 60.9+5.6-68.7+5.7; 24 hours – 29.1+3.8-32.6+7.0.

Fig 4.12: The following are the ranges of the media baselines over treatment
groups that were subtracted from the stimulated values: 4 hours - early apoptotic
– 8.1+2.4-12.0+6.1, late apoptotic/necrotic – 6.6+1.1-10.0+5.8, total dying –
14.7+1.7-21.0+4.0; 12 hours - early apoptotic – 12.7+3.3-13.2+2.7, late
apoptotic/necrotic – 18.4+3.2-24.9+4.2, total dying – 31.0+2.9-38.6+2.5; 24 hours -
early apoptotic – 16.2+5.0-19.6+2.7, late apoptotic/necrotic – 47.3+4.6-52.7+5.3,
total dying – 66.0+3.2-69.1+2.4.
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