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Vascular effects of environmental oestrogens:
implications for reproductive and vascular health
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Environmental oestrogens are defined as xenobiotics structurally resembling oestrogen, and are divided into two
broad categories, xeno-oestrogens and phyto-oestrogens. Environmental oestrogens may contribute importantly to
the increased incidence of reproductive disorders in the modern environment. Although the mechanisms by which
environmental oestrogens induce their deleterious effects on the reproductive system remain poorly defined, it is
likely that the vascular effects of these compounds play a critical role. In this regard, oestradiol strongly regulates
both angiogenesis and vascular remodelling by influencing the growth and function of vascular endothelial cells (EC)
and smooth muscle cells (SMC). Since blood vessels, by undergoing angiogenesis, vascular regression and vascular
remodelling, actively participate in the normal functioning of reproductive organs, environmental oestrogens—by
mimicking or antagonizing the vascular effects of oestradiol—may induce abnormalities in vascular function and
structure leading to reproductive disorders such as pre-eclampsia, endometriosis, impaired follicular development,
inefficient implantation, impotence and infertility. The purpose of the present review is to summarize the evidence
regarding the vascular effects of xeno-oestrogens and phyto-oestrogens and to discuss the implications for these
effects on the reproductive system.
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Role of the vasculature in reproductive physiology and
pathophysiology

Blood vessels form an integral part of every reproductive organ,
and play an active role in reproductive physiology and
pathophysiology. The vasculature serves as a conduit to supply
reproductive organs with nutrients, oxygen, paracrine factors,
endocrine hormones and cells for immunological defence,
restricts penetration of deleterious agents into reproductive
tissues, and regulates the temperature of reproductive organs. In

vasculature prelude the formation of the interstitial gland of the
ovary, and thecal capillary angiogenic processes support a gradual
increase of ovarian blood flow during follicle growth
(Macchiarelli et al., 1993). On the other hand, reduced thecal
blood flow is associated with advanced atresia of antral follicles
(Carson et al., 1986).

Angiogenic processes in the ovary and uterus occur in a cyclic
fashion. In the ovary, the massive sprouting of blood vessels in
the growing follicle occurs during the first third of the ovarian
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cycle. However, during the luteolysis and for several weeks
thereafter, all newly formed vessels regress, suggesting that both
angiogenesis and regression of blood vessels are essential for
regulating ovarian function and folliculogenesis. Moreover, recent
data provide convincing evidence that the regulated angiogenesis
within the ovary not only participates in the development of the
follicles, but also is a prerequisite for embryo implantation. In this
regard, human studies show that high-grade follicular vascularity
is associated with increased pregnancy rates, suggesting a
possible link between follicular vascularity and implantation
potential (Chui et al., 1997). Direct evidence for the effects of
vascularity on embryo implantation comes from in-vitro fertiliza-
tion studies, where the pregnancy rates are significantly higher for
transferred embryos derived from follicles with high-grade
vascularity as compared with follicles with medium- and low-
grade vascularity (Bhal ef al., 1999). In contrast, no correlation
exists between follicular morphology and vascularity grade,
suggesting that follicular vascularity plays an important role in the
health of follicles and is a better predictor of successful
implantation.

Differences in the degree of perifollicular vascularity correlate
with differences in the dissolved oxygen content of the
corresponding follicular fluid. Oocytes with cytoplasmic and
chromosomal disorders and embryos with multinucleated blas-
tomeres and limited developmental ability are derived predomi-
nantly from underoxygenated follicles (Van Blerkom et al., 1997;
Van Blerkom, 1998), suggesting that oxygen content increases
with vascularity and facilitates healthy oocyte development.
Indeed, a relationship between follicular blood velocity, oocyte
recovery and the production of high-grade preimplantation
embryos is documented by several studies (Nargund et al.,
1996; Van Blerkom, 1998). These findings provide strong
evidence that the vasculature plays a key role in regulating
folliculogenesis and is involved in determining successful embryo
implantation and pregnancy. However, the possibility that the
vascular insufficiency identified in infertility patients is due to
disturbance of the hypothalamus—pituitary—ovarian axis cannot be
ruled out, and this needs to be further investigated.

Vascularization in the uterus involves angiogenesis and plays a
pivotal role during the normal menstrual cycle and during
pregnancy. Hyperplastic and hypertrophic growth of uterine
arterial endothelial cells (EC) and smooth muscle cells (SMC) is
increased in pregnancy (Cipolla and Osol, 1994), and this
remodelling plays an important role in viable pregnancy.
Indeed, lack of modulation of vascularity in humans exposed to
diethylstilboestrol may contribute to miscarriages and obstetric
complications such as intrauterine growth retardation and pre-
eclampsia (Salle et al., 1996). Statistically significant differences
in flow velocity within the ovary and uterine arteries are reported
between fertile and infertile women (Kurjak et al., 1991), and
high vascular resistance in uterine arteries and ovarian arteries in
the luteal phase reduce the take-baby-home rate (Tinkanen et al.,
1994). Therefore, abnormalities in angiogenesis may lead to
reproductive dysfunction.

Abnormalities in vascular tone and structure within some
reproductive organs participates in the pathophysiology of
diseases of the reproductive system. For example, abnormalities
in ovarian and uterine diastolic blood flow may cause infertility
(Kurjak et al., 1991). Discordant uterine artery pulsatility indexes

in the first trimester are significantly associated with pregnancy
loss (Leible er al., 1998), and structural changes (endothelial
basophilia, vacuolation, arterial dilations, hypertrophied SMC
layers) within spiral arteries of the endometrium can occur both
during intrauterine and ectopic pregnancies (Craven et al., 1998).
Increased blood flow within the tubal arteries and neovascular-
ization of blood vessels around the oviduct may occur in ectopic
pregnancy (Kirchler et al., 1993; Abramov et al., 1997b).
Moreover, during ectopic pregnancy blood vessels originating
from the omentum often surround tubal masses (Adachi er al.,
1984). However, it is unclear whether the vascular changes are the
consequence of the implanted embryo within the oviduct or a
causative factor in the abnormal implantation. Marked increases
in stromal vascularization in the endometrium occurs in subjects
with adenomyosis (Ota et al., 1998). The active participation of
abnormalities within the vasculature is associated with endome-
triosis (Nisolle ef al., 1993), and vascular abnormalities (occlusive
disorders, endothelial dysfunction and endothelial barrier/perme-
ability disorders) within the placenta also contribute to the
pathophysiology of pre-eclampsia (Haller er al., 1998; Roberts,
1998; Rosselli er al., 1998). Vascular disorders (atherosclerotic
occlusion) within the hypogastric—vaginal/clitoral arterial bed are
associated with diffuse vaginal and clitoral fibrosis, vaginal
engorgement insufficiency and clitoral erectile dysfunction (Park
et al., 1997). Similarly, vascular abnormalities are a major
contributor to erectile disorders in males (De Luca et al., 1996;
Adams et al., 1997). Taken together, the above observations
indicate that the vasculature plays a dynamic role in the
physiology of most reproductive functions, and that vascular
dysfunction participates importantly in reproductive disorders.

Processes regulating the vascular system of
reproductive organs

Cellular processes in vascular remodelling

Angiogenesis of microvessels in the ovary and uterus during
follicular development, menstrual cycle and pregnancy is
mediated largely by EC (Augustin et al., 1995; Goodger and
Rogers 1995; Suzuki et al., 1998; Obermair et al., 1999). The
cyclic nature of these processes suggests the involvement of both
hormones and growth factors (Shifren et al., 1996). The
angiogenic process is triggered by increased local expression of
growth factors such as vascular endothelial growth factor
(VEGF), which is a potent mitogen for EC. Increased expression
of VEGF increases vascular permeability and triggers the
disruption of a normal vessel, and the migration of EC along
the gradient expression of VEGF towards the tissue.
Subsequently, these migratory EC form a well-perfused micro-
capillary (Van Blerkom et al., 1997; Goede et al., 1998; Reynolds
and Redmer, 1998). In the ovary, initiation of the angiogenic
process is associated with increases in oestradiol generation, and
regression of the newly formed microvessels is accompanied by a
fall in oestradiol concentrations, suggesting that the angiogenic
process is oestradiol-regulated (Shweiki et al, 1993).
Interestingly, oestradiol has been shown to induce VEGF
synthesis and induce EC migration and proliferation (Schnaper
et al., 1996). Under physiological conditions, the angiogenesis
process is cyclic. However, abnormalities in angiogenesis has



pathological consequences in diseases such as ovarian cancer
(Santin et al., 1999), tumours and ascites (Zebrowski et al., 1999),
endometriosis (Willemse et al., 1997) and ovarian hyperstimula-
tion syndrome and infertility (Abramov et al., 1997a).

In contrast to angiogenesis, the vascular remodelling process
associated with occlusive disorders in the reproductive system
(e.g. pre-eclampsia, impotence) involves damage and dysfunction
of EC, as well as SMC proliferation. Vaso-occlusive disorders are
associated with a reduction in the lumen cross-sectional area of
blood vessels as a result of plaque formation or thickening of the
vascular wall, and both processes involve vascular SMC. In
normal blood vessels, vascular SMC and EC quiescence is
maintained by the balanced generation of SMC/EC activators
versus SMC/EC inhibitors (Figure 1). In contrast, in a diseased
blood vessel, loss of this delicate balance triggers a cascade of
events resulting in an increase in SMC activity including
migration, proliferation, hypertrophy and extracellular matrix
synthesis (Figure 1). Similarly, imbalance in the generation of
growth activators and inhibitors is responsible for regulating EC
growth (Figure 1) and plays an important role in the pathophy-
siology of angiogenic and neovascularization processes.

Autocrine/paracrine factors and vascular remodelling

Homeostasis within a normal blood vessel is maintained by the
appropriate production of a battery of vascular SMC activators
[angiotensin II (Ang II), endothelin, noradrenaline, platelet-
derived growth factor (PDGF), epidermal growth factor (EGF),
vasopressin, interleukin-f§ (IL-B), VEGF, etc.) and inhibitors
(nitric oxide, prostacyclin, adenosine, atrial natriuretic peptide,
etc.; Figure 2). Imbalance in the generation of vasoconstrictors
versus vasodilators, i.e. increased generation of vasoconstrictors
or decreased generation of vasodilators, results in increased
contractility of the vasculature and reduction in the vascular
lumen size. Sustained changes in pressure or flow induces EC
damage and dysfunction, which subsequently results in altered
generation of endothelium-derived factors involved in the
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regulation of vascular homeostasis, vascular cell growth, as well
as matrix production (Bobik and Campbell, 1993; Ross, 1993) and
contributes to the vascular remodelling process and vaso-
occlusive disorders.

Multiple circulating, nerve-derived and autocrine—paracrine
factors influence growth of SMC directly or in concert with each
other (Figure 3) (Dubey et al., 1997). Cells respond to changes in
external stimuli by activation of a variety of signal transduction
pathways (Figure 4) which culminate in stereotypical responses
such as proliferation, growth arrest, hypertrophy, differentiation
or apoptosis (Figure 4) (Davies et al., 1993; Ross, 1993; Dubey et
al., 1997; Waltenberger, 1997). The major pathways via which
external stimuli induce proliferative or hypertrophic growth
involve mitogen-activated protein (MAP) kinase cascades
(Waltenberger, 1997), [the extracellular signal-regulated kinase
(ERK), the p38 MAP kinase and the stress-activated protein
kinase or c-jun N-terminal kinase], phosphatidylinositol turnover,
diacylglycerol formation, intracellular Ca** flux (Bornfeld et al.,
1994), protein kinase C (PKC) and tyrosine kinase activity
(Dubey et al., 1997; Waltenberger, 1997), oxidation/peroxidation
of membrane phospholipids (Dubey et al., 1999b) and polymer-
ization of microtubule-associated proteins into microtubules
(Inoue, 1981).

Vascular effects of oestrogen: cellular and biochemical
mechanisms

The role of oestradiol in vascular biology is evidenced by the
findings that ovarian dysfunction and oestrogen deficiency are
linked to vaso-occlusive disorders in postmenopausal women. As

Platelets

Thr/Ser
<)

LDL
el O
on
G

PDGF, IGF-1, ET,05]
EGF, IL1B, bFGF
D

P
[ 2
EEEGEEY  Ertbt by + s ak +3 ESk g 3
; Al

Proliferation -

Apoptosis

SMC Inhibitors

SMC Inhibitors

* 22

SMC Activation

Proliferation, migration, hypertrophy, extracellular matrix synthesis

Figure 1. Regulation of vascular smooth muscle cell (SMC) and endothelial
cell (EC) activity. In normal blood vessels, SMC and EC quiescence is
maintained by the balanced generation (either endocrine, neural, paracrine or
autocrine) of SMC/EC activators versus SMC/EC inhibitors. Imbalance in the
generation of these factors under pathophysiological conditions results in
SMC/EC activation, i.e. proliferation, migration, hypertrophy and extracellular
matrix synthesis.

Figure 2. Role of endogenous factors in regulating vascular smooth muscle
cell (SMC) number. Normally, there is an appropriate generation of growth
inducers (+) and growth inhibitors () such that the rate of cellular
proliferation is matched by the rate of programmed cell death (apoptosis).
Abbreviations: cAMP=cyclic AMP; PG =prostaglandins; Thr=thrombin;
Ser = Serotonin; Ad=adenosine; ADE =adenosine deaminase; cGMP = cyclic
GMP; RBC=red blood cells; PDGF=platelet-derived growth factor;
NO=nitric oxide; Angll=angiotensin II; HS =heparin/heparin sulphate;
bFGF =basic fibroblast growth factor; IGF-1=insulin-like growth factor-1;
ET =endothelin; VEGF = vascular endothelial growth factor; (O,") =oxygen
free radical; TGF = transforming growth factor-f; EGF =epidermal growth
factor;  Fib=fibronectin; TS =thrombospondin; IL-1f =interleukin-10;
iNOS =inducible nitric oxide synthase; cNOS=constitutive nitric oxide
synthase; VP =vasopressin; NE=norepinephrine (noradrenaline); MCP-
1 =monocyte chemoattractant protein 1; HDL =high-density lipoprotein;
LDL =low-density lipoprotein; Ox-LDL = oxidized-LDL.
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compared with men, women within the reproductive age group
are protected against vaso-occlusive diseases, and these differ-
ences decrease with the onset of menopause (for review, see
Oparil et al., 1999). Oestrogen replacement therapy may reduce
vaso-occlusive disorders in postmenopausal women (Oparil et al.,
1999), although in a recent randomized trial, treatment with
oestrogen plus progesterone did not reduce the overall incidence
of coronary heart disease in postmenopausal women in whom the
condition was established (Hulley et al., 1998). Moreover,
inclusion of progestins maintains the decrease in risk for
cardiovascular disease (Grodstein et al., 1996). Finally, preme-
nopausal women who undergo premature surgical menopause (i.e.
bilateral oophorectomy) and who do not use postmenopausal
oestrogens have twice the risk of vaso-occlusive disorders than do
age-matched premenopausal controls, whereas, if they use
oestrogens, their incidence of vaso-occlusive disorders is the
same as age-matched premenopausal women (Colditz and
Stampfer, 1992).

The above findings provide evidence that oestradiol helps in
maintaining homeostasis within the vasculature, and protects
against vaso-occlusion. Possible mechanisms include alterations
in plasma concentrations of lipoproteins [decrease in low-
density lipoprotein (LDL), decrease in oxidized LDL forma-
tion, increase in high-density lipoprotein (HDL)], glucose,
insulin and haemostatic factors, neutralization of free radicals,
changes in endothelium-derived factors (decrease in endothelin,
increase in nitric oxide and prostaglandins) and inhibition of
neointima formation [inhibition of SMC migration and
proliferation induced by various mitogens, i.e. PDGF, basic
fibroblast growth factor (bFGF), insulin-like growth factor-1
(IGF-1) and Ang II] (Rosselli er al., 1994, 1995, 1998;
Imthurn et al., 1997; Krasinski et al., 1997, Mendelsohn and
Karas, 1999; Oparil et al., 1999). Although the precise
biochemical pathways involved remain obscure, oestradiol
may alter vascular SMC biology by inhibiting the MAP
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Figure 3. Cellular mechanisms involved in the vascular remodelling process
leading to vaso-occlusive disorders. Damage and dysfunction of endothelial
cells leads to platelet and leukocyte adhesion to endothelial cells, which
triggers the production of vascular smooth muscle cell (SMC) activators and
decreases the production of SMC inhibitors. This is followed by migration of
SMC into the intima and proliferation, hypertrophy and reduced apoptosis of
SMC in the intima and media. These changes are largely responsible for the
vascular remodelling associated with vaso-occlusive disorders.

kinase (Dubey et al., 2000) and phosphatidylinositol/diacylgly-
cerol pathways (Bornfeld et al., 1994).

In contrast to its effects on SMC growth, oestradiol induces
growth of EC and is involved in the angiogenic process within
the ovary and the uterus. The mitogenic effects of oestradiol
on EC are associated with MAP kinase activation and release
of growth factors such as bFGF and VEGF (Shweiki et al.,
1993; Kim-Schulze et al., 1998; Reynolds and Redmer, 1998).
Oestradiol prevents EC damage, induces the recovery of
damaged endothelium (Krasinski et al., 1997; Spyridopoulos et
al., 1997) and inhibits neointima formation and adhesion of
platelets/leukocytes to endothelial cell surfaces. Oestradiol
protects the vasculature by stimulating nitric oxide and
prostacyclin synthesis (Malika et al., 1982; Gustafsson, 1997)
from EC and by inducing vasorelaxation (Dubey et al., 1997),
inhibiting platelet aggregation (Dubey et al., 1997), abrogating
neutrophil-induced endothelium damage (Dubey et al., 1997)
and acting as an anti-mitogenic agent for vascular SMC
(Dubey, 1994; Dubey et al., 1995, 1997).

One key molecule of importance in mediating the mitogenic
effects of oestradiol on EC is VEGF. Both SMC and EC are
known to synthesize VEGF, and oestradiol induces the synthesis
of VEGF in EC (Suzuma et al., 1999). In contrast to EC, VEGF is
a weak mitogen for SMC proliferation, although it has been
shown to induce SMC migration (Grosskreutz et al., 1999),
suggesting that local generation of VEGF may selectively
regulate EC growth in an autocrine—paracrine fashion. Indeed,
in-vivo studies have provided evidence that infusion of VEGF
protects against endothelial injury-induced vaso-occlusive dis-
orders, and promotes rapid regeneration of endothelial cell layer
as well as angiogenesis (Asahara et al., 1995; Weatherford et al.,
1996). Because VEGF has been shown to mediate its effects on
cell migration (a key step for angiogenesis) via nitric oxide
generation, it is feasible that the effects of VEGF on EC growth
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Figure 4. Signal transduction mechanisms by which endogenous mitogens can
regulate vascular smooth muscle cell proliferation, migration, hypertrophy and
extracellular matrix production. Abbreviations: PLD =phospholipase D;
DAG =diacylglycerol; IP; =inositol-1,4,5-triphosphate; PKC =protein kinase
C; PLA; =phospholipase A,; Ca-Cm PK =calcium-calmodulin protein kinase;
MAPK =mitogen-activated protein kinase; PAI-1=plasminogen activator
inhibitor-1; MEK =mitogen-activated protein kinase kinase; STAT =signal
transducers and activators of transcription; JAK =Janus kinase; Oo = peroxyl
free  radical; PL=phospholipids; ox-PLs=oxidized phospholipids;
PLC =phospholipase C.



are nitric oxide-mediated. Oestradiol not only induces VEGF
synthesis but also induces the synthesis and expression of nitric
oxide and VEGEF receptor-2 in EC (Suzuma et al., 1999). This
suggests that oestradiol may induce VEGF-mediated mitogenic
effects via VEGF 2 receptors and nitric oxide synthesis. The
mitogenic effects of VEGF on EC are increased in a synergistic
fashion by bFGF. Because oestradiol induces bFGF as well as
VEGEF release from EC, it is feasible that the combined effects of
these two molecules play a prominent role in regulating
angiogenesis/neovascularization. The fact that VEGF synthesis
is regulated by oestradiol, and that both VEGF and bFGF are
synthesized within the ovary (Reynolds and Redmer, 1998),
suggests that this molecule may play a critical role in mediating
the cyclic angiogenic as well as neovascularization processes
within the reproductive organs which are under oestrogen control,
for example the ovary.

Role of oestrogen receptors in vascular remodelling

The vasculature expresses both o and B oestrogen receptors
(ER); however, whether the vascular effects of oestrogen are
receptor- or non-receptor-mediated is unresolved. Recent
studies have shown that ICI 182780, a pure ER antagonist,
blocks the growth effects of oestradiol on both EC and SMC
(Schnaper et al., 1996; Dubey et al., 2000). Others (lafrati et
al., 1997) have shown that oestradiol induces vasoprotective
effects in mice lacking ERc. Because these rats express ERJ,
it is feasible that the effects were [ receptor-mediated.
However, recent studies from our laboratory provide evidence
that endogenous oestradiol metabolites that have low affinity
for ER are potent inhibitors of SMC growth (Dubey et al.,
1998a, 1999b). Thus, the anti-mitogenic effects of oestradiol
may be in part ER-independent. This notion is supported by
the very recent finding that oestradiol inhibits neointima
formation in mice lacking ERP (Karas er al., 1999). Finally,
oestradiol metabolites have been shown to induce multiple
biological effects on several reproductive and non-reproductive
systems (Zhu and Conney, 1998).

With regard to the role of ER in regulating EC growth and
regulating angiogenesis, several studies have provided evidence
that the anti-apoptotic and mitogenic effects of oestradiol on EC
are receptor-mediated. Preliminary findings also provide evidence
that the effects of oestradiol on VEGF are receptor-dependent.
Moreover, in mice expressing ER, but not ERa., oestradiol was
unable to induce angiogenesis, suggesting that there was no
angiogenic effect of ERB. Moreover, in EC overexpressing ERc.
there is decreased cell proliferation, as well as synthesis of VEGF,
suggesting that ERo. may have a negative effect on oestradiol-
induced angiogenesis and VEGF synthesis. The above findings,
together with the fact that oestradiol induces the release of bFGF
via an ER-dependent mechanism involving MAP kinase, suggests
that the growth effects of oestradiol on EC depend on the
interaction between oestradiol and functional ER.

The above findings, together with the fact that increases in
oestradiol concentrations during follicular development, men-
struation and pregnancy are associated with extensive vascular
remodelling, provides convincing evidence that oestradiol plays a
key role in regulating cyclic vascular changes within the
reproductive system. Because oestradiol mediates its effects
directly via ER as well as indirectly via generation of metabolites,
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it is feasible that environmental oestrogens cause reproductive
dysfunction by inducing vascular abnormalities.

Effects of environmental oestrogens on the
vasculature

Environmental oestrogens may be divided into two major groups:
(1) phyto-oestrogens, which are plant-derived; and (ii) xeno-
oestrogens, which are human-made molecules released into the
environment. Phyto-oestrogens are grouped into three main
classes: isoflavones, lignans and coumestans. All phyto-oestro-
gens are metabolically converted to non-steroidal heterocyclic
phenols with a structure similar to 17B-oestradiol. Xeno-
oestrogens are a structurally diverse group of compounds
including pesticides, components of plastics, hand creams,
contraceptives, etc. Xeno-oestrogens likely to be present in the
environment include diethylstilboestrol, 2,3,7,8-tetrachlorodiben-
zo-p-dioxin (TCDD), polychlorinated hydroxybiphenyls (OH-
PCB) and dichlorodiphenyltrichloro-ethane (DDT).

Vascular effects of xeno-oestrogens

Diethylstilboestrol (DES)

DES causes infertility in women, ectopic pregnancies, in-utero
fetal deaths, pre-eclampsia, spontaneous miscarriages, late
abortions and ovulatory disorders (Salle er al., 1996), and the
effects of DES on the vasculature may importantly contribute to
DES-induced reproductive dysfunction. Ultrasound studies in-
dicate that DES increases the pulsatile index in the uterine artery
and interferes with the pregnancy-induced vascular remodelling
process. Abnormal vascularity of the DES-exposed uterus may
explain miscarriages and obstetric complications such as
intrauterine growth retardation or pre-eclampsia (Salle et al.,
1996). Indeed, administration of DES inhibits trophoblast
maturation and development of fetal blood vessels (Scott and
Adejokun, 1980). Cervical vascular malformation is the main
cause of antepartum and intrapartum bleeding in DES-exposed
subjects (Follen et al., 1985). DES treatment causes subfertility
and ovarian dysfunction (Newbold et al., 1983), and histochem-
ical studies have demonstrated that DES causes endothelial
damage (Wordinger et al., 1984). Together, these findings suggest
that DES adversely influences the angiogenesis process in the
ovary as well as the uterus, and also influences follicular
development and pregnancy-related vascularization (implantation
and placenta). DES is no longer used in a clinical setting, and
hence is less likely to be a prominent xeno-oestrogen influencing
the reproductive system.

2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD)

TCDD induces multiple reproductive disorders, and studies both
in vivo and in vitro have shown that TCDD influences vascular
structure and function. In-vitro studies provide evidence that
TCDD can regulate SMC growth in a biphasic manner (Weber et
al., 1996) by regulating intracellular mechanisms linked to protein
kinase C and activator protein-1 (AP-1) transcription factor whose
members, i.e. fos and jun, are known to regulate cell growth.
Because growth of vascular cells contributes to the vascular
remodelling process associated with cyclic angiogenesis as well
as with vaso-occlusive disorders, it is feasible that the deleterious
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effects of TCDD on the vasculature are associated with its
deleterious effects on the reproductive system/function.

Indeed, in-vivo studies in rabbits (Brewster et al., 1988)
demonstrated that intraperitoneal injections of TCDD cause
ruffling, denudation and sloughing-off of EC within the aortic
arch. Since angiogenesis within the ovary and uterus is essential
for follicular development and implantation, TCDD-induced
damage to EC may contribute to the abnormal oestrous cyclicity
(ovulation), implantation and embryo development. Indeed,
TCDD induces embryo toxicity by inducing apoptotic cell death
in the embryonic vasculature (Cantrell er al., 1998). Moreover,
reduced litter size fecundity (associated with abnormal follicle
development) is observed in hamsters treated with TCDD (Gray
and Ostby, 1995).

TCDD is also known to induce endometriosis, a condition
characterized by intense vascularization. It is conceivable that
TCDD-induced damage to the endothelium disrupts the endothe-
lial barrier, triggers the local release of injury-induced growth
factors which stimulate migration and proliferation of EC to form
capillaries. Alternatively, TCDD-induced endothelial damage
may lead to abnormal growth of SMC (Dubey et al., 1997),
which in the presence of increased LDL (induced by TCDD)
would facilitate plaque formation and generation of growth
factors leading to neovascularization (Alpern-Elran et al., 1989).
Indeed, treatment with TCDD induces macrophage-like cells in
the intima and media of the vasculature, suggesting that TCDD
may cause vascular damage similar to that observed in lipid-
induced vaso-occlusive disorders. Interestingly, TCDD also
causes a decrease in adipose tissue lipoprotein lipase activity
and a concomitant increase in serum triglyceride concentration,
thereby inducing hyperlipidaemia—a pro-atherosclerotic state
(Brewster et al., 1988). These findings support the earlier
observation that TCDD treatment increases plasma as well as
aortic triglyceride concentrations in rabbits (Lovati et al., 1984),
and similar effects are observed in humans exposed to TCDD
(Zack and Suskind, 1980). Hence, it is feasible that TCDD
induces vascular remodelling by influencing the growth of
vascular cells.

In postmenopausal women, atherosclerosis in the coronary
arteries correlates with atherosclerosis within the uterine artery
(Crawford et al., 1997). Because TCDD causes hyperlipidaemia
and EC damage, these effects may collectively result in vaso-
occlusive disorders similar to those observed in atherosclerosis.
Therefore, these vaso-occlusive effects of TCDD may play a
critical role in inducing the deleterious effects on the reproductive
system. In this regard, recent studies have provided evidence that
atherosclerosis is associated with erectile dysfunction, impotence,
female infertility and fetal growth retardation (Azadzoi and
Goldstein, 1992; Berg et al., 1994; Bujo et al., 1995). Moreover,
vascular abnormalities are a key factor in the pathophysiology of
polycystic ovarian syndrome, ovarian hyperstimulation syndrome,
ovarian tumours and ascites, endometriosis and pre-eclampsia.

The mechanism by which TCDD may induce two different
processes of vascular remodelling, i.e. neovascularization (angio-
genesis) as well as vaso-occlusive disorders (atherosclerosis),
remains unclear. However, based on its effects on the vascular
cells it is feasible that TCDD induces EC injury/dysfunction
(Brewster et al., 1988), and this leads to the generation of growth-
promoting factors such as bFGF and PDGF. In turn, this would

induce the expression of adhesion molecules and monocyte
attachment (Dubey et al., 1997), which may then trigger SMC
growth and induce vaso-occlusive disorder similar to athero-
sclerosis. The resulting occlusion would cause ischaemic condi-
tions at the site of injury, leading to release of VEGF from
vascular SMC and EC (Okuda et al., 1998). Because VEGF is a
potent mitogenic factor for EC it would trigger the endothelial
capillary  formation/angiogenesis and  neovascularization.
However, further studies are required to determine the net effects
of TCDD on vascular remodelling, and more specifically on
endothelial cell and SMC growth.

Finally, many of the effects of TCDD are diametrically
opposed to the effects of oestradiol, i.e. oestradiol reduces
hyperlipidaemia, protects endothelial cells against dysfunction
and damage, and inhibits SMC growth and PKC activity (see
above). This suggests that the mechanisms by which TCDD
induces its effects on the vasculature are not the same as those
activated by oestradiol. In this regard, TCDD binds to cytosolic
arylhydrocarbon (Ah) receptors and induces cytochrome
P4501A1 (CYP1A1l) gene expression (Ou and Ramos, 1995;
Stegeman et al., 1995). Inasmuch as CYP1ALl is expressed in
SMC, benzo(a)pyrene (BaP)—which is found in cigarette
smoke—induces vascular SMC growth (Sadhu et al., 1993) and
CYP1A1 is a key enzyme that metabolizes procarcinogens to
epoxide carcinogenic and pro-atherosclerotic intermediates
(Thirman et al., 1994), it is feasible that TCDD indirectly
enhances the vaso-occlusive effects of other aromatic hydro-
carbons such as BaP by inducing CYP1A1l. Moreover, because
oestradiol does not bind to the Ah receptor, the binding of TCDD
to the Ah receptor provides a mechanism that would explain the
contrasting effects of TCDD and oestradiol on the vasculature.

Polychlorinated biphenyls (PCB)

PCB are a mixture of biphenyl molecules that are chlorinated in
different positions to produce a variety of chlorinated biphenyl
congeners. Biologically, PCB congeners that are ortho-substituted
with chlorine are more active than those which lack chlorines in
the ortho position (non-ortho), because ortho-substituted PCB are
able to attain a planar configuration. Also, the oestrogenic activity
of chlorinated PCB can be further enhanced through metabolic
hydroxylation at vacant para positions. Several lines of evidence
suggest that PCB induce deleterious effects on the reproductive
system via vascular actions.

In-vitro studies provide evidence that PCB induce several pro-
mitogenic effects on vascular cells. For example, PCB induce
oxidative stress in cultured porcine EC (Toborek et al., 1995), and
increase levels of intracellular calcium and disrupt the endothelial
barrier function (Toborek er al., 1995). Treatment of cultured
porcine pulmonary EC with PCB with various binding affinities to
the Ah receptor markedly increase transendothelial transport of
albumin, indicating that PCB disrupt endothelial barrier function
(Hennig et al., 1999). Because EC dysfunction/damage, genera-
tion of free radicals and increases in intracellular calcium levels
are associated with vaso-occlusive disorders, it is feasible that
PCB induce vascular remodelling similar to that observed in
atherosclerosis. This notion is further supported by the findings
that PCB not only increase CYP1AI1 activity in EC (implicated in
atherosclerosis), but also enhance lipid (linoleic acid)-induced
activation of CYP1A1 (Stegeman et al., 1995; Hennig et al.,



1999). Moreover, PCB increase expression of oxidative stress-
sensitive nuclear transcription factor-kappa, which is known to
increase at sites of vascular injury and atherosclerosis (Dubey et
al., 1997). Finally, treatment of EC with PCB decreases
production of tocopherol, which is known to induce anti-vaso-
occlusive effects on the vasculature. Taken together, the above
findings suggest that PCB may induce abnormal growth within the
vasculature by either down-regulating endogenous growth
inhibitory mechanisms or by inducing pro-mitogenic factors or
pathways.

In-vivo animal studies have provided convincing evidence that
PCB are damaging to the vasculature (Bdcklin et al., 1998). In
mink exposed to Clophen A50 at a dose of 1.3 mg/day for 54 days
starting before mating, a variety of lesions were found in the
placental labyrinthine zone. These lesions comprised degeneration
and detachment of maternal EC, thrombi, leakage of erythrocytes
and fluid, focal trophoblastic disintegration and loss of fetal
capillary integrity. Vascular lesions also appeared in stem arteries
and in sinusoids on the fetal side of the placental labyrinthine zone.
Electron microscopic studies have demonstrated that treatment
with PCB causes surface irregularities in EC, displacement of
nuclei to the apical cell surface, and dilation of cisternae of the
rough endoplasmic reticulum. Similar effects of PCB have been
reported in the murine cutaneous microvasculature (Bell, 1983).
These structural changes suggest that the adverse effects of PCB
may be due to abnormalities in glycan expression (Jones et al.,
1997). Since PCB disrupt the assembly of phospholipid mono-
layers (Nelson et al., 1990), it is also feasible that they cause EC
damage by interacting with membrane phospholipids (Toborek et
al., 1995). Alternatively, free radicals generated in response to
PCB (Toborek et al., 1995) would induce oxidation of membrane
phospholipids and consequently damage the cell.

PCB are known to damage the EC and disrupt the cell barrier
(Toborek et al., 1995), as well as the blood—brain barrier (Ness et
al., 1994). Because brain capillaries forming the blood-brain
barrier are similar to the placental vascular endothelial barrier, the
disruptive effects of PCB on the placental vascular barrier might
eventually result in exposure of the fetus to PCB and lead to fetal
abnormalities. Indeed, PCB treatment decreases placental blood
flow in guinea pigs (Hedman et al, 1985) and causes
disseminated thrombosis followed by multiple haemorrhages in
organs such as the lungs and brain, thus suggesting involvement
of the vascular system (Jensen et al., 1977). In the same manner,
increases in endothelial permeability are also associated with
endometriosis (McLaren et al., 1996; Donnez et al., 1998), pre-
eclampsia (Baker et al., 1995), polycystic ovary syndrome
(PCOS; Agrawal et al., 1998), ovarian hyperstimulation syn-
drome (McClure et al., 1994; Krasnow et al., 1996), and ascites
(Nagy et al., 1995), and PCB increase endothelial permeability by
influencing the endothelial barrier. Thus, it is feasible that PCB
may increase the incidence of reproductive disorders such as
endometriosis by increasing endothelial permeability.

Interestingly, it has been reported (Kreiss et al., 1981) that in
humans there is an association between blood pressure and PCB
concentrations. PCB concentrations also correlate positively with
gamma-glutamyl transpeptidase and serum cholesterol concentra-
tions, and there is a positive association between severe
arteriosclerosis and concentrations of organochlorine compounds
in humans (Pines er al., 1986). Because PCB decrease the
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production of endogenous antioxidant and growth inhibitory
molecules such as vitamin E, it is feasible that they may also
induce abnormal growth within the vasculature, which eventually
would lead to occlusion of vessels. This would result in reduced
perfusion of the reproductive organs, and create a negative impact
on the reproductive system. Finally, PCB accumulate in the
follicular fluid (Baukloh et al., 1985; Schlebusch et al., 1989), and
exposure to PCB induces detrimental effects on oocytes,
fertilization, early cleavage (Kholkute et al., 1994) and implanta-
tion (Lindenau and Fischer, 1996). Alternatively, local accumula-
tion of PCB may influence the cyclic angiogenesis process which
is essential for the follicular development process. Apart from
direct effects on the angiogenesis process, PCB may indirectly
induce their effects by interfering with the actions of oestradiol. In
this regard, it is well established that PCB bind to the ER as well
as inducing the cytochrome P450 enzymes that metabolize
oestradiol and reduce their concentrations (for details, see the
review by Rosselli et al., 1999).

Dichlorodiphenyltrichloroethane (DDT)

Compared with PCB and TCDD, much less is known regarding
the effects of DDT on the vasculature. The relationship between
DDT and vascular disease is supported by an observational study
showing that concentrations of organochlorine pesticides (includ-
ing DDT) are increased in patients with atherosclerosis (Pines et
al., 1986). With regard to the effects of DDT on vascular SMC, it
has been shown (Ruehlmann et al., 1998) that 4-octylphenol, p-
nonylphenol and 0,p’-DDT inhibit L-type Ca** channels in
vascular SMC and invoke a rapid and endothelium-independent
relaxation of the coronary vasculature similar to that induced by
17B-oestradiol. Moreover, these authors provided evidence that
these vasodilatory effects are mediated via a non-genomic
pathway. In light of these findings, and the fact that oestradiol
induces beneficial effects on the vasculature, it is difficult to
explain how an agent which mimics the effects of oestradiol
induces deleterious effects on the vasculature. Further studies are
required to study the growth effects of these agents on SMC and
EC.

Vascular effects of phyto-oestrogens

Phyto-oestrogens are known to influence the biology of both
vascular SMC and EC which play a key role in the vascular
remodelling process. In this regard, phyto-oestrogens bind with
varying affinity to both functional ER (o and ). Genistein, a
phyto-oestrogen which binds exclusively to ERp, as well as other
phyto-oestrogens, have been shown to inhibit SMC growth,
i.e. proliferation (DNA synthesis, change in cell number),
extracellular matrix synthesis and cell migration, which partici-
pate in vascular remodelling as well as the development of new
vessels (Figures 5-7) (Dubey et al., 1999a). Additionally,
genistein inhibits endothelial microcapillary formation and
neovascularization, and is a potent anti-angiogenic factor (Fotsis
et al., 1993; Kruse et al., 1997). Moreover, a very recent finding
provides evidence that genistein has a preventive action against
injury-induced vaso-occlusive disorders, without inducing utero-
trophic effects (Mikela er al., 1999), suggesting a growth
inhibitory role for genistein via the ERp.

The regulatory effects of phyto-oestrogens on the biology of
both vascular SMC and EC may be mediated via multiple
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Figure 5. Effects of the phyto-oestrogens, biochanin A and genistein, which structurally resemble 17f3-oestradiol, on fetal calf serum (2.5%)-induced growth of
human aortic smooth muscle cells. (A) Effects on DNA synthesis as measured by [H]thymidine incorporation. (B) Effects on cell proliferation as assayed by
counting cells after 4 days of treatment. (C, D) Effects on collagen and protein synthesis, respectively, as measured by assaying [*H]proline and [*H]leucine
incorporation, respectively. Both biochanin A and genistein inhibited serum-induced SMC proliferation and synthesis of extracellular matrix proteins. [Reprinted

and modified with permission of Dubey et al. (1999a) and Hypertension.]
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Figure 6. Effects of the phyto-oestrogens, biochanin A and genistein on
platelet-derived growth factor BB (PDGF-BB)-induced growth of human
aortic smooth muscle cells. (A) Inhibitory effects on smooth muscle cell
(SMC) migration as assayed using the modified Boydens chamber. (B)
Inhibitory effects of biochanin A and genistein on PDGF-BB-induced
mitogen-activated protein kinase (MAP Kinase) activity. [Reprinted and
modified with permission of Dubey et al. (1999a) and Hypertension.]

mechanisms. In this regard, phyto-oestrogens such as genistein
are capable of inhibiting the key signal transduction pathway
involved in vaso-occlusive disorders, as well as in carcinogenesis/
angiogenesis. For example, genistein inhibits MAP kinase activity
(Dubey et al., 1999a); prevents neointima formation by inhibiting
transforming growth factor-p (TGF-B1, TGF-f3) mRNA expres-
sion by 85%; inhibits the expression of integrins ofB; (Ward
et al., 1997), inhibits mitogen-induced tyrosine kinase activity and
suppresses focal adhesion of SMC to fibronectin, cell spreading,
and cytoskeletal reorganization (Hedin et al., 1997); slows the
phenotypic modulation of SMC and inhibits phospholipase C
(PLC) -mediated Ca®* transients in SMC (Touyz and Schiffrin et
al., 1996); inhibits phospholipase D activity (Morton et al., 1995);
suppresses tumour necrosis factor-o. (TNF-o) -stimulated expres-
sion of intracellular adhesion molecule 1 (ICAM-1); and prevents
adhesion of monocytes to endothelial cells (Weber et al., 1995).
Finally, being phenolic in nature, the phyto-oestrogens express
anti-oxidant effects and favourably influence the profile of
cholesterol/lipids and inhibit platelet aggregation (Wilcox and
Blumenthal, 1995) and protect against free radical-induced
oxidative injury. The above findings, together with the observa-
tion that phyto-oestrogens inhibit growth of MCF-7 breast cancer
cells (Wang et al., 1996) and prevent angiogenesis by inhibiting
EC growth (Fotsis et al., 1993), suggest that phyto-oestrogens
may protect against reproductive cancers/tumours either directly
or by inhibiting angiogenesis. More importantly, the inhibitory
effects of phyto-oestrogen on the vasculature may play a critical
role in protecting the female reproductive system against cancer.
Future studies are needed to investigate these possibilities.
Although as compared with xeno-oestrogens general consump-
tion of phyto-oestrogens is not associated with reproductive
disorders, ample evidence suggests that phyto-oestrogens can
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Figure 7. The inhibitory effects of genistein on fetal calf serum (2.5%)-
induced thymidine incorporation (A) and cell proliferation (B) are not blocked
by oestrogen receptor ligands ICI 182780 (ICI; 10 umol/l) or 4-hydroxyta-
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and genistein effectively block the binding of [3H]17B-oestradi01 (1 nmol/l) to
cytosolic oestrogen receptors in human aortic smooth muscle cells (C).
[Reprinted and modified with permission of Dubey et al. (1999a) and
Hypertension.]

influence the reproductive system. In this regard, the consumption
of large amounts of clover, which contains phyto-oestrogens (e.g.
equol), was shown to cause reproductive disorders (clover disease)
in sheep (Bennetts et al., 1946), as well as vascular abnormalities
(Yeong et al., 1990). Moreover, in women taking soya extracts
containing phyto-oestrogens, the time of follicular development
and the menstruation cycle has been shown to be significantly
prolonged (Phipps et al., 1993; Murkies et al., 1998). Because
angiogenesis of the microvessels in the ovary and uterus during
follicular development, menstrual cycle and pregnancy is largely
mediated by EC and SMC, it is feasible that prolongation of the
follicular development and menstruation cycle in women taking
phyto-oestrogens is due to the anti-angiogenic effects of genistein
in the ovary. Moreover, it suggests that the effects of phyto-
oestrogens on the vasculature can influence reproductive function.

As genistein inhibits VEGF-induced angiogenesis (Xia et al.,
1996), and since up-regulation of VEGF synthesis in the ovary is
associated with angiogenesis while down-regulation is associated
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with regression of vessels (Lebovic et al., 1999), it is feasible that
genistein may interfere with the angiogenic process in the ovary.
Hence, genistein may be responsible for the prolongation of the
follicular development seen in subjects consuming a soy-based
diet. VEGF is also known as a permeability factor, and increased
generation of VEGF is associated with permeability disorders in
PCOS, ovarian hyperstimulation syndrome, endometriosis, ovar-
ian and other reproductive tumours and ascites. Because, in
contrast to oestradiol, genistein inhibits the effects of VEGF, it is
feasible that phyto-oestrogens such as genistein may protect the
vasculature against permeability disorders observed in the above
pathological conditions.

Epidemiological studies also provide evidence that consump-
tion of a phyto-oestrogen-rich diet, as seen in traditional Asiatic
societies, is associated with a lower risk of breast and prostate
cancer and vascular disease (Adlercreutz, 1990; Murkies et al.,
1998). Because angiogenesis within the tumours plays a critical
role in tumour progression, the inhibitory effects of phyto-
oestrogens on vascular EC and SMC growth may be a critical
mechanism by which phyto-oestrogens protect against cancer.
Since endometriosis is also associated with increased neovascu-
larization, it is feasible that phyto-oestrogens such as genistein
may protect against endometriosis, and this possibility requires
further investigation. In this regard, it is important to note that
phyto-oestrogens such as genistein are capable of inhibiting the
key signal transduction pathways involved in vaso-occlusive
disorders as well as carcinogenesis.

Apart from angiogenesis, occlusion of blood vessels is also
associated with infertility. In this regard, the association between
infertility and obesity as well as hypercholesterolaemia is well
established. Moreover, the severity of uterine artery athero-
sclerosis is significantly correlated with known risk factors for
cardiovascular disease (Crawford er al., 1997). Additionally,
women with PCOS are infertile and suffer from vaso-occlusive
disorders, i.e. atherosclerosis (Guzick et al., 1996). Finally,
occlusion of the internal iliac arteries associated with athero-
sclerosis results in erectile dysfunction and infertility (Azadozi
and Goldstein, 1992). The above findings, together with the
findings that a phyto-oestrogen-rich diet (soy protein) prevents fat
diet-induced vaso-occlusive disorders in non-human primates
(Anthony et al., 1997), and phyto-oestrogens inhibit key
processes associated with vascular remodelling leading to vaso-
occlusive disorders, suggest that phyto-oestrogens may protect the
vasculature against occlusive disorders and prevent infertility.

Finally, it should be noted that the effects of phyto-oestrogens
may largely be dose-related, i.e. at higher doses they may induce
anti-angiogenic effects, whereas at lower concentrations they may
prevent against vaso-occlusive disorders. Further studies are
needed to study the interaction of phyto-oestrogens with growth
factors such as VEGF and their effects on pathophysiology of
angiogenesis within the reproductive system.

How do environmental oestrogens exert their
biological effects?

Since angiogenesis, as well as vascular remodelling, plays a
critical role in the biology and pathophysiology of the
reproductive system, it is important to dissect the mechanisms
by which environmental oestrogens can influence the vasculature.
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The mechanisms by which these compounds mediate their
biological effects has been reviewed in detail (Rosselli et al,
1999), and is therefore discussed only briefly here. Ligand binding
studies from our laboratory provide evidence for the presence of
ER on human aortic SMC, and demonstrate that phyto-oestrogens
bind to these receptors. However, the inhibitory effects of phyto-
oestrogens on cell growth are actually enhanced in the presence of
4-OH-tamoxifen, an ER ligand with partial agonistic properties.
Moreover, ICI 182780, a specific ER antagonist, only partially
blocks the inhibitory effects of phyto-oestrogens. This suggests
that the inhibitory effects of phyto-oestrogens are only in part ER-
mediated. In this regard, recent studies demonstrate that phyto-
oestrogens inhibit growth of ER-positive and ER-negative cell
lines (Sathyamoorthy et al., 1994; Wang et al., 1996). In addition,
other oestrogen-like compounds, for example the ER antagonists
tamoxifen and 4-OH-tamoxifen, inhibit SMC growth and induce
vasoprotective effects. Also, several lines of evidence suggest that
the inhibitory effects of 173-oestradiol on SMC growth are both
receptor- and non-receptor-mediated. In this regard it is important
to note that even though genistein binds to ER with high affinity,
whereas biochanin A does not (Kuiper et al., 1998), both
compounds inhibit SMC growth and MAP kinase activity to an
equal extent (Dubey et al., 1999a). Taken together, these findings
suggest phyto-oestrogens induce their effects on the vasculature
in part via ER-independent pathways, the nature of which should
be the subject of further studies.

In contrast to phyto-oestrogens that bind as effectively as
oestradiol to ERo and ERP, the affinity of xeno-oestrogens for
ERa and ERB is low (Kuiper ef al., 1998). Hence, it is likely that
the effects of xeno-oestrogens on the vasculature engage a
different pathway than phyto-oestrogens and natural oestrogens.
In this regard, the binding of xeno-oestrogens to the Ah receptors
may be the key mechanism via which they induce their vascular
effects. Further studies are needed to clarify the role of Ah
receptors and the ABC-cassette transporters in mediating the
effects of xeno-oestrogens on the vasculature.

Almost all data on the effects of xeno-oestrogens address how
these compounds cause deleterious effects on the vasculature,
whereas most studies focus on the beneficial effects of phyto-
oestrogens. Is this disparate approach of investigating the two
classes of environmental oestrogens the result of good and bad
publicity, or the result of valid scientific reasoning? From the
physiological and biochemical points of view, phyto-oestrogens
not only resemble 17-oestradiol, but also bind strongly to their
receptors and activate oestrogen response elements. In contrast to
phyto-oestrogens, xeno-oestrogens are weak ligands for ER, but
have a high affinity for the Ah receptor. Because the Ah receptor is
linked to mono-oxygenases (CYP450) and its stimulation by
ligands such as TCDD might activate CYP450, xeno-oestrogens
may stimulate the cascade of events leading to conversion of pro-
carcinogens to carcinogens. For example, metabolism of benzo(a)-
pyrene and other carcinogens induce vaso-occlusive disorders
(Thirman et al., 1994). Moreover, abnormal angiogenesis as well
as reproductive disorders occurs in mice lacking the protein
arylhydrocarbon-receptor nuclear translocator (ARNT) (Maltepe
etal., 1997). In contrast to xeno-oestrogens, phyto-oestrogens may
reduce the risk of cancer, inhibit vascular remodelling associated
with atherosclerosis, and decrease angiogenesis. In this regard, it is
interesting to note that substituted flavones also act as Ah receptor

agonists as well as antagonists (Lu ez al., 1996) and inhibit CYP450
activity induced by TCDD (Lu et al., 1996), which is associated
with the activation of pro-carcinogens to carcinogens (Sadhu et al.,
1993; Thirman et al., 1994). If the effects of phyto-oestrogens and
xeno-oestrogens are indeed mediated via different mechanisms,
and the similarities lie only in the likeness of their structures, then
these two classes of environmental oestrogens may induce
differential effects on the vasculature, i.e. phyto-oestrogens are
protective, whereas xeno-oestrogens are damaging. Indeed, in
contrast to phyto-oestrogens, xeno-oestrogens such as TCDD bind
to Ah receptors and stimulate the CYP450 in vivo, and this induces
anti-oestrogenic effects by inducing oestradiol metabolism.
Because abnormalities in oestradiol production as observed in
PCOS are accompanied with vaso-occlusive disorders and
infertility, TCDD may induce deleterious effects on the vasculature
by reducing oestradiol synthesis. Similar to TCDD, many other
xeno-oestrogens induce oestradiol metabolism and may induce
their anti-oestrogenic effects by increasing oestradiol catabolism.
One thing is clear; most of the information regarding the vascular
effects of environmental oestrogens is with regard to phyto-
oestrogens, and very little is known about the effects of xeno-
oestrogens on the vasculature. Hence, before we can conclude that,
as compared with oestradiol or phyto-oestrogens, environmental
oestrogens induce deleterious effects or differential effects on the
vasculature, more detailed information and/or research is needed
regarding the effects of various xeno-oestrogens on the cellular,
biochemical and molecular mechanisms involved in vascular
biology.

Conclusions and future directions

Based on the available literature, it is clear that both phyto-
oestrogens and xeno-oestrogens influence the vasculature. In this
regard, phyto-oestrogens are clearly vasoprotective, whereas—
due to lack of data—the effects of xeno-oestrogens on the
vasculature remain poorly defined. Because the vasculature is an
integral and active component of reproductive organs, anti-vaso-
occlusive agents such as phyto-oestrogens may exert beneficial
effects on the reproductive system. In contrast, agents such as
DES, TCDD, PCB and DDT, which induce vascular damage, may
cause vaso-occlusive disorders that might lead to reduced
perfusion of the reproductive organs and consequently result in
abnormal function. However, in order to better understand the
effects of environmental oestrogens on reproductive function,
future studies should evaluate the role of blood vessels in
reproductive organ physiology and assess whether the effects of
environmental oestrogens on the vasculature are associated with
reproductive dysfunction. Specifically, the following questions
should be addressed: (i) What is the influence of environmental
oestrogens on the growth (angiogenesis) and function of
endothelial cells and on the release of endothelium-derived
vasoactive factors?; (ii) What are the effects of environmental
oestrogens, particularly xeno-oestrogens, on cellular processes
contributing to vaso-occlusive disorders such SMC proliferation,
migration, hypertrophy and extracellular matrix synthesis?; (iii)
How do environmental oestrogens affect intracellular mechanisms
(biochemical and molecular) involved in regulating SMC growth
and are these effects oestrogen receptor-mediated or non-
receptor-mediated?; and (iv) Do environmental oestrogens



interfere with the protective actions of 17f3-oestradiol on the
vasculature? Hopefully, future studies will better define the
effects of environmental oestrogens on the cellular, biochemical
and molecular processes associated with vascular remodelling and
vaso-occlusive disorders within the reproductive system.
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