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One category of endocrine disrupting xeno-
biotics that has recently raised considerable
concern recently consists of chemicals with
the ability to act as either estrogen agonists
or antagonists. By disrupting reproduction
and developmental processes, xenobiotic
estrogens in the environment pose an insidi-
ous risk to both wildlife and humans (1-4).
Due to the lipophiic and persistent nature of
most xenobiotic estrogens and their degrada-
tion products, many of these compounds
bioaccumulate and biomagnify. Surprisingly,
a wide range ofman-made chemicals released
either deliberately or unintentionally into the
aquatic environment are estrogenic. These
include some organochlorine pesticides,
polychlorinated biphenyls (PCBs), surfac-
tants, plasticizers, and some natural chemi-
cals such as phytoestrogens and mycoestro-
gens (5). Nonylphenol (NP) is a breakdown
product of alkylphenol polyethoxylates and
is widely used in many detergent formula-
tions for domestic and industrial use. NP has
been used as a model xenoestrogen in several
studies of endocrine disruption (6-8).

One of the most important responses to
estrogen is the induction of protein tran-
scription and translation (9). Particularly
well known among these responses is the
estrogenic induction of vitellogenin (Vtg) in
females of lower viviparous vertebrates (9).
Vtg is the complex phospholipoglycoprotein
synthesized by the liver in response to estro-
gen stimulation. It is secreted by the liver
and transported in the blood to the ovary,
where it is sequestered and cleaved into the
yolk proteins lipovitellin and phosvitin,
which are stored in the yolk and serve as
food reserve for the developing embryo (10).
More recently, it was discovered that the
fish vitelline envelope or zona radiata pro-
tein (Zrp), composed of a small number of

proteins, is synthesized in the teleost liver
in response to an estrogen signal (11,12).

Teleostean Zrp forms the eggshell that
provides protection against mechanical dis-
turbances for the developing embryo dur-
ing the first fragile period but it is shed
when hatching is induced by developmen-
tal and environmental signals (13,14).
Furthermore, the eggshell plays an impor-
tant role during fertilization by preventing
polyspermy because sperm entry to the fish
egg is restricted to a predetermined site
(micropyle) at the animal pole (15). After
fertilization, the eggshell undergoes a calci-
um-dependent hardening process that
induces a 10-fold increase in the mechani-
cal strength of the eggshell (16). The eggs
of placental mammals are surrounded by a
much thinner, transparent extracellular
envelope that lies immediately outside the
plasma membrane of the egg. This enve-
lope is called the zona pellucida and is com-
posed of a relatively small number of glyco-
proteins termed ZPI, ZP2, and ZP3, with
a molecular mass of around 200, 120, and
83 kDa, respectively (17,18). The zona pel-
lucida plays a significant role during fertil-
ization and in the prevention of polyspermy
(19), as does the teleostean zona radiata
proteins, thus showing dear functional sim-
ilarities. Very little Vtg or Zrp, if any, can
be detected in male and in juvenile fish,
presumably because of low estrogen con-
centrations, but it is known that these pro-
teins are synthesized by the liver cells (in
vivo and in vitro) of male and juvenile fish
treated with 17,B-estradiol (12,20,21).

The aim of this study is to compara-
tively evaluate the response of vitellogenin
and zona radiata proteins as environmental
estrogen biomarkers in viviparous species
using immunoassay methods.

Materials and Methods
Chemicals. 4-nonylphenol (85% of p-iso-
mers) was purchased from Fluka Chemika-
Biochemika (Buchs, Switzerland). The
impurities in 4-nonylphenol consist mainly
of phenol (8-13%), tripropylene (-1%), and
2,4-dinonylphenol (- 1%). Aprotinin, 17P-
estradiol (E2), Ponceau S, o-phenylenedi-
amine dihydrochloride (OPD), N,N,NA,N'-
tetramethylethylenediamine (TEMED), and
4-chloro-1-naphthol were purchased from
Sigma Chemical Co. (St. Louis, MO).
Equipment and other chemicals [goat anti-
rabbit-horseradish peroxidase (GAR-HRP)]
for Western blotting and ELISA were pur-
chased from Bio-Rad Laboratories (Hercules,
CA). MaxiSorp microtiter plates were pur-
chased from Nunc (Roskilde, Denmark). All
other chemicals were of the highest commer-
cially available grade.

Experiment 1. In experiment 1, juvenile
Atlantic salmon, Salmo salar, approximately
1+ years old and with a body weight of
75-100 g, were purchased from S&vareid
smolt producer A/S in Fusa county (near
Bergen, Norway). The fish were a homoge-
nous group belonging to the Norwegian
salmon strain (NLA-stamme). They were
maintained at the Industrial Laboratory
(ILAB) at the High Technology Center in
Bergen (HIB) under natural photoperiod
(Bergen, 600N) and continously running
sea water with salinity of 35% (ppt) at a
constant temperature of 10°C. At the start
of this experiment, 36 individuals from the
group were randomly selected and trans-
ferred to a separate tank. They were further
divided into six subgroups of six fish each
and acclimatized to sea water with salinity
of 34% (ppt) at 10°C ± 0.4°C for 1 week
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Figure 1. Western blot analysis of vitellogenin (Vtg) and zona radiata proteins (Zrp) in plasma of control
(C), 4-nonylphenol (NP; single ip injection at 1, 5, 25, and 125 mg/kg body weight), and 17,-estradiol (E2); 5
mg/kg body weight treated juvenile salmon. High range prestained molecular weight standards (Std) were
run in the first lane. (A) Vtg (180 kDa) and (B) Zrp (zrp-a, 60 kDa; zrp-3, 55 kDa; zrp-y = 50 kDa) were
probed with homologous primary polyclonal rabbit anti-salmon Vtg and Zrp antibodies, respectively. Goat
anti-rabbit horseradish peroxidase (GAR-HRP) was used as a secondary antibody in both cases. Plasma
from control and NP treated (50 nI) and E2 treated (10 nl) salmon was applied per well (each lane repre-
sents plasma from an individual fish).

before the start of the experiment. The
groups were given single intraperitoneal
(ip) injections of NP [1, 5, 25, and 125
mg/kg body weight (bw)], 170-estradiol (5
mg/kg bw; positive control), and vehicle
(negative control), respectively. The
nonylphenol doses were chosen to span a

wide range of doses that are environmental-
ly relevant. All the subgroups were kept in
separate 150-liter tanks. NP was dissolved
in 1:1 ratio of acetone/Echantillon
Alkamuls EL-620 (vehicle), Rhone-
Poulenc (Paris, France). The animals were

starved during the 14-day experimental
period. Fish were anesthetized with benzo-
caine (50 mg in 1 liter sea water) and blood
was collected from the caudal vessel in
heparinized precooled syringes and imme-
diately centrifuged (5,000 rpm for 5 min).
Plasma samples collected from the cen-

trifuged blood were stored at -200C until
analyzed.

Experiment 2. Experiment 2 was per-

formed using juvenile Adantic salmon (mean
weight 25 g) obtained from Drammen
County Fish Administration (Drammen,
Norway) and kept in high quality running
fresh water at 10°C and a 12 hr light:12 hr
dark photoperiod at the Biology
Department, University of Oslo. Four tanks
receiving high quality drinking water from a

municipal water source were installed at the

oil refinery treatment plant. One of these
tanks received drinking water throughout the
experimental period, whereas the remaining
three received effluent from the oil refinery
treatment works mixed with drinking water

to a final concentration of 1, 10, and 50%,
respectively. Twenty fish were transported
from the Biology Department of Oslo
University, released into each of the four
tanks, and kept there for 4 weeks. They were

fed every second day throughout the experi-
mental period. After 4 weeks, the fish were

anesthetized and blood was collected. Plasma
samples collected from the centrifuged blood
were stored at -200C until analyzed.

An oil refinery treatment plant (ORTP)
receives waste water from the oil refining
process containing oil remnants and chemi-
cals used in the oil refining process. Among
these chemicals are alkylphenols used as

emulsifying agents in the oil refining
process. The basis for the ORTP doses
comes from a previous study at the same site
(Knudsen et al., unpublished data) where
rainbow trout (Oncorhynchus mykiss) were

exposed to 2.5, 10, and 20% ORTP effluent
for a period of 3 weeks. A significant
increase in plasma Vtg levels was observed
only in the group exposed to 20% effluent.
There were no significant differences in
mortality between the different groups of
fish in the experiment. The recorded 30%

mortality was probably caused by stress from
handling during blood sampling rather than
by toxic effluent.

Production ofpolyclonal vitellogenin
antiserum. We isolated, purified, and pro-
duced polyclonal rabbit antibodies to
salmon vitellogenin. Vitellogenin synthesis
was induced in juvenile fish by weekly ip
injections of 17,-estradiol (dissolved and
sonicated in peanut oil) at a dose level of 10
mg/kg bw/week. Blood samples were col-
lected 27 days after the first injection from
the caudal vessel using heparinized pre-
cooled syringes. To avoid Vtg proteolysis,
the fish were injected with a trypsin
inhibitor, aprotinin [10-20 trypsin inhibitor
units (TIU/ml) dissolved in 0.9% NaCI],
injected in the caudal vessel 20 min before
sampling. The blood was immediately cen-
trifuged (5,000 rpm for 5 min). All prepara-
tive procedures were carried out at 4°C. Vtg
was purified by selective precipitation as
described by Wiley et al. (22) and Norberg
and Haux (23). Additional protection
against Vtg degradation was provided by
adding 100 lil of aprotinin to the Vtg solu-
tion before dissolving it in NaCl. Polyclonal
Vtg antibody was prepared in rabbit from
nitrocellulose-blotted Vtg fractions, essen-
tially as described by Diano et al. (24).
Production of a polyclonal antibody using
this method gave a highly specific polyclonal
antiserum, thus avoiding the long purifica-
tion of antigenic protein and the use of
Freund's adjuvant. We have tested several
dilutions of this antibody and its ability to
cross-react with Vtg degradation products;
dilutions of up to 1:11,000 were able to
detect the Vtg and its degradation products
in plasma (results not shown). The poly-
clonal salmon Zrp antibody was a gift from
Chunjung Rong (Bergen, Norway) and was
prepared against solubilized and purified
salmon zona radiata proteins.

Immunochemical studies. Immuno-
chemical analysis of plasma samples was
performed using Western blotting and
indirect ELISA. For Western blotting, pro-
teins were separated using 4% stacking and
9% separating sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS-
PAGE) as described by Laemmli (25) and
blotting was performed as described by
Towbin et al. (26). Indirect ELISA was
performed essentially as described by
Goks0yr (27. Cross-reactions of Vtg and
Zrp were probed with homologous primary
polyclonal rabbit anti-salmon antibodies
(diluted 1:2,000). Peroxidase conjugated
GAR-HRP (Bio-Rad) diluted 1:3,000 and
H202/4-chloro-l-naphthol (HRP color
development reagent; Bio-Rad) were used
as the detection system. Statistical analysis
of ELISA absorbance was performed on
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log-transformed data using Dunnett's test.
The level of significance was set at p0.05,
unless otherwise stated, with JMP Software
(version 3.1.6) for Statistical Visualization
(SAS Institute, Cary, NC).

For validation of the ELISA assay, pooled
plasma samples from control and 5 mg and
125 mg NP/kg fish were serially diluted in
coating buffer (50 mM Na-bicarbonate
buffer, pH 9.5) in eppendorf tubes. The
diluted samples were adsorbed to microtiter
wells and incubated with homologous rabbit
anti-salmon vitellogenin and zona radiata
protein antibodies, respectively, as described
above.

Results
In plasma from Atlantic salmon (Salmo
salar) exposed to different doses ofNP via ip
injection, a cross-reacting Vtg protein (180
kDa) was detected only in plasma from the
group treated with the highest dose (125 mg
NP/kg fish, Fig. 1A) using Western blotting
with homologous polyclonal antibodies. At
this dose, Zrp-a (60 kDa), Zrp-0 (55 kDa)
and Zrp-,y (50 kDa) were also detected; at
the lower doses, only a cross-reacting zrp
protein (possibly a double band) was detect-
ed in plasma at the 5-position (Fig. 1B).
Consistent with the immunoblot analysis,
an indirect ELISA of Vtg and Zrp levels
reflected the differences in inducibility of
these proteins (Fig. 2). Results of the ELISA
assay validation tests are presented in Figure
3. Immunoreactive Vtg and Zrp proteins
were dominant in plasma from 125 mg NP
treated fish (also Zrp immunoreactive pro-
teins in 5 mg NP treated fish). This assay
method revealed the absence ofVtg and Zrp
in control fish (also Vtg in 5 mg NP treated
fish). A parallel decrease in absorbance with
the antigen (Vtg and Zrp) dilution was
observed (Fig. 3).

For validation of the laboratory experi-
ment results, we performed a second study
under semifield conditions, exposing juve-
nile salmon to ORTP effluent. Again, Vtg
(Fig. 4A) and Zrp-a and Zrp-,y (Fig. 4B)
were detected only in plasma from the
group exposed to 50% mixture (v/v) of
ORTP effluent, whereas Zrp-1 reaction was
detected in the groups exposed to 1 and
10% ORTP effluent (Fig. 4B). Indirect
ELISA analysis of these samples again con-
firmed the immunoblot analysis (Fig. 5),
although the Zrp-I response ta 1% ORTP,
readily visible on Western blots, was less
apparent in ELISA.

Discussion
Immunochemical analysis, using Western
blotting and ELISA with polyclonal homol-
ogous antisera to Atlantic salmon Vtg and
Zrp, was used in this study to measure plas-
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Figure 2. Indirect ELISA analysis of vitellogenin (Vtg) and zona radiata proteins (Zrp) levels in plasma of
control (C), 4-nonylphenol (NP; single ip injection at 1, 5, 25, and 125 mg/kg body weight), and 17p-estradi-
ol (E2) treated juvenile salmon. Data are given as mean ELISA absorbance values (492 nm) ± standard
deviation (n = 6 per treatment group).
*p<0.001.
**p<O.0001.
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Figure 3. Validation of ELISA assay for vitellogenin (Vtg) and zona radiata proteins (Zrp). The ELISA
responses (absorbance at 492 nm) are plotted against total plasma dilution (log-scale). Absorbances are
shown as absolute values since blanks were not subtracted.

ma levels of Vtg and Zrp of control, NP,
170-estradiol, and ORTP effluent-treated
juvenile salmon. The specificity of these
antibodies has been verified by several
immunological techniques such as immuno-
histochemistry, immunoblotting, and
immunoprecipitation with very high anti-
genic recognition, in addition to crossreac-
tivity towards heterologous Atlantic cod
(Gadus morhua) Zrp (21,28) and Vtg

(results not shown). Validation of the
ELISA assay used in this study shows a par-
allel decrease in absorbance with antigen
dilution. However, the Vtg antiserum shows
higher affinity for its antigen than the Zrp
antiserum (Fig. 3). Similar results were also
observed using serial dilution of the Vtg and
Zrp antisera respectively (results not shown).

Our results represent the first report on
the comparative estrogenic effects of an
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Figure 4. Western blot analysis of vitellogenin (Vtg; 180 kDa) and zona radiata protein (Zrp; zrp-a, 60 kDa;
zrp-J3, 55 kDa; zrp-y = 50 kDa) levels in plasma from juvenile Atlantic salmon after 4-week exposure to 1,
10, and 50% mixture of oil refinery treatment plant (ORTP) effluent. (A) VTG and (B) Zrp were analyzed
using homologous antibodies as described (see legend to Fig. 1). Plasma (50 nl) was applied per well.

environmental estrogen on the induction of
Vtg and Zrp in fish or lower vertebrates.
The detection of Vtg and Zrp in plasma of
nonylphenol-treated juvenile salmon shows
that Zrp-j is more responsive than Zrp-ax,
Zrp-y, and Vtg, as these proteins were only
detectable in the groups treated with 125
mg NP and 50% ORTP effluent. Induction
of an immunoreacting protein band (or
double band) at the ,-position of Zrp sug-

gests that these proteins are synthesized first
during zonagenesis (hepatic synthesis of
zona radiata proteins and transport in the
blood for deposition in the ovaries). The
reproducibility of the laboratory experiment
was verified by performing a second inde-
pendent experiment in the laboratory. In the
second experiment, juvenile salmon from
the same group used in experiment 1 were

exposed to a single ip injection of NP at 25
and 125 mg/kg fish for 1 week. Again, Vtg
and the three Zrp monomers were induced
in the group treated with 125 mg, whereas
only Zrp-3 was induced in the group treated
with 25 mg NP (results not shown).
Furthermore, these results have also been
analyzed using monoclonal anti-salmon
vitellogenin antibody produced in our labo-
ratory (Nilsen et al., unpublished data) with
similar results.

Although these results are in accor-

dance with the estrogenic effects ofNP and
other alkylphenol polyethoxylates (APEs)
reported earlier (7,8,29,30), we were able
to detect Vtg only at very high NP concen-

trations. In contrast, Zrp-P was detectable
at lower NP concentrations. In the litera-
ture, the induction of vitellogenin has been
singled out as the most effective biomarker
of estrogenic contaminants in viviparous
vertebrates (31,32). The sensitivity of Zrp
cross-reaction demonstrated in this report
points to the zona radiata proteins as a

more sensitive biomarker for estrogenic
effects of environmental pollutants. The
sensitivity of Zrp at low NP doses is proba-
bly a result of the physiological function of
the eggshell as protector of the growing
embryo. It has been demonstrated that the
formation of the eggshell envelope precedes
the active uptake of vitellogenin during
oocyte development (12,33).

In addition to their implications to the
individual fish exposed to xenoestrogens,
these findings may also have an ecological
significance. Elevated Vtg concentrations in
the plasma of male fish exposed to sewage

treatment effluent have earlier been reported
as a feminization response (34). However,
the ecological consequences of xenoestrogen-
induced hepatic Vtg synthesis is unknown
due to the absence of unequivocal evidence
that fish, or any other aquatic organisms, are

adversely affected by living in and accumu-

lating estrogenic chemicals. Given the pivotal
role played by endogenous estrogens in
reproduction, such as sexual differentiation
at the egg/embryo and adult sexual matura-
tion stages, it is obvious that the most likely
process to be affected is reproduction. In this

0.0
Control 1 10 50

ORTP effluent (%)

Figure 5. Immunochemical analysis using indirect
ELISA of vitellogenin (Vtg) and zona radiata protein
(Zrp) in plasma from control juvenile Atlantic salmon
or after 4-week exposure to 1, 10, and 50% mixture
of oil refinery treatment plant (ORTP) effluent Data
are given as mean ELISA absorbance values ± stan-
dard deviation (n = 6 per treatment group). For fur-
ther explanabon, see legend to Figure 2.
*p<O.001.
**p<O.0001.

respect, small changes in zona radiata protein

synthesis might cause the thickness and
mechanical strength of the eggshell to be
altered, thus causing a loss in its ability to

provide protection against mechanical distur-
bances during the very fragile period of
oocyte development and the prevention of
polyspermy during fertilization.

Although Vtg is a critical factor that
provides the growing embryo with neces-

sary nutrients, it could be argued that more
subtle variations in Vtg content would not
be of great significance to the survival of
the offspring. For the male fish, accumula-
tion of high Vtg and possibly Zrp concen-

trations might be deleterious because high
Vtg concentrations have been associated
with kidney failure and increased mortality
rates (35). Furthermore, the inhibited tes-

ticular growth reported recently by Jobling
et al. (7) would, although not yet demon-
strated, reduce fertility. However, these
effects may be related to other nonvitel-
logenic responses to environmental estro-

gens, e.g., through steroid biotransforma-
tion pathways. We have observed that low
levels of NP also affect progesterone
hydroxylase activities in salmon liver
microsomes, in addition to their inhibiting
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effect on cytochrome P450 1A expression
(Arukwe et al., unpublished data).

Xenoestrogen-induced changes in zona
radiata protein synthesis appear to have a
higher potential for ecologically adverse
effects than vitellogenin induction because
critical population parameters such as off-
spring survival and recruitment may be
more directly affected. However, a definite
evidence for this hypothesis can only be
obtained through long-term exposure stud-
ies of fish to low levels of xenoestrogens.
Such studies and other xenoestrogen-asso-
ciated reproductive effects are currently
underway in our laboratory.

Another critical factor in xenoestrogen
effects is the role of synergy when animals
are exposed to low doses of several different
chemicals. Arnold et al. (36) recently
demonstrated a 1,000-fold increase in the
estrogenic potency of chemicals when com-
bined as compared to when given alone,
using a simple yeast estrogen system (YES)
containing the human estrogen receptor.
Such synergistic interactions are of course
of profound environmental significance
because most organisms are exposed to a
cocktail of different environmental chemi-
cals rather than to single compounds.

It is impossible to determine empirical-
ly the sensitivity, susceptibility, or resis-
tance of every species to each type of com-
pound. Therefore, an understanding of the
general principles and mechanisms that
determine chemical and biological speci-
ficity of environmental estrogens and their
impairment of reproductive processes in
aquatic organisms is very important (37).
These findings may also lead to the devel-
opment of new and sensitive biomarkers
for the effects of environmental estrogens
in the ecosystem.
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