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Phytosterols or plant sterols (PS) enter the ecosystem via pulp
mill effluents. They are also consumed by the general popula-
tion of developed countries In natural remedies and margarines
to lower elevated serum cholesterol levels. This study screened
the endocrine and enzymatic parameters of the field vole (MI-
crotus agrestls) for the effects of subchronlc PS exposure at
three doses (0, 5, or 50 mg of PS kg-1 day-1). PS at 5 or 50 mg
kg- 1 day-1 decreased the relative liver weight of the voles. The
kidney glycogen phosphorylase activity decreased at 5 or 50
mg kg- 1 day-1, but the liver glycogen phosphorylase activity
Increased at 5 mg kg-1day-1. The plasma estradiol and testos-
terone concentrations of males were higher due to PS supple-
ment at 5 mg kg- 1 day-1. This can be due to Increased sex
steroid synthesis from PS precursors. Biotransformation enzyme
activities were not affected. PS caused multiple, previously unre-
ported effects that were more pronounced at a low dose. As 5 mg
PS kg-1 day-1 Is the recommended dose for various health prod-
ucts, a thorough risk assessment of the effects and Interactions of
PS Is warranted. Exp Bioi Med 228:188-193.2003
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Phytosterols or plant sterols (PS) are analogs of animal
cholesterol in plants. Due to their cholesterol-
lowering effects, PS are used for the treatment of

hypercholesterolemia and cardiovascular diseases and their
risk factors (1, 2). About 5% of ingested PS are absorbed in
humans (3). The absorption of J3-sitosterol is about 5%, and
that of sitostanol close to 0%. In rats, the absorption of
J3-sitosterol is about 4%, and the absorption of sitostanol is
1% (4). Plasma PS levels are usually between 7 and 24 J.LM
1-1, which is less than 5% of the total sterol concentration in
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human plasma. In the western diet, the daily intake of PS is
about 80 mg. However, in the vegetarian or Japanese diet,
the intake can be as high as 400 mg day'" (3).

PS and stanol esters lower circulating total and low-
density lipoprotein (LDL) cholesterol levels by suppressing
cholesterol absorption in the intestine at a dose of 1.84 g
day"! (5) (approximately 26 mg of PS kg-I day"! for a
70-kg person). The addition of J3-sitosterol to a diet results
in a 42% decrease in cholesterol absorption (6). In fact, PS
are added to margarines at a dose of 30 mg kg"! day"! to
lower elevated cholesterol levels (7). There is also wide-
spread use of PS in various commercial health products,
where the recommended dose is 300 mg day"! (for review,
see Ref. 3) or 4-5 mg kg"! day"! for a 70-kg person.

Dietary PS also have possible anticancer effects. J3-Si-
tosterol may offer protection against breast cancer by stimu-
lating apoptosis and by inhibiting tumor growth in cancer
tissue (8). The growth of human prostate cancer LNCaP
cells can be inhibited by PS (9) and PS may also protect
from dietary-induced colon cancer in rats (10).

Pulp mill effluents are a source of PS in nature causing
reduced sex steroid levels and gonad size in fish (11, 12).
I3-Sitosterol reduces reproductive fitness in the goldfish
(Carassius auratus) by decreasing testosterone and 11--
ketotestosterone levels in males and testosterone and 17-13-
estradiol levels in females (13). J3-Sitosterol also induces vi-
tellogeningene expression in the rainbow trout (Oncorhynchus
mykiss) (12). In rats, subcutaneous l3-sitosterol at 0.5-5 mg
kg" day-I reduces sperm count and testicular weight (3).

The field vole (Microtus agrestis L., 1761) is a small
rodent common in Scandinavia and Central Europe. The
body mass of an adult female field vole is about 35 g and an
adult male is 40 g (14). Both males and females reach sexual
maturity at the age of 50-60 days. The reproductive period
of the species is between April and September. The female
gives birth to a litter of up to five individuals after a 20-day
pregnancy (15).

This study is part of a research project studying the
effects of plant-derived and chemical endocrine disruptors
on carnivores and herbivores of natural stock. The field vole
was chosen as a representative of a common small herbi-
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vore. As the field vole is very common, it has potential as a
possible bioindicator species to study the effects of endo-
crine disruptors in natural ecosystems. The aim of the pres-
ent study was to investigate the subacute effects of PS on
endocrine parameters and phase I and II biotransformation
enzymes. This study also aimed to select from the possible
diverse effects of PS the most susceptible parameters to be
used as biomarkers and start points for further study.

Materials and Methods
Animals and Exposure. For this study, 31 field

voles (14 males and 17 females) were randomly assigned
into three study groups. The animals were from the breeding
colony of the University of Joensuu. Their parents had been
captured in the wild (Punkaharju, Finland, 6l 0N), and the
experimental animals were of the first generation born in
captivity. The animals were born between October 1,2000
and March 18, 2001. The voles of different age were as-
signed to their respective study groups in a random fashion.
The animals were housed singly in solid bottom plastic
cages (Makrolon: 42 x 22 x 15 em) with wood shavings for
bedding and free access to water and a pelleted diet (Av-
elsfoder for ratta och mus R36: protein 18.5% and fat 4.0%,
energy content 1260 kJ 100 g-I; Lactamin, Stockholm,
Sweden). The Animal Care and Use Committee of the Uni-
versity of Joensuu approved all procedures.

The study period was from May 9 to May 23, 2001. The
first group of three males and four females was the control
group. The other groups were given Ultra-sitosterol (88.7%
l3-sitosterol+ l3-sitostanol, 0.0% a-sitosterol, 9.0% campes-
terol + campestanol, 0.9% artenols; UPM Kymmene,
Kaukas, Lappeenranta, Finland) daily perorally mixed with
the same feed that the control group received. The second
group offour males and seven females received PS at a dose
of 5 mg kg-I day'" and the third group of seven males and
six females received PS at a dose of 50 mg kg-I day'". The
feed was palatable to the animals and no macroscopic ad-
verse effects could be seen in the overall well being of the
animals (activity, feeding, and locomotion) or in the organs
at necropsy.

After 2 weeks, the animals were sacrificed quickly with
diethyl ether. The amount of feed eaten during the whole
study period was measured. The animals were weighed,
their length was measured, and their sex was reconfirmed
intraabdominally. Blood samples were obtained with car-
diac punctures with sterile needles and syringes into test
tubes containing EDTA and were centrifuged at 4000g to
obtain plasma. The livers, testes, and kidneys were dissected
and weighed. All the samples were frozen in liquid nitrogen
and stored at -80°C.

Hormone Assays. Hormone concentrations were
measured using the radioimmunoassay (RIA) and immuno-
radiometry methods. The plasma tetraiodothyronine (T4)

and testosterone concentrations were .measured using the
Spectria [125I]-Coated Tube Radioimmunoassay kits (Orion
Diagnostica, Espoo, Finland). The plasma luteinizing hor-

mone (LH) and thyroid-stimulating hormone (TSH) concen-
trations were measured using the Spectria-Coated Tube Im-
munoradiometric Assay kits (Orion Diagnostica). The
plasma leptin levels were measured with the Multi-Species
Leptin RIA kit (Linco Research, St. Charles, MO). The
plasma ghrelin levels were determined with the Ghrelin
(human) RIA kit (Phoenix Pharmaceuticals, Belmont, CA).
The plasma estradiol concentrations were determined
using the enzyme-linked immunoassay (ELISA) method
(l713-Estradiol Immunoassay; R&D Systems, Wiesbaden-
Nordenstadt, Germany). Cross-reactivity to estrone was
4.64% and was 0.53% to estriol; cross-reactivity to all other
steroids was <0.06% (manufacturer's specification report).
The sex steroid assays were validated such that serial dilu-
tions of the field vole plasma showed linear changes in 00
values that were parallel with the standard curve produced
with human standards. The PS mixture used in the experi-
ments at a concentration as great as 100 mg ml- I did not
produce a positive 00 reading in the ELISA assay for es-
tradiol (data not shown). The LH, TSH, leptin and ghrelin
measurements were carried out by pooling 5-10 111 of
plasma from each animal of a dose group together, as there
would have been an insufficient amount of plasma for the
measurements from single animals (100 Il-l was required for
e.g., the leptin measurement, about 50 111 was obtained per
animal). The determinations of plasma leptin, ghrelin, LH,
and TSH in the field vole have been reported previously
(16). For the quantitation of radioactivity in the RIA, a 1470
Wizard Gamma Counter (Wallac, Turku, Finland) was
used.

Measurement of Enzyme Activities. The liver
and kidney samples were weighed and homogenized in cold
citrate buffer at pH 6.5 for the glucose-6-phosphatase
(G6Pase) determination, at pH 6.1 for the glycogen phos-
phorylase measurement, and in cold 0.85% sodium chloride
for the lipase esterase measurement. The activity of G6Pase
was measured using G6Pase as substrate in the presence of
EDTA after an incubation time of 30 min at 37.soC (17).
The glycogen phosphorylase activity was measured in the
presence of glucose-I-phosphate, glycogen, sodium fluo-
ride, and AMP according to the method of Hers and van
Hoof (17). The lipase esterase activity was measured ac-
cording to the method of Seligman and Nachlas (18) using
as substrate 2-naphtyl-laurate without taurocholate. Glyco-
gen concentrations in the liver and kidney were measured
spectrophotometrically according to the method of Lo et al.
(19).

For the preparation of microsomes, the liver samples
were thawed out and homogenized in ice-cold 0.25 M su-
crose, pH 7.4, using 4 ml of solution g-I liver wet weight.
After homogenization (eight strokes at 1160 rpm). the livers
were centrifuged at lO,OOOg for 20 min. The supernatants
were centrifuged at 105,000g for 60 min to pellet the mi-
crosomes. The pellets were then resuspended in 0.25 M
sucrose, pH 7.4, to a final volume of 1 ml g-I tissue. The
microsomes were stored at -80°C.
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For the enzyme analysis, the hepatic monooxygenase
activity was determined according to Burke and Mayer (20)
from 'the microsomal fraction using 7-ethoxyresorufin as
substrate. The O-deethylation of 7-ethoxyresorufin (EROD)
was measured with a fluorescence spectrophotometer (RF-
5001PC; Shimadzu, Columbia, MD) in a kinetic reaction
with resorufin as an internal standard. In the reaction mix-
ture in the cuvette, 1.97 ml of 0.05 M TRIS-HCl buffer (pH
7.5) containing 0.025 M MgCl2 and 7-ethoxyresorufin (final
concentration of 1 /-LM) was mixed with 20 fl.l of micro-
somes. The reaction was started with 10 /-Ll of 10 mM
NADPH, and was then followed for 2 min. The microsomal
UDP-glucuronosyltransferase (UDPGT) activity was mea-
sured spectrophotometrically (UV-240; Shimadzu) as de-
scribed by Hanninen (21). The incubation mixture (total
volume of 150 fl.l) contained 0.35 mM p-nitrophenol as
aglycone and 4.5 mM UDP-glucuronic acid in the presence
of 20 mM K2EDTA. The enzyme concentration was about
1 mg of microsomal protein. The reaction was stopped with
3% trichloroacetic acid. The aliquot was alkalinized using 5
N NaOH, and the absorbance was measured at 400 nm.

The cytosolic glutathione S-transferase (GST) activity
was analyzed by the kinetic method of Habig et al. (22) with
l-chloro-2,4-dinitrobenzene (CDNB) as the substrate. The
reaction mixture was contained as final concentrations of
0.1 M potassium phosphate buffer, pH 6.5, I mM glutathi-
one, 1 mM CDNB, and about 0.1 mg of cytosolic protein.
The reaction was followed in a spectrophotometer (Lambda
2 UVNIS; Perkin-Elmer, Norwalk, CT) at 340 nm. The
enzyme analyses were carried out at 37°C. All enzyme re-
actions were controlled to be linear with time and enzyme
concentration. The protein content in microsomal and su-
pernatant fractions was measured according to the method
of Bradford (23).

Statistical Analyses. Multiple comparisons were
performed with the two-way analysis of variance (ANOVA)
when there were differences between the sexes and with the
one-way ANOVA if the results of the males and females did
not differ from each other. The post hoc Duncan's test was
used to further evaluate significant effects. Paired compari-
sons were performed with the Student's t test. For nonpara-
metric data, the Mann-Whitney U test was used. The P <
0.05 level was considered to be statistically significant. The
normality of distribution and the homogeneity of variances
were determined with the Kolmogorov-Smirnov test and
with the Levene test. The correlations were calculated using
the Spearman's correlation coefficient (r.). The results are
expressed as mean ± SE. If there was no sexual dimorphism
within a variable, the results of the females and the males
are pooled together in the "Results" section and in the
tables.

Results
PS increased the food intake of the voles at 50 mg kg- I

day"! (Mann-Whitney U test, P < 0.003, Table I). However,
this did not affect the body mass or weight change of the

animals. As expected, the males were heavier than the fe-
males (t test, P < 0.03). Absolute liver weights were also
higher in the males than in the females (t test, P < 0.05), but
the relative kidney weights were higher in the females (t
test, P < 0.001). PS caused a decrease in the relative liver
weights when both sexes were analyzed together at 5 or 50
mg kg-I day"! (t test, P < 0.05). The absolute testicular
weight was slightly higher at 5 mg kg- I day"! compared
with the control males (t test, P < 0.06).

PS caused biphasic effects on the liver carbohydrate
and lipid metabolism. The liver G6Pase and glycogen phos-
phorylase activities were the highest at 5 mg kg- I day"!
(ANOV A, P < 0.05, Table II). However, the kidney glyco-
gen phosphorylase activity decreased due to PS treatment
(ANOVA, P < 0.05). The lipase esterase activities in the
liver and kidney were not affected, nor were there any ef-
fects of PS on the kidney G6Pase activities or on the liver
and kidney glycogen contents.

The plasma estradiol concentrations of male voles were
the highest at 5 mg kg- I day"! compared with the control
group or the 50 mg kg-I day"! group (two-way ANOVA, P
< 0.05, Table III). In the females, this increase at 5 mg kg- I

day"! was nonsignificant. The effect could be observed in
the plasma testosterone concentrations of male voles also at
5 mg PS kg-I day'" (two-way ANOVA, P < 0.05, Table
III). However, the plasma LH concentration measured from
pooled plasma was the lowest at 5 mg kg- I day'", PS did
not cause any changes in the plasma T4 concentrations.
However, the TSH values of the PS exposed groups mea-
sured from pooled plasma were almost below the detection
limit and considerably lower (more than 60-fold) than the
TSH value of the control animals.

The plasma ghrelin levels also showed a biphasic re-
sponse with the lowest value at 5 mg kg- t day"! (Table III).
In the plasma leptin levels, the result was the opposite, with
the highest value at 5 mg kg- I day'". As these hormone
concentrations were measured from pooled plasma, these
results need reconfirmation in future studies.

There were no differences in the liver EROD, UDPGT,
or GST activities between the sexes or the experimental
groups (Table IV). However, the GST activity correlated
significantly with the PS dose (r, = 0.357, P < 0.05).

Discussion

In this study, PS exposure caused multiple effects on
endocrine parameters and metabolism of the field vole. In
many cases, an induction of an enzyme or a change in the
circulating hormone concentration was observed at 5 mg'"
kg- I a day followed by a return to basal level at 50 mg- t

kg"! a day. Of course, the relatively small number of ani-
mals could have affected the outcome. Yet, almost all of the
statistically significant effects could be observed at the same
PS dose, 5 mg- t kg- t a day, indicating that the observed
differences were probably not due to chance. The wide
range of parameters affected indicates that PS are not only
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· Table I. Food Intake. Body Mass, Length, and Relative and Absolute Organ Weights (Mean ± SE) of the Field
Voles According to PS Dose

PS dose 0 mg kg-1day-1 5 mg kg-1 day-1 50 mg kg-1 day-1

9.5 ± 0.1
9.0 ± 0.1

23.3 ± 1.2
17.0±1.4

54.3 ± 2.9
48.8 ± 1.2

-1.0 ± 0.5
+0.3 ± 1.0

9.8 ±0.2
9.9 ±0.5

63.2 ± 1.58

67.0 ± 8.78

22.2 ± 1.0
24.1 ± 3.6

+1.0 ± 0.3
+0.4 ± 0.6

1.03 ± 0.04°
1.16 ± 0.06°

0.174 ± 0.02
7.83 ±0.82

0.228 ± 0.008
0.271 ± 0.031

0.877 ± 0.052
0.948 ± 0.111

4.00 ± 0.31°
4.05 ± 0.28°

3.95 ± 0.10°
4.35 ± 0.09°

10.2 ± 0.1
9.2 ±0.2

-0.1 ± 1.2
+1.4±0.7

68.2 ±3.5
47.2 ±9.6

27.4 ± 1.3
17.7 ± 0.7

1.08 ± 0.03
1.28 ± 0.04

0.227 ± 0.02
8.28 ±0.78

0.297 ± 0.021
0.227 ± 0.012

1.077± 0.029
0.770 ± 0.029

4.59 ± 0.29
4.68 ± 0.24

0.232 ± 0.014
0.211 ± 0.012

1.068± 0.094
0.800 ± 0.094

Food intake (g)
Males
Females

Body mass (g)
Malesb

Femalesb

Weight change (g)
Males
Females

Length cm
Males
Females

Liver weight (g)
Malesb

Femalesb

Liver weight (g body mass:" 9 x 100)
Males
Females

Kidney weight (g)
Males
Females

Kidney weight (g body rnass'" 9 x 100)
Malesb 1.00 ± 0.04
Femalesb 1.27± 0.09

Testicular weight (g) 0.150 ± 0.02
Testicular weight (g body rnass'" 9 x 1000) 6.59 ± 1.26

a Significant difference from the control groups (Mann-Whitney U test, P < 0.05).
b Significant difference between the sexes (t test, P < 0.05).
C These groups together differ significantly from the control groups together (Mann-Whitney U test, P < 0.05).

Table II. Activities of Liver (L) and Kidney (K) Enzymes of Carbohydrate and Lipid Metabolism and L or K
Glycogen Content (Mean ± SE) of the Field Voles According to PS Dose

PS dose 0 mg kg-1 day-1 5 mg kg-1day-1 50 mg kg-1 day-1

L glycogen (lJg mg-1) 10.44± 3.22 10.81 ± 1.63
K glycogen (lJg rnq") 0.89 ± 0.09 0.91 ± 0.08
L G6Pase (1J9 P mg-1 h-1) 85.7 ± 5.38 b 92.8 ± 4.1b

K G6Pase (lJg P mg-1h-1) 49.9 ± 4.8 43.1 ± 1.6
L phosphorylase (lJg P mg-1 h-1) 58.1 ± 4.58 73.1 ± 3.1 b

K phosphorylase (lJg P mg-1 h-1) 8.5 ± 1.1 b 6.4 ± 0.58

L lipase esterase (lJg 2-naphtol mg-1 h-1) 42.5 ± 3.8 43.6 ± 3.0
K lipase esterase (lJg 2-naphtol mg-1 h-1) 29.8 ± 1.0 28.6 ± 1.4

9.92 ± 1.22
0.94 ± 0.07
76.6 ± 5.48

47.2 ±3.9
61.3 ± 1.98

5.9 ± 0.48

39.7 ±3.0
28.2 ±2.6

Note. Values with dissimilar superscripts differ at P < 0.05 (one-way ANOVA).

natural mimics of estrogens but can also disrupt other physi-
ological systems of the field vole.

Food intake of the voles increased due to PS exposure
at 50 mg'" kg- 1 a day. This effect of PS has not been
described previously. The effect could be mediated by the
interference of PS to cholesterol absorption in the gut (6),
causing increased appetite. However, body mass was unaf-
fected. This may indicate increased metabolic rate, a hy-
pothesis supported by the slight increase in circulating T4

levels of the voles (Table Ill). The relative liver weights of
the experimental animals decreased at all PS doses. This
cannot be contributed to changes in the liver glycogen con-
tent, as it remained unchanged. However, the G6Pase ac-
tivity did increase at 5 mg'" kg- 1 a day, but decreased again

at 50 mg- 1 kg-I a day. The liver glycogen phosphorylase
activity reflecting the rate of glycogenolysis (24) responded
in the same way with an increase at 5 mg"! kg"' a day and
a decrease at 50 mg" kg-I a day. These changes indicate an
enzyme induction in the liver at low doses and a return to
basal level at higher doses. Thus, at 5 mg'" kg'" a day, the
rate of glucose turnover was the highest. However, previous
findings on the effects of PS on the physiology of the Eu-
ropean polecat (Mustela putorius), a carnivore, showed a
significant increase in the liver glycogen content and a de-
crease in the liver lipase esterase activity due to PS (25). In
this study, the effects targeted on different enzymes empha-
sized the considerable interspecies differences in the reac-
tions to PS,
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Table III. Plasma Hormone Concentrations (Mean ± SE) of the Field Voles According to PS Dose

PS dose 0 mg kg- 1 day-1 5 mg kg-1 day' 50 mg kg- 1 day-1

0.09 ± 0.028

0.14 ± 0.038

0.25 ± 0.11 8 b

0.09 ± 0.018

1.186
24.8 ± 1.5

SO
4.30
0.3

3.76 ± 1.74b

0.73 ± 0.32 8 b
0.13 ± 0.048

0.30± 0.238

Estradiol (nmol r ')
Males
Females

Testosterone (nrnot r ')
Males 0.13 ± 0.048 0.85 ± 0.68 b

Females 0.09 ± 0.018 0.11 ± 0.028

LH (miU mr': pooled) 1.671 0.181
T4 (nmot r ') 22.7 ± 1.8 26.0 ± 2.8
TSH (miU mr': pooled) 0.443 SO
Leptin (ng mr': pooled) 4.10 4.60
Ghrelin (ng mr": pooled) 0.3 0.2

Note. Values with dissimilarsuperscripts differ at P < 0.05 (two-way ANOVA). (80, below the detection limit).

Table IV. Activities of Liver Biotransformation Enzymes (Mean ± SE) of the Field Voles According to PS Dose

PS dose 0 mg kg- 1 day-1 5 mg kg-1 day' 50 mg kg- 1 day-1

EROO (pmol min- 1 mg-1protein) 1848 ± 135 1655 ± 224 1497 ± 179
UOPGT (pmol mirr" mg- protein) 1160 ± 140 980 ± 80 1100 ± 70
GST (IJmol min- 1 mg-1 protein) 4.36 ± 0.36 4.75 ± 0.22 5.52 ± 0.49

The relative kidney weight, on the other hand, de-
creased at 50 mg- t kg-t. At the same time, the kidney
glycogen phosphorylase activity decreased at all PS doses,
indicating decreased glycogen degradation. Thus, the
changes in the kidney glycogen content do not by them-
selves reduce the relative kidney weight. As this enzyme in
the kidney provides energy for the organ itself (24), it is
possible that PS also have direct effects on intermediary
metabolism in the kidney-a phenomenon that should to be
looked into in the future.

The observed increase in the plasma estradiol concen-
trations at 5 mg- t kg- t a day was the most obvious change
in the endocrine parameters measured, especially in males.
Also in this case, the effect could be observed at a low dose.
At the same time, the LH concentration measured from
pooled plasma dropped at 5 mg- t kg-t a day. This seems
likely to be due to negative feedback exerted by estradiol on
LH secretion in the pituitary. The increase in the plasma
estradiol concentrations also conforms to the results of pre-
vious studies on the polecat (25). A similar trend could also
be observed in the plasma testosterone levels, with the high-
est mean concentration at 5 mg- t kg'" a day. Especially
interesting was the fact that the circulating estradiol and
testosterone levels were the highest in males exposed to PS
at 5 mg'" kg-I. PS accumulate in the liver, adrenals, and
gonads of rats (4), and they can be used as precursors of
cortisol and sex steroid biosynthesis (3, 4). It seems possible
that the increased estradiol and testosterone levels of male
voles at 5 mg"! kg- I could be caused by PS being used in
steroid hormone synthesis. The mean testicular weight was
also the highest at 5 mg"' kg-I. This fits to the increase of
the circulating testosterone levels in the same experimental
group. The effects observed on the field vole differ from
previous results obtained in various fish species with low-
ered sex steroid levels due to PS treatment (13).

Apart from estradiol and testosterone, no clear sex-
specific effects could be seen in the endocrine parameters of
the voles. The observed increase in sex steroid levels can be
due to increased synthesis from PS precursors (3, 4), but at
present, there is no explanation as to why this effect would
be more pronounced in males. However, it is known that the
female of the genus is an induced ovulator. Ovulation and
LH surge occur in females only due to behavioral triggers,
pairing, and copulation (26, 27). Unpaired females have
erratic estrous cycles, but their reproductive hormone levels
are significantly lower. As the voles in this experiment were
housed singly, it is possible that the lack of behavioral trig-
gers dampened the increase of reproductive hormone con-
centrations in females.

In this study, no effects of PS could be observed on the
liver biotransformation enzyme activities. This is also in
concert with previous results on the polecat, with no obvi-
ous induction of the biotransformation apparatus (25). Thus,
PS do not seem to be recognized as foreign compounds, and
due to this, they can exert their diverse effects unhindered.
The only exception was the liver GST activity, which cor-
related positively with the PS dose. This suggests some
activation of the phase II biotransformation. This is very
different from the effects of chemically derived endocrine
disruptors. Bisphenol A (BPA), for instance, inhibits the
male-specific EROD isoforms of rats (28). BPA also de-
creases the EROD and GST activities of the field vole (16).
Thus, it is impossible to use biotransformation activity as a
biomarker for endocrine disruption caused by PS in nature.
However, the elevated estradiol levels of both male and
female prebreeding field voles could be used as indicators
of increased PS exposure in land ecosystems.

In summary, PS exposure caused multiple effects on
the endocrinology and physiology of the field vole. A typi-
cal effect was an induction of enzyme activity or hormone
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secretion at low levels and a return to the basal levels of
control animals at a higher dose. This effect is puzzling, but
similar phenomena have been encountered in the rainbow
trout due to PS exposure with increased EROD activity at
low or high doses, but with suppression of EROD at inter-
mediate doses. As most of the effects were the most pro-
nounced at 5 mg- t kg'" a day, it is also possible that at
higher doses, other mechanisms beside the liver biotrans-
formation enzymes counteract the effects of PS success-
fully. However, 5 mg- t kg- t a day is the recommended dose
of l3-sitosterol in various health products containing PS. In
this regard, part of the general population consumes PS at a
rate high enough to cause some of the effects described
above. Of course, the observed effects per se were not ben-
eficial or harmful. However, they were quite distinct even
after a relatively short exposure. As wild mammals ingest
continuously other PS and foreign substances, there can also
be complex interactions neglected in this study. A thorough
risk assessment with chronic exposure on the effects of PS
should be taken into consideration.
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