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Abstract

Massányi  P. ,  V.  Uhrín,  A.  V.  Sirotkin,  K.  Paksy,  Zs.  Forgács,  R.  Toman,  
J .  Kováãik: Effects of Cadmium on Ultrastructure and Steroidogenesis in Cultured Porcine 
Ovarian Granulosa Cells. Acta Vet. Brno 2000, 69: 101–106.

Cadmium is an environmental risk factor having various toxic effects both in animals and
in humans. The aim of this study was to study its effects on the structure and function of porcine
ovarian granulosa cells cultured in vitro.

Ultrastructure of granulosa cells was studied after 48 h of culture with (0.2, 10 and 20 ng
CdCl2/ml) of without cadmium using transmission electron microscopy (TEM). Quantification of
progesterone and 17-β-oestradiol was performed directly from aliquots of the media from control
and treated cells by radioimmunoassay (RIA).  

After cadmium administration cell membranes were disintegrated. It was manifested by
occurrence of vacuoles in the cytoplasm.The vacuoles contained fibrillar or membranous material.
The Golgi complex rarely remained intact. Increased number of lysosomes was detected. With
increasing cadmium concentrations the number of lipid droplets increased. In some cells the
changes were less evident and dense mitochondria with distinct membranes were found. In other
cell types the amount of mitochondrial matrix increased and that of membranes decreased. Some
mitochondria fused with lysosomes. The endoplasmic reticulum rarely remained intact, and its
dilation was well visible on transverse sections. Nuclei with distinct heterochromatin at the nuclear
membrane were often observed. In these nuclei perinuclear cistern was dilated. Less frequently
nuclei with condensed chromatin reminiscent of pyknosis were observed. Some nuclei had
dispersed fine granular chromatin. In other cells changes were less evident, and comprised
condensed chromatin in the central part of nuclei. These structural changes of granulosa cells
exposed to cadmium  were related to premature luteinization of these cells. In the evaluation of
steroidogenesis we found that cadmium induced an increase in progesterone production, and a
decrease in 17-β-oestradiol production by ovarian granulosa cells; however, these differences were
not significant. The  results of our study elucidate some of the effects of cadmium on gonadal
function, and should also serve to increase the level of awareness of its effects on human and animal
health.

Cadmium, granulosa cells, ultrastructure, progesterone, 17-β-oestradiol

Cadmium is an environmental contaminant unique among metals because of its diverse
toxic effects, extremely protracted biological half-life, low rate of excretion from the body,
and predominant storage in soft tissues (primarily liver and kidney). However, cadmium
also affects reproductive organs. Its action may be either direct, affecting the gonads and
accessory organs, or indirect via interference with the hypothalamus - pituitary - gonadal
axis (Paksy et al. 1992; Massányi  and Uhrín 1996) . 

Background ovarian cadmium levels in control rats have been shown to be 0.01 - 0.03
mg/kg wet organ weight (Paksy et al. 1990). Also our previous studies report similar
concentrations in rabbits - 0.03 mg/kg (Massányi  et al. 1997), sheep - 0.01 (Toman and
Massányi  1996) and cows - 0.01 - 0.02 (Massányi  et al. 1995). In humans,
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concentrations of 0.1 - 0.65 have been reported (Nriagu 1981). In the human ovary
cadmium levels increase linearly between 30 and 65 years of age, from 0.03 to 1.3 mg/kg
wet weight (Varga et al. 1993). A significant (6.73–7.93 µg/ml) amount of cadmium was
measured in human ovarian follicular fluid (Zenzes et al. 1995). 

Basic histological studies in rabbits showed that in the ovary cadmium causes a decrease
in the number of primary follicles after i.p. administration (1.5 mg/kg). The number of atretic
follicles was significantly (P < 0.05) higher after administration of cadmium. The
percentage of growing follicles was significantly higher and that of stroma significantly
lower in the control group in comparison with all experimental groups receiving i.p. or p.o.
administration of cadmium (Massányi  1996; Massányi  and Uhrín 1996). Cadmium
chloride administered s.c. induced profound cellular and vascular changes in the ovary of
prepubertal rats. The large and medium-sized follicles underwent immediate mass atresia
and the smaller ones had the same fate after a brief period of resistance (Kar  et al. 1959).

The aim of this study was to determine the ultrastructural alterations and steroidogenesis
of porcine granulosa cell cultured with cadmium, an environmental risk factor known to
inhibit ovulation.

Materials and Methods

Ovaries were obtained at local abattoir from pubertal Slovak white gilts at seven months of age, immediately prior
to the onset of oestrous cyclicity (visual examination of ovarian state). One hour after the animals were killed the
contents of all 1 - 4 mm follicles (Danko 1997) were aspirated using a 2 ml syringe, and granulosa cells were
separated from the follicular fluid by centrifugation for 5 min at 200 g. After removal of the supernatant, granulosa
cells were resuspended using a Pasteur pipette in sterile TCM - 199 (Sigma, St. Louis, MO, USA) supplemented with
5 % bovine foetal serum (Veterinary Research Institute, Brno, Czech Republic). The sequence of centrifugation,
medium replacement and pipetting was repeated three times. After the last centrifugation, granulosa cells were
resuspended in the incubation medium TCM - 199 supplemented with 10 % bovine foetal serum and 50 mg antibiotic
gentamicin/l (Pharmachim, Sophia, Bulgaria). Two millilitres of this suspension (concentration 1 x 106 cells/ml
determined by haemocytometer) were transferred to Petri dishes (Sterilin Ltd., Feltham, UK) and incubated at 37.5
°C in 5 % CO2 in humidified air for 48 h. Cell viability (determined by Trypan blue stain) was 75 - 78 %. The medium
was then replaced with new medium of the same composition containing, in addition, cadmium chloride (Sigma, St.
Louis, MO, USA) at 0.2 ng/ml (group A), 10 ng/ml (group B) and 20 ng/ml (group C). Control medium (group K)
contained no cadmium. Cadmium was dissolved in the culture medium immediately before use. After 48 h of culture
with or without cadmium cells were separated, fixed in 2 % paraformaldehyde and 2.5% glutaraldehyde in 0.2 M
phosphate buffer at 4 °C for 2 h, dehydrated in a graded series of ethanol solution, and embedded in epoxy resin.
Ultrathin sections were stained with uranyl acetate and lead citrate and observed using 100 CX-II JOEL. From each
experiment 20 electron microscopy sections from three different replicates were examined.

Quantification of progesterone and 17-β-oestradiol were performed directly from aliquots of the media from
control and treated cells by radioimmunoassay (RIA). Ten replicate treatments were prepared per experiment.
Steroids were measured either in blank control (medium cultured without cells), in control (medium conditioned
by cells cultured without cadmium) and in experimental groups (medium conditioned by cadmium-treated cells).
By calculation of values of hormones produced by cells the values of endogenous hormones (blank control) were
always substracted from values of total steroids measured in a cell-conditioned medium to exclude the influence
of endogenous steroids on assessment of steroid secretion by cultured cells. 

The minimum detectable limit for progesterone was 0.5 ± 0.02 ng/ml and the intra- and inter-assay variations
were 5.6% and 7.9% respectively. Isotope (1,2,6,7-3H)-progesterone (code TRK 417, Amersham,
Buckinghamshire, UK) with specific activity of 3.26 TBq/mmol and progesterone antibody (Code P-001, Steranti,
UK) was used. Intra- and inter- variations of 17-β-oestradiol were 6.3% and 9.2% respectively. Isotope (2,3,6,
7-3H)-oestradiol (code TRK 322, Amersham, Buckinghamshire, UK) was used. The 17-β-oestradiol standard and
antiserum were kindly donated by Dr. Tibor Fehér (Semmelweis Medical School, First Department of Internal
Medicine, Budapest, Hungary). 

Analysis of variance and Scheffe’s test were used to calculate basic statistic characteristics (mean, standard
deviation) and to determinate significant differences in hormone production. Results of the RIAs were calculated
after logarithmic transformation. 

Results

In control culture, without cadmium administration, the cells had cytoplasmatic
membranous structures free of pathological changes but in some cells vacuoles of various
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size bordered with membrane appeared (empty or filled with fibrillar material). Lysosomes
containing fibrillar material or dense granules were also present. Cells as well as their nuclei
had normal structure. Low numbers of lipid droplets in cytoplasm were observed.

In culture with serum + 0.2 ng CdCl2/ml, cells with higher numbers of vacuoles, or lipid
droplets were present (Plate I, Fig. 1). High amounts of vacuolized structures covered by
simple membrane, or dilated endoplasmic membranes with peripheral dense granules were
observed. In some vacuoles lipid droplets were present. Dilated mitochondria with less
distinct structure appeared. Some membranes were similar in appearance to transverse or
longitudinal sections of granular endoplasmic reticulum (GER). The structure of the
chromatin was altered into condensed material or a powdered amorphous mass. 

Granulosa cells in culture group with serum + 10 ng CdCl2/ml were damaged as in the
previous group. Membranes of the Golgi complex were weakly developed. Vacuolisation
of cytoplasm was present, and the vacuoles had sharp single membrane and contained fine
fibrillar material, or they were filled with lipid droplets. Granulosa cells with dilated sacks
of GER and condensed small mitochondria were observed. Nuclei were filled with
homogenous dense chromatin. These nuclei had heterochromatin of low expression and
invaginations. In some mitochondria distinct cristae remained (Plate I, Fig. 2). Dilated
mitochondria were of low density, vacuoles contained fine dense material, and some of them
contained lipid droplets (vacuoles and/or lysosomes had an appearance of autolysosomes). 

Cells cultured with serum + 20 ng CdCl2/ml were similar in appearance to the previous
group. In vacuoles concentrated membranous myelin formations were present. Vacuolisation
of cytoplasm is reported (Plate II, Fig. 3), and lysosomes also occurred.  The outer nuclear
membrane was undulated and dilatation of perinuclear cistern occurred (Plate II, Fig. 4).

Hormone productions of granulosa cells without and with cadmium treatment are shown in
Figs 5 and 6. The highest production of
progesterone was found in the group with
addition of 10 ng CdCl2/ml (44.30 ± 6.00
ng/ml), and when the dose of cadmium was
increased to 20 ng CdCl2/ml its production
decreased (34.94 ± 6.51). In the group with
addition of 0.2 ng CdCl2/ml the progesterone
level was 40.37 ± 7.58 ng/ml, and in the control
group 29.31 ± 13.50 ng/ml.

Production of 17-β-oestradiol by granulosa
cells increased in group A (273.93 ± 131.71)
more than in the other groups (control group -
190.60 ± 168.99, group B - 236.87 ± 120.04,
group C - 249.83 ± 183.66). None of the
differences were significant.

It can be concluded that addition of
cadmium causes luteinisation of granulosa
cells, as was demonstrated by the higher
progesterone level in culture medium.

Discusssion

Problems in reproduction are well studied
in relation to the development
(Janãoviãová et al. 1996), to the actual
state of reproduction (Kolodzieyski  et al.
1991; Kolodzieyski  and Danko 1995;
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Fig 5. Effects of cadmium on progesterone concentrat-
ion (ng/ml) of in vitro cultured porcine granulosa cells

Fig. 6. Effects of cadmium on 17-β-oestradiol concent-
ration (pg/ml) of in vitro cultured porcine granulosa cells



Krajniãáková et al. 1996) as well as to the environmental pollution (Varga  et al. 1993;
Legáth  et al. 1996).  

The toxic effects of cadmium on the reproductive organs of animals and humans are most
completely described in testes (Webb 1972; Aoki  and Hoffer  1978; Hew et al. 1993;
Blot tner  et al. 1999). High cadmium accumulation is reported in the ovary of sheep (Bíre‰
et al. 1991). Cadmium levels in the ovary increase linearly between 30 and 60 years of age
in women (Varga et al. 1993). Oedema of ovarian tissue, which is probably caused by
vascular changes and also by low molecular weight of cadmium- and zinc-binding proteins
present in the ovaries, which are not metallothionein is described. A correlation between
metallothionein deficiency and high sensitivity to the effects of cadmium has been described
(Waalkes et al. 1988). In another report, cadmium chloride treatment induced profound
cellular and vascular changes in the ovary of prepubertal rats. The large and medium-size
follicles underwent mass atresia. At 6 h after cadmium treatment there was vascular
engorgement and haemorrhage in the theca (Paksy et al. 1992).

The major findings of this study have been that cadmium is able to induce alterations in the
ultrastructure and function of cultured porcine granulosa cells in vitro. Cadmium influences
the intracellular structure of granulosa cells with changes in membranous cellular structures.
The structure of the nucleus was altered so that nuclei were changed into condensed material
of dense chromatin. The most severe ultrastructure perturbations were induced by the lowest
concentration of cadmium tested (0.2 ng/ml) but the higher cadmium levels also caused very
evident changes, which were structurally similar. It seems that porcine granulosa cells are
sensitive to a concentration 0.2 ng CdCl2/ml and that cellular alterations start at this level or
below; we suggest that future studies should focus on lower concentrations to determine
threshold levels. But the most general finding - the vacuolisation of cytoplasm was
determined in all groups with addition of cadmium in comparison with control and seems to
be a significant sign of cadmium toxicity. In addition to this structural effect, cadmium also
altered progesterone and 17-β-oestradiol secretion, which are required for further stages of
reproduction.

Exposure of human granulosa cells to cadmium resulted in morphological alterations in
the monolayer depending on dose and exposure time (Paksy et al. 1997). At higher doses
as well as low doses with longer exposure, cells began to separate from each other by
contracting towards the centre and assuming a circular shape. In our experiments with 10 ng
CdCl2/ml and 20 ng CdCl2/ml treatment, the cytoplasm becames vacuolised and two types
of lesions were present. Granulosa cells contained dilated sacks of granular endoplasmic
reticulum and also vacuolar formations and dilated mitochondrias were described.

Increase of progesterone production by ovarian granulosa cells is reported. This
conclusion is not in accordance with the findings declared by Paksy et al. (1992, 1997).
These authors found a decrease of progesterone production by human granulosa cells after
cadmium treatment in vitro. Cadmium did not cause a significant alteration in progesterone
accumulation during 4 h incubation periods. Following 24 h cadmium decreased
progesterone production (Paksy et al. 1992). We suggest that the degeneration and
luteinisation of granulosa cells cause the progesterone production. Basal progesterone
production of cadmium-treated cells remained unchanged (20 ng/ml) or was enhanced; this
supports the theory of cadmium - calcium competition. Calcium has been reported not to
influence basal pregnenolon production or estrogen synthesis from androgen substrates, or
progesterone production from exogenously supplied sterol substrates in porcine granulosa
cells whereas it is known that calcium ions influence the stimulatory action of LH and
modulate the effects of cAMP on progesterone biosynthesis (Veldhuis  et al. 1984).

A decrease in 17-β-oestradiol concentrations was observed; in this respect our results are
similar to results obtained by Paksy et al. (1992, 1997) in human granulosa cells.
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These results contribute to our knowledge of the effects of cadmium on gonadal
function, and should also serve to increase the level of awareness of its effects on human
and animal health.

Vplyv kadmia na ultra‰truktúru a steroidogenézu kultivovan˘ch ovariálnych
granulóznych buniek o‰ípan˘ch

V práci sa sledoval vplyv kadmia ako rizikového faktora prostredia na ultra‰truktúru a
steroidogenézu kultivovan˘ch granulóznych buniek vajeãníka o‰ípan˘ch. Zistili sme
dezintegráciu membrán buniek po podaní kadmia. Dezintegrácia sa prejavovala v˘skytom
vakuol v cytoplazme buniek, ktoré obsahovali fibrilárny alebo membranózny materiál.
Golgiho komplex sa vyskytoval len ojedinele. Zistilo sa zv˘‰enie poãtu lyzozómov. So
zvy‰ujúcou sa koncentráciou kadmia sa zvy‰oval aj poãet tukov˘ch kvapôãok. V
niektor˘ch bunkách boli zmeny menej v˘razné, s v˘skytom denzn˘ch mitochondrií so
zreteºn˘mi membránami. V in˘ch bunkách sme sledovali zvy‰ovanie sa zastúpenia matrix
a úbytok membrán mitochondrií. U niektor˘ch mitochondrií do‰lo k fúzii s lyzozómami.
âast˘m nálezom bola dilatácia endoplazmatického retikula. Sledovali sme jadrá so
zreteºn˘m heterochromatínom v blízkosti jadrovej membrány. U t˘chto buniek sme
zisÈovali dilatáciu perinukleárnej cisterny. Menej ãasto sme pozorovali bunky s
kondenzovan˘m chromatínom, podliehajúcim pyknóze. Niektoré jadrá mali rozpt˘len˘
jemn˘ granulárny chromatín. Tieto ‰trukturálne zmeny granulóznych buniek po ich
kultivácii s kadmiom sú spôsobené luteinizáciou granulóznych buniek, nakoºko tieto
bunky sa predãasne dostávajú do luteálnej fázy. Tieto údaje potvrdzuje aj anal˘za
steroidogenézy, kde sme zistili, Ïe kadmium spôsobuje zv˘‰enie produkcie progesterónu a
na druhej strane produkcia 17-β-estradiolu je zníÏená. Rozdiely v‰ak neboli ‰tatisticky
v˘znamné.
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Fig. 1. Influence of cadmium on granulosa cells. After cell culture with cadmium (0.2 ng CdCl2/ml) higher amount
of vacuoles (V) in cytoplasma occurs. Cisternae of granular endoplasmic reticulum (G) are dilated (× 10 000).

Fig. 2. Culture of granulosa cells with addition of cadmium (10 ng CdCl2 /ml) caused vacuolisation (V) of cyto-
plasm and dilation of granular endoplasmic reticulum (G). In mitochondriae (M) dilation and alterations in the inner
mitochondrial membrane were found (× 7 200). 

Plate I
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Plate II

Fig. 3. After culture of granulosa cells with cadmium (20 ng CdCl2 /ml) vacuolisation (V) of cytoplasm is seen
(× 7 200).

Fig. 4. Cadmium also affects the nucleus and cause undulation of nuclear membrane (N). Perinuclear cisterna (P)
between inner (I) and outer (O) nuclear membrane is dilated (× 7 200).


