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Abstract
the study was conducted in order to compare the in vitro effect of 2,3,7,8-tetrachlorodibenzo-p-
dioxin (tcDD), 3,3’,4,4’,5-pentachlorobiphenyl (pcB 126) and 2,2’,4,4’,5,5’-hexachlorobiphenyl 
(pcB 153) on the number of apoptotic cells and the activity of caspase-3 in chicken ovarian folli-
cles. the ovarian stroma, white (wf) and yellowish (Yf) prehierarchical follicles and fragments of 
the theca and granulosa layers of the 3 largest preovulatory follicles (f3–f1) were in vitro exposed 
to tcDD (10 nM), pcB 126 (10 nM) and pcB 153 (10 µM) for 24 h. After incubation the number of 
apoptotic cells and caspase-3 activity were determined by TUNEL method and fluorometric assay, 
respectively. pcB 126 and pcB 153 increased the number of apoptotic cells in the ovarian stroma 
while tcDD and pcB 126 elevated it in the wf follicles. under the control conditions, caspase-3 
activity steadily increased along with maturation of the follicles, reaching the highest level in the 
theca layer of the f1 follicle. the activity of this enzyme in the granulosa layer of f3–f1 follicles 
was on average 60% lower in comparison to the stroma. exposure to tcDD elevated caspase-3 ac-
tivity in prehierarchical follicles and in the granulosa layer of f2 and f1 preovulatory follicles. on 
the contrary, pcB 126 exerted a suppressive effect on caspase-3 activity in the wf follicles and the 
granulosa layer of the f2 follicle, and pcB 153 in the theca layer of f2 and f1 and the granulosa 
layer of the f3 follicle. in conclusion, the results indicate that tcDD and pcBs affect apoptosis in 
chicken ovarian follicles and in consequence may disrupt follicle development.
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Dioxins and polychlorinated biphenyls (PCBs) are persistent environmental con-
taminants which exert various endocrine toxic effects (Schecter et al., 2006). Diox-
ins are mainly formed as unwanted by-products in thermal and industrial processes. 
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PCBs, however, were intentionally manufactured for industrial purposes and com-
mercial applications from 1929 to 1979 (Kulkarni et al., 2008). The endocrine toxic-
ity of dioxins and PCBs is primarily mediated through the aryl hydrocarbon receptor 
(AHR) (Antkiewicz et al., 2006; Marshall and Kerkvliet, 2010). Several lines of 
evidence indicate that 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) and PCBs exert 
a negative effect on reproduction in birds (Giesy et al., 2003; Ottinger et al., 2009; 
Hrabia et al., 2013; Sechman et al., 2014). Exposure to TCDD causes inhibition of 
egg laying (Ikeda et al., 2004), increases embryo mortality, decreases hatchability 
and the body weight of hatched chicks (Blankenship et al., 2003; Bruggeman et al., 
2003) and decreases the number of prehierarchical white follicles in adult chickens 
(Bruggeman et al., 2005). Since the chicken ovary expresses the AHR (Antos et al., 
2015; Wójcik et al., 2015), it provides an exceptional model for studying the disturb-
ing action of dioxins and other chemicals acting via this receptor. Our previous stud-
ies revealed that TCDD decreases secretion of sex steroid hormones and expression 
of genes encoding major steroidogenic enzymes (Sechman et al., 2014) and alters 
the transcription and activity of detoxification enzymes in chicken ovarian follicles 
(Antos et al., 2015).

The chicken ovary contains the stroma with primordial follicles, white (1–4 mm; 
WF) and yellowish (4–8 mm; YF) prehierarchical follicles, and five to eight preovu-
latory follicles that are arranged in a distinct hierarchy according to size (9–35 mm), 
with the largest (F1) ovulating first. White follicles are highly susceptible to atresia; 
only 5% reach a diameter of 6–8 mm and enter the follicular hierarchy. In contrast, 
hierarchical follicles are committed to ovulation and under normal physiological 
conditions do not become atretic (Gilbert et al., 1983; Johnson, 1996; Proszkowiec- 
-Węglarz et al., 2005). Tissue homeostasis is maintained mainly by apoptosis, which 
eliminates cells without the initiation of an inflammatory response (Johnson and 
Bridgham, 2002). One of the most important ways leading to apoptosis is activation 
of caspases (cysteine proteases). This activation leads to the cleavage of numerous 
cellular proteins. It is widely considered that the most important of the executioner 
caspases is caspase-3 (McIlwain et al., 2013). In the chicken, TCDD and PCBs in-
crease the number of apoptotic thymocytes and cause thymic atrophy (Goff et al., 
2005). Moreover, TCDD has an influence on cardiac apoptosis (Ivnitski et al., 2001) 
and PCBs may initiate apoptosis in the chicken shell gland (Hrabia et al., 2013). In 
avian pre-B cells, TCDD stimulates the apoptosis mediated via AHR (Puebla-Osorio 
et al., 2004).

Despite the above-mentioned data regarding the effects of TCDD and PCBs 
on chicken gonadal function, there are, surprisingly, no data in the available  
literature concerning the effects of dioxins and PCBs on the apoptosis in the  
chicken ovary. Therefore, the present study was undertaken to examine the  
in vitro effect of TCDD, 3,3’,4,4’,5-pentachlorobiphenyl (PCB 126; co-planar  
ongener) and 2,2’,4,4’,5,5’-hexachlorobiphenyl (PCB 153; non-coplanar con- 
gener) on the ovarian cell apoptosis and activity of caspase-3 in chicken ovarian 
follicles.
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Material and methods

chemicals
Antibiotic-antimycotic solution, bovine serum albumin (BSA), dimethyl sulfox-

ide (DMSO), Trizma® buffer substance (Sigma, St. Louis, USA); TCDD, PCB 126, 
PCB 153 (Dr. Ehrenstorfer GmbH, Germany), Eagle’s medium (Laboratory of Sera 
and Vaccines, Lublin, Poland); In situ cell-death detection kit POD-horseradish per-
oxidase (Roche Diagnostics, Mannheim, Germany), Caspase-3 fluorometric assay 
kit (BioVision, Milpitas, USA). All other reagents were purchased from ICN Bio-
medicals (USA) or POCH (Poland).

Animals
All procedures were approved by the First Local Animal Ethics Committee in 

Kraków, Poland. The experiments were performed on 28-week-old Hy-Line Brown 
laying hens. The birds were caged individually at a neutral temperature (18  –20°C), 
under a 14L:10D photoperiod with free access to commercial feed and water. Ovipo-
sition was checked every 15 min between 7:00 and 15:00. Ovulation was considered 
to occur within 15 min after oviposition of the previous egg in the series. Hens (n = 6 
in each experiment) were sacrificed by decapitation approximately 2 h after a midse-
quence ovulation (i.e. about 22.5 h before the next ovulation).

effects of tcDD, pcB 126 and pcB 153 on the number of apoptotic cells in 
the chicken ovarian stroma and white follicles (experiment i)

The ovarian stroma and white prehierarchical follicles (1–4 mm; WF) were iso-
lated from the ovary. The fragments of the ovarian stroma and groups of three in-
tact WF were placed in separate wells and incubated in 1 mL of Eagle’s medium 
supplemented with 0.05% bovine serum albumin, 2 μL/mL antibiotic-antimycotic 
solution (10,000 units penicillin, 10 mg streptomycin and 25 µg amphoteracin B/
mL) in the following four groups: control, medium with the addition of TCDD (10 
nM), PCB 126 (10 nM), and PCB 153 (10 µM). Stock solutions of TCDD and PCBs 
were dissolved in DMSO and subsequently diluted in Eagle’s medium (the final con-
centration of DMSO in medium was below 0.1%). The TCDD concentration in the 
medium was chosen on the basis of the dose-response curve from our previous stu- 
dies (Sechman et al., 2014) while PCB 126 and PCB 153 concentrations were es-
tablished on the basis of the toxicity equivalent factor (TEF) in birds shown by 
van den Berg et al. (1998), and the dose-response curve carried out in the previous  
in vitro experiment (Sechman et al., 2016) where the fragments of the stroma  
and the WF were incubated in the medium supplemented with increasing con- 
centrations of PCB 126 (0.01–1000 nM) or PCB 153 (0.01–1000 µM); data not 
shown. The incubation was performed in 6 replications (n = 6) at 39°C for 24 h in  
an atmosphere of 95% air and 5% CO2. After incubation, the tissues were fixed in 
freshly prepared 4% buffered (0.1 M phosphate buffer, pH = 7.6) formalin and em-
bedded in paraffin wax for subsequent localization of apoptotic cells by the termi-
nal deoxynucleotidyl transferase (TdT)-mediated dUTP nick-end labeling (TUNEL) 
method.
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effects of tcDD, pcB 126 and pcB 153 on the caspase-3 activity in the 
chicken ovarian follicles (experiment ii)

The white (1–4 mm; WF) and yellowish (4–8 mm; YF) prehierarchical follicles 
and the 3 largest preovulatory follicles (20–36 mm; F3–F1; F3<F2<F1) were isolat-
ed from the ovary. With respect to the preovulatory follicles, the granulosa layer was 
separated from the theca one. The theca and granulosa layers of F3–F1 follicles were 
divided into 4 equal pieces. The prehierarchical follicles were incubated as intact ones. 
The YF were incubated individually while the WF were incubated in groups of three. 
The incubation was processed in accordance with the schedule presented in experiment 
I, and with application of the same xenobiotic doses. After incubation, the tissues were 
collected and stored at –80°C until determination of caspase-3 activity.

tunel assay for apoptosis
Analysis was performed as described previously by Hrabia et al. (2011). Briefly, 

deparaffinized and rehydrated slides (6 μm thick) of the stroma and the WF follicles 
were incubated with proteinase K (20 μg/ml) in 10 mM TRIS-HCl, pH 7.4, at 37°C 
for 20 min and apoptotic cells were detected by the terminal deoxynucleotidyl trans-
ferase (TdT)-mediated dUTP nick end-labelling (TUNEL) method by using an in situ 
cell death detection kit POD according to the protocol provided by the manufacturer. 
Negative controls were prepared by incubating slides without TdT. To visualize the 
immunoreaction products, sections were incubated with a mixture of DAB and H2O2. 
Slides were examined and apoptotic (TUNEL-positive) cells were counted with  
a computerized image-analysis system (MultiScanBase v. 14.02, Computer Scan-
ning System, Warsaw, Poland) in 10 random areas (50 μm × 50 μm) of each exam-
ined ovarian stroma and white follicles and averaged for each bird. The mean value 
was calculated from six chickens.

caspase-3 activity determination
The enzymatic activity of caspase-3 was measured according to Monroe et al. 

(2002) and Hrabia et al. (2014) with a ready-to-use fluorometric assay kit (BioVi-
sion, USA). Briefly, tissue samples were homogenized in lysis buffer (100 mg tissue 
per 300 μl buffer) and centrifuged. Supernatants were collected and total protein 
concentrations were determined by the Bradford method. A 100 μg aliquot of protein 
from each sample was transferred in duplicate to 96-well microplates. Immediately 
after a 2 h incubation at 37°C in reaction buffer with substrate, fluorescence at 400 
nm excitation and 505 nm emission was read by a Fluorescence Microplate Reader 
FLx800 (BioTek Instruments, Winooski, USA). The activity of caspase-3 in the sam-
ples was normalized and expressed as the relative activity.

statistical analysis
Data of the experiments were statistically analyzed by one-way ANOVA followed by 

Duncan’s multiple range test using Sigma Stat 2.03 (Systat Software GmbH, Germany). 
Log transformations were performed as needed to maintain homogeneity of variance. 
Figures were prepared using Grapher 10.3 (Golden Software Inc., USA). Values are ex-
pressed as the mean ± SEM and are considered significantly different at P<0.05.
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results

number of apoptotic cells
The apoptotic cells were present in ovarian stroma with primordial follicles and 

WF (Figure 1). In the ovarian stroma, TUNEL-positive cells were mainly detected 
in the connective tissue and the granulosa layer of primordial follicles. In the WF, 
apoptotic cells were localized in the epithelium as well as in the theca and granulosa 
layers. The TUNEL-positive cells were more numerous in the WF than in the stroma 
(Figure 2 a, b). In comparison with the control group, exposure to TCDD increased 
the number of apoptotic cells per unit area (50 µm × 50 µm) in the WF by 20.4% 
(P<0.05; Figure 2 b). PCB 126 increased the number of TUNEL-positive cells in the 
ovarian stroma and the WF by 53.4% and 29.6%, respectively (P<0.05; Figure 2 a, b) 
and PCB 153 elevated their number in the ovarian stroma by 47.4% (P<0.05; Figu- 
re 2 a). It should be noted that after 24 h of incubation the tissue structure was partly 
degenerated, which caused difficulties in histochemical analysis.

Figure 1. Localization of apoptotic cells (TUNEL-positive; arrows) in the ovarian stroma with primordial 
follicles (a, c, e, g) and white follicles (b, d, f, h) incubated for 24 h in control medium (a, b) and with 
addition of TCDD (c, d), PCB 126 (e, f) and PCB 153 (g, h). Apoptotic cells are present in the granulosa 
(G) layer and connective tissue (CT) of ovarian stroma and in epithelium (E), the theca (T) and the 

granulosa (G) layer of white follicles
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Figure 2. Effect of TCDD, PCB 126 and PCB 153 added to incubation medium on number of apoptotic 
cells in the ovarian stroma (a) and the white follicles (b) of the laying hen. Data represent the mean ± 
SEM from 6 replicate experiments. TUNEL-positive cells counted on 10 randomly chosen fields (50 µm 
× 50 µm) of each stroma and WF were average for each individual and for that microscopic field size 
and subsequently the mean value for six chickens was calculated. Values marked with different letters 

differ significantly (P<0.05)

caspase-3 activity in chicken ovarian follicles
In the control conditions the activity of caspase-3 was detected in prehierarchical 

follicles (WF and YF) as well as in the theca and granulosa layers of F3–F1 preovu-
latory follicles. The level of caspase-3 activity in the WF was set as 1. The lowest 
caspase-3 activity (0.37) was observed in the granulosa layer of the F2 follicle and 
the highest activity (2.08) in the theca layer of the F1 follicle (Figure 3).

Figure 3. Caspase-3 activity in the white (WF) and yellowish (YF) prehierarchical follicles, the theca 
(T) and granulosa (G) layers of preovulatory follicles (F3–F1) of the laying hen incubated in a control 
medium for 24 h. Each value represents the mean ± SEM from 6 determinations. Values marked with 

different letters differ significantly (P<0.05)

In comparison with the control group, TCDD increased (P<0.05) caspase-3 activ-
ity in the WF and YF by 39% and 53%, respectively (Figure 4 a). Exposure to TCDD 
also stimulated caspase-3 activity in the granulosa layer of F2 and F1 follicles by 
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82% and 141%, respectively (P<0.01; Figure 4 c). PCB 126 decreased caspase-3 
activity in the WF and granulosa layer of F2 follicles by 47% and 33%, respectively 
(P<0.05; Figure 4 a, c). Exposure to PCB 153 decreased caspase-3 activity in the 
theca layer of F2 and F1 follicles by 23% and 21%, respectively (P<0.05; Figure 4 b) 
and in the granulosa layer of F3 follicle by 40% (P<0.05; Figure 4 c).

Figure 4. Effect of TCDD, PCB 126 and PCB 153 added to incubation medium on caspase-3 activity 
in the white (WF) and yellowish (YF) prehierarchical follicles (a), and the theca (T) (b) and granulosa 
(G) layers (c) of preovulatory follicles (F3–F1) of the laying hen. Data represent the mean ± SEM from  
6 replicate experiments standardized to control activity in each follicle, which was set as 1. Values 

marked with different letters within each follicle differ significantly (P<0.05)
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Discussion

The present study demonstrated, for the first time, the in vitro effects of TCDD, 
PCB 126 and PCB 153 on incidence of apoptosis in the ovarian follicles in chickens. 
Follicular atresia mediated via apoptosis is one of the most important processes in-
volved in the function of the ovary. The intensity of atresia is high in smaller chicken 
ovarian follicles, while it is rare in large follicles (Gilbert et al., 1983). Results of 
this study showed that following PCB 126 and PCB 153 exposure the number of 
apoptotic cells (TUNEL-positive) increased in the ovarian stroma by about 50%. In 
respect to the white follicles, the number of apoptotic cells also increased, however 
after exposure to both coplanar compounds, TCDD and PCB 126. The non-coplanar 
congener PCB 153 did not affect the number of apoptotic cells in these follicles. 
These observations may indicate different levels of susceptibility of the follicles to 
TCDD and PCB toxicity.

One of the most important ways leading to apoptosis is the activation of a caspase 
cascade, therefore next in the study we assessed the in vitro effect of TCDD and two 
PCB congeners on caspase-3 activity. Under the control conditions, in comparison 
with the white follicles the caspase-3 activity was higher in yellowish follicles and 
the theca layer of F3 and F2 follicles, and highest in the theca layer of the F1 fol-
licle. These results indicate that the activity of caspase-3 increases gradually during 
growth and maturation of the follicle. Unsurprisingly, the caspase-3 activity in WF 
and YF was higher than in the granulosa layer of F3–F1 follicles, since granulosa 
cells of prehierarchical follicles are much more susceptible to apoptosis compared to 
granulosa cells of preovulatory follicles. In F3–F1 preovulatory follicles the activ-
ity of this enzyme was 3.2-, 4.6- and 5.2-fold higher in the theca layer than in the 
granulosa one, respectively. This observation is consistent with findings reported by 
Johnson and Bridgham (2000), who for the first time showed the higher expression 
of procaspase-3 protein in the theca layer than in the granulosa layer of preovulatory 
follicles of the hen. However, they showed that the level of procaspase-3 protein 
does not change significantly in the theca layer during follicle development, which 
was inconsistent with our results concerning caspase-3 activity. Moreover, the low 
activity of caspase-3 in the granulosa layer of preovulatory follicles may be associ-
ated with the functional differentiation of the granulosa cells, as well as resistance of 
these cells to apoptosis, which occurs after selection into the preovulatory hierarchy 
(Johnson, 1996; Johnson and Woods, 2009).

Exposure to TCDD steadily elevated caspase-3 activity in prehierarchical fol-
licles similarly to the number of TUNEL-positive cells. The gradual increase of cas-
pase-3 activity following TCDD exposure was also found in the granulosa layer 
of the preovulatory follicles. On the other hand, TCDD had no effect on caspase-3 
activity in the theca layer of these follicles. Our results clearly indicate a stimulatory 
effect of TCDD on caspase-3 activity in the granulosa layer which elevates with the 
maturational state of the follicle. Previous studies on mammals consistently showed 
that the effect of TCDD on apoptosis differs by species. For instance, Piasecka-
Strader et al. (2016) did not find any effect of TCDD on the apoptosis in granulosa 
cells from antral follicles. The exposure to TCDD had also no influence on atresia in 
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mouse antral follicles (Karman et al., 2012). On the other hand, the induction of ap-
optosis was observed in Chinese Hamster Ovary cell line following PCB77, a planar 
dioxin-like PCB congener, treatment (Murati et al., 2015).

Contrary to TCDD, polychlorinated biphenyls exerted only a suppressive effect 
on caspase-3 activity in most of the examined follicles. Similar effects were ob-
served by Gregoraszczuk et al. (2003), who found a reduction in caspase-3 activity 
in cultured granulosa and theca cells of large (8–12 mm) porcine ovarian follicles 
following PCB 126 or PCB 153 exposure. The inhibitory effect of PCBs on activ-
ity of this enzyme in preovulatory follicles seems to be very interesting since the 
reduction of caspase-3 activity was found in the granulosa layer of the F3 follicle, 
both layers of the F2 follicle and the theca layer of the F1 follicle. Surprisingly, 
PCB 126 elevated the number of apoptotic cells but decreased caspase-3 activity.  
It is worth noting that the PCB-induced number of apoptotic cells may not be re-
lated with caspase-3 activity. It is known that mitochondria can be triggered to re-
lease their proapoptotic factors, e.g. apoptosis-inducing factor (AIF) by a mechanism 
that does not require caspase activation (Yu et al., 2002). The apoptotic inductors 
may activate caspases or release the AIF without activation of caspase cascade. AIF 
protein migrates to the nucleus and activates the endonuclease G (Cregan et al., 
2004). It cannot be excluded that PCB 126 stimulates the apoptosis of cell acting via  
a pathway, which omits caspase-3 activation. Although the TUNEL assay is widely 
applied as a specific indicator of apoptosis, the positive reaction in TUNEL assay is 
also given by necrotic and autolysed cells (Grasl-Kraupp et al., 1995). Thus, the el-
evation in the incidence of TUNEL-positive cells observed in our investigation may 
be caused at least in part by the cytotoxic effect of PCBs. Moreover, in cell culture, 
unlike in vivo, apoptotic cells are not phagocytosed and eventually undergo second-
ary necrosis, so the metabolic changes seen in cultures may be due to the transition 
from apoptosis to necrosis, rather than to the induction of apoptosis itself (Cejna  
et al., 1994). This suggestion may be supported by the partly degenerated struc- 
ture of tissues seen in this study after 24 h of incubation. Further investigations are 
necessary to explain the molecular mechanism of PCB 126 action in the chicken 
ovary.

In conclusion, we presented the basal caspase-3 activity in chicken ovarian fol-
licles. This activity depended on the maturational state and the layer of the follicle. 
Furthermore, the results support the suggestion that chicken ovarian follicles are  
a target tissue for the action of dioxins and structurally related compounds. Tak-
ing under consideration the results of the present study, we suggest that TCDD and  
PCBs affect ovarian cell apoptosis and in consequence may disrupt follicle develop-
ment.

Acknowledgements
We would like to thank Mrs. Grażyna Dąbrowska and Mrs. Maria Kwaśniewska 

from University of Agriculture in Krakow for technical help during experiments.



P.A. Antos et al.796

references

A n t k i e w i c z  D.S., P e t e r s o n  R.E., H e i d e m a n  W. (2006). Blocking expression of AHR2 and 
ARNT1 in zebrafish larvae protects against cardiac toxicity of 2,3,7,8-tetrachlorodibenzo-p-dioxin. 
Toxicol. Sci., 94: 175–182.

A n t o s  P.A., B ł a c h u t a  M., H r a b i a  A., G r z e g o r z e w s k a  A.K., S e c h m a n  A. (2015). Ex-
pression of aryl hydrocarbon receptor 1 (AHR1), AHR1 nuclear translocator 1 (ARNT1) and CYP1 
family monooxygenase mRNAs and their activity in chicken ovarian follicles following in vitro 
exposure to 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD). Toxicol. Lett., 237: 100–111.

B e r g  v a n  d e n  M., B i r n b a u m  L., B o s v e l d  A.T.C., B r u n s t r ö m  B., C o o k  P., F e e l e y  M., 
G i e s y  J.P., H a n b e r g  A., H a s e g a w a  R., K e n n e d y  S.W., K u b i a k  T., L a r s e n  J.C., 
L e e u w e n  v a n  F.X.R., L i e m  A.K.D., N o l t  C., P e t e r s o n  R.E., P o e l l i n g e r  L., S a - 
f e  S., S c h r e n k  D., T i l l i t t  D., T y s k l i n d  M., Yo u n e s  M., Wa e r n  F., Z a c h a r e w - 
s k i  T. (1998). Toxic equivalency factors (TEFs) for PCBs, PCDDs, PCDFs for humans and wild-
life. Environ. Health Perspect., 106: 775–792.

B l a n k e n s h i p  A.L., H i l s c h e r o v a  K., N i e  M., C o a d y  K.K., V i l l a l o b o s  S.A., K a n - 
n a n  K., P o w e l l  D.C., B u r s i a n  S.J., G i e s y  J.P. (2003). Mechanisms of TCDD-induced ab-
normalities and embryo lethality in white leghorn chickens. Comp. Biochem. Physiol. C Toxicol. 
Pharmacol., 136: 47–62.

B r u g g e m a n  V., S w e n n e n  Q., D e  K e t e l a e r e  B., O n a g b e s a n  O., T o n a  K., D e c u y -
p e r e  E. (2003). Embryonic exposure to 2,3,7,8-tetrachlorodibenzo-p-dioxin in chickens: effects of 
dose and embryonic stage on hatchability and growth. Comp. Biochem. Physiol. C Toxicol. Phar-
macol., 136: 17–28.

B r u g g e m a n  V., O n a g b e s a n  O., D u m e z  L., D e  K e t e l a e r e  B., D e c u y p e r e  E. (2005). 
Effects of early prenatal exposure to 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) on postnatal re-
production in the laying hen (Gallus gallus). Comp. Biochem. Physiol. C Toxicol. Pharmacol., 141: 
349–355.

C e j n a  M., F r i t s c h  G., P r i n t z  D., S c h u l t e - H e r m a n n  R., B u r s c h  W. (1994). Kinetics of 
apoptosis and secondary necrosis in cultured rat thymocytes and S.49 mouse lymphoma and CEM 
human leukemia cells. Biochem. Cell Biol., 72: 677–685.

C r e g a n  S.P., D a w s o n  V.L., S l a c k  R.S. (2004). Role of AIF in caspase-dependent and caspase-
independent cell death. Oncogene, 23: 2785–2796.

G i e s y  J.P., F e y k  L.A., J o n e s  P.D., K a n n a n  K., S a n d e r s o n  T. (2003). Review of the effects 
of endocrine-disrupting chemicals in birds. Pure Appl. Chem., 75: 2287–2303.

G i l b e r t  A.B., P e r r y  M.M., Wa d d i n g t o n  D., H a r d i e  M.A. (1983). Role of atresia in estab-
lishing the follicular hierarchy in the ovary of the domestic hen (Gallus domesticus). J. Reprod. 
Fertil., 69: 221–227.

G o f f  K.F., H u l l  B.E., G r a s m a n  K.A. (2005). Effects of PCB 126 on primary immune organs and 
thymocyte apoptosis in chicken embryos. J Toxicol. Environ. Health A., 68: 485–500.

G r a s l - K r a u p p  B., R u t t k a y - N e d e c k y  B., K o u d e l k a  H., B u k o w s k a  K., B u r s c h  W., 
S c h u l t e - H e r m a n n  R. (1995). In situ detection of fragmented DNA (TUNEL assay) fails to 
discriminate among apoptosis, necrosis, and autolytic cell death: a cautionary note. Hepatology, 21: 
1465–1468.

G r e g o r a s z c z u k  E.L., S o w a  M., K a j t a  M., P t a k  A., W ó j t o w i c z  A. (2003). Effect of PCB 
126 and PCB 153 on incidence of apoptosis in cultured theca and granulosa cells collected from 
small, medium and large preovulatory follicles. Reprod. Toxicol., 17: 465–471.

H r a b i a  A., S e c h m a n  A., G e r t l e r  A., R z ą s a  J. (2011). Effect of growth hormone on steroid 
content, proliferation and apoptosis in the chicken ovary during sexual maturation. Cell Tissue Res., 
345: 191–202.

H r a b i a  A., L e ś n i a k  A., S e c h m a n  A. (2013). In vitro effects of TCDD, PCB126, PCB153 on 
estrogen receptors, caspases, and metalloproteinase-2 mRNA expression in the chicken shell gland. 
Folia Biol. (Krakow), 61: 277–282.

H r a b i a  A., L e ś n i a k - Wa l e n t y n A., S e c h m a n  A., G e r t l e r  A. (2014). Chicken oviduct – the 
target tissue for growth hormone action: effect on cell proliferation and apoptosis and on the gene 
expression of some oviduct-specific proteins. Cell Tissue Res., 357: 363–372.



Apoptosis in chicken ovarian follicles 797

I k e d a  M., M a t s u s h i t a  S., Ya m a s h i t a  J., I k e y a  M., I w a s a w a  T., T o m i t a  T. (2004). The 
transfer of 2,3,7,8-tetrachlorodibenzo-p-dioxin into eggs and chicks following exposure to hens. 
Organohalogen Compd., 66: 3305–3309.

I v n i t s k i  I., E l m a o u e d  R., Wa l k e r  M.K. (2001). 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) 
inhibition of coronary development is preceded by a decrease in myocyte proliferation and an in-
crease in cardiac apoptosis. Teratology, 64: 201–212.

J o h n s o n  A.L. (1996). The avian ovarian hierarchy: a balance between follicle differentiation and 
atresia. Poultry Avian Biol. Rev., 7: 99–110.

J o h n s o n  A.L., B r i d g h a m  J.T. (2000). Caspase-3 and -6 expression and enzyme activity in hen 
granulosa cells. Biol. Reprod., 62: 589–598.

J o h n s o n  A.L., B r i d g h a m  J.T. (2002). Caspase-mediated apoptosis in the vertebrate ovary. Re-
prod., 124: 19–27.

J o h n s o n  A.L., Wo o d s  D.C. (2009). Dynamics of avian ovarian follicle development: Cellular 
mechanisms of granulosa cell differentiation. Gen. Comp. Endocrinol., 163: 12–17.

K a r m a n  B.N., B a s a v a r a j a p p a  M.S., H a n n o n  P., F l a w s  J.A. (2012). Dioxin exposure re-
duces the steroidogenic capacity of mouse antral follicles mainly at the level of HSD17B1 without 
altering atresia. Toxicol. Appl. Pharmacol., 264: 1–12.

K u l k a r n i  P.S., C r e s p o  J.G., A f o n s o  C.A. (2008). Dioxin sources and current remediation tech-
nologies – a review. Environ. Int., 34: 139–153.

M a r s h a l l  N.B., K e r k v l i e t  N.I. (2010). Dioxin and immune regulation: emerging role of aryl 
hydrocarbon receptor in the generation of regulatory T cells. Ann. NY Acad. Sci., 1183: 25–37.

M c I l w a i n  D.R., B e r g e r  T., M a k  T.W. (2013). Caspase functions in cell death and disease. Cold 
Spring Harb. Perspect. Biol., 5: a008656.

M o n r o e  D.G., B e r g e r  R.R., S a n d e r s  M.M. (2002). Tissue-protective effects of estrogen involve 
regulation of caspase gene expression. Mol. Endocrinol., 16: 1322–1331.

M u r a t i  T., Š i m i ć  B., B r o z o v i c  A., K n i e w a l d  J., M i l e t i ć  G o s p i ć  A., B i l a n d ž i ć  N., 
K m e t i č  I. (2015). PCB 77 action in ovary cells-toxic effects, apoptosis induction and cell cycle 
analysis. Toxicol. Mech. Methods., 25: 302–311.

O t t i n g e r  M.A., L a v o i e  E.T., A b d e l n a b i  M., Q u i n n  Jr. M.J., M a r c e l l  A., D e a n  K. 
(2009). An overview of dioxin-like compounds, PCB, and pesticide exposures associated with sexu-
al differentiation of neuroendocrine systems, fluctuating asymmetry, and behavioral effects in birds. 
J. Environ. Sci. Health C Environ. Carcinog. Ecotoxicol. Rev., 27: 286–300.

P i a s e c k a - S r a d e r  J., S a d o w s k a  A., N y n c a  A., O r l o w s k a  K., J a b l o n s k a  M., 
J a b l o n s k a  O., P e t r o f f  B.K., Ciereszko R.E. (2016). The combined effects of 2,3,7,8-tet-
rachlorodibenzo-p-dioxin and the phytoestrogen genistein on steroid hormone secretion, AhR and 
ERβ expression and the incidence of apoptosis in granulosa cells of medium porcine follicles.  
J. Reprod. Dev., 62: 103–113.

P r o s z k o w i e c - W ę g l a r z  M., R z ą s a  J., S ł o m c z y ń s k a  M., Pa c z o s k a - E l i a s i e w i c z  H. 
(2005). Steroidogenic activity of chicken ovary during pause in egg laying. Reprod. Biol., 5:  
205–225.

P u e b l a - O s o r i o  N., R a m o s  K.S., F a l a h a t p i s h e h  M.H., S m i t h  R. 3rd, B e r g h m a n  L.R. 
(2004). 2,3,7,8-tetrachlorodibenzo-p-dioxin elicits aryl hydrocarbon receptor-mediated apoptosis in 
the avian DT40 pre-B-cell line through activation of caspases 9 and 3. Comp. Biochem. Physiol.  
C Toxicol. Pharmacol., 138: 461–468.

S c h e c t e r  A., B i r n b a u m  L., R y a n  J.J., C o n s t a b l e  J.D. (2006). Dioxins: An overview. Envi-
ron. Res., 101: 419–428.

S e c h m a n  A., A n t o s  P., K a t a r z y ń s k a  D., G r z e g o r z e w s k a  A., Wo j t y s i a k  D., 
H r a b i a  A. (2014). Effects of 2,3,7,8-tetrachlorodibenzo-p-dioxin on secretion of steroids and  
STAR, HSD3B and CYP19A1 mRNA expression in chicken ovarian follicles. Toxicol. Lett., 225: 
264–274.

S e c h m a n  A., B a t o r y n a  M., A n t o s  P.A., H r a b i a  A. (2016). Effects of PCB 126 and PCB 153 
on secretion of steroid hormones and mRNA expression of steroidogenic genes (STAR, HSD3B, 
CYP19A1) and estrogen receptors (ERα, ERβ) in prehierarchical chicken ovarian follicles. Toxicol. 
Lett., 264: 29–37.

W ó j c i k  D., A n t o s  P.A., K a t a r z y ń s k a  D., H r a b i a  A., S e c h m a n  A. (2015). Effect of PCB 



P.A. Antos et al.798

126 on aryl hydrocarbon receptor 1 (AHR1) and AHR1 nuclear translocator 1 (ARNT1) mRNA 
expression and CYP1 monooxygenase activity in chicken (Gallus domesticus) ovarian follicles. 
Toxicol. Lett., 239: 73–80.

Yu  S.W., Wa n g  H., P o i t r a s  M.F., C o o m b s  C., B o w e r s  W.J., F e d e r o f f  H.J., P o i - 
r i e r  G.G., Dawson T.M., Dawson V.L. (2002). Mediation of poly(ADP-ribose) polymerase-1-de-
pendent cell death by apoptosis-inducing factor. Science, 297: 259–263.

Received: 23 VI 2016
Accepted: 1 II 2017


