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The aim of this study was to determine the effect of cadmium on Muscovy
ducklings (Cairina moschata) based on hatching results and the activity of en-
zymes in the blood plasma. On day 6 of incubation, hatching eggs were injected into
the egg albumen with 50 pl of saline solution containing Cd ions (CdCl,) at con-
centrations of 0 (control group), 1.3, 4.0, 7.5, 15.0 and 30 pug/egg, using 50 eggs
per group. A gradual decrease in hatchability, from 52% in the control to 4% in
the highest Cd dose group, was observed, with the LDs, calculated as 8 pg/egg.
However, the impact of cadmium on the incidence of malformations of duck em-
bryos has not been proven. Compared to the control group, N-acetyl-B-D-
glucosaminidase activity increased by 30-50% (P < 0.05) in the blood serum of
ducklings in the groups receiving more than 7.5 pg Cd/egg, whereas an elevated
activity of arylsulphatase (by 45%) was observed for a lower dose only (4 pg
Cd/egg). A gradual increase in the activity of alanine and aspartate aminotrans-
ferases was observed (P < 0.05), starting from the lowest exposure of 1.3 pg
Cd/egg, by 155% and 53%, respectively. In conclusion, the results prove the dose-
dependent toxic impact of cadmium on embryogenesis and on the studied blood
plasma enzyme activities of ducklings.

Key words: Muscovy duck, embryogenesis, cadmium, aminotransferases,
lysosomal hydrolases

Cadmium is a ubiquitous trace metal and human activities appear to have
increased its abundance in the biosphere during the past several decades. The
human population and animals are exposed to Cd via contaminants found in air,
drinking water and food that tend to accumulate slowly in the body (Jarup et al.,
1998; Satarug et al., 2003). Various organs can accumulate Cd, mainly the liver
and the kidneys (Dzugan et al., 2012b; Sarkar et al., 2013). Exposure to cadmium
has been associated with numerous harmful effects on several organs including
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the kidneys, liver, lung, pancreas, testis, placenta, as well as on bone structure and
physiological functions (Sarkar et al., 2013; Marettova et al., 2015). Indeed, Cd in-
hibits the mitochondrial electron transfer chain and induces the production of reac-
tive oxygen species (ROS), leading to DNA strand damage (Wang et al., 2004).

Several toxicological impacts due to cadmium ingestion have been re-
ported in birds and mammals. Among them, exposure to cadmium induces a de-
crease in fertility and embryonic development, and also causes prenatal death
and sexual dysfunction. In the few studies conducted on birds, the in situ levels
of heavy metals in wild populations were investigated (Kalisinska et al., 2004;
Lucia et al., 2010; Dzugan et al., 20125). As the reproductive system of birds is
particularly sensitive to chemical environmental pollutants (Marettova et al.,
2015), avian eggs and embryos are considered to be sensitive indicators of heavy
metal contamination (Dobrzanski et al., 2004; Thompson et al., 2010; Kim and
Oh, 2014). Moreover, cadmium has negative effects on fertility and early embryo
development. The adverse action of cadmium on embryogenesis in chicken
(Dzugan et al., 2011, 2012g; Yamamoto et al., 2012; Pawlak et al., 2013;
Kensova et al., 2015) and aquatic birds (Kertész and Fancsi, 2003) has been in-
tensively studied. The rapid movement of contaminants in the aquatic environ-
ment increases the risk for aquatic birds as compared to terrestrial ones.

The accumulation of chemicals present at low concentrations in water or
the sediment can be biomagnified, reaching harmful concentrations in the tissues
of higher-level consumers (Tsipoura et al., 2011). The effects of heavy metal
compounds on aquatic birds have been widely investigated in ecotoxicological
studies which, however, mainly focus on the postnatal period of life (Lucia et al.,
2010; Tsipoura et al., 2011). Birds exposed to high environmental contaminant
levels accumulate heavy metals in their eggs (0200 and 206700 ppm for Pb
and Cd, respectively) (Tsipoura et al., 2011). Moreover, the eggs of waterfowl
may come into direct contact with different surface pollutants, transferred by
immersion during the nesting season (Kertész and Fancsi, 2003). However, less
information is available on the adverse effect of cadmium on embryonic devel-
opment in waterfowl. Therefore, the objective of this study was to evaluate the
effects of cadmium on the embryonic development of Muscovy duck (Cairina
moschata) and on the biochemical status of hatched ducklings.

Materials and methods

The experimental and animal procedures were approved by the First Local
Ethics Committee at the Medical University in Lublin, Poland (No. 9/2011).
Hatching eggs of Muscovy ducks (Cairina moschata) (n = 320), weighing 87.3 +
10.42 g and originating from a parent stock farm (Drop S.A. Kgpno, Poland),
were used. The eggs were incubated in a Masalles 65 DIGIT incubator under
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standard conditions [incubation days E1-E28: temperature (T) = 37.8 °C, relative
humidity (RH) = 50%; E29-E34: T =37.2 £ 0.1 °C; RH = 65%]. On day 6 of in-
cubation (E6) the eggs were candled and embryonated eggs (n = 50 eggs per
group) were injected with CdCl, (Sigma, USA) solution into the egg albumen
under the chorioallantoic membrane. Doses containing 0, 1.3, 4.0, 7.5, 15.0 and
30.0 ug Cd/50 wl were used. The doses were analogous to those used in an ear-
lier experiment (Dzugan et al., 2011) based on the weight of the duck eggs.

The eggs were candled again on days 10 (E10) and 28 (E28) of incubation
and those with dead embryos were eliminated. All eggs discarded during can-
dling or unhatched from the ‘hatchability’ subgroups were analysed for the stage
of development and malformations (Romanoff, 1972). Based on hatchability re-
sults, the lethal dose (LDs;) was calculated by the Spearman-Kéarber method
(Hamilton et al., 1977).

Immediately after hatching, the ducklings were weighed, and blood was
collected into heparinised tubes from the jugular vein of all hatched ducklings
from each group after decapitation, excluding the 30 pg Cd group due to its very
low hatchability. The blood was centrifuged and the plasma was stored at —20 °C
until biochemical analyses. The blood plasma was assayed spectrophotometrically
for the activity of lysosomal hydrolases N-acetyl-B-D-glucosaminidase (NAG),
B-D-galactosidase (B-GAL), B-D-mannosidase (B-MAN), a-D-galactosidase (a-
GAL), a-D-fucosidase (a-FUC), a-D-glucosidase (a-GLU), and arylsulphatase
(ARYL) using appropriate substrates as described earlier (Dzugan et al., 2011).
The activities of alanine aminotransferase (ALT) and aspartate transferase (AST)
were determined by the kinetic method using commercial kits (Alpha Diagnos-
tics, Poland).

The hatchability and embryo-pathological results were statistically ana-
lysed by z-test while the results of enzyme activities by one-way analysis of vari-
ance (ANOVA) followed by Tukey’s multiple range test. The tendencies of en-
zymatic activities were also calculated. The statistical analyses were performed
using Sigma-Stat 3.5 (SPSS Science Software Ltd., USA) and the figures were
prepared using Grapher 8.0 (Golden Software Inc., USA).

Results

The hatchability of ducklings gradually decreased after in ovo cadmium
injection on E6, from 52% in the control group to 4% in the group exposed to
30 ug Cd/egg (Table 1), and the median lethal dose (LDs;) was calculated as
8 ng Cd/egg. Moreover, the relationship between cadmium dose and hatchability
can be described by the equation y = 48.70 — 2.79x + 0.16x> — 0.004x> (r* = 0.907,
P <0.05), where y = percentage of hatched ducklings in relation to eggs with live
embryos at injection; x = cadmium dose in pg/egg (Fig. 1).
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Fig. 1. Relationship between cadmium dose injected in ovo on day 6 of incubation and hatchability
of ducklings (Cairina moschata)

Exposure to increasing doses of cadmium ions from 0 to 30 pg per egg in-
creased mortality, particularly within 48 h of injection, by 4 to 96% (Table 1). How-
ever, low exposure (1.3 Cd per egg) increased the mortality of embryos during
hatching, which was mainly due to malpositions but not malformations (Table 2).

The body weight (BW) of hatched ducklings was 50.4 + 6.6 g for males
and 47.7 = 7.1 g for females (P < 0.05), and no effect of cadmium administration
on body weight was observed (P > 0.05). The liver weight standardised to body
weight was about 2.7% and it did not differ between genders (P > 0.05) and ex-
perimental groups (P > 0.05).

Table 1

The effect of Cd (II) ions injected in ovo on day 6 of incubation on embryo mortality and hatching
results of Muscovy duck (Cairina moschata)

Cadmium dose (ug per egg)

0 1.3 4.0 7.5 15.0 30.0
Group size (n) 50 50 50 50 50 50
Deaths after injection (E6—E9) (%) 40° 40° 16.0° 220 26.0° 96.0°
Deaths from E10 to E28 (%) 10.0° 4.0 6.0 120" 14.0° 0.0°
Deaths during the hatching period (E29-E32) (%) 34.0° 54.0° 32.0° 34.0° 30.0° 0.0
Hatchability (%) 52.0°  38.0™ 46.0® 32.0* 30.0° 4.0°

E = incubation days; abcd — values marked with different superscript letters within a row differ
significantly (P < 0.05)
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Table 2

The occurrence of malpositions and malformations of Muscovy duck (Cairina moschata) embryos
after in ovo administration of Cd (II) ions on day 6 of incubation

Cadmium dose (pg per egg)

0 1.3 4 7.5 15 30
Embryos live at E29 43 46 39 33 29 2
Hatched chicks 26 19 23 16 15 2

Embryos dead between incubation days E29 and E32

Unable to internally pip 12 11 10 11 9 -
During internal pipping 3 5 2 2 -
During external pipping 2 2 4 1 4 -
Total 17 27 16 17 15 -
Malpositions
Not detected 13 19 13 13 13 -
Head between thighs - - - 2 - -
Head in small end - 2 1 - -
Head under left wing - 1 - - -
Feet over head 1 2 - 1 -
Head over right wing 1 1 2 1 1 -
Transverse position in egg 2 2 - 1 - -
Total 4 8 3 4 2 -
Malformations”
Dwarfism 1 - 1 2 -
Encephalocele - - - 2 - -
Swelling of the head - - - 2 - -
Total 1 2 - 5 2 -

"Detected in embryos dead between E6 and E32

The majority of tested enzymes showed changes dependent on increasing
cadmium dose (Table 3). Compared to the control group, in the blood serum of
ducklings from the groups receiving 4, 7.5 and 15 pg Cd/egg ARYL activity in-
creased by 45, 26 (P < 0.05) and 17% (P > 0.05), respectively. Among glycosi-
dases, NAG and a-GAL showed the highest sensitivity to cadmium. The activity
of these enzymes increased by 30-50% for exposure to 7.5 and 15 pg Cd/egg
(P <£0.05) as compared to the control group. In the case of a-MAN, B-MAN and
B-GAL, significant changes in activity (about 43, 34 and 21%, respectively) were
observed only for the 7.5 pg Cd/egg dose. a-GLU and a-FUC activities were not
cadmium dependent (P > 0.05).
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Simultaneously, the lowest dose of Cd ions resulted in elevated activities
of serum transaminases. As compared to the control group, significant increases
in ALT (by 155, 209, 194 and 73%) and AST (by 53, 33, 78 and 80%) activities
were observed for the 1.3, 4, 7.5 and 15 pg Cd/egg doses, respectively (Fig. 2).
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Fig. 2. The effect of cadmium injected in ovo on day 6 of incubation on activity changes of (a)
alanine aminotransferase (ALT) and (b) aspartate aminotransferase (AST) in the blood plasma of
one-day-old ducklings (Cairina moschata)

Discussion
The results indicate that the introduction of cadmium into the eggs at
doses exceeding 1.3 pg/egg caused a gradual decrease in hatchability, with an

LDs, of 8 ug Cd/egg. This is consistent with the level of 0.3—1.2 pg Cd per egg
which was shown to have no effect on the hatching results in chicken (Sato et al.,
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1997; Dzugan et al., 2011). In nature, this level of egg contamination of wild
(Tsipoura et al., 2011) and domestic birds (Sato et al., 1997; Lucia et al., 2010;
Kim and Oh, 2014) is usually not exceeded because the transfer of toxic metal
ions from the environment into eggs is strongly limited by a highly specific bar-
rier between the oviduct and the egg (Sato et al., 1997; Rahman et al., 2007). On
the other hand, a low but permanent cadmium content (1.3 ppm) of drinking wa-
ter and/or food can significantly decrease egg production and weight as well as
hatchability in hens (Vodela et al., 1997), pheasants (Toman et al., 2005), and
ducks (Lucia et al., 2010). However, in contaminated areas the amount of cad-
mium in chicken eggs may exceed 4.0 ng/egg (71 pg Cd per kg of egg) as com-
pared with the average level, which is about 0.1-0.8 pg/egg (Dobrzanski et al.,
2004). The LDsq calculated in the experiment described here (8 ug Cd/egg which
amounts to 91.6 pg Cd per kg of egg) is consistent with this last value, and also
with the LDs, for chicks established at 3.9 pg Cd/egg (62 pg Cd/kg of egg) in a
similar in ovo experiment (Dzugan et al., 2011) and 3 pg/egg for cadmium salt
injection into the air cell on day 2 of incubation (Gilani and Alibhai, 1990).
Moreover, Kensova et al. (2015) found that the administration of cadmium
nanoparticles onto the chorioallantoic membrane resulted in 100% mortality after
24 h for 500 ug Cd/egg.

Raising the dose of cadmium ions from 0 to 30 pg per egg increased the
mortality of duck embryos, which supports the findings of other research
(Thompson and Bannigan, 2008; Dzugan et al., 2011). The toxic effect was par-
ticularly evident in the first 48-h period after injection and indicated that Mus-
covy duck embryos at this stage of development seem to be much less sensitive
to in ovo manipulation than chick embryos (Dzugan et al., 2011).

The malformations and malpositions detected in embryos that died during
late stages can also be induced by heavy metal contamination (Herring et al.,
2010). They appeared with similar frequency in the control and experimental
groups and it cannot be excluded that they are due to genetic and environmental
factors (Romanoff, 1972) or manipulation (Trzeciak et al., 2014). On the other
hand, Kertész and Fancsi (2003) found that Cd caused an increase in mortality
and developmental anomalies of mallard duck embryos. Moreover, treating avian
embryos with Cd always resulted in feather malformations (Narbaitz et al., 1983)
and strong body malformations (Thompson and Bannigan, 2008; Cullinane et al.,
2009), underdevelopment (dwarfism) (Dzugan et al., 2011), and kidney and he-
patic dystrophy (Kertész and Fancsi, 2003; Thompson and Bannigan, 2008).

Accumulation of cadmium in the kidney and liver disturbs the function of
these organs, which is accompanied by an increase in the excretion of lysosomal
enzymes (Jarup et al., 1998; Fotakis et al., 2005; Thomas et al., 2009). This phe-
nomenon can be explained by irreversible damage at the cellular level, where mi-
tochondria are injured and the electron transfer chain is inhibited (Wang et al.,
2004). Cells of the proximal convoluted tubules are very sensitive to hypoxia,
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which leads to their dysfunction (Haase, 2013). On the other hand, the impact of
cadmium on lysosomes, despite its multiplexing, can lead to lysosomal mem-
brane destabilisation, resulting in an efflux of lysosomal enzymes into body flu-
ids (blood, urine) (Fotakis et al., 2005; Thomas et al., 2009). This is confirmed
by our unpublished results obtained in electron microscopic (TEM) studies on
organs of chicks treated with Cd in ovo. It has been demonstrated that even a low
Cd exposure (2 pg/egg) caused severe mitochondrial damage and increasing the
number of primary and secondary lysosomes in the liver and kidney (unpub-
lished data). In humans, N-acetylglucosaminidase, the most active lysosomal
glycosidase, is commonly used as the most sensitive marker of cadmium-induced
kidney damage (Thomas et al., 2009; Nordberg, 2010). It was shown that cad-
mium administration into eggs in doses exceeding 7.5 pg Cd/egg caused a sig-
nificant increase in the few lysosomal acid glycosidases (NAG, a-GAL, a-MAN,
B-MAN and B-GAL) as well as arylsulphatase. These findings are in agreement
with the results of earlier studies where in ovo exposure of chicken embryos to
cadmium resulted in increased activity of some lysosomal hydrolases (including
NAG, B-MAN and ARYL) in the blood plasma of one-day-old chicks (Dzugan et
al., 2011). Moreover, in the current experiment there was a very intensive in-
crease in blood plasma ALT as well as AST activity, indicating cadmium-
induced damage of the liver in ducklings (Fig. 2). Such significant enhancement
of aminotransferase activity is characteristic of chick embryos treated with cad-
mium in ovo (Kertész and Fancsi, 2003; Pawlak et al., 2013). In humans, both of
these aminotransferases are most commonly used in the differential diagnosis of
various liver diseases where the AST/ALT ratio (De Ritis ratio) provides addi-
tional clinical insight. ALT is found predominantly in the liver, with clinically
negligible quantities occurring in other tissues, while AST is found in the liver,
heart (cardiac muscle), skeletal muscle, kidneys, brain, and red blood cells. As a
result, ALT is a more specific indicator of liver dysfunction than AST (Rej,
1989), so the results obtained in this study confirmed the harmful action of cad-
mium on the liver in ducklings.

In conclusion, the results confirmed the dose-dependent toxic impact of
cadmium on avian embryogenesis. The increase in blood plasma activities of
NAG, B-MAN and ARYL in day-old ducklings indicates cadmium-induced dam-
age of the kidneys and liver. Based on the calculated LDs, value and changes in
the activity of the hydrolases studied, duck embryos seem to be less sensitive to
cadmium exposure than chicken embryos. However, due to higher exposure in
the aquatic environment the risk of cadmium contamination causing reproductive
toxicity in aquatic birds should be considered.
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