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The objective of this study was to investigate the toxic effects of a combination of cadmium (Cd), lead (Pb), mercury (Hg), and chromium (Cr) on laying performance, egg quality, serum biochemical parameters, and oxidative stress of laying hens, as well as the alleviating action of dietary supplementation of selenized yeast. A total of 160 Lohmann pink-shell laying hens (63-week-old) were randomly divided into four treatments with 10 replicates of four hens each. The treatments were the corn–soybean meal basal diet (control; CON), the CON diet supplemented with 0.4 mg selenium (Se)/kg from selenized yeast (Se); combined heavy metals group: the basal diet supplemented with 5 mg Cd/kg, 50 mg Pb/kg, 3 mg Hg/kg, and 5 mg Cr/kg (HEM), and the HEM diet supplemented with 0.4 mg Se/kg from selenized yeast (HEM+Se). The experimental period lasted for 12 weeks. The HEM diet decreased hen-day egg production, feed conversion ratio (FCR), and egg white quality (P < 0.05), but increased (P < 0.05) glutamic oxalacetic transaminase (AST) activity in the serum. HEM induced higher malondialdehyde (MDA) and reactive oxygen species (ROS) in the serum, liver, and ovary and significantly decreased (P < 0.05) the activity of total superoxide dismutase (SOD) and tended to decrease glutathione S-transferase (GST) (P = 0.09) in the serum. Meanwhile, HEM significantly decreased (P < 0.05) activity of SOD, GST, glutathione peroxidase (GPX), and glutathione (GSH) in the liver, and the activity of GPX and GSH in the ovary. Se addition of 0.4 mg/kg significantly (P < 0.05) improved hen-day egg production and FCR and decreased AST concentration and increased some enzyme activity in the serum, liver, and ovary. In conclusion, dietary HEM exposure depressed laying performance, and egg white quality was likely due to an impaired antioxidant capacity, disrupted hepatic function, and elevated HEM accumulation in the egg yolk and egg white of laying hens. Se addition of 0.4 mg/kg ameliorated toxic effects of HEM on laying performance, oxidative stress, and hepatic function.
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Highlights

- Cadmium, lead, mercury, and chromium are common environmental pollutants, which often occur together contaminating the feedstuff.

- The study aimed to investigate the toxic effects of a combination of cadmium, lead, mercury, and chromium on laying performance, egg quality, serum biochemical parameters, and oxidative stress of laying hens, and the alleviating action of selenized yeast on these effects.

- Our findings will provide a valuable insight into the toxicity of combined heavy metals on laying hens, as well as ameliorative effects of selenized yeast.



Introduction

High cadmium (Cd), lead (Pb), and/or mercury (Hg) contamination are toxic to the poultry health. Air, sewage, soil, manure, forage crops, processing plants and mineral supplements, and premixes are the primary heavy metal contamination sources (1). Mineral supplements and premixes generally contain higher Cd and Pb concentrations than the other main components of the ration (2). Protein hydrolysates from poultry (chicken and turkey) feathers as feather meal or fish meal are considered as a main source of Hg contamination in animal feed (3). Cd, Pb, and Hg accumulate in the body tissues, primarily the kidneys and liver (4–7), and cause toxicity. It has been reported that Cd (8–11), Pb (12–15), and Hg (16, 17) have negative effects on laying performance and egg quality, oxidative stress, disease, histopathological damage, and hormone of female poultry.

Chromium (Cr) is an essential mineral in livestock animals. Almost all naturally found Cr is trivalent, while hexavalent Cr is mostly of industrial origin. Trivalent Cr tends to accumulate in epidermal tissues and in bones, liver, kidney, spleen, lungs, and the large intestine (18). The toxicity of trivalent Cr is low (19). Some previous studies have shown that organic (chromium yeast, chromium nicotinate, or chromium picolinate) or inorganic Cr [chromium chloride (CrCl3)] had no effect or a slight increase in egg production (20–22). However, some studies indicated that trivalent Cr as different chemical forms had an adverse effect on laying hens. Mariottini et al. (23) found that high concentrations (50 mg/kg) and different chemical forms (chromium yeast and chromium aminoniacinate) of trivalent Cr supplementation can substantially impair hepatic metabolizing cytochrome P-450 (CYP)-linked enzymes in laying hens. Cr as chromium propionate at 400 μg/kg decreased albumen height, yolk color score, and Haugh unit of eggs (24). Dietary supplementation with chromium picolinate decreased serum glucose concentration of Beijing Red brown-egg laying hens (25).

While in the actual commercial laying hen production, co-contamination with many kinds of heavy metals exists simultaneously. Some reports have shown that the combined feeding of Pb and Cd leads to liver oxidative damage of laying hens (26) and decreased laying performance and egg quality (27). Kim et al. (28) found that in-feed heavy metals for layer diets up to 30 mg Pb/kg and 1.2 mg Hg/kg decreased F1 follicle weights simultaneously causing hepatic dysfunction as indicated by increasing blood metabolites that are associated with liver inflammation. Meanwhile, combined administration of methylmercury chloride (MeHgCl), lead acetate (PbAc), and cadmium chloride (CdCl2) increased the severity of hepatic histopathologic changes and disturbed hepatic metal concentrations in Pekin ducks (29, 30).

Selenium is an essential micronutrient with antioxidant function for animals and can alleviate heavy metal-induced poisoning (31). Some studies conducted with laying hens have revealed the ameliorative effects of Se against Cd-induced kidney and ovarian damage (32, 33). Se alleviates Pb-induced oxidative stress and immune damage in the bursa of Fabricius of chicken (34) and immune toxicity in the hearts of chickens. Caban et al. (35) observed that an antagonistic effect of Se on Hg toxicity involves the liver of female broiler chickens. In addition, diphenyl diselenide [(PhSe)2] decreases methylmercury-induced cerebral, hepatic, and renal oxidative stress and Hg deposition in adult mice (36). It has been reported that Se administration alleviates Cr toxicity in the chicken brain and liver (37, 38).

Cadmium, lead, mercury, and chromium are frequently found together in the aquatic environments and can occur in high concentrations in animals, feedstuffs, and edible tissues (39–41). To date, there is little available information on the effects of combined administration of Cd, Pb, Hg, and Cr on laying performance, egg quality, and oxidative stress of laying hens, and whether these detrimental effects could be alleviated with Se. Meanwhile, the maximum permitted limits of Cd, Pb, Hg, Cr, and Se in feedstuff are 0.5, 5, 0.1, 5, and 0.5 mg/kg in China, respectively (42), but due to the loosely controlled quality of raw materials, the contents of Cd, Pb, Hg, and Cr especially Pb and Cr in formula feed may exceed the limits of national standards. The maximum tolerable levels of Cd, Pb, Hg, and Cr for poultry are 0.5, 30, 2, and 1,000 mg/kg, respectively (43), but to construct toxicity models of chronic or sub-chronic, the concentration of Cd, Pb, or Hg in the poultry feed was used up to 420-, 200-, and 270-fold of the maximum permitted concentration in several studies, and the test period was 8, 10, or 12 weeks (10, 12, 17). Therefore, to construct the laying hen model of sub-chronic heavy metal intoxication, the addition of 5 mg/kg Cd, 50 mg/kg Pb, 3 mg/kg Hg, and 5 mg/kg Cr approximates the 10-fold of the limits of national standards, were chosen in this study. In addition, our previous research has indicated that the HEM dosages have disturbed the ion balance of reproductive organs of laying hens (44). Meanwhile, the maximum permitted limits of Se in poultry feed are 0.5 mg/kg, based on the Se content 1.4 mg/kg in basal dietary, 0.4 mg/kg Se from selenized yeast was used in this study.

Thus, the objective of this study was to investigate the combined effects of dietary Cd, Pb, Hg, and Cr on laying performance, egg quality, serum biochemical and hormone indicators, and oxidative stress of laying hens, and whether these effects could be attenuated with selenized yeast supplementation to the diet.



Materials and methods


Materials

Cadmium chloride (CdCl2), lead nitrate [Pb (NO3)2], mercury chloride (HgCl2), chromium chloride (CrCl3), nitric acid (HNO3), perchloric acid (HClO4), and hydrogen fluoride (HF) were purchased from Kelong company of Chengdu (Sichuan, China). Selenized yeast which contains 0.2% Se was provided by Chelota biotechnology Co., Ltd (Deyang, Sichuan, China). Lohmann pink-shell laying hens were obtained from commercial layer farms (Mianyang, Sichuan, China).



Experimental design and management

One hundred and sixty (63-week-old) Lohmann pink-shell laying hens were randomly divided into four treatments with 10 replicates of four hens each. The four treatments included the corn–soybean meal basal diet (control; CON), the CON diet supplemented with 0.4 mg Se/kg from selenized yeast (Se), the CON diet supplemented with 5 mg Cd/kg from CdCl2, 50 mg Pb/kg from Pb(NO3)2, 3 mg Hg/kg from HgCl2, and 5 mg Cr/kg from CrCl3 (HEM), and the HEM diet supplemented with 0.4 mg Se/kg from selenized yeast (HEM+Se). The corn–soybean meal basal diet (Table 1) was formulated to meet the nutrient requirements of laying hens recommended by the National Research Council (45). All birds were reared in an environmentally controlled house. The temperature and humidity were set at 25°C and 65%, respectively. There were two birds in one cage (L × W × H = 38.5 × 38 × 34 cm), and two adjacent cages belonged to one replicate unit. A photoperiod of 16-h light and 8-h dark was maintained. The experiment lasted 12 weeks, and water and feed were provided ad libitum during the experimental period.


TABLE 1 Composition and nutrient concentrations of the basal diet (air-dry basis, %).
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Laying performance

The numbers of total eggs produced, salable eggs, soft shell eggs, broken eggs, dirty eggs, and misshapen eggs were recorded every day. Feed consumption of each replicate was recorded weekly. Hen-day egg production, average daily feed intake, and average egg weight were calculated. The feed conversion ratio was calculated as feed consumption divided by the total egg weight (feed/egg, g/g).



Samples collection

After the experiment, 30 eggs from each treatment (three eggs per replicate) were collected to determine egg quality parameters. The egg yolk and egg white of every three eggs from each replicate were pooled to one sample for the mineral analyses. Two birds were randomly selected from each replicate. Ten ml of blood per bird was collected from the right-wing vein and then was centrifuged at 2,000 × g for 10 min at 4°C to collect the serum sample. After the blood collection, all birds were euthanized by cervical dislocation, and the left liver and the ovary tissue without the follicles were collected and stored in liquid nitrogen for antioxidant indicators analyses.

Samples of 0.1–0.2 g of liver or ovaries were homogenized in 9 ml of 0.9% sodium chloride buffer on ice using the Ultra-Turrax homogenizer (Tekmar Co., Cincinnati, OH) for 10 s and centrifuged at 1,500 × g for 15 min at 4°C, and the supernatant was used for the following analysis of antioxidant indicators.


Egg quality

The egg weight, yolk weight, yolk color, Haugh unit (HU), albumin height, eggshell strength, eggshell thickness, and eggshell color were determined in the fresh eggs (9). The egg weight and yolk weight were individually weighed. The yolk weight percent was calculated as presented by the percentage of the whole egg weight. The yolk color, HU, and albumin height were measured using an Egg Multi Tester (EMT-7300, Robotmation, Tokyo, Japan). The eggshell strength was measured by an eggshell force gauge (model II, Robotmation, Tokyo, Japan). The eggshell thickness was determined by an eggshell thickness gauge (ETG-1601A, Robotmation, Tokyo, Japan) at the large end, equatorial region, and small end of the egg. Eggshell color was measured by colorimeter (CR-400, Shanghai, China).



Minerals analyses

The samples of egg yolk and white were lyophilized using vacuum freeze dryer (FDU-2110, EYELA, Tokyo, Japan) prior to minerals analyses. Approximately 0.5 g of lyophilized egg yolk or white sample was transferred into a polytetrafluoroethylene digestion vessel. The 10 ml of concentrated HNO3 and HF (HNO3: HF = 4:1, v/v) was added to each vessel, and then the vessels were closed and placed into the microwave digestion system (MARS6, CEM Corporation, Matthews, NC, USA). After evaporating the digestion liquids to near dryness using a heater (BHW-09Y, Botonyc, Shanghai, China), the residuals were re-dissolved with 0.5% HNO3 in a volumetric flask. The concentrations of Pb, Cd, and Cr in the final solutions were measured by a graphite furnace atomic absorption spectrometer (Contr AA700, Analytik Jena AG, Jena, Germany). The concentration of Hg was determined using a Hg determination instrument (DMA-80, Evo, Milestone, Italy). For the Se examination, approximately 1.0 g of lyophilized egg yolk or white sample was transferred into a conical flask and then digested with by 10 ml of acid mixture (HNO3 to HClO4 = 4:1, v/v). The digestion was kept at 180°C using an electric sand bath (DK-2, Tiantan Instrument Co., Ltd, Tianjin, China) until the liquid in the conical flask became clear and colorless. The liquid remaining in the flask was transferred to a 50-ml volumetric flask, and then 2 ml of 200 g/L potassium ferricyanide solution and 16% HCl solution of HCl were added into the volumetric flask. Se concentration was measured using an atomic fluorescence spectrometer (AFS-230E, Haiguang Instrument, Beijing, China).

The limits of detection of these methods were Cd, 0.01 mg/kg; Cr, 0.02 mg/kg; Pb, 0.01 mg/kg; Hg, 0.0005 mg/kg; and Se, 0.00031 mg/kg, respectively. A standard reference of wheat powder provided by National Institute of Standards and Technology (Beijing, China) was included in each batch of analysis to verify the determination validation. The R2 values of standard curves for the different heavy metals were higher than 0.99. The recovery rates of Cd, Pb, Cr, Hg, and Se were 91.8–98.4%, 93.9–97.4%, 96.9–100.3%, 97.9–103.7%, and 92.9–102.1%, respectively (44).




Serum biochemical parameters assays

The serum concentrations of total triglycerides (TG), total cholesterol (TC), high-density lipoprotein cholesterol (HDL-C), low-density lipoprotein cholesterol (LDL-C), glucose (GLU), total protein (TP), albumin (ALB), glutamic-pyruvic transaminase (ALT), glutamic oxalacetic transaminase (AST), and urea nitrogen (BUN) were determined using an automatic biochemical analyzer (Hitachi 3100, Tokyo, Japan) and the corresponding commercial kit (Maccura Biotechnology Co. Ltd., Chengdu, China). The serum concentrations of progesterone 4 (P4) and estradiol 2 (E2) were measured using a fluorescence microplate reader (SpectraMax M2, Molecular Devices, Sunnyvale, CA, USA) and the corresponding enzyme-linked immunosorbent assay (ELISA) kit (Shanghai Meilian Bioengineering Institute, Shanghai, China).



Antioxidative parameters assays

In the samples of serum, liver, and ovary, the malondialdehyde (MDA) concentration, and the activities of total superoxide dismutase (T-SOD), glutathione (GSH), glutathione peroxidase (GSH-Px), and glutathione S-transferase (GSTs) were measured using the corresponding ELISA commercial kit (No. A006-1-1 for GSH, No. A004 for GST, No. A005 for GSH-PX, No. A001-3 for SOD, and No. A003-1 for MDA; Nanjing Jiancheng Bioengineering Institute, Nanjing, China) according to the manufacturer's instruction. The concentration of reactive oxygen species (ROS) was also determined using the ELISA kit (Shanghai Meilian Bioengineering Institute, Shanghai, China). Triplicate analyses were performed for each sample.



Statistical analysis

Normality tests were performed for all data using the UNIVARIATE procedure of SAS (version 9.4, SAS Inst. Inc., Cary, NC, USA) with Normal and PLOT options, and then, Levene's tests were used to evaluate the heterogeneity of variances of data. The PROC MIXED procedure of SAS (version 9.4, SAS Inst. Inc., Cary, NC, USA) was used to analyze the data related to the laying performance, egg quality, serum biochemical parameters, and antioxidant parameters. The model used for analyzing laying performance was as follows: Yijk = μ+Ti+Pj+(TP)ij+eijk, and the model used for analyzing the data of egg quality, serum biochemical parameters, and antioxidant parameters was as follows: Yij = μ+Ti+eij; where Y was an observation of the dependent variable, μ was the population mean for the variable, Ti was the fixed effect of treatment (CON, Se, HEM, or HEM+Se), Pj was the period effect, the TP was the interaction between dietary treatment and period, and e was the random error associated with the observation. The Tukey test was used for multiple population comparisons among different treatment means. The replicate was used as the experimental unit. If only there were two groups, the t-test procedure was used to compare the means between them. The relationships between different mineral concentrations and egg quality parameters were analyzed by the PROC CORR procedure of SAS, and the Pearson correlation option was used in our study. The results were reported as the mean and standard error of the mean (SEM). Values of P < 0.05 were considered statistically significant, and the tendency was declared at 0.05 < P < 0.10.




Results


Laying performance

Dietary HEM exposure significantly decreased (P < 0.05) average hen-day egg production and feed conversion ratio (FCR) as compared to the CON (Table 2) in the whole experimental period (weeks 1–12). Se supplementation showed the ameliorated effect on the HEM-induced laying performance toxicity (P < 0.05). Dietary HEM exposure did not influence (P > 0.10) average daily feed intake, average egg weight, broken eggs, salable eggs, soft shell eggs, dirty eggs, and misshapen eggs in weeks 1–12 compared to the CON. Moreover, with the time of dietary HEM exposure increasing, average hen-day egg production and FCR reduced in weeks 9–12 than those in weeks 1–4 and 5–8. However, other laying performance index did not change with the time of dietary HEM exposure (Table 2).


TABLE 2 Combined effects of dietary cadmium, lead, mercury, and chromium on laying performance of laying hens from 63 to 74 weeks of age and attenuated toxicity with selenized yeast.
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Egg quality

Dietary HEM exposure significantly decreased (P < 0.05) HU, albumin height, and eggshell color b* and increased yolk percentage and eggshell color L* compared to the CON (Table 3). Se supplementation to the HEM diet had no effect on HU and albumin height and eggshell color, but decreased yolk percentage (P < 0.05). However, dietary HEM exposure did not influence (P > 0.10) yolk color, eggshell strength, eggshell thickness, and eggshell color a* (Table 3).


TABLE 3 Combined effects of dietary cadmium, lead, mercury, and chromium on selected egg quality of laying hens from 63 to 74 weeks of age and attenuated toxicity with selenized yeast.
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Accumulations of minerals in the egg

Dietary HEM exposure significantly increased (P < 0.05) accumulation of Cd, Pb, and Hg in the yolk compared to the CON. However, dietary HEM exposure did not influence (P > 0.10) accumulation of Cr and Se in the yolk. The content of Se in the HEM+Se in the yolk significantly increased (P < 0.05), Cd concentration significantly decreased (P < 0.05), but contents of Pb, Cr, and Hg had no significant difference (P > 0.10) compared to the HEM (Table 4). Dietary HEM exposure did not influence (P > 0.10) accumulation of Cd, Pb, Hg, Cr, and Se in the egg white compared to the CON. The Se supplementation did not significantly increase (P > 0.10) accumulation of Pb, Hg, Cd, and Cr in the egg white except Se (Table 4). The results of Pearson's correlations between accumulation of Se, Cd, Pb, Hg, and Cr in the egg yolk, egg white, and egg quality parameters are presented in Table 5. The accumulation of Cd, Pb, and Hg in the yolk was negatively correlated to egg weight, HU, and albumin height (r > 0.50, P < 0.05). Meanwhile, the accumulation of Cd in the egg white was negatively correlated to eggshell thickness (r > 0.50, P < 0.05). The accumulation of Se in the egg yolk and white was positively correlated to the b* value of eggshell color (r > 0.50, P < 0.05).


TABLE 4 Accumulations of selenium, cadmium, lead, mercury, and chromium in egg yolk and egg white at 74 weeks of age of laying hens (dry matter basis).
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TABLE 5 Correlation between accumulations of selenium, cadmium, lead, mercury, and chromium in egg and egg quality at 74 weeks of age of laying hens.
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Serum biochemical parameters

The results of serum biochemical parameters are shown in Table 6. The results showed that dietary HEM exposure significantly increased (P < 0.05) serum AST activity as compared to the CON, and Se supplementation significantly decreased (P < 0.05) the activity of AST in the serum. The dietary HEM contamination did not affect the concentrations of ALT, TP, TC, ALB, GLU, BUN, LDL-C, HDL-C, TG, E2, and P4 in the serum (P > 0.10) as compared to the CON, and Se supplementation did not change these indices irrespective of the CON or HEM diet.


TABLE 6 Effects of dietary selenized yeast supplementation on the serum biochemical parameters of laying hens at 74 weeks of age after feeding a cadmium, lead, mercury, and chromium contaminated diet for 12 weeks.
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Antioxidative function of different tissues

The results of serum antioxidative parameters are shown in Figure 1. Figure 1 illustrates that dietary HEM exposure significantly increased (P < 0.05) serum MDA and ROS concentrations as compared to the CON. The Se supplementation to the HEM diet had no significant effect on serum MDA and ROS concentrations (P > 0.10). The dietary HEM exposure significantly decreased (P < 0.05) serum SOD activity as compared to the CON. The Se supplementation significantly increased (P < 0.05) serum SOD activity for the HEM diet, but not for the CON diet. The dietary HEM exposure had a tendency (P = 0.09) to decrease serum GST activity as compared to the CON. The HEM-Se treatment tended to increase serum GST activity as compared to the HEM treatment (P = 0.09). However, dietary HEM exposure or Se supplementation did not affect (P > 0.10) serum GPX and GSH activities as compared to the CON.


[image: Figure 1]
FIGURE 1
 Combined effects of dietary cadmium, lead, mercury, and chromium on serum antioxidant parameters of laying hens from 63 to 74 week of age and attenuated toxicity with selenized yeast. CON = the corn–soybean meal basal diet; Se = the CON diet supplemented with 0.4 mg selenium/kg from selenized yeast; HEM = the CON diet added with 5 mg cadmium/kg from CdCl2, 50 mg lead/kg from Pb(NO3)2, 3 mg mercury/kg from HgCl2, and 5 mg chromium/kg from CrCl3; HEM+Se = the HEM diet supplemented with 0.4 mg selenium/kg from selenized yeast. (B) MDA, malondialdehyde; (E) T-SOD, total superoxide dismutase; (A) GSH, glutathione; (D) GSH-Px, glutathione peroxidase; (F) GSTs, glutathione S-transferase; (C) ROS, reactive oxygen species. Data are means ± SEM (n = 10). a, b Bars with no common superscript are significantly different (P < 0.05).


The results of antioxidative parameters in the liver are shown in Figure 2. From Figure 2, it can be seen that dietary HEM exposure significantly increased (P < 0.05) liver MDA and ROS concentrations as compared to the CON. The Se supplementation significantly decreased (P < 0.05) liver MDA and ROS concentrations for the HEM diet, but not for the CON diet; however, liver MDA concentration was higher in HEM-Se group than that in the CON or Se groups. The HEM treatment significantly decreased (P < 0.05) liver SOD, GST, GPX, and GSH activities as compared to the CON group. The Se supplementation significantly increased (P < 0.05) liver GPX and GSH activities for the CON diet, but it only increased liver GPX activity for the HEM diet.
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FIGURE 2
 Combined effects of dietary cadmium, lead, mercury, and chromium on liver antioxidant parameters of laying hens from 63 to 74 weeks of age and attenuated toxicity with selenized yeast. CON = the corn–soybean meal basal diet; Se = the CON diet supplemented with 0.4 mg selenium/kg from selenized yeast; HEM = the CON diet added with 5 mg cadmium/kg from CdCl2, 50 mg lead/kg from Pb(NO3)2, 3 mg mercury/kg from HgCl2, and 5 mg chromium/kg from CrCl3; HEM+Se = the HEM diet supplemented with 0.4 mg selenium/kg from selenized yeast. (B) MDA, malondialdehyde; (E) T-SOD, total superoxide dismutase; (A) GSH, glutathione; (D) GSH-Px, glutathione peroxidase; (F) GSTs, glutathione S-transferase; (C) ROS, reactive oxygen species. Data are means ± SEM (n = 10). a, b, c Bars with no common superscript are significantly different (P < 0.05).


The results of antioxidative parameters in the ovary are shown in Figure 3. Figure 3 illustrates that dietary HEM exposure significantly increased (P < 0.05) ovary MDA and ROS concentrations as compared to the CON. The Se supplementation significantly decreased (P < 0.05) ovary MDA concentration when compared to the HEM treatment. The dietary HEM exposure significantly decreased (P < 0.05) ovary GPX and GSH activities, but increased GST activity as compared to the CON treatment. The Se supplementation increased ovary GPX and GSH activities irrespective of for the CON or HEM diet, but it only increased ovary SOD activity for the CON diet. However, dietary HEM exposure did not influence ovary SOD activity as compared to the CON.
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FIGURE 3
 Combined effects of dietary cadmium, lead, mercury, and chromium on ovary antioxidant parameters of laying hens from 63 to 74 weeks of age and attenuated toxicity with selenized yeast. CON = the corn–soybean meal basal diet; Se = the CON diet supplemented with 0.4 mg selenium/kg from selenized yeast; HEM = the CON diet added with 5 mg cadmium/kg from CdCl2, 50 mg lead/kg from Pb(NO3)2, 3 mg mercury/kg from HgCl2, and 5 mg chromium/kg from CrCl3; HEM+Se = the HEM diet supplemented with 0.4 mg selenium/kg from selenized yeast. (B) MDA, malondialdehyde; (E) T-SOD, total superoxide dismutase; (A) GSH, glutathione; (D) GSH-Px, glutathione peroxidase; (F) GSTs, glutathione S-transferase; (C) ROS, reactive oxygen species. Data are means ± SEM (n = 10). a, b, c Bars with no common superscript are significantly different (P < 0.05).





Discussion

Cadmium, lead, mercury, and chromium are common environmental pollutants and frequently are found together, and their concentrations are high in manure and feedstuff (39–41). Their permitted limits are regulated by the Chinese Hygienical Standard for Feeds. To construct the laying hen model of sub-chronic heavy metal intoxication, the addition of 5 mg/kg Cd, 50 mg/kg Pb, 3 mg/kg Hg, and 5 mg/kg Cr with their common chemical structures [CdCl2, Pb (NO3)2, HgCl2, and CrCl3] in manure and feedstuff, approximate the 10-fold of the limits of national standards, was chosen in this study, and the test period was 12 weeks. Their contents in basal diet were Cd 0.18 mg kg−1, Pb 2.11 mg kg−1, Hg 0.01 mg kg−1, and Cr 7.68 mg kg−1, respectively.

In this study, our results suggested that dietary HEM exposure decreased laying performance and egg white quality (HU and albumin height) of laying hens during a 12-week trial period. It has been reported that Cd, Pb, Hg, and Cr alone or combination have negative effects on laying performance or egg quality of female poultry. Cd at 15–150 mg/kg feed as CdCl2 or CdSO4, Pb at 1–60 mg/kg as Pb (C2H3O2)2 or Pb (NO3)2, Hg at 3.325 mg/kg as HgCl2, and Cr as Cr propionate at 400 μg/kg to some extent reduced laying performance and egg quality in poultry (8, 9, 12, 14, 15, 17). Furthermore, combination of Pb and Cd, or Pb and Hg, or Pb, Hg, and Cd decreased laying performance and egg quality and impaired hepatic function and reproductive system function of female poultry (26–30). Our findings were supported and strengthened by the above research. Combining the above antioxidative results, we speculate that high uptake of heavy metals and multiple HEM reduces laying performance and egg quality of laying hens by increasing stress sensitivity and disrupting hepatic dysfunction. Meanwhile, two or more than two kinds of heavy metals with different sources may have synergistic toxic effect on oxidative status, performance, and egg quality (26). Anyone of HEM may be the one that predominantly affected oxidative status or laying performance due to its more reactive nature (46). HEM had accumulation characters. The result of herein suggested that HEM exposure time may contribute to HEM toxicity to laying performance and egg quality of laying hens.

It has been reported that heavy metals are a powerful inducer of oxidative stress, and oxidative stress is considered to be a primary reason for heavy metal-induced hepatic, renal, and reproductive toxicity. In the present study, dietary HEM exposure induced higher MDA and ROS in the serum, liver, and ovary and decreased the activity of SOD in the serum, the activity of SOD, GST, GPX, and GSH in the liver, and the activity of GPX and GSH in the ovary. These results indicate that dietary HEM exposure resulted in oxidative stress to laying hens. Dietary HEM exposure significantly increased (P < 0.05) AST concentrations in the serum compared to the CON indicating that HEM caused hepatic dysfunction.

One of the important mechanisms underlying their toxicity is oxidative stress which induces reactive oxygen species and/or depletes the antioxidant defense system (47). The Cd, Pb, Cr, and Hg absorbed from the digestive system are transported to the bloodstream by binding to metallothionein or others, such as globulin, albumin, cysteine, and glutathione (GSH), or sulfhydryl (-SH) groups, such as superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GPx), and then transported to tissues, such as liver, kidneys, and reproductive organs. When the amount of HEM in the circulatory system is greater than the binding capacity of different types of protein or sulfhydryl (-SH) groups, the free HEM induces ROS and MDA, affects many enzymes and other SH-containing molecules, and depletes the antioxidant defense system, finally, resulting in oxidative damage to the liver and reproductive organs.

However, some contrasting results were observed. Hg at 25–100 mg/kg as ethyl Hg chloride, and combination of Pb (30 mg/kg) and Hg (1.2 mg/kg) did not significantly depress egg quality of laying hens (16, 28). Some previous studies have shown that organic or inorganic Cr had no effect or a slight increase in egg production (20–22). All in all, Cd, Pb, Hg, and Cr toxicity varies considerably depending on the time of exposure, species, gender, the amount, and duration of intake and environmental and nutritional factors (48).

In our present study, Cd and Pb concentration in the egg yolk was lower than those in the egg white which may contribute to HEM depress egg white quality. Hg and Cr concentration in the egg white was lower than those in the egg yolk. However, the results of Pearson's correlation analysis suggest the accumulation of Cd, Pb, and Hg in the yolk was negatively correlated to HU, and albumin height (r > 0.50, P < 0.05). The abovementioned results imply that HEM depressed egg white quality related to the HEM accumulation in the egg white or the egg yolk. Yan, Ma et al. (49) found that both albumen height and HU were negatively correlated to the accumulation of Hg in albumen and yolk, and Hg concentration was transferred from yolk to albumen with Hg dosage increasing in diet. Our data were consistent with this report. The possible reasons were that inorganic Hg bound with protein in the ovary or oviduct of laying hens is converted to organic Hg and deposited in yolk and albumen which ultimately affected egg white quality.

Hen-day egg production of laying hens depends on follicle sequencing. E2 and P4 are secreted by the ovary and play an important role in follicle development (50). Nolan and Brown (51) found that 27 mg Cd/kg as CdCl2 decreased serum E2 of laying hens. Georgescu et al. (52) reported that Pb might exhibit endocrine-disrupting activity in animals, acting as a powerful disruptor of adrenal and ovarian steroidogenesis, inhibiting the synthesis and activity of progesterone. Yuan et al. (15) found that 15 to 60 mg/kg of Pb depressed progesterone. The possible reasons were that Pb might bind to the steroid hormone receptors after accumulation in the ovary and suppress E2 and progesterone secretion. Yan et al. (49) reported that 3–27 mg/kg of Hg as HgCl2 decreased progesterone and increased atretic follicle number. Our results indicate that dietary HEM exposure did not significantly affect serum E2 and P4 of laying hens. We speculate the possible reasons were that dosages of HEM were too lower to disrupt E2 or P4. In addition, another reason may be that any one element has antagonistic effect with another or others resulting in HEM depressing toxicity on hormone.

Selenium is an essential dietary trace element. Generally speaking, inorganic Se and organic Se are two major Se sources for poultry. Inorganic Se mainly includes selenite or selenate. Due to higher toxicity, interactions with other, minerals, and vitamins, low efficiency of transfer to milk, meat, and eggs of inorganic Se, and their use were limited in commercial poultry (53). It was well known that organic Se was effective resource of Se in poultry and animal production which is related to its ability to build Se reserves in the body and higher bioavailability. Organic Se mainly was selenized yeast in the form of selenomethionine (SeMet). Selenized yeast used in this study contains about 60% SeMet which was similar with the content presented in literature (54). It was confirmed that SeMet was the major form of Se in grains, oil seeds, and other important feed ingredients (55). Therefore, we speculate that the Se in the basal diet was SeMet too.

It has been shown that SeMet can increase antioxidative function of animals against environmental stresses (56). Our data suggested that Se as selenized yeast showed an ameliorative effect on oxidative damage in the serum, liver, and ovary by decreasing MDA or ROS and partly decreasing the activity of antioxidant enzymes. Previous reports have revealed that adequate doses of organic or inorganic Se can eliminate hydrogen peroxide (H2O2), lipid, and phospholipid hydroperoxides and protect tissues such as liver, kidneys, brain, and reproductive organs from individual Cd, Pb, Cr, and Hg-induced or combined Pb and Cd-induced oxidative damage (32–35, 38), which are consistent with the work reported herein. Other possible reasons were that SeMet inhibits HEM-induced stress. Second, Se could exert an antidotal action through the formation of insoluble complexes consisting of HEM selenide (HEMSe) through the binding mechanism (57). Third, Se is a component of selenoprotein, which exhibits a critical role during the biological processes. SeMet can be available for selenoprotein synthesis, be released from tissues, and be efficient in maintaining the GPX level (53, 54). Newairy et al. (58) also pointed out that the protective potential of Se may be associated with the recovery of GPX and SOD activities. We also found that Se improved SOD activity in the serum, GPX activity in the liver and GPX activity, and GSH concentration in the ovary. The toxicity of HEM on oxidative stress and the ameliorative effect of Se are different in different tissues in the study. It has been reported that the toxicity of HEM was related to the cell type of tissues. Some somatic cells in the target tissue of HEM have a high affinity, while others have low affinity (32, 56). The different accumulation of free HEM and Se may also account for the question.

Our data suggested that Se addition of 0.4 mg/kg based on the basal diet of 1.4 mg/kg decreased AST concentrations in the serum. In other words, Se addition ameliorated hepatic dysfunction. The possible reason was that Se modulated hepatic inflammation-related genes and element homeostasis and attenuated oxidative damage of the liver (32, 59).

The data reported herein demonstrate that Se retention in the egg white was more than that in the egg yolk, and Se addition did not elevate Cd, Cr, Pb, and Hg content in the egg yolk and egg white. Swanson and Christine (60) found selenized yeast promotes deposition into egg white. Our results are consistent with this report. Stress or disease conditions make laying hens lay lighter-colored eggshells (61). In this study, the accumulation of Se in egg yolk and white was positively correlated to the b* value of eggshell color. L*a*b*= L* – a* – b*, lower is the value (L*a*b*), dark is the egg. These indicate that Se contributes to improving egg quality through its antioxidant ability. However, selenized yeast in this study did not alleviate the HEM toxicity on egg white quality which may be associated with Se addition dosage. Although the permitted limit of Se is 0.5 mg/kg diet in China (42), it has been shown that selenosis can occur in laboratory animals, livestock, and humans following long-term exposure to 5 mg Se/kg of diet (62). The National Academy of Sciences has accepted 5 mg Se/kg diet as the division level between toxic and non-toxic feeds (63). Thus, we assume that Se addition of 0.4 mg/kg cannot fully offset the toxicity of HEM on egg white quality. Se dosages should vary for nutrition, disease-resistant, and enrichment purpose which should be explored in future.

Given the co-exposure to multiple heavy metals is a more realistic scenario, the effects of these metals on oxidative status when simultaneously present in the organism have become one of the contemporary issues in toxicology. The combined effect of multiple heavy metals and their additive, synergistic, antagonistic, or independent effects, and their molecular mechanisms needs further investigation.



Conclusion

In conclusion, dietary HEM exposure depressed laying performance and egg white quality which are likely associated with HEM impaired antioxidant capacity, disrupted hepatic function, and elevated HEM accumulation in the egg yolk and egg white. Selenium as selenized yeast addition of 0.4 mg/kg attenuated toxicity of HEM on laying performance, oxidative stress, and hepatic function, but did not ameliorate the effects of HEM toxicity on egg white quality. The interactive relationship of HEM and exact selenium dosages for disease-resistant purpose perhaps need to be explored in future.



Data availability statement

The original contributions presented in the study are included in the article/supplementary material, further inquiries can be directed to the corresponding author.



Ethics statement

The animal study was reviewed and approved by Sichuan Agricultural University Animal Ethical and Welfare Committee.



Author contributions

CW, SB, and KZ: conceptualization. LL, GL, SB, JW, and YL: methodology. LL, YJ, HL, FW, and BW: investigation. SB, CW, JS, and LL: data curation and writing—original draft preparation. CW, SB, LL, BW, HL, FW, and YJ: formal analysis. GL, YL, JW, and TA: supervision. SB and CW: funding acquisition. All authors reviewed, edited, and approved the final version of the manuscript.



Funding

This work was supported by the National Key Research and Development Program of China (No. 2021YFD1300203).



Acknowledgments

Thanks for the support of China Scholarship Council.



Conflict of interest

Author BW was employed by Chelota Biotechnology Co., Ltd.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

 1. Larsen JC. Opinion of the scientific panel on contaminants in food chain on a request from the commission related to fumonisins as undesirable substances in animal feed: Request No EFSA-Q-2003-040. EFSA J. (2004) 1:507–51.

 2. Mcbride MB. Growing food crops on sludge-amended soils: Problems with the U.S. Environmental Protection Agency method of estimating toxic metal transfer. Environ Toxicol Chem. (1998) 17:2274–81. doi: 10.1002/etc.5620171118

 3. Plummer FR, Bartlett BE. Mercury distribution in laying hens fed whalemeal supplement. Bull Environ Contam Toxicol. (1975) 13:324–9. doi: 10.1007/BF01685344

 4. Cheremisinoff NP. Agency for Toxic Substances and Disease Registry (ATSDR). In: Pollution Control Handbook for Oil and Gas Engineering. New York, NY: John Wiley & Sons (2016), p. 121–32.

 5. Commission E. Setting of maximum levels for certain contaminants in foodstuffs. Regulation. (2006) 1881:5–24.

 6. Lindén A. Biomonitoring of Cadmium in Pig Production. Doctoral thesis, Swedish University of Agricultural Sciences (2002).

 7. Mela M, Randi MAF, Ventura DF, Carvalho CEV, Pelletier E, Ribeiro CAO, et al. Effects of dietary methylmercury on liver and kidney histology in the neotropical fish Hoplias malabaricus. Ecotoxicol Environ Saf. (2007) 68:426–35. doi: 10.1016/j.ecoenv.2006.11.013

 8. Butt SL, Saleemi MK, Khan MZ, Khan A, Rackensperger T. Cadmium toxicity in female Japanese quail (Coturnix japonica) and its diminution with silymarin. Pak Vet J. (2018) 38:2074–7764. doi: 10.29261/pakvetj/2018.062

 9. Olgun O, Bahtiyarca Y. Effects of dietary cadmium and boron supplementation on performance, eggshell quality and mineral concentrations of bone in laying hens. Biol Trace Elem Res. (2015) 167:56–62. doi: 10.1007/s12011-015-0291-x

 10. Yang S, Zhang Z, He J, Li J, Zhang JL, Xing H, et al. Ovarian toxicity induced by dietary cadmium in hen. Biol Trace Elem Res. (2012) 148:53–60. doi: 10.1007/s12011-012-9343-7

 11. Zhu M, Zhou W, Bai L, Li H, Zou X. Dietary cadmium chloride supplementation impairs renal function and bone metabolism of laying hens. Animals. (2019) 9:998. doi: 10.3390/ani9110998

 12. Šály J, Baranová D, Peek L, Zevíková, Kremen J. Effect of lead on health and productivity of layers. Bull Vet Inst Pulawy. (2004) 48:75–80.

 13. Cowie E, Gartrell BD. Lead concentrations in the blood and eggs of backyard laying hens. New Zeal Vet J. (2019) 67:86–92. doi: 10.1080/00480169.2018.1561340

 14. Edens FW, Garlich JD. Lead-induced egg production decrease in Leghorn and Japanese quail hens. Poult Sci. (1983) 62:1757. doi: 10.3382/ps.0621757

 15. Yuan C, Song HH, Jiang YJ, Azzam MMM, Zhu S, Zou XT, et al. Effects of lead contamination in feed on laying performance, lead retention of organs and eggs, protein metabolism, and hormone levels of laying hens. J Appl Poult Res. (2013) 22:878–84. doi: 10.3382/japr.2013-00801

 16. Al-Fayadh H, Mehdi AWR, Al-Soudi K, Al-Khazraji AK, Al-Jiboori NA. Effects of feeding ethyl mercury chloride to chickens. Poult Sci. (1976) 552:772–9. doi: 10.3382/ps.0550772

 17. Ma Y, Shi Y, Li L, Xie C, Zou X. Toxicological effects of mercury chloride on laying performance, egg quality, serum biochemistry, and histopathology of liver and kidney in laying hens. Biol Trace Elem Res. (2018) 185:465–74. doi: 10.1007/s12011-018-1263-8

 18. Pechova A, Pavlata L. Veterinarni a Farmaceuticka Univ. Brno Chromium as an essential nutrient: a review. Vet Med (Praha). (2007) 52:1–18. doi: 10.17221/2010-VETMED

 19. Lindemann M. Organic chromium-the missing link in farm animal nutrition. Feed Times. (1996) 1:8–16.

 20. Kim JD, Han IK, Chae BJ, Lee JH, Yang CJ. Effects of dietary chromium picolinate on performance, egg, quality, serum traits and mortality rate of brown layers. Asian-australas J Anim Sci. (1997) 10:1–7. doi: 10.5713/ajas.1997.1

 21. Nattapon S, Jin-Jenn L, Alex TYH, Tu-Fa L. Effect of different levels of nanoparticles chromium picolinate supplementation on performance, egg quality, mineral retention, and tissues minerals accumulation in layer chickens. J Agric Sci. (2013) 5:150. doi: 10.5539/jas.v5n2p150

 22. Piva A, Meola E, Gatta PP, Biagi G, Castellani G, Mordenti AL, et al. The effect of dietary supplementation with trivalent chromium on production performance of laying hens and the chromium content in the yolk. Anim Feed Sci Technol. (2003) 106:149–63. doi: 10.1016/S0377-8401(03)00006-3

 23. Mariottini M, Guerranti C, Aurigi S, Corsi I, Focardi S. Pesticides and polychlorinated biphenyl residues in human adipose tissue. Bull Environ Contam Toxicol. (2002) 68:72–8. doi: 10.1007/s00128-001-0221-9

 24. Ma W, Gu Y, Lu J, Yuan L, Zhao R. Effects of chromium propionate on egg production, egg quality, plasma biochemical parameters, and egg chromium deposition in late-phase laying hens. Biol Trace Elem Res. (2014) 157:113–9. doi: 10.1007/s12011-013-9875-5

 25. Zhang S, Sun X, Liao X, Lu L, Zhang L, Ma Q, et al. Dietary supplementation with chromium picolinate influences serum glucose and immune response of brown-egg laying hens. Biol Trace Elem Res. (2018) 185:448–55. doi: 10.1007/s12011-017-1232-7

 26. Dawei C, Junhua P, Xiujun T, Junxian L, Yinyin L, Xiaoxu J, et al. Effects of exposure to lead and cadmium on the oxidative damage of livers in laying hens. Anim Husb Feed Sci. (2014) 6:249–53.

 27. Hallak AK, Baykov B, Kirov K. Influence of lead and cadmium on productivity of laying-hens. In: Proceedings of 13th International Congress in Animal Hygiene, Tartu, Estonia (2007), p. 17–21.

 28. Kim E, Wickramasuriya SS, Shin TK, Cho HM, Heo JM. Bioaccumulation and toxicity studies of lead and mercury in laying hens: effects on laying performance, blood metabolites, egg quality and organ parameters. J Poult Sci. (2019) 56:277–84. doi: 10.2141/jpsa.0180118

 29. Jordan SA, Bhatnagar MK, Bettger WJ. Combined effects of methylmercury, lead, and cadmium on hepatic metallothionein and metal concentrations in the Pekin duck. Arch Environ Contam Toxicol. (1990) 19:886–91. doi: 10.1007/BF01055055

 30. Rao PVVP, Jordan SA, Bhatnagar MK. Combined nephrotoxicity of methylmercury, lead, and cadmium in Pekin ducks: metallothionein, metal interactions, and histopathology. J Toxicol Environ Health. (1989) 26:327–48. doi: 10.1080/15287398909531257

 31. Dolph L, Hatfield PA, Tsuji BA, Carlson V. Selenium and selenocysteine: roles in cancer, health, and development. Trends Biochem Sci. (2014) 39:112–20. doi: 10.1016/j.tibs.2013.12.007

 32. Li J, Xing L, Zhang R. Effects of Se and Cd co-treatment on the morphology, oxidative stress, and ion concentrations in the ovaries of laying hens. Biol Trace Elem Res. (2018) 183:156–63. doi: 10.1007/s12011-017-1125-9

 33. Zhang R, Wang Y, Wang C, Zhao P, Bao J. Ameliorative effects of dietary selenium against cadmium toxicity is related to changes in trace elements in chicken kidneys. Biol Trace Elem Res. (2016) 176:1–10. doi: 10.1007/s12011-016-0825-x

 34. He H, Xiaoyan J, Yanmin X, Qi H, Wanying J, Yanyan L, et al. Dietary selenium supplementation alleviates immune toxicity in the hearts of chickens with lead-added drinking water. Avian Pathol. (2019) 48:230–7. doi: 10.1080/03079457.2019.1572102

 35. Caban Ero AI, Madrid Y, Cámara C. Selenium long-term administration and its effect on mercury toxicity. J Agric Food Chem. (2006) 54:4461. doi: 10.1021/jf0603230

 36. Freitas ASD, Funck VR, Rotta MDS, Bohrer D, Mörschbächer V, Puntel RL, et al. Diphenyl diselenide, a simple organoselenium compound, decreases methylmercury-induced cerebral, hepatic and renal oxidative stress and mercury deposition in adult mice. Brain Res Bull. (2009) 79:77–84. doi: 10.1016/j.brainresbull.2008.11.001

 37. Hao P, Zhu Y, Wang S, Wan H, Chen P, Wang Y, et al. Selenium administration alleviates toxicity of chromium (VI) in the chicken brain. Biol Trace Elem Res. (2017) 178:127–35. doi: 10.1007/s12011-016-0915-9

 38. Wang Y, Liu Y, Wan H, Zhu Y, Chen P, Hao P, et al. Moderate selenium dosing inhibited chromium (VI) toxicity in chicken liver. J Biochem Mol Toxicol. (2017) 2017:e21916. doi: 10.1002/jbt.21916

 39. Mason C, Last N, Macdonald S. Mercury, cadmium, and lead in British otters. Bull Environ Contam Toxicol. (1986) 37:844–9. doi: 10.1007/BF01607848

 40. Tsipoura N, Burger J, Newhouse M, Jeitner C, Gochfeld M, Mizrahi D. Lead, mercury, cadmium, chromium, and arsenic levels in eggs, feathers, and tissues of Canada geese of the New Jersey Meadowlands. Environ Res. (2011) 111:775–84. doi: 10.1016/j.envres.2011.05.013

 41. Wang H, Dong Y, Yang Y, Toor GS, Zhang X. Changes in heavy metal contents in animal feeds and manures in an intensive animal production region of China. J Environ Sci (China). (2013) 2512:2435–42. doi: 10.1016/S1001-0742(13)60473-8

 42. GB 13078. Hygienical Standard for Feeds. General Administration of Quality Supervision, Inspection and Quarantine of the People's Republic of China. Beijing: Standards Press of China (2017).

 43. Suganya T, Senthilkumar S, Deepa K, Muralidharan J, Sasikumar P, Muthusamy AN, et al. Metal toxicosis in poultry—a review. Int J Environ Sci Technol. (2016) 5:515–24.

 44. Wu C, Li L, Jiang YX, Kim WK, Wu B, Liu GM, et al. Effects of selenium supplementation on the ion homeostasis in the reproductive organs and eggs of laying hens fed with the diet contaminated with cadmium, lead, mercury, and chromium. Front Vet Sci. (2022) 9:902355. doi: 10.3389/fvets.2022.902355

 45. National Research Council. Nutrient Requirements of Poultry. 9th rev. ed. National Academic Press: Washington, DC (1994).

 46. Pillai A, Gupta S. Antioxidant enzyme activity and lipid peroxidation in liver of female rats co-exposed to lead and cadmium: effects of vitamin E and Mn2+. Free RadicRes. (2005) 39:707–12. doi: 10.1080/10715760500092444

 47. Matović V, Buha A, Ð*ukić-Cosić D, Bulat Z. Insight into the oxidative stress induced by lead and/or cadmium in blood, liver and kidneys. Food Chem Toxicol. (2015) 78:130–40. doi: 10.1016/j.fct.2015.02.011

 48. Alonso ML, Benedito JL, Miranda M, Castillo C, Hernández J, Shore RF, et al. Interactions between toxic and essential trace metals in cattle from a region with low levels of pollution. Arch Environ Contam Toxicol. (2002) 42:165–72. doi: 10.1007/s00244-001-0012-7

 49. Ma Y, Gong YJ, Xu QQ, Zou X. Molecular mechanism of mercuric chloride inhibiting progesterone secretion in ovarian granulosa cells of laying hens. J Anim Physiol Anim Nutr (Berl). (2018) 102:1533–42. doi: 10.1111/jpn.12955

 50. Gonzalez FJ. The molecular biology of cytochrome P450s. Pharmacol Rev. (1989) 40:243–88.

 51. Nolan TD, Brown D. The influence of elevated dietary zinc, selenium, and their combination on the suppressive effect of dietary and intraperitoneal cadmium on egg production in laying hens. J Toxicol Environ Health Part A. (2000) 60:549–65. doi: 10.1080/00984100050082094

 52. Georgescu B, Georgescu C, Dărăban S, Bouaru A, Paşcalău S. Heavy metals acting as endocrine disrupters. Anim Sci Biotechnol. (2011) 44:89–93.

 53. Surai PF, Fisinin VI. Selenium in poultry breeder nutrition: an update. Anim Feed Sci Technol. (2014) 191:1–15. doi: 10.1016/j.anifeedsci.2014.02.005

 54. Payne RL, Southern LL. Changes in glutathione peroxidase and tissue selenium concentrations of broilers after consuming a diet adequate in selenium. Poult Sci. (2005). 84:1268–76. doi: 10.1093/ps/84.8.1268

 55. Whanger PD. Selenocompounds in plants and animals and their biological significance. J Am Coll Nutr. (2002) 21:223–32. doi: 10.1080/07315724.2002.10719214

 56. Surai PF, Karadas F, Pappas AC, Sparks NH. Effect of organic selenium in quail diet on its accumulation in tissues and transfer to the progeny. Br Poult Sci. (2006) 47:65–72. doi: 10.1080/00071660500475244

 57. Storelli MM, Marcotrigian GO. Mercury speciation and relationship between mercury and selenium in liver of Galeus melastomus from the Mediterranean Sea. Bull Environ Contam Toxicol. (2002) 69:516–22. doi: 10.1007/s00128-002-0092-8

 58. Nad P, Skalicka M, Korenekova B. The effects of long-term cadmium exposure in Turkeys: accumulation and zinc prevention. J Environ Health Sci Part A. (2012) 47:1239–43. doi: 10.1080/10934529.2012.672074

 59. Zhang R, Liu Y, Xing L, Zhao N, Zheng Q, Li J, et al. The protective role of selenium against cadmium-induced hepatotoxicity in laying hens: expression of HSPS and inflammation-related genes and modulation of elements homeostasis. Ecotoxicol Environ Saf. (2018) 159:205–12. doi: 10.1016/j.ecoenv.2018.05.016

 60. Christine SA. Comparative utilization of selenite, selenomethionine, and selenized yeast by the laying hen. Nutr Res. (1987) 7:529–537. doi: 10.1016/S0271-5317(87)80009-X

 61. Samiullah S, Roberts JR, Chousalkar K. Eggshell color in brown-egg laying hens—a review. Poult Sci. (2015) 94:2566–75. doi: 10.3382/ps/pev202

 62. National Research Council. Selenium in Nutrition. Washington, DC: National Academic Press (1983).

 63. National National Academy of Sciences Food and Nutrition Board. Recommended Dietary Allowances. Washington, DC: National Academic Science Press (1980). p. 162–4.



OPS/images/fvets-09-958056-t002.jpg
Items

Feed intake

Feed conversion ratio', g:g

Hen-day egg production, %

Average egg weight, g

Egg disqualification ratio?, %

CON = the corn-soybean meal basal diet

Period

weekl-4
week5-8
week9-12
Overall
weekl-4
week5-8
week9-12
Overall
weekl-4
week5-8
week9-12
Overall
weekl-4
weekS5-§
week9-12
Overall
weekl-4
week5-8
week9-12
Overall

CON

11256
112,54
112,64
11258
175
2146
213
214
84.84%
84.70°
84.48°
84.67
62.15
62.40
62.04
62.19
1.08
048
226
169

Main effect of diet
Se HEM
11263 112,53
1177 1272
11256 112,62
1232 112,63
174 175
2.16¢ 2.15¢
2.13¢ 228
215 231
8407 8445
84340 7935"
83,93 7186°
8412 78.55
62.10 62.10
62.30 62.30
62.17 6231
6219 6223
108 226
108 L10
048 228
107 155

HEM+Se

112,04
11181
113.06
112.30
176
214
2.14°
219
8467
83.99"
79.30°
82.65
6223
62.13
6231
6223
240
057
2.06
1.04

SEM

030

0010

0.140

0.09

0.460

and 5 mg chromium/kg from CrClz; HEM-+Se = the HEM dict supplemented with 0.4 mg selenium/kg from selenized yeast.

! Feed conversion ratio is represented
2 Disqualification ¢

¢ Means (1

10) within a row with

fes

feed consumption (g): egg weight (g).
ncluded broken eggs, salable eggs, soft shell eggs,
ifferent superscripts di

y cggs, and misshapen eggs.
ignificantly (P < 0.05).

Main effect of period
weekl-4  week5-8  week9-12
11244 11221 1272
214 217 228
84510 83.10° 79.89%
62.14 6228 6221
152 137 108

SEM

0290

0010

0.140

0.070

0360

Diet

0689

<0.001

<0.001

0984

0.400

P-value
Period

0370

<0.001

<0.001

0392

0.153

Diet*Period

<0.001

<0.001

0.504

0.131

the CON diet supplemented with 0.4 mg selenium/kg from selenized yeast; HEM = the CON diet added with 5 mg cadmium/kg from CdCla, 50 mg lead/kg from Pb(NOs)a, 3 mg mercury/kg from HgCl,





OPS/images/fvets-09-958056-t003.jpg
Ttems! CON

Yolk weight, g 1756
Yolk percentage, % 27.49%
Yolk color 7.04
Haugh unit 9026
Albumin height, mm 8.49°
Eggshell thickness, mm 036
Eggshell strength, kg/cm? 3.95
Eggshell color L*! 82,000
Eggshell color b*! 15.40%
Eggshell colora*! 3.08

ON = the com-soybean meal basal diet;

Se

17.64
28.38"
7.85
91.00°
855
037
382
80.41°
17.10°
362

HEM

1720
29.94*
694
84.79°
7.400
036
3.88
8233
1575
293

= the CON diet supplemented with 0.4 mg selenium/kg from selenized yeast; HE

CdCly, 50 mg lead/kg from Pb (NO3)2, 3mg mercury/kg from HgCly, and 5 mg chromium/kg from CrCly; HEM+Se = the HE

HEM +Se

1713
28.42°
7.00
84.57°
692
037
348
82150
15.56°
352

SEM

027
0.19
044
152
036
001
022
058
058
027

P-value

0.469
0.009
0133
0019
0035
0792
0.459
<0.001
0023
0.199

he CON diet added with 5 mg cadmium/kg from
diet supplemented with 0.4 mg selenium/kg from





OPS/images/fvets-09-958056-g003.gif
4
i m
[ -+
s
(! i :
iiic i
whadston dddm
i
H [
s
3 = £
e 3
3+ 1§
H ;
il £} :
. ’
8






OPS/images/fvets-09-958056-t001.jpg
Ingredients Amount (%) Calculated Amount (%)
nutrients levels

Corn 58.11 ME (M]/kg) 10.90
Soybean meal 1660 Crude protein 14.56
Wheat bran 648 Calcium 355
Rapeseed meal 280 Non-phytate phosphorus 033
Corn distillers dried 3.00 Lysine 075

grains with soluble

Soybean oil 180 Methionine 033
CaCOs 8.40 Methionine + cysteine 0.60
CaHPO;-H,0 1.20 Threonine 0.57
L-Lysine 018 Tryptophan 018
hydrochloride

NaCl 040

Choline chloride 0.10

Vitamin premix® 003

Mineral premix® 090

“Vitamin premix provided the following per kilogram of complete dict: vitamin A (retiny]
palmitate) 10,000 IU, vitamin D 2,500 IU, vitamin E (DL-tocopheryl acetate) 6.25 U,
vitamin ks 1.25 1U, thiamine 0.5 mg, riboflavin 4 mg, pantothenic 6.25 mg, niacin 8.75 me,
pyridoxine 1.5 mg, biotin 0.0125 mg, folic acid 0.125 mg, VB12 0.0075 mg,

b Mineral premix supplied the following per kilogram of complete diet:
Fe  (FeSOyH;0)60mg  Cu(CuSO4-5H;0), 8mg  Zn(ZnSO4-H;0),  80mg;
Mn(MnS$O4-H20), 60 mg; I(KI) 0.35 mg.
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Items! CON Se HEM HEM +Se SEM P-value

ALT (U/L) 3.00 225 250 200 038 0361
AST (U/L) 177.00° 183.33¢ 238.67° 217.75" 7.75 0.005
TP (g/L) 5043 5123 5037 4925 337 0978
ALB (g/L) 19.42 20.00 19.67 19.32 076 0.908
GLU (mmol/L) 1331 13.23 12.40 11.60 061 0204
BUN (mmol/L) 022 025 018 024 0.04 0567
TC (mmol/L) 291 284 370 326 039 0450
LDL-C (mmol/L) 0388 098 L14 123 015 0385
HDL-C (mmol/L) 052 073 108 077 020 0313
TG (mmol/L) 11.66 1242 968 656 205 0259
E2(pg/ml) 4958 50.12 45.03 49.26 277 0539
Pd(pmol/L) 933.36 991.27 929.24 876.82 6223 0617

edyeast; the CON diet added with 5 mg cadmiumy/kg from CdCl,
35 HEM-+Se = the HEM diet supplemented with 0.4 mg selenium/kg from selenized yeast
se; TP, total protein; ALB, albumi glucose; BUN, serum urea total cholesterols LDL-C
high-density lipoprotein cholesterol; TG, total triglycerides.

superscripts differ significantly (P < 0.05).

low-density lipoprotein cholesterol; HDL-
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Items CON Se HEM HEM+Se SEM P-value

Cd pglkg Yolk Ns! 0.079¢ 441 271 035 <0.001
Egg white 569 689 852 793 019 0.186
Pb mg/kg Yolk 0.44° 0.61° 114° 0.99* 005 <0.001
Egg white 0.92 077 1.00 1.14 0.24 0.747
Crmg/kg Yolk 3292 3815 3830 3864 269 0405
Egg white 2425 254 23.06 2575 155 0487
Hg ng/kg Yolk 12.49° 434 235.8" 397.8 55.99 0.001
Egg white 998 492 822 7.83 118 0,052
Se mg/kg. Yolk 0.69" 117 0.70° 133 0.07 <0.001
Egg white 0.61° 144 0.64" 1.64° 0.09 <0.001

CON = the com-soybean meal basal diet; Se = the CON diet supplemented with 0.4 mg seles M = the CON diet added with 5 mg cadmium/kg from CdCl,,
50 mglead/kg from Pb(NO3);, 3 mg mercury/kg from HgCly, and 5 mg chror diet supplemented with 0.4 mg selenium/kg from selenized yeast.
INS means not detected. The limit of detection of selenium, cadmium, lead, mercury, and chromium is 0.31 wg/kg, 0.61 g/kg, 0.57 me/kg, 0.5 m/kg, 0.49 mg/kg, respectively.

ithin a row with different superscripts differ significantly (P < 0.05).
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Eggshell color b
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Yolk percentage, %
Yolk color
Haugh unit
Albumin height, mm
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Eggshell color, L*
Eggshell colora®
Eggshell color b

*r =correlation coefficient.
ignificantly correlated at P < 0.(

*Measurements are 5 **measuy
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” P-value r Pvalue  r  Pvalue r P-value
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0019 0942 0288 0218 0053 0825  —0239 0323
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0264 0306 0219 0352 0222 0346  —0311  0.196

ments are i

antly correlated at P < 0.01 (two-tailed).
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