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Abstract

:

Simple Summary


A significant problem of birds reared in farms and then reintroduced to natural living environment is their survival, which is usually much lower than that of the free-living ones. Behavioral and physiological deficiencies rather than morphological anatomy decide about failure, nevertheless, the birds’ body condition, including quality and maturity of skeletal system, are also important. In this context, the problem of proper nutrition for growing game birds is a major one. The level and source of microelements, as well as the source of protein are the main factors affecting bone growth in young captive-reared birds. Since calcium, zinc, iron, and copper are critical nutrients in all practical diets, this experiment was undertaken to determine the possibility of the partial inclusion of organic forms of these elements to the diet of pheasants in order to improve their bone development and survival.




Abstract


This study analyzed the effects of partial replacing of Ca, Fe, Zn, and Cu salts with glycine chelates on the measures of bones health in 16-week-old captive-reared male pheasants, allocated to one of the three experimental groups supplemented with Ca, Fe, Zn, and Cu in forms of inorganic salts (the control group) or groups receiving from the ninth week 25% and 50% of supplemented elements as glycine chelates. At the end of rearing birds receiving chelates were heavier (p < 0.001) and their tibia showed an increase of numerous mechanical parameters: yield and ultimate force (p = 0.028, p < 0.001, respectively), stiffness (p = 0.007), Young modulus (p < 0.001), compared to the control animals. The bones of birds receiving chelates in 50% were also heavier (p < 0.001) and longer (p = 0.014), with thinner cortical bone in midshaft (p = 0.027) and thicker proximal trabeculae (p < 0.001) compared to the control. While both doses of chelates increased mineral density in midshaft (p = 0.040), bone content of Cu and Zn decreased (p = 0.025, p < 0.001, respectively). The content of immature collagen in cancellous bone and articular cartilage increased in groups receiving chelates (p < 0.001, p = 0.001, respectively). In conclusion, glycine chelates probably enhanced development of the skeletal system in male pheasants as bones were denser and more resistant to mechanical damage.
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1. Introduction


The primary purpose of captive-reared pheasants in many European countries, including the United Kingdom and Poland, is their reintroduction to the natural living environment [1,2,3,4]. However, a significant problem of birds reared in farms and then reintroduced to natural living environment is their survival, which is usually much lower than 10% [5,6]. Behavioral and physiological deficiencies, rather than morphological anatomy decide about failure [4]. Nevertheless, the birds’ body condition, including quality and maturity of the keletal system, are also important [7,8].



Calcium is one of the main elements involved in skeletal mineralization and mechanical strength of bones [9,10]. Zinc is necessary for normal growth and bone development. In poultry, zinc deficiency results in reduction of weight gain, skeletal malformation and insufficient mineralization [11,12,13]. Iron is a component of a variety of enzymes involved in synthesis of collagen, the most abundant protein forming connective tissue and prevents osteoporosis [14,15,16]. Copper is essential for normal growth, bone development and metabolism [17,18,19]. Copper is needed for the action of lysyl oxidase, a Cu-dependent enzyme, which mediates the final step in the biosynthesis of collagen and normalizes the deposition of calcium and phosphorus in bones [20]



Nutrients recommendations for pheasants (per 1 kg of diet) are 5 mg for copper, 60 mg for zinc, 60 mg for iron, and 5.3 g for calcium [21]. Dietary minerals can be given in inorganic forms (as sulphates or carbonates) or chelated forms characterized with a higher bioavailability due to significantly higher absorption rates in the intestine compared with soluble inorganic salts [22] and the fact that additional chelation is not required at the brush border of the cell membrane [23,24]. Chelate feeding is a strategy used to increase the nutritional reserves of poultry [22,25]. Studies by El-Husseiny et al. [26] and Favero et al. [27], who evaluated partial replacement of inorganic sulphates of Zn and Cu with organic amino acid complexes in breeder hen and broiler diets, show that with simultaneous diet supplementation with inorganic and organic forms of Zn and Cu significantly improve numerous tibia quality indices (weight, mineralization, thickness, moment of inertia, and breaking strength). Moreover, our recent studies have shown that the use of Zn, Cu, and Fe in the form of amino acid complexes in poultry diet even at lower doses than recommended can enhance bone strength [28,29] and promote the development of hyaline cartilage enhancing proteoglicans content in articular cartilage which prevent destabilization of the collagen network [30,31].



In the available literature, we found no studies concerning the assessment of the development of the skeletal system and bone quality of pheasants from a breeding farm. As a tibia serves as the model bone in studies on the quality of the skeleton of captive-reared birds, the aim of the study was to determine the effect of partial replacing calcium, iron, zinc, and copper salts with glycine chelates on the tibia mineral composition, mechanical properties, and histomorphometry of trabecular bone in male pheasants originating from aviary breeding.




2. Materials and Methods


2.1. Ethical Approval


The experimental procedures used throughout this study were approved by the Local Ethics Committee on Animal Experimentation of University of Life Sciences in Lublin, Poland (Resolution No. 22/2016 of 13 May 2016).




2.2. Animals


The experiment consisted of 18 healthy male pheasants (Phasianus colchicus) obtained from the breeding flock of the experimental station and kept on a commercial breeding farm. Up to the end of week 8, the pheasants were kept in the rearing house and fed the commercial standard feeds: starter (1–4 weeks), grower (5–8 weeks) (Table 1). From the 9th week the birds were individually transferred to separate partially roofed aviaries and randomly allocated to one of the three experimental groups (n = 6 in each group), according to the partial replacement of inorganic salt with glycine chelates in finisher mineral-vitamin premix (Table 2). Each aviary was equipped with automatic nipple drinkers combined with an automatic feeders. Water and feed (finisher, Table 1) were individually provided ad libitum. All the diets, isonitrogenous, isoprotein, and isoenergetic, were formulated to meet or exceed the nutritional requirement [21]. All of the experimental birds were individually weighed at the start (at the end of 8th week), in the middle (at the end of 12th week), and the end of experiment (at the end of 16th week). The birds were mechanically stunned and slaughtered by cutting the carotid arteries at the age of 16 weeks. The procedure was conducted at a commercial facility under the veterinary control.




2.3. Experimental Feeds


Copper, zinc, iron and calcium formulated as salts and glycine chelates were introduced into the mineral-vitamin premix to finisher feed. The control group received Ca, Fe, Zn, and Cu in forms of inorganic salts, while in experimental groups 25% (the Ch-25 group) and 50% (the Ch-50 group) of supplemented elements were given as glycine chelates. The Glystar Forte glycine chelates (Arkop, Bukowno, Poland), containing 16% of Zn, 16% of Cu, 16% of Fe, and 20% of Ca, respectively, were used in the experiment. The amount of minerals in the premix was based on nutritional recommendations for pheasants, irrespective of its content in the components of the basal diet (Table 1). Recommendations for supplementation for pheasants are: 5 mg for copper, 60 mg for zinc, 60 mg for iron and 5.3 g for calcium (per 1 kg of diet) [21].




2.4. Bone Analysis


The weight and length of both isolated tibiae were measured, next they were frozen at −25 °C for further analyses. Bone metabolism was assessed by determining the bone mineral content and mineral density with the dual-energy X-ray absorptiometry method using a densitometer (Norland XR 43, Fort Atkinson, WI, USA). The measurements were performed for whole bone and separately for distal and proximal parts as well as for bone midshaft.



To estimate the mechanical properties of tibia mid-diaphysis a three-point bending test was performed using a universal testing machine (Zwick Z010, Zwick GmbH & Co. KG, Ulm, Germany). The load was applied with a displacement rate of 10 mm/min in the anterior-posterior plane (A-P plane) until the bone fracture [34,35]. During the test, the load-deformation curves were registered continuously. Next, the external and internal diameters of the mid-diaphysis cross-section were measured in horizontal (medial-lateral, M-L) and A-P planes with a digital caliper. On the basis of the measured diameters, the following geometric traits were calculated: cortical cross-sectional area, cortical index, mean relative wall thickness, and cross-sectional moment of inertia about medial-lateral axis [36,37]. On the basis of recorded load-deformation curves and calculated geometrical traits the mechanical properties of tibia were calculated using standard engineering beam-theory equations as described previously [36]. They included the determination of the values of yield force, ultimate force, stiffness, elastic energy, work to fracture, bending moment, Young modulus, yield strain, ultimate strain, yield stress, and ultimate stress.




2.5. Histomorphometry and Collagen Content Analysis


Samples of cartilage and bone were taken from the middle of the lateral tibial condyle. Sagittal 0.5 mm thick sections of cartilage and bone were cut perpendicular to the articular surface, next were formaldehyde-fixed, decalcified in EDTA solution and subjected to standard histological procedures [38]. Masson trichrome staining was used to assess the morphology of articular cartilage and Picrosirius red (PSR) staining was used to evaluate the distribution of thick and thin collagen fibers in articular cartilage, cancellous and trabecular bone [39]. All microscopic images were collected using an BX63 microscope and CellSens software (Olympus, Tokyo, Japan).



The bone volume (BV) and tissue volume (TV) were measured in the microscopic images of trabecular bone sections using the pixel count, and the relative bone volume (BV/TV) was assessed. Calculated morphometric traits included also mean trabecular thickness (Tb.Th), mean trabecular separation (Tb.Sp) and trabecular number (Tb.N). The trabecular bone morphometry was assessed using the ImageJ software (Wayne Rasband, NIMH, Bethesda, MD, USA).




2.6. Bone Ash and Macro- and Microelements Content


Bone ash determination was conducted by ashing moisture- and fat-free bones in 600 °C in muffle furnace. The cartilage caps were excluded in making the ash determinations. The mineral composition of bone was determined using ICP-MS spectrometry (Varian 820-MS, Palo Alto, CA, USA) in ashed bone samples. The macro- and microelements content in samples were expressed mg or µg in 1 g of crude ash.




2.7. Statistical Analysis


Each separately caged bird was considered as experimental unit, with 6 birds as 6 replications in each group. Statistical analyses were performed using a one-way analysis of variance (ANOVA) with Statistica 13.3 software (TIBCO Software Inc., Palo Alto, CA, USA). Differences at p < 0.05 were considered statistically significant. When significant differences were detected in the one-way ANOVA, a post hoc Tukey’s honest significant difference test was employed to compare differences among treatment means. Data are presented as means with pooled standard error of the mean (SEM).





3. Results


3.1. Rearing Results


The weight of birds at the beginning of experimental feeding (at the end of eighth week) did not differ between groups (Table 2). At the age of 12 weeks birds from the Ch-25 group weighed comparable to the control birds. Birds from the Ch-50 group were heavier compared to other groups and mean live weight of birds of Ch-50 treatment was significantly higher than that of control by 7% (67 g). At the end of the experiment (at the end of 16th week) birds from both groups supplemented with glycine chelates, irrespective of their amount, were heavier compared to the control animals, by 2.5% (26 g) and 3.5% (37 g), for the Ch-25 and Ch-50 groups, respectively.




3.2. Bone Morphology, Geometry, and Mechanical Traits


The replacement with glycine chelates in 50% resulted in heavier (by 12%, 0.75 g) and longer (by about 5%, 6 mm) tibia compared to the control group (Table 3). Moreover, the decrease of cortical index by about 8% (2.8%) was observed in birds supplemented with glycine chelates at the concentration of 50%. No effects of the treatments on the weight/length ratio, bone midshaft cross-sectional diameters and area, moment of inertia, mean relative wall thickness, and cortical index were noted.



The increase of the mean value of the yield force was noted in the group Ch-25 and Ch-50 by about 30% (29.4 N) and 28% (27.4 N) compared to the control group, respectively (Table 4). Similarly, the mean Young modulus increased by 34% (3.7 GPa) and 32% (3.5 GPa), stiffness by 29% (78 N/mm) and 21% (56 N/mm), and bending moment by 31% (0.33 Nm) and 34% (0.37 Nm) for the Ch-25 and Ch-50 group, respectively. Greater differences between control and experimental groups were observed for ultimate force (increase by 43% (56 N) and 56% (71 N) for the Ch-25 and Ch-50 group, respectively), and for work to fracture (increase by 60% (31 mJ) and 95% (48 mJ) for the Ch-25 and Ch-50 group, respectively). The increase of ultimate stress was observed only in the Ch-50 group when comparing to the control group (by 60%, 54.8 MPa). No effect of the treatments on elastic energy, yield strain, yield stress, and ultimate strain was noted (Table 4).




3.3. Bone Mineral Density, Mineral Content, and Ash Percentage


The administration of glycine chelates increased bone mineral density in the midshaft of tibia compared to the control group, on average by 51% (0.039 g/cm2) and 30% (0.023%) for Ch-25% and Ch-50% group, respectively (Table 5). Other changes were not observed.




3.4. Trabecular Histomorphometry, Immature Collagen Content


Glycine chelates, irrespective of their amount, did not influence relative bone volume in tibial trabecular bone (Table 6). The trabecular thickness increased in the Ch-50 group (by 14%, 7.7 μm, when comparing to the control) while the trabecular space decreased in the Ch-25 group compared to other groups (by 29%, 99 μm, when comparing to the control group). Trabecular number did not change in the Ch-25 group, while decreased in the Ch-50 group (by 20%, 0.09/mm, when comparing to the control).



The content of thin (immature) collagen in trabecular bone decreased in the Ch-50 group by 38% (6.8%) in the Ch-50 group (Table 7). However, in articular cartilage its content increased in birds from both groups supplemented with glycine chelates by 39% (4.1%) and 68% (7.17%) in the Ch-25 and Ch-50 group, respectively. In cancellous bone, the increase of immature collagen was also observed in both glycine chelates-supplemented groups. The highest content was observed in the Ch-50 group, where 2.7-fold increase was observed compared to the control group.




3.5. Bone Macro- and Microelements Content


The content of Cu and Zn decreased in both groups supplemented with glycine chelates (Table 8). Copper decreased by 23% (0.24 mg/kg) and 18% (0.19 mg/kg) in the Ch-25 and Ch-50 group, respectively. For both experimental groups, Zn decreased by 5% (14–17 mg/kg). No other changes in bone macro- and microelements content were observed.





4. Discussion


The problem of proper nutrition for captive-reared game birds is a major one and leg deformities in birds might result in a high rate of mortality after introduction to natural environment, where bones are exposed to extensive bending and torsion loads, tension, or compression [40,41,42]. The skeleton in wild birds needs to be lightweight to minimize the metabolic cost of flight, and strong enough to withstand the forces encountered during movement [8]. Therefore, special emphasis is placed on proper bone development which ensure proper movement and behavior. The level and source of microelements, as well as the source of protein are the major factors affecting bone growth in birds [13,28,43,44]. Bone formation is highly dependent on the dietary concentrations of calcium and phosphorus [45]. In birds, bone ash is a very important sensitive indicator of availability of minerals [46]. Furthermore, a bone ash percentage and the internal structure of tibiae are signs of rickets in pheasants which are very sensitive for changes in the diet [40].



Bone ash, Ca, and P content in bone as well as the Ca/P ratio in our pheasants did not differ between groups. However, tibiae in pheasant fed a diet with replacement of glycine chelates at the level of 50% were longer and heavier. The maturity of tibiae assessed on the basis of their diameters showed a tendency to higher horizontal external diameter in pheasants fed diet with glycine chelates irrespective of the level of replacement. Moreover, a tendency to larger both internal diameters of tibiae in birds fed diet with replacement of glycine chelates in 50% could indicate that the bone became more mature with greater marrow cavity. This is confirmed by other geometric measurements. With the same cross-sectional area, bone wall thickness (cortical index) in the Ch-50 group was the lowest. It is important and should be emphasized that between two bones with the same cross-sectional area loaded with the same load, smaller deflection for a bone with larger diameters will be observed. In turn, to get the same deflection for large and low-diameters bones, higher force is needed for a large-diameters bone. In our study, the bone deflection (in terms of ultimate strain) was the same in all groups, the observed ultimate forces were the highest in the Ch-50 group.



Bird bones are characterized by a much thinner cortical bone, compared to terrestrial animals. The bending strength and Young modulus are significantly higher for marrow-filled than pneumatic bones in birds. Also, the ratio of internal to external diameter is larger in pneumatic bones than in marrow filled bones [47]. With the same cross-sectional area, the bone with larger diameters is more mechanically resistant [48]. In general, birds’ bones are denser and stronger relative to their weight. For a bone of a given volume and length, bone stiffness and strength can be maintained via a trade-off between bone density and shape [8]. Bone density reflects its mineral content and is highly correlated with bone rigidity (Young modulus, the ability to resist deformation) and strength (ultimate stress, the ability to resist fracture). Additionally, even a small bone can be strong and stiff if it is composed of dense bone tissue [49].



In our study, not only bones with larger bone marrow cavity (the Ch-50 group) had higher bone mineral density in midshaft, but also in the group fed diet with glycine chelates in lower amount (the Ch-25 group) bone mineral density was higher compared to the control group. This increased mineral density resulted in stronger bones of pheasants from these groups, as shown by higher values of mechanical traits (ultimate force, Young modulus, work to fracture) assessed in three-point bending test.



Pheasant chicks are especially prone to leg disorders and abnormal development when a certain key nutrient, such as zinc, is inadequate [50,51,52,53,54]. Long bones of the legs and wings are shorter and thicker than normal [52,55]. Similar effects are observed in copper and zinc deficiency [56,57]. Iron also participates in a numerous enzymatic systems involved in collagen synthesis and participates in bone metabolism through vitamin D activation and deactivation [15,58]. Calcium and phosphorus, in increasing amounts in the diet, exert independent, adverse effects on iron utilization [59].



Our pheasant fed diets with glycine chelates had decreased content of copper and zinc in bone tissue. Additionally, the increase of immature collagen in cancellous bone was observed in relation to the amount of glycine chelates in the feed. The presence of immature collagen may indicate an intense bone remodeling, but also unfinished growth in volume. On the other hand, higher content of mature collagen in trabecular bone in the Ch-50 group was noted. This shows how bone diaphysis differs from trabecular bone, which is characterized by a different proportion of the organic and inorganic phases that compact bone. The presence of immature (thin) collagen in the articular cartilage observed in glycine chelates supplemented groups (depending on the amount of their inclusion) once again indicates that the bone turnover process is more intensive. The higher level of glycine chelates increased a mature collagen content in trabecular bone and improved histomorphological microarchitecture of trabecular bone compared to control and Ch-25 groups by increasing the thickness of trabeculae. However, the reduction of the trabecular number was noted and no changes in bone real volume was observed.



Moreover, body weight gained by our pheasants supplemented with glycine chelates, while being greater than in the control, still represents only approximately 90% of the weight of an adult pheasant in natural hunting grounds [60]. This may be one of the reasons why farmed birds have a lower chance to survive after introduction to natural environment. The improvement of the quality of skeleton might be one of the of way increasing birds’ survival rate after release. Thus, future research should also cover the measurements of post-release survival rate of tagged birds.




5. Conclusions


The partial replacement of inorganic salts by Ca, Cu, Fe, and Zn glycine chelates in finisher feed of captive-reared male pheasants resulted in bones with the greater ability to resist deformation and fracture. Taken together, the results obtained strengthen the hypothesis that chelates provided in to the birds diet, including pheasants, promotes bone development. These results also provide a strong evidence for the need of selection of feed supplements if we want to maximize the chances of pheasants to survive upon the release to natural environment.







Author Contributions


Conceptualization, M.F., D.G., E.T., S.M., and E.R.G.; methodology, E.T and S.M.; software, P.D. and S.M.; validation, S.M., M.K., and E.T.; formal analysis, E.T., S.M., and P.D.; investigation, M.F., M.K., and E.T.; resources, D.G.; data curation, E.T.; writing—original draft preparation, M.F., D.G., and E.T.; writing-review and editing, S.M. and E.T.; visualization, P.D.; supervision, E.T.; project administration, M.F. and E.T.; funding acquisition, M.F., S.M., and E.T.




Funding


This research received no external funding.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Dzięciołowski, R.; Kowalina, E.; Plata, Z.; Sikorski, J. Pheasant—Breeding and Utilization; Wyd. PWRiL: Warszawa, Poland, 1971. [Google Scholar]

	



Tapper, S.C. A Question of Balance: Game Animals and Their Role in the British Countryside; The Game Conservancy Trust: Fordingbridge, UK, 1999. [Google Scholar]

	



Mazaraki, M. Hunting in Poland; KAW: Kraków, Poland, 1993. [Google Scholar]

	



Whiteside, M.A.; Sage, R.; Madden, J.R. Diet complexity in early life affects survival in released pheasants by altering foraging efficiency, food choice, handling skills and gut morphology. J. Anim. Ecol. 2015, 84, 1480–1489. [Google Scholar] [CrossRef] [PubMed]

	



Beeger, S.; Wójcik, M.; Flis, M.; Marecki, M.; Pyrkosz, R.; Dziedzic, R. Anatomo-morphological features of free-living and farmed pheasants. Med. Wet. 2017, 73, 370–374. [Google Scholar] [CrossRef][Green Version]

	



Whiteside, M.A.; Sage, R.; Madden, J.R. Multiple behavioural, morphological and cognitive developmental changes arise from a single alteration to early life spatial environment, resulting in fitness consequences for released pheasants. R. Soc. Open Sci. 2016, 3, 160008. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Hill, D.A.; Robertson, P.A. The Pheasant: Ecology, Management and Corservation; Blackwell Scientific Books: Oxford, UK, 1988. [Google Scholar]

	



Dumont, E.R. Bone density and the lightweight skeletons of birds. Proc. R. Soc. B 2010, 277, 2193–2198. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Kierończyk, B.; Rawski, M.; Józefiak, D.; Świątkiewicz, S. Infectious and non-infectious factors associated with leg disorders in poultry—A review. Ann. Anim. Sci. 2017, 17, 645–669. [Google Scholar] [CrossRef]

	



Świątkiewicz, S.; Arczewska-Włosek, A.; Szczurek, W.; Calik, J.; Krawczyk, J.; Józefiak, D. The influence of selected feed additives on mineral utilisation and bone characteristics in laying hens. Ann. Anim. Sci. 2018, 18, 781–793. [Google Scholar] [CrossRef]

	



Park, S.Y.; Birkhold, S.G.; Kubena, L.F.; Nisbet, D.J.; Ricke, S.C. Review on the role of dietary zinc in poultry nutrition, immunity, and reproduction. Biol. Trace Elem. Res. 2004, 101, 147–163. [Google Scholar] [CrossRef]

	



Olgun, O.; Yildiz, A.Ö. Effects of dietary supplementation of inorganic, organic or nano zinc forms on performance, eggshell quality, and bone characteristics in laying hens. Ann. Anim. Sci. 2017, 17, 463–476. [Google Scholar] [CrossRef][Green Version]

	



Tomaszewska, E.; Muszyński, S.; Dobrowolski, P.; Kwiecień, M.; Winiarska-Mieczan, A.; Świetlicka, I.; Wawrzyniak, A. Effect of zinc level and source on bone mechanical and geometric parameters, and histomorphology in male broiler chicken. Braz. J. Poult. Sci. 2017, 19, 159–170. [Google Scholar] [CrossRef]

	



Proff, P.; Romer, P. The molecular mechanism behind bone remodelling: A review. Clin. Oral Investig. 2009, 13, 355–362. [Google Scholar] [CrossRef]

	



Shoulders, M.D.; Raines, R.T. Collagen structure and stability. Ann. Rev. Biochem. 2009, 78, 929–958. [Google Scholar] [CrossRef] [PubMed]

	



Toxqui, L.; Vaquero, M.P. Chronic iron deficiency as an emerging risk factor for osteoporosis: A hypothesis. Nutrients 2015, 7, 2324–2344. [Google Scholar] [CrossRef] [PubMed]

	



Rodríguez, J.P.; Ríos, S.; González, M. Modulation of the proliferation and differentiation of human mesenchymal stem cells by copper. J. Cel. Biochem. 2002, 85, 92–100. [Google Scholar] [CrossRef]

	



Tomaszewska, E.; Dobrowolski, P.; Kwiecień, M.; Winiarska-Mieczan, A.; Tomczyk, A.; Muszyński, S.; Gładyszewska, B. Dose-dependent influence of dietary Cu-glycine complex on bone and hyaline cartilage development in adolescent rats. Ann. Anim. Sci. 2017, 17, 1089–1105. [Google Scholar] [CrossRef]

	



Tomaszewska, E.; Dobrowolski, P.; Kwiecień, M.; Winiarska-Mieczan, A.; Tomczyk, A.; Muszyński, S. The influence of dietary Cu-glycine complex on histomorphology of cancellous bone, articular cartilage and growth plate, bone mechanical and geometric parameters is dose-dependent. Biol. Trace Elem. Res. 2017, 178, 54–63. [Google Scholar] [CrossRef] [PubMed]

	



Linder, M.C.; Hazegh-Azam, M. Copper biochemistry and molecular biology. Am. J. Clin. Nutr. 1996, 63, 797–811. [Google Scholar] [CrossRef]

	



National Research Council (NRC). Nutrient Requirements of Poultry, 9th ed.; National Academic Press: Washington, DC, USA, 1994. [Google Scholar]

	



Świątkiewicz, S.; Arczewska-Włosek, A.; Józefiak, D. The efficacy of organic minerals in poultry nutrition: Review and implications of recent studies. Worlds Poult. Sci. J. 2014, 70, 475–485. [Google Scholar] [CrossRef]

	



Creech, B.L.; Spears, J.W.; Flowers, W.L.; Hill, G.M.; Lloyd, K.E.; Armstrong, T.; Engle, T.E. Effect of dietary trace mineral concentration and source (inorganic vs. chelated) on performance, mineral status, and fecal mineral excretion in pigs from weaning through finishing. J. Anim. Sci. 2004, 82, 2140–2147. [Google Scholar] [CrossRef]

	



Männer, K.; Simon, O.; Schlegel, P. Effects of different iron, manganese, zinc and copper sources (sulfates, chelates, glycinates) on their bioavailability in early weaned piglets. In 9th Tagung Schweine- und Geflügelernährung; Rodehutscord, M., Ed.; Martin Luther Universität Halle-Wittenberg: Halle, Germany, 2006; pp. 25–27. [Google Scholar]

	



Bai, S.; Jin, G.; Li, D.; Ding, X.; Wang, J.; Zhang, K.; Zeng, Q.; Ji, F.; Zhao, J. Dietary organic trace minerals level influences eggshell quality and minerals retention in hens. Ann. Anim. Sci. 2017, 17, 503–515. [Google Scholar] [CrossRef][Green Version]

	



El-Husseiny, O.M.; Hashish, S.M.; Ali, R.A.; Arafa, S.A.; El-Samee, L.D.A.; Olemy, A.A. Effects of feeding organic zinc, manganese and copper on broiler growth, carcass characteristics, bone quality and mineral content in bone, liver and excreta. Int. J. Poult. Sci. 2012, 11, 368–377. [Google Scholar] [CrossRef]

	



Favero, A.; Vieira, S.L.; Angel, C.R.; Bos-Mikich, A.; Lothhammer, N.; Taschetto, D.; Cruz, R.F.A.; Ward, T.L. Development of bone in chick embryos from Cobb 500 breeder hens fed diets supplemented with zinc, manganese, and copper from inorganic and amino acid-complexed sources. Poult. Sci. 2013, 92, 402–411. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Tomaszewska, E.; Dobrowolski, P.; Kwiecień, M.; Wawrzyniak, A.; Burmańczuk, N. Comparison of the effect of a standard inclusion level of inorganic zinc to organic form at lowered level on bone development in growing male Ross broiler chickens. Ann. Anim. Sci. 2016, 16, 1–13. [Google Scholar] [CrossRef]

	



Kwiecień, M.; Winiarska-Mieczan, A.; Milczarek, A.; Tomaszewska, E.; Matras, J. Effects of zinc glycine chelate on growth performance, carcass traits and bone quality of broilers chicken. Livest. Sci. 2016, 191, 43–50. [Google Scholar] [CrossRef]

	



Muszyński, S.; Tomaszewska, E.; Kwiecień, M.; Dobrowolski, P.; Tomczyk-Warunek, A. Subsequent somatic axis and bone tissue metabolism responses to a low-zinc diet with or without phytase inclusion in broiler chickens. PLoS ONE 2018, 13, e0191964. [Google Scholar] [CrossRef] [PubMed]

	



Muszyński, S.; Tomaszewska, E.; Kwiecień, M.; Dobrowolski, P.; Tomczyk, A. Effect of dietary phytase supplementation on bone and hyaline cartilage development of broilers fed with organically complexed copper in a Cu-deficient diet. Biol. Trace Elem. Res. 2018, 182, 339–353. [Google Scholar] [CrossRef]

	



Fisher, C.; McNab, J.M. Techniques for determining the metabolisable energy (ME) content in poultry feeds. In Recent Advances in Animal Nutrition; Haresign, W., Cole, D.J.A., Eds.; Butterworths: Guildford, UK, 1987; pp. 3–18. [Google Scholar]

	



AOAC. Official Methods of Analysis of AOAC International, 17th ed.; AOAC: Gaithersburg, MD, USA, 2000. [Google Scholar]

	



Śliwa, E. 2-Oxoglutaric acid administration diminishes fundectomy-induced osteopenia in pigs. J. Anim. Physiol. Anim. Nutr. 2010, 94, e86–e95. [Google Scholar] [CrossRef] [PubMed]

	



Tomaszewska, E.; Muszyński, S.; Dobrowolski, P.; Winiarska-Mieczan, A.; Kwiecień, M.; Tomczyk-Warunek, A.; Ejtel, M.; Świetlicka, I.; Gładyszewska, B. White tea is more effective in preservation of bone loss in adult rats co-exposed to lead and cadmium compared to black, red or green tea. Ann. Anim. Sci. 2018, 18, 937–953. [Google Scholar] [CrossRef]

	



Muszyński, S.; Kwiecień, M.; Tomaszewska, E.; Świetlicka, I.; Dobrowolski, P.; Kasperek, K.; Jeżewska-Witkowska, G. Effect of caponization on performance and quality characteristics of long bones in Polbar chickens. Poult. Sci. 2017, 96, 491–500. [Google Scholar] [CrossRef]

	



Tomaszewska, E.; Kwiecień, M.; Muszyński, S.; Dobrowolski, P.; Kasperek, K.; Blicharski, T.; Jeżewska-Witkowska, G.; Grela, E.R. Long-bone properties and development are affected by caponisation and breed in Polish fowls. Br. Poult. Sci. 2017, 58, 312–318. [Google Scholar] [CrossRef]

	



Blicharski, T.; Tomaszewska, E.; Dobrowolski, P.; Hułas-Stasiak, M.; Muszyński, S. A metabolite of leucine (β-hydroxy-β-methylbutyrate) given to sows during pregnancy alters bone development of their newborn offspring by hormonal modulation. PLoS ONE 2017, 12, e0179693. [Google Scholar] [CrossRef]

	



Muszyński, S.; Tomaszewska, E.; Dobrowolski, P.; Kwiecień, M.; Wiącek, I.; Świetlicka, I.; Skibińska, M.; Szymańska-Chargot, M.; Orzeł, J.; Świetlicki, M.; et al. Analysis of bone osteometry, mineralization, mechanical and histomorphometrical properties of tibiotarsus in broiler chickens demonstrates a influence of dietary chickpea seeds (Cicer arietinum L.) inclusion as a primary protein source. PLoS ONE 2018, 13, e0208921. [Google Scholar] [CrossRef]

	



Baird, F.D.; Greene, D.J. The comparative vitamin D requirements of growing chicks, turkeys, and pheasants. Poult. Sci. 1935, 14, 70–82. [Google Scholar] [CrossRef]

	



Scott, M.L.; Holm, E.R.; Reynolds, R.E. The calcium, phosphorus and vitamin D requirements of young pheasants. Poult. Sci. 1958, 37, 1419–1425. [Google Scholar] [CrossRef]

	



Chambers, G.D.; Sadler, K.C.; Breitenbach, R.P. Effects of dietary calcium levels on egg production and bone structure of pheasants. J. Wildl. Manag. 1966, 30, 65–73. [Google Scholar] [CrossRef]

	



Tomaszewska, E.; Dobrowolski, P.; Klebaniuk, R.; Kwiecień, M.; Tomczyk-Warunek, A.; Szymańczyk, S.; Kowalik, S.; Milczarek, A.; Blicharski, T.; Muszyński, S. Gut-bone axis response to dietary replacement of soybean meal with raw low-tannin faba bean seeds in broiler chickens. PLoS ONE 2018, 13, e0194969. [Google Scholar] [CrossRef]

	



Tomaszewska, E.; Muszyński, S.; Dobrowolski, P.; Kwiecień, M.; Klebaniuk, R.; Szymańczyk, S.; Tomczyk, A.; Kowalik, S.; Milczarek, A.; Świetlicka, I. The influence of dietary replacement of soybean meal with high-tannin faba beans on gut-bone axis and metabolic response in broiler chickens. Ann. Anim. Sci. 2018, 18, 801–824. [Google Scholar] [CrossRef]

	



Woodard, A.E.; Vohra, P.; Snyder, R.L.; Kelleher, C., Jr. Growth rate in three Gallinaceous species fed diets imbalanced in calcium, phosphorus, and protein. Poult. Sci. 1979, 58, 687–693. [Google Scholar] [CrossRef]

	



Sebastian, S.; Touchburn, S.P.; Chavez, E.R.; Lague, P.C. The effects of supplemental microbial phytase on the performance and utilization of dietary calcium, phosphorus, copper, and zinc in broiler chickens fed corn-soybean diets. Poult. Sci. 1996, 75, 729–736. [Google Scholar] [CrossRef]

	



Novitskaya, E.; Ruestes, C.J.; Porter, M.M.; Lubarda, V.A.; Meyers, M.A.; McKittrick, J. Reinforcements in avian wing bones: Experiments, analysis, and modeling. J. Mech. Behav. Biomed. Mater. 2017, 96, 85–96. [Google Scholar] [CrossRef]

	



Doube, M.; Yen, C.S.; Kłosowski, M.M.; Farke, A.A.; Hutchinson, J.R.; Shefelbine, S.J. Whole-bone scaling of the avian pelvic limb. J. Anat. 2012, 221, 21–29. [Google Scholar] [CrossRef][Green Version]

	



Currey, J.D. Bones: Structure and Mechanics; Princeton University Press: Princeton, NJ, USA, 2002. [Google Scholar]

	



Sunde, M.L.; Bird, H.R. The niacin requirement of the young Ring-necked pheasant. Poult. Sci. 1957, 36, 34–42. [Google Scholar] [CrossRef]

	



Scott, M.L.; Holm, E.R.; Reynolds, R.E. Studies on the niacin, riboflavin, choline, manganese and zinc requirements of young Ring-necked pheasants for growth, feathering and prevention of the leg disorders. Poult. Sci. 1959, 38, 1344–1350. [Google Scholar] [CrossRef]

	



O’Dell, B.L.; Newberne, P.M.; Savage, J.E. Significance of dietary zinc for the growing chicken. J. Nutr. 1958,