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The effect of caponization 
on tibia bone histomorphometric 
properties of crossbred roosters
J. Wojciechowska‑Puchałka 1*, J. Calik 2, J. Krawczyk 2, J. Obrzut 2, E. Tomaszewska 3, 
S. Muszyński 4 & D. Wojtysiak 5

The negative effect of caponization on the structural, geometric and mechanical parameters of femur 
and tibia has been shown in a few studies. Nevertheless, its influence on tibia bone microarchitecture 
is still largely unknown. Therefore, this study aimed to assess the effect of castration on the 
microstructural parameters of the trabecular and compact bone of tibia bone in crossbred chickens. 
The experiment involved 96 roosters derived from crossing Yellowleg Partridge hens ( ̇Z-33) and 
Rhode Island Red cockerels (R-11) fattened until the 16th, 20th and 24th week of life. Animals were 
randomly divided into 2 groups of 48 each. Group I (control) consisted of intact roosters and group 
II (experimental) consisted of birds subjected to caponization at the 8th week of age. The castration 
surgery had no influence on some properties within compact bone such as osteon diameter On.Dm, 
osteon perimeter On.Pm, osteon area On.Ar, osteocyte lacunar number Ot.Lc.N, osteon bone area 
On.B.Ar, osteon wall thickness On.W.Th as well as thick-mature collagen content in all analyzed 
age groups of animals. Nevertheless, our results demonstrate that castration caused a decrease of 
Haversian canal area Hc.Ar, osteocyte lacunar area Ot.Lc.Ar and osteocyte lacunar porosity Ot.Lc.Po 
among the 16-week-old birds, decrease of Haversian canal perimeter Hc.Pm and increase of fraction 
of bone area On.B.Ar/On.Ar among 16- and 24-week-old individuals and also an increase of osteocyte 
lacunar density Ot.Lc.Dn in the osteons of the oldest roosters. Additionally, some microstructural 
parameters of trabecular bone show the negative effect of caponization. The youngest 16-week-
old capons were characterized by thinnin the trabecular in the epiphysis part of tibia. Moreover, in 
the case of 24-week-old, there is an increase in the trabecular separation Tb.Sp with simultaneous 
decrease of trabecular number Tb.N compared to roosters, which may suggest the increase of the 
bone resorption among the oldest individuals. The increased bone turnover in the epiphysis part of 
the tibia bone also indicates changes in the collagen fibers distribution, where among 20-week-old 
animals there is a decrease in the content of immature thin collagen fibers with simultaneous increase 
in the content of mature thick collagen fibers. Furthermore, among the oldest 24-week-old individuals 
we can observe the increased thick-to-thin collagen ratio, which may be a sign of slowing down in 
bone formation.
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BV/TV	� Bone volume/tissue volume
Hc.Ar	� Haversian canal area
Hc.Dm	� Haversian canal diameter
Hc.Pm	� Haversian canal perimeter
LSM	� Least-square mean
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On.Ar	� Osteon area
On.B.Ar	� Osteon bone area
On.Dm	� Osteon diameter
On.Pm	� Osteon perimeter
On.W.Th	� Osteon wall thickness
On.B.Ar/On.Ar	� Fraction of bone area
Ot.Lc.Ar	� Osteocyte lacunar area
Ot.Lc.Dn	� Osteocyte lacunar density
Ot.Lc.N	� Osteocyte lacunar number
Ot.Lc.Po	� Osteocyte lacunar porosity
SE	� Standard error
Tb.N	� Trabecular number
Tb.Sp	� Trabecular separation
Tb.Th	� Trabecular thickness

Poultry meat is the important part of the human diet. Unfortunately, the current progressive intensification 
of poultry production towards the increased muscle mass has contributed to a deterioration in the taste and 
dietary qualities of the meat. Hence, consumers are increasingly looking for quality products. Such conditions 
are fulfilled by capon meat from birds of native breeds1–3. Capon production is popular in countries such as the 
USA, Italy, France, Spain, China and Taiwan1,4–7. In Poland, native breeds, such as Greenleg Partridge or Yel-
lowleg Partridge, are used to capons production. However, these animals achieve a small body weight. Therefore, 
it is common to use crossbreeding in order to obtain a higher weight of birds, while maintaining unique taste 
qualities8. Furthermore, studies on the effect of caponization on selected slaughter and meat quality traits confirm 
that capons have a higher body weight, higher breast muscle and leg weight compared to uncastrated birds9,10. 
However, an important criterion for selecting animals for capon production is not only body weight, but also the 
ability of the animals to adapt to uncomfortable environmental conditions as well as good resistance to disease.

Moreover, caponization is an option for poultry meat producers, since around 50% of roosters are obtained 
from laying hens11–13. The solution to these problems could be the caponization. The most common method 
of castration in European and Asian countries is the surgical removal of the testicles and epididymis14,15. This 
procedure is carried out before reaching sexual maturity13,16.

The loss of testicles results in changes of metabolic processes among birds17,18. Lack of sex steroids contrib-
utes to changes in behavior (lack of desire to mating, reduced aggressiveness) and appearance of birds (comb 
regression)10,19,20. Testosterone exerts anabolic effects in a variety of tissues, increasing protein synthesis and 
stimulating muscle and bone growth. The rearing period of capons is considerably longer than chicken broilers, 
hence they must have strong bones to support the growing body mass. What’s important is that the available 
literature also reports that a high ratio of muscle mass to bone mass leads to growth disorders, bone strain or 
even bone fractures16,21,22. Furthermore, some reports suggest that androgen deficiency in humans caused by 
various factors (age or testectomy surgery) inhibits bone growth and development. Therefore, some authors 
indicate that the castration procedure of birds impairs the development of long bones—their geometry and 
strength16,21. Nevertheless, negative changes are most often observed in the tibia bone, that is why it is the model 
bone in studies of growth, mineralization and strength of skeleton in birds23. However, one should remember 
that bone microstructure could be an important indicator of bone mechanical strength, regardlessly of bone 
mineral density or bone geometry24.

To our knowledge, there are a lack of experiments that show the effect of caponization on the micro-
architecture of long bones among birds, but such analyses have been the subject of numerous studies among 
mammals25–28. Hence, the objective of this study was to investigate the effect of caponization on tibia bone micro-
structure, where the analyzed traits included assessment of trabecular and compact bone microarchitecture of 
tibia bone of crossbred birds. Applied techniques used in our previous work29 as well as in the present study can 
provide detailed information about mechanisms of bone tissue homeostasis among castrated roosters.

Results
Trabecular bone histomorphometric analysis
Histomorphometric parameters of trabecular bone in tibia are presented in Fig. 1A–D. The caponization has 
a significant effect on the relative bone volume BV/TV which were higher values of this parameter among the 
20-week-old capons compared to roosters at the same age (Figs. 1A, 2C,D). However, in the case of 16-week-old 
and 24-week-old individuals the castration did not affect the BV/TV (Figs. 1A, 2A,B,E,F). Also the trabecular 
thickness Tb.Th was significantly higher among 20-week-old capons compared to roosters (Figs. 1B, 2C,D), while 
among 16-week-old capons significantly lower values were noted (Figs. 1B, 2A,B). In the group of 24-week-old 
animals, caponization has not caused differences in the Tb.Th (Figs. 1B, 2E,F). Analysis of other microstruc-
tural parameters of the trabecular bone showed that castration has a significant effect on the values of these 
parameters, but only in the oldest 24-week-old individuals. Capons were characterized with higher trabecular 
separation Tb.Sp (Figs. 1C, 2E,F) with a significant decrease in trabecular number Tb.N compared to roosters 
(Figs. 1D, 2E,F).

Compact bone histomorphometric analysis
Representative microscopic images of compact bone in tibia and results of histomorphometric analysis are pre-
sented in Figs. 3A–M and 4A–F. Haversian canal diameter Hc.Dm was significantly higher in 20-week-old capons 
compared to roosters at the same age (Figs. 3A, 4C,D). However, among capons at 24th week of age, Hc.Dm was 
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significantly reduced compared to roosters (Figs. 3A, 4E,F). The value of this parameter in the group of 16-week-
old birds did not differ between capons and roosters (Figs. 3A, 4A,B). Caponization also caused a decrease in 
Haversian canal perimeter Hc.Pm in the 16- and 24-week-old individuals (Figs. 3C, 4A,B,E,F) and in Haversian 
canal area Hc.Ar among the 16-week-old animals (Figs. 3E, 4A,B), as well as a significantly increased fraction 
of bone area On.B.Ar/On.Ar in the group of 16-week-old and 24-week-old birds (Figs. 3M, 4A,B,E,F). Also the 
osteocyte lacunar area Ot.Lc.Ar (Figs. 3G, 4A,B) and ostecyte lacunar porosity Ot.Lc.Po (Figs. 3K, 4A,B) were 
lower in group of capons at 16 weeks of age compared to roosters. In the case of 20-week-old individuals, the 
osteocyte lacunar density Ot.Lc.Dn was significantly lower in the experimental group compared to the control 
group (Figs. 3L, 4C,D). However, the opposite results were observed in the group of 24-week-old birds (Figs. 3L, 
4E,F). No effects of caponization on the osteon diameter On.Dm (Figs. 3B, 4A–F), osteon perimeter On.Pm 
(Figs. 3D, 4A–F), osteon area On.Ar (Figs. 3F, 4A–F), osteocyte lacunar number Ot.Lc.N (Figs. 3H, 4A–F), osteon 
bone area On.B.Ar (Figs. 3I, 4A–F) and osteon wall thickness On.W.Th (Figs. 3J, 4A–F) were noted.

Distribution of thick and thin collagen fibers in trabecular bone
In the trabecular bone the caponization increased thick-mature (red) collage content and decreased thin-
immature (green) collagen content but only in the group of 20-week-old individuals (Figs. 5A,B, 6C,D). No 
differences in the values of these parameters were observed between capons and roosters at 16 and 24 weeks of 
age (Figs. 5A,B, 6A,B,E,F). Also, a significant increase in the ratio of mature to immature (thick/thin) collagen 
fibers was noted in 20-week-old and 24-week-old capons compared to roosters (Figs. 5C, 6C–F). In the case of 
16-week-old animals, the ratio of mature to immature collagen fibers remained at the same level in the control 
and experimental group (Figs. 5C, 6A,B).

Distribution of thick and thin collagen fibers in compact bone
In the compact bone, the effect of caponization on collagen distribution was observed only in the group of 
the youngest individuals at 16 weeks of age (Figs. 7A–C, 8A–C). Among capons, a significant increase in thin-
immature collagen fibers was observed with a simultaneous decrease in the ratio of mature to immature (thick/
thin) collagen fibers, compared to roosters (Figs. 7A, 8A).

Figure 1.   Histomorphometric parameters: bone volume/tissue volume (A), trabecular thickness (B), trabecular 
separation (C), trabecular number (D) of the trabecular bone in the epiphyses of tibia bone of 16-week-old, 
20-week-old and 24-week-old roosters and capons. Data are presented as least squares means (LSM) and 
standard error of mean (SE), a, b, c—mean values between age groups within roosters with different letters 
differ significantly p < 0.05; (A,B,C) mean values between age groups within capons with different letters differ 
significantly p < 0.05; #significant difference between capons and roosters within age (p < 0.05).
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Discussion
Assessment of the dynamics of metabolic processes within bone tissue are achieved by histomorphometric 
measurements. Due to the fact that in trabecular bone the changes occur much more intensively than in the 
compact bone, therefore the majority of studies are concerned with assessing the microarchitecture with the 
bone epiphyses. Despite the widespread use of this research method, in the available literature there is a lack 
of studies on the effect of caponization on histomorphometric parameters of trabecular bone. Nevertheless, 
numerous experiments of this type have been carried out on male rats with testosterone deficiency induced by 
orchidectomy. The effect of this surgery on decrease in trabecular bone mass (BV/TV) of femur and tibia was 
observed by many authors25–28,30–34. However, Libouban et al.30 in the case of rats, noted no changes between 
control and experimental groups within the 2 weeks post-orchidectomy group. The same result was obtained in 
a presented study in the group of 16-week-old and 24-week-old animals. On the other hand, in the case of other 
group, at the 20th week of age, higher BV/TV values were observed among the capons compared to roosters. In 
the available literature, much more varied results concern trabecular thickness. Some studies show character-
istics of osteoporotic changes (trabecular thickness reduction) in the femur and tibia of castrated rats26,28,33,34. 
Additionally, some authors noted that Tb.Th was not affected by castration30,32,35. The same result was obtained 
in the presented study but only in the group of 24-week-old animals, as no effect of caponization on the value 
of this parameter was shown. Even more contrarily, in the group of 16-week-old individuals the decrease of 
Tb.Th among capons compared to roosters was observed, while an opposite effect was noted in the group of 

Figure 2.   Representative images of safranin O staining of the trabecular bone of tibia bone of 16-week-old, 
20-week-old and 24-week-old roosters and capons. (A) Roosters at 16 weeks of age, (B) capons at 16 weeks of 
age, (C) roosters at 20 weeks of age, (D) capons at 20 weeks of age, (E) roosters at 24 weeks of age, (F) capons 
at 24 weeks of age. The description of the groups as in the Fig. 1. Yellow arrows indicate trabeculae, red arrow 
indicate bone marrow. All scale bars represent 200 µm.
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Figure 3.   Histomorphometric parameters: Haversian canal diameter (A), osteon diameter (B), Haversian 
canal perimeter (C), osteon perimeter (D), Haversian canal area (E), osteon area (F), osteocyte lacunar area 
(G), osteocyte lacunar number (H), osteon bone area (I), osteon wall thickness (J), osteocyte lacunar porosity 
(K), osteocyte lacunar density (L), fraction of bone area (M) of the compact bone in the midshaft of tibia bone 
of 16-week-old, 20-week-old and 24-week-old roosters and capons. Data are presented as least squares means 
(LSM) and standard error of mean (SE), a, b, c—mean values between age groups within roosters with different 
letters differ significantly p < 0.05; (A,B,C) mean values between age groups within capons with different letters 
differ significantly p < 0.05; #significant difference between capons and roosters within age (p < 0.05).
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Figure 4.   Representative images of toluidine blue staining of the compact bone of tibia bone of 16-week-old, 
20-week-old and 24-week-old roosters and capons. (A) Roosters at 16 weeks of age, (B) capons at 16 weeks of 
age, (C) roosters at 20 weeks of age, (D) capons at 20 weeks of age, (E) roosters at 24 weeks of age, (F) capons 
at 24 weeks of age. The description of the groups as in the Fig. 3. Green arrows indicate osteon, violet arrow 
indicate Haversian canal. All scale bars represent 50 µm.

Figure 5.   Thin immature collagen content (A), thick mature collagen content (B), thick/thin collagen ratio 
(C) in trabecular bone in the epiphyses of tibia bone of 16-week-old, 20-week-old and 24-week-old roosters 
and capons. Data are presented as least squares means (LSM) and standard error of mean (SE), a, b, c—mean 
values between age groups within roosters with different letters differ significantly p < 0.05; (A,B,C)—mean 
values between age groups within capons with different letters differ significantly p < 0.05; #significant difference 
between capons and roosters within age (p < 0.05).
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Figure 6.   Representative images of PSR staining of the trabecular bone of tibia bone of 16-week-old, 20-week-
old and 24-week-old roosters and capons. (A) Roosters at 16 weeks of age, (B) capons at 16 weeks of age, (C) 
roosters at 20 weeks of age, (D) capons at 20 weeks of age, (E) roosters at 24 weeks of age, (F) capons at 24 weeks 
of age. The description of the groups as in the Fig. 5. White arrows indicate thin immature collagen. All scale 
bars represent 50 µm.

Figure 7.   Thin immature collagen content (A), thick mature collagen content (B), thick/thin collagen ratio 
(C) in compact bone in the midshaft of tibia bone of 16-week-old, 20-week-old and 24-week-old roosters 
and capons. Data are presented as least squares means (LSM) and standard error of mean (SE), a, b, c—mean 
values between age groups within roosters with different letters differ significantly p < 0.05; (A,B,C) mean 
values between age groups within capons with different letters differ significantly p < 0.05; #significant difference 
between capons and roosters within age (p < 0.05).
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20-week-old birds (increase Tb.Th). The weakened microarchitecture of the trabecular bone in the epiphyses 
is also evidenced by an increase of the trabecular separation Tb.Sp. Recent studies indicate that castration of 
males leads to an increase of the Tb.Sp in the epiphyses of long bones26–28,31–34. Similar effects were observed 
in the present study, but only in the group of 24-week-old individuals. However in the group of 16-week-old 
and 20-week-old animals, Tb.Sp did not differ between capons and roosters. In addition, the assessment of the 
trabecular bone microstructure is possible by measuring the trabecular number Tb.N. Many authors noted a 
reduction in the Tb.N in the long bone epiphyses of orchidectomized rats, which directly leads to reduction in 
bone quality26–28,31–34. The same result was obtained in the present study, as the decrease Tb.N was observed in 
the capons tibiae in the 24th week of their lives compared to roosters of the same age. This may indicate that 
castration contributes to the deterioration of the structural properties of the bones, especially in older individu-
als. On the other hand, Gunness and Orwoll35, in the case of rats, found no negative effect of castration on the 
Tb.N. Similarly, in our experiment in the group of younger 16- and 20-week-old individuals, caponization did 
not influence the value of this parameter.

As it is well known, remodelling in compact bone occurs less dynamically than in trabecular bone36. The 
histomorphometric studies of the midshaft part of long bones are rarely the subject of the research. Therefore, 
information on the effect of castration on histomorphometric parameters of the compact bone is limited and 
concerns only mammals34,35,37. Noteworthy, that our study is the first to analyze the effect of caponization on 
the midshaft tibia bone microstructure. Studies from the 1960s suggested that the size of osteons may be related 
to the amount of resorber bone tissue38,39. Some reports indicate that bone tissue remodelling is to some extent 

Figure 8.   Representative images of PSR staining of the compact bone of tibia bone of 16-week-old, 20-week-
old and 24-week-old roosters and capons. (A) Roosters at 16 weeks of age, (B) capons at 16 weeks of age, (C) 
roosters at 20 weeks of age, (D) capons at 20 weeks of age, (E) roosters at 24 weeks of age, (F) capons at 24 weeks 
of age. The description of the groups as in the Fig. 5. White arrows indicate thin immature collagen All scale 
bars represent 50 µm.
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aimed at repairing microdamage to the bone40–42. Thus, it is suggested that different sized areas of microdam-
age result in different sized osteons. Therefore, the components of the osteon may also change. In the presented 
study, caponization has no significant effect on osteon area On.Ar, osteon perimeter On.Pm as well as osteon 
diameter On.Dm. However, the impact of this surgery was found within the Haversian canal. Thus, the larger 
Haversian canal diameter Hc.Dm was characterized by osteons of the midshaft among 20-week-old capons 
compared to cockerels. The opposite observations, which apply to individuals slaughtered at the 24 week of 
age, noted a reduction in Hc.Dm among capons compared to cockerels. On the other hand, among animals 
in the 16th week of life, there was no effect of castration surgery on the value of this parameter. Caponization 
also contributed to Haversian canal perimeter Hc.Pm decrease in individuals of 16- and 24-week-old birds and 
Haversian canal area Hc.Ar decrease among the youngest 16-week-old animals. It should be remembered that 
between lamellae there are osteocytes in a lacuna. According to Qiu et al.43 a larger On.Ar is associated with an 
increased number of osteocytes. These metabolically active cells have the ability to control the mineralization of 
bone tissue, bone tissue resorption and osteoid synthesis. Research conducted by Mullender et. al.44 show that 
patients with osteoporotic changes characterized increased osteocyte lacunar density Ot.Lc.Dn and number of 
osteocytes per unit area compared to age-matched patients from the control group. Therefore, the higher Ot.Lc.
Dn within the osteon among the oldest 24-week-old capons compared to roosters in our work, may indicate an 
increased compact bone porosity, which could be causing microfractures within it. Thus, it can be assumed that 
among 24-week-old animals, caponization contributes to the weakening of the tibiotarsal midshaft, as well as 
it results bone loss, which is typical for osteoporosis. Calcium-deficient rats can be characterized with higher 
osteocyte lacunar area Ot.Lc.Ar compared to individuals from the control group45,46. In the presented study we 
noted a reduction of Ot.Lc.Ar and osteocyte lacunar porosity Ot.Lc.Po among 16-week-old capons compared to 
roosters. However, among 20- and 24-week-old birds no changes were observed. In addition, castration resulted 
in the increase of the fraction of bone area On.B.Ar/On.Ar in the case of birds in the 16th and 24th week of their 
rearing period. In contrast, caponization had no significant effect on osteocyte lacunar number Ot.Lc.N, osteon 
bone area On.B.Ar and osteon wall thickness On.W.Th.

Collagen is an important structural component of bone, formed in the regions of the bone formation. Col-
lagen fibers are made up of type I collagen and form the main part of the bone matrix. The structure of the bone 
collagen does not differ from that which occurs in other connective tissues, but differs in the profile of the col-
lagen cross-links47. The Picrosirus red (PSR) staining used in our work allows the visualization of thin-immature 
(green) type III collagen and thick-mature (red) type I collagen under polarized light48,49. In the available litera-
ture, there is a lack of information about the effect of caponization on the distribution of collagen fibers of the 
tibiotarsal bone. However, such analyses were carried out in studies assessing the influence of dietary factors on 
bone metabolism in poultry50–52. In the presented experiment the percentage of thin-immature collagen fibers, 
percentage of thick-mature collagen fibers and ratio of mature to immature collagen fibers were determined. 
Caponization, thus, reduced the level of thin-immature collagen fibers and increased the level of thick-mature 
collagen fibers in the tibiotarsal epiphysis of 20-week-old individuals. In addition, this surgery in the group of 
20- and 24-week-old birds also increased the ratio of mature to immature collagen fibers, which may indicate a 
dysfunction of the collagen cross-linking in the tibiotarsal epiphysis of capons. In contrast, within the compact 
bone, castration contributed to the increased level of thin-immature collagen fibers and decreased the ratio 
of mature to immature collagen fibers but only among 16-week-old birds. According to Sparke et al.53 and 
Muszyński et al.51 the reduction of thin-immature collagen fibers may be related to newly synthesized collagen 
and thus increased turnover of bone. In contrast, Tomaszewska et al.54 suggests that an increase of the level of 
thin-immature collagen fibers may be indicative of much more intensive bone metabolism. Observations in 
humans indicate a higher ratio of mature to immature collagen fibers in patients with documented osteoporotic 
changes55. On this basis, it can be concluded that caponization lead to changes in collagen content particularly 
in the tibiotarsal epiphysis can lead to weakening of its structure and strength as the development of metabolic 
bone diseases.

To summarize, this is the first experiment analyzing the effect of caponization on bone microstructure of 
tibia bone. Our study has shown that this surgery contributes to trabeculae thinning in the tibiotarsal epiphysis 
of 16-week-old animals and an increase trabecular thickness among 20-week-old birds, as well as an increase 
trabecular separation with simultaneous decrease in the trabecular number among 24-week-old capons com-
pared to roosters, which may indicate an intensification of resorption processes in this area in the oldest roosters. 
Moreover, increased bone turnover within the tibia epiphyses is also evidenced by changes in collagen fiber struc-
ture, where 20-week-old capons were characterized with lower level of thin-immature collagen fibers compared 
to roosters. Among 24-week-old capons there was an increase in the ratio of mature to immature collagen fibers 
compared to roosters, which may be a manifestation of a decrease in the rate of osteogenic processes. Addition-
ally, this surgery contributes to changes in the compact bone microarchitecture, which is evidenced by decrease 
in Haversian canal perimeter and increase fraction of bone area among 16- and 24-week-old individuals, as 
well as increase osteocyte lacunar density of the oldest birds and changes in collagen distribution in the young-
est roosters. The knowledge gained from the above study can also become a contribution to further research, 
primarily nutritional, aimed at improving the microstructure of capon bones.

Methods
Ethics approval
All procedures used in our study were approved by the 2nd Local Institutional Animal Care and Use Commit-
tee, Institute of Pharmacology, Polish Academy of Sciences in Krakow, Poland (No. 1121 of 27 November 2014). 
The experiment was carried out in compliance with the European Union directive no. 2010/63/EU and with the 
appropriate ARRIVE guidelines for reporting on experiments involving animals.
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Animals and experimental groups
The experiment was conducted on 96 hybrids obtained by crossing Rhode Island Red (R-11) cockerels and 
Yellowleg Partridge ( ̇Z-33) hens from conservation flock of the National Research Institute of Animal Produc-
tion of Balice n. Krakow. One-day-old chicks were weighed, marked individually, and randomly assigned to 
two groups of 48 each. Group I (control group) consisted of intact roosters and group II (experimental group) 
consisted of caponised birds. The castration procedure was carried out by a veterinarian under local anesthesia 
(Polocaine 2%—administered subcutaneously at 1.5 cm3) at 8 weeks of birds’ age. Both of these groups were 
slaughtered at three different periods of their life (in the 16th, 20th and 24th week of their rearing period). The 
birds were fed ad libitum with a three-phase feeding system: phase I (1–7 weeks), phase II (8–16 weeks), phase 
III (17–24 weeks). Table 1 presents the results of the chemical analysis of the feed mixes according to AOAC pro-
cedures. All animals were kept in the same environmental conditions (temperature 16–18 °C, relative humidity 
60–75%) in the barn system with a stocking density of 7 birds/m2. At the end of fattening (at 16, 20 and 24 weeks 
of age), 8 birds from each group with near to average body weights for each to those groups were selected for 
slaughter. Animals were slaughtered by decapitation after prior electrical stunning using a KOMA STZ 6 stunning 
apparatus (Koma, Świdnica, Poland) adapted to the species of bird and body weight gained. Before decapitation, 
the animals received no feed for around 12 h but had permanent access to water. Immediately post-slaughter, 
the castrated birds were checked for caponization success (removal of the testes) and their left tibia bones were 
taken. All procedures were performed in accordance with the relevant regulations and guidelines (EU Regula-
tion No. 543/2008 of 16 June 2008 laying down detailed rules for the application of Council Regulation (EC) 
No. 1234/2007 as regards the marketing standards for poultry meat and EU Regulation No. 1099/2009 of 24 
September on the protection of animals at the time of slaughtering).

Bone collection
After slaughter, left tibiae from individual birds were isolated and scraped away from any soft tissues. Bone 
samples were taken using a diamond bandsaw from the middle of the lateral tibial condyle and the middle part 
of tibial shaft. From the midshaft part of bone, a transverse 5 mm thick was taken and sagittal 1 mm thick frag-
ments of proximal epiphysis were taken perpendicularly to the articular surface. All samples were fixed in 4% 
buffered formaldehyde for 24 h, decalcified in a commercial decalcifier (Decalcifier I, LeicaBiosystems, Nussloch, 
Germany), dehydrated in graded ethanol solutions (70%, 80%, 96% 100%), and embedded in paraffin. Standard 
histological procedures were carried out as previously reported by Dobrowolski et al.56 and Blicharski et al.57. 
Paraffin-fixed bone samples were cut with an RM-2145 microtome (LeicaMicrosystems, Nussloch, Germany) 
at a 5 µm thickness and placed on one microscopic slide. Safranin O staining was used to assess the basic histo-
morphometry of the trabecular bone in the proximal epiphysis of the tibia bone: relative bone volume (BV/TV), 
trabecular thickness (Tb.Th), trabecular separation (Tb.Sp) and trabecular number (Tb.N)54,58. Toluidine blue 
staining was used for analysis of basal histomorphometry of the cortical bone in the midshaft of the tibia bone: 
Haversian canal diameter (Hc.Dm), osteon diameter (On.Dm), Haversian canal perimeter (Hc.Pm), osteon 
perimeter (On.Pm), Haversian canal area (Hc.Ar), osteon area (On.Ar), osteocyte lacunar area (Ot.Lc.Ar), 
osteocyte lacunar number (Ot.Lc.N), osteon bone area (On.B.Ar), osteon wall thickness (On.W.Th), osteocyte 
lacunar porosity (Ot.Lc.Po), osteocyte lacunar density (Ot.Lc.Dn), fraction of bone area (On.B.Ar/On.Ar)43,59–63. 
The sections of trabecular bone and compact bone were stained with the Picrosirius red (PSR) staining giving a 
colour contrast of thick-mature (red) collagen fibers and thin-immature (green) collagen fibres under polarized 
light64,65. This staining was used to assess the distribution of thin collagen fibers, thick collagen fibers and ratio 
of mature to immature collagen fibers in trabecular and compact bone.

Table 1.   Composition and nutrient content of the diets used in the trial (kg/100 kg).

Mixture I: 1–7 weeks Mixture II: 8–16 weeks Mixture III: 17–24 weeks

Ground maize 41.35 40.45 35.70

Ground wheat 25.00 22.00 29.00

Ground triticale – 5.00 7.00

Ground barley – 5.00 7.00

Soybean meal 30.00 24.00 18.00

Ground limestone 1.25 1.30 1.20

Dicalcium phosphate 1.60 1.45 1.30

NaCl 0.30 0.30 0.30

Vitamin-mineral premix DKA-F (finisher) (0.5%) [kg] 0.50 0.50 0.50

Crude protein [g] 193 186 163

Metabolizable energy [MJ] 11.92 12.05 12.08

[kcal] 2850 2880 2910

Lys [g] 10.3 8.90 7.50

Met [g] 3.10 2.85 2.60

Ca [g] 8.95 8.60 7.90

P available [g] 4.10 3.80 3.50
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Histomorphometric analysis
Histological analysis of the prepared stained sections from the epiphysis (Fig. 9) and midshaft (Fig. 10) of tibia 
bone were performed using Olympus CX43 microscope (Olympus, Tokyo, Japan) and ImageJ software (NIH, 
Bethesda, USA).

Reagents
All reagents were purchased from Sigma-Aldrich, St. Louis, MO, USA, unless stated otherwise.

Statistical analysis
Calculations were performed using Statistica 13.0 (TIBCO Software Inc., Palo Alto, USA) software package. All 
data are presented as least-square mean (LSM) with standard error (SE). The groups (I: capons and cockerels, 
II: age) were compared using two-way ANOVA, applying post hoc Tukey’s test as the correction for multiple 
comparisons. Before testing for group differences, data were tested for normality by Shapiro–Wilk test and 

Figure 9.   Sample schematic of the localization of histomorphometric measurements within epiphyses of tibia 
bone. Scale bar = 1 mm.

Figure 10.   Sample schematic of the localization of histomorphometric measurements within midshaft of tibia 
bone. Scale bar = 0.5 mm.



12

Vol:.(1234567890)

Scientific Reports |         (2024) 14:4062  | https://doi.org/10.1038/s41598-024-54791-6

www.nature.com/scientificreports/

homogeneity of variance were tested by Brown–Forsythe test. If there was a lack of normal distribution and/
or unequal variance of data, the log transformation was applied. When data still were not normally distributed 
the non-parametric test (Kruskal–Wallis) was used. A probability of p < 0.05 was considered to be statistically 
significant.

Data availability
The datasets presented in this study are available on reasonable request from the corresponding author.
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