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Abstract

:

The objective of this study was to examine if diets differing in crude protein (CP) to metabolizable energy (ME) ratio (CP:ME) pre-weaning altered peripheral quantitative computed tomography (pQCT) measures of bone mass and strength in lambs. The left hind leg of lambs were available at the completion of a trial designed to examine the effect that altering the CP:ME ratio in milk replacer had on growth and body composition of pre-weaned lambs reared artificially. Treatments consisted of either normal commercial milk replacer (CMR, n = 10) containing 240 g/kg CP and 21.89 MJ/kg ME, high protein milk replacer (HPM, n = 9) containing CMR with additional milk protein concentrate to reach 478.7 g/kg CP and 19.15 MJ/kg ME or a mix of normal milk replacer and milk protein concentrate adjusted twice-weekly to match optimal CP:ME requirements (MB, n = 8) based on maintenance plus 300 g/d liveweight gain. At 22 kg live weight, lambs were euthanized and the tibia including the surrounding muscle was collected and scanned using pQCT at the mid-diaphysis. Lambs on the HPM and MB diets had a greater average daily gain (p < 0.01). There were limited differences in bone morphology and muscle mass, though notably the higher protein diets (MB and HPM) were associated with greater cortical thickness (p < 0.05) and, therefore, potentially greater peak bone mass at maturity This finding demonstrates that pre-weaning diets, and the protein content in particular, may influence the developmental potential of long bones and attainment of peak bone mass at maturity.
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1. Introduction


In mammals, most growth occurs prior to puberty and, in many species, the period of most rapid growth and development occurs in the infantile growth phase, which in lambs represents the period up to weaning. Optimal bone growth requires significant protein intake as protein (in the form of collagen) constitutes 50% of bone volume and approximately one third of bone weight [1]. Adequate dietary protein also stimulates the release of insulin-like growth factor (IGF-1) resulting in an increase in muscle mass [2]. Increased muscle mass in turn stimulates appositional bone growth via increased strain (the mechanostat theorem and Wolff’s law) [3]. Muscle also secretes IGF-1 and other growth factors which have an anabolic effect on bone. This inherent synchronization of bone and muscle development has led to the concept of the “bone-muscle unit” [4].



In contrast to the anabolic effect of an adequate protein diet, a low protein diet results in a lower muscle and bone mass. In times of severe nutrient deficiency, body mass is reduced and hormones that control bone material properties are disrupted [5]. Times of severe inadequate nutrition result in a decrease in IGF-1 and decreased stimulation and proliferation of chondrocytes in the physis. Longitudinal bone growth is halted whilst there is a persistent nutritional deficit. If inadequate nutrition is overcome, longitudinal bone growth can resume but occurs at an accelerated rate. However, the effect on areal bone mineral density can be permanent such that 34.6% of adolescents affected with anorexia nervosa will present with osteoporosis and 30% will have a history of fractures [6].



Protein deficiency in cattle as a result of protein or energy malnutrition has been identified as a risk factor for spontaneous humeral fractures. Humeri from cattle affected by spontaneous humeral fractures have a reduced cortical bone thickness and signs of abnormal bone absorption [7,8]. Additionally, bones from affected cows have been shown to have decreased collagen content; with type 1 collagen making up 90% of bone protein or matrix content [9]. In cattle and sheep, the use of fodder beet (Beta vulgaris), a winter feed known to be low in protein and phosphorus, has been linked to metabolic bone disease [10,11]. Studies in pigs fed low protein rations have also resulted in the development of osteoporosis and retarded growth [12]. Interestingly, replacing the protein in the ration resulted in rapid increase in growth that was similar to that of controls. It is not surprising that there is such consistency of the response of bone to protein deficiency within mammals (such as cattle, sheep and humans) and this reflects why ovine models are used within human orthopedic research [13].



A common anatomical location to assess the bone muscle relationship in humans using peripheral quantitative computed tomography (pQCT) is the mid-tibia [14,15]. Mid-tibia sites have been used previously to describe muscle and bone growth [14], and investigate the effects of diet and exercise on fracture risk [15]. Previous studies in sheep have also used the tibia to describe bone morphology as it is easily accessible with the surrounding muscle intact enabling the potential for scans in live animals [16].



The pre-weaning diet of lambs may alter the pattern of growth and the developmental potential of the long bones associated with height. In an earlier study artificially reared lambs were reported to have greater stature than ewe-reared lambs but did not differ in other measures of bone morphology. However, the ewe-reared lambs had a greater cortical bone content to muscle area ratio, possibly due to differences in the crude protein (CP) to metabolizable energy (ME) ratio and the frequency of feeding [16]. Milk replacers tend to have a CP to ME ratio that may be inadequate for higher lamb growth rates in early life stage (~5 kg), but theoretically provide excess CP for requirements in later stages (~18 kg) [17]. Although ewe milk also has a CP:ME ratio lower than lamb requirements, the deficit is potentially compensated by the ability to consume more milk, or the presence of other growth stimulants in the milk [18].



The aim of this experiment was to examine if diets differing in CP:ME ratio fed pre-weaning alter the relationship of muscle mass with peripheral quantitative computed tomography (pQCT) measures of bone mass and strength in lambs.




2. Materials and Methods


2.1. Experimental Design and Animal Management


Hindlimbs of lambs that had been collected and stored as frozen samples at the completion of an earlier study examining the effects of differing CP:ME ratio fed on growth and body composition in pre-weaned lambs formed the sample construct for this study [19]. Thus, the sample size was dictated by the primary objective of the earlier study examining the effects of differing CP:ME ratio fed on growth and body composition rather than differentiation of the bone muscle unit between nutritional treatment groups.



Twenty-seven male twin-born Romney lambs (Ovis aries) were separated from their dam 24 h post-partum, housed indoors and fed milk replacer as previously described in detail by Herath, et al. [19]. Dams were grazed together, and lambs used were all born naturally. Briefly, the lambs were randomly assigned to one of three treatments with varying dietary CP:ME. These diets were, normal commercial milk replacer (CMR, n = 10) containing 240 g/kg CP and 21.89 MJ/kg ME (Milligan’s Feed Ltd., Oamaru, New Zealand), high protein milk replacer (HPM, n = 9) containing CMR with additional milk protein concentrate to reach 478.7 g/kg CP and 19.15 MJ/kg ME (Fonterra, Auckland, New Zealand) at a 62:38 ratio, or a mix of normal milk replacer and milk protein concentrate adjusted twice-weekly to match optimal CP:ME requirements (MB, n = 8) based on maintenance plus 300 g/d liveweight (LW) gain. All lambs were fed milk replacer at 2.1 times their maintenance energy requirement calculated using MEm = 0.40 MJ/kgLW0.75d−1 [17], and pellets (composed of barley, broll, soya bean and molasses containing 180 g/kg CP and 11.5 MJ/kg ME) were fed ad libitum from two weeks of age. Each feed, milk powder for each lamb was mixed with warm tap water at a 1:4 (w/w) ratio. Lambs were bottle fed five times a day (at 7.00 a.m., 10.30 a.m., 2.30 p.m., 6.30 p.m. and 9.00 p.m.) until two weeks of age where they were fed four times a day (7.00 a.m., 10.30 a.m., 2.30 p.m. and 7.00 p.m.) until four weeks of age and finally three times a day (7.00 a.m., 1.00 p.m. and 7.00 p.m.) until slaughter. All lambs had free access to water.




2.2. Slaughter


When lambs reached a target live weight of 22 kg (regardless of age), they were humanely euthanized via captive bolt and exsanguination. The left hind legs were dissected from the skinned carcass at the proximal end of the femur, and the distal end of the tibia (through the tarsal bones distal to the calcaneus and proximal to the metatarsal bones). The legs were double wrapped in plastic wrap and stored at −20 °C until pQCT scanning. For the purposes of this study, data were obtained from the previous study for live weight at day one and at slaughter, and hot carcass weight (HCW) [19].




2.3. Peripheral Quantitative Computed Tomography (pQCT)


Each limb was defrosted to allow palpation of the femorotibial joint, and tibia length was measured from the distal end of the lateral malleolus to the proximal edge of the tibial tuberosity. An XCT-2000 scanner (pQCT; XCT 2000, Stratec Medical, Pforzheim, Germany) was used to scan the mid-diaphysis of the tibia at 50% of the total bone length with a voxel size of 0.3 mm3. All parameters were extracted from the pQCT software as an Excel file using contour mode 1 and peel mode 1. The total cross-sectional area for muscle at the mid-diaphysis of the tibia was determined in the parameter using a threshold for muscle of 40 mg/cm3, for bone of 280 mg/cm3, and cortical bone as >710 mg/cm3. The pQCT measurements of bone included total bone area, total bone content, total bone density, cortical bone area, cortical bone density, cortical bone thickness, periosteal circumference, endosteal circumference and stress-strain index.




2.4. Statistical Analysis


The integrity of the data was assessed using histograms and density plots, and box and whisker plots to identify potential outliers. Data were tested for normality using the Shapiro–Wilks test with a threshold of p > 0.05. Means and standard error for bone parameters were calculated using a general linear model with the fixed effect of treatment. When treatment (diet) was significant (p < 0.05), the respective pQCT bone measurement was plotted against hot carcass weight. Statistical analysis was conducted using R version 4.2.0 and RStudio (R Core Team, 2022; R Studio Team, 2022, Vienna, Austria). Average daily gain was calculated as: (final weight-birth weight)/age.





3. Results


Relevant slaughter data as presented in Herath, et al. [19] and tibia length are summarized in Table 1. Average daily gain was greatest in lambs fed the HPM and MB diets (Table 1 and Figure 1) resulting in a tendency for lambs to be younger at the 22 kg slaughter weight. Tibia length was not significantly different between treatments (p = 0.37).



Lambs fed the HPM and MB diets had a greater cortical bone thickness (~6%) and greater ratio of cortical bone thickness (10%) to tibia length than lambs on the CMR diet (p ≤ 0.05, Table 2). There was no significant effect of diet on measures of bone area/circumference and muscle area surrounding the tibia.



There was a positive linear relationship between hot carcass weight with cortical bone thickness and cortical bone thickness to tibia bone length ratio (Figure 2). Treatment remained significant when hot carcass weight was fitted as a covariate (p < 0.05)




4. Discussion


To achieve target slaughter weights, the CMR lambs with the lower growth rate were approximately 5 days older than the MB and HPM lambs. The tendency for a longer tibia in the CMR lambs reflected that these lambs were older at slaughter. There was no difference in the periosteal circumference to tibia length ratio between diets indicating that periosteal circumference may be highly conserved relative to bone length irrespective of diet [20]. This was not unexpected due to the major contribution periosteal circumference has in the resistance to bending strain in long bones. The greater cortical bone thickness and ratio of cortical bone thickness to tibia length in lambs on HPM and MB diets may reflect the effect of increased dietary protein on bone development. The provision of a high protein diet stimulates an increase in bone deposition on the endosteal surface. Although preweaning growth is heavily constrained [21], the difference in cortical bone thickness was significant demonstrating the biological importance of adequate dietary protein on bone material properties in young mammals [22]. Human models have suggested a similar mechanism whereby poor nutrition offered to children due to low socioeconomic backgrounds results in a lower cortical bone thickness and delayed bone age than children raised in higher socioeconomic backgrounds with access to better nutrition [23,24]. The effect of socioeconomic background on bone length and diameter was not observed indicating that cortical bone thickness may be a better indicator of nutritional status [24]. In dairy cattle periods of restricted nutrition, particularly protein intake, during the first and second winter before the first lactation have been associated with reduced cortical thickness of long bones [8]. These data indicate that cortical thickness in long bones may be a sensitive measure of adequate nutrition, particularly protein intake across the different stages of growth.



Differences in diet composition resulted in a greater average daily gain for lambs raised on HPM and MB diets. Approximately two thirds of average daily gain was contributed to by increases in carcass and viscera plus blood weight as previously reported by Herath, et al. [19]. Greater protein in the HPM and MB diet allowed for a greater growth rate than lambs on the CMR diet. However, the additional protein in the HPM diet compared to the MB did not result in a greater growth rate compared to the MB diet. It was suggested in Herath, et al. [19], that additional metabolizable energy would be required in the HPM diet to permit lambs to efficiently utilise the additional dietary protein. However, diet did not appear to have an effect on carcass characteristics such as carcass weight and dressing out percentage [19]. In addition, differences between groups in average daily gain did not affect the relationship of bone morphology with muscle area in the mid-diaphysis of the tibia, with the same muscle to bone ratio and muscle area surrounding the tibia between treatments. This reflects that bone development and its relationship to muscle mass is heavily conserved [16,21]. Bone and muscle are highly related such that an increase in muscle mass or activity of muscles (loading) will result in greater bone strength [3]. Therefore, as the lambs were all slaughtered at the same weight, and the close relationship between liveweight and bone morphology, it is perhaps unsurprising that limited changes in bone morphology were observed and reinforces this critical relationship between liveweight and bone morphology measures. It is interesting, that despite different average daily gains and differences in daily protein intake, the amount of muscle laid down by the lambs was consistent at a given carcass weight, albeit at a later age in the CMR group, again suggesting a highly conserved growth pattern.



The limited differences in bone morphology and measures of strength agrees with previous lamb [16] and calf studies [20], where alterations in milk intake or rearing system did not affect bone morphology prior to weaning. However, it has been suggested that inadequate pre-weaning nutrition can have detrimental effects on future growth and affect how bone responds to future nutritional and environmental events [21]. The increased cortical thickness, while not greatly contributing to bone strength, does represent greater reserves available for future growth, and potentially greater peak bone mass at maturity. These results from ruminant studies are consistent with findings from prospective cohort studies within the human literature where pre-weaning milk intake did not grossly affect bone morphology at the time but can affect how bone responds to future challenges and ultimately future growth [25,26].



The material used in this study was obtained from samples stored after the completion of the earlier trial. The opportunistic nature of this material collected restricted the sample size and meant reliance on growth parameters previous collected with a focus on body composition (soft tissue) rather than bone growth and development [19]. Examination of the growth curves indicated that an additional week of growth as the lambs progressed into the late pre-weaning growth period may have been required to be able to identify differences between treatment groups for a number of pQCT parameters. The termination of the trial when the animals obtained a set live weight did provide a confounding factor when examining the effect of the diet on the timing of growth. Previous research indicated that diet (milk replacers vs ewes milk) did not affect bone morphology in the tibia, but affected stature growth [16]. This observation and the data presented here demonstrates that the pattern of pre-weaning growth is heavily constrained. Previous work by our group identified differences between ewe-reared and CMR lambs for bone:muscle ratio [16]. The inability to identify differences in this parameter between treatment may be related to the conservation of the pattern of growth and slaughter at a set carcass weight. In addition, there was variation in the way the leg was disarticulated from the body. Although the muscle surrounding the tibia was intact, muscles surrounding the lateral malleolus were cut unevenly and measures of leg weight could not be taken.



In order to scan the legs they had to be defrosted and straightened to provide consistency in positioning with scanning. As a disarticulated limb the muscles in the leg may be in a different position and tension compared with an intact limb. Therefore, measures of total muscle area may not accurately reflect the muscularity of the lamb and the muscle to bone ratio observed in vivo. However, the limbs were placed in a consistent position within the scanner and this limitation may only impact comparison of absolute muscle circumference values between intact and disarticulated limbs and not the relative ranking of values.



In addition, the study was limited in the number of animals in each treatment group which reduced the power of this study. Retrospective power analysis identified that in order to detect a significant difference between diets in the observed means for total bone content, approximately 28 lambs would be needed in each group. However, the sample size was sufficient to detect the more sensitive measures of protein content of the diet via measurement of cortical thickness despite the heavy conservation of the growth and development profile in mammals. Therefore, the current study demonstrates the need for a larger scale trial examining the effects of pre-weaning diet on subsequent bone morphology.




5. Conclusions


Although a higher CP:ME diet resulted in a greater growth rate in lambs reared on commercial milk replacer, there were limited differences in bone morphology and heavy conservation of the relationship of bone parameters with muscle area. The greater cortical bone thickness with high protein diets emphasizes the importance of adequate protein intake for bone deposition in young mammals and the influence of early nutrition on the attainment of peak bone mass. It is possible that, despite limited gross changes in morphology observed pre-weaning that the developmental potential and response of bone to future challenges may still have been altered. Future research should examine how the pre-weaning diet affects future growth post weaning and how this moderates bones response to nutritional challenges.
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Figure 1. Second order polynomial with 95% confidence interval for live weight and age of lambs fed commercial milk replacer (blue), high protein milk (red), milk blend (green) diets and slaughtered at 22 kg live weight. 
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Figure 2. Scatterplot with regression lines and 95% confidence intervals for cortical bone thickness (left) and the ratio of cortical bone thickness to tibial bone length (right) in the mid-diaphysis against hot carcass weight of lambs fed commercial milk replacer (blue), high protein milk (red), milk blend (green) diets and slaughtered at 22 kg live weight. 
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Table 1. Measures of lambs fed milk replacers with variable crude protein to metabolizable energy ratio (mean ± SE, commercial milk replacer (CMR), high protein milk (HPM), milk blend (MB)) and slaughtered at 22 kg live weight.
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Pooled (Mean ± SE)

	
Treatment (Mean ± SE)

	




	

	

	
CMR

	
HPM

	
MB

	
p-Value






	
n=

	
27

	
10

	
9

	
8

	




	
Birth weight (kg)

	
5.9 ± 0.2

	
5.9 ± 0.3

	
5.9 ± 0.3

	
5.9 ± 0.3

	
0.99




	
Age (days) at slaughter

	
66.6 ± 1.4

	
70.2 ± 2.2

	
65.4 ± 1.4

	
63.4 ± 3.1

	
0.11




	
Hot carcass weight (kg)

	
10.7 ± 0.1

	
10.6 ± 0.1

	
10.6 ± 0.1

	
10.9 ± 0.2

	
0.28




	
Average daily gain (g/day)

	
253.2 ± 4.6

	
236.0 ± 6.9 a

	
261.0 ± 5.4 b

	
267.0 ± 7.4 b

	
0.01




	
Tibia length (mm)

	
162.0 ± 0.8

	
164.0 ± 0.9

	
161.0 ± 1.7

	
162.0 ± 1.3

	
0.37








a,b Means in the same row with no superscript letters, or with a common superscript letter, are not significantly different.
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Table 2. The peripheral quantitative computed tomography parameters at the mid-diaphyseal site of the tibia for lambs fed milk replacers with variable crude protein to metabolizable energy ratio (mean ± SE, commercial milk replacer (CMR), high protein milk (HPM), milk blend (MB)) and slaughtered at 22 kg live weight.
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Pooled Values (Mean ± SE)

	
Treatment (Mean ± SE)




	

	

	
CMR

	
HPM

	
MB

	
p-Value






	
pQCT parameter

	
27

	
10

	
9

	
8

	




	
Bone

	
Periosteal Circumference (mm)

	
46.3 ± 0.3

	
46.2 ± 0.7

	
46.9 ± 0.5

	
45.8 ± 0.5

	
0.47




	

	
Endosteal Circumference (mm)

	
24.6 ± 0.5

	
25.4 ± 0.8

	
24.8 ± 0.7

	
23.4 ± 1.1

	
0.24




	

	
Cortical bone thickness (mm)

	
3.45 ± 0.05

	
3.3 ± 0.05 a

	
3.5 ± 0.06 ab

	
3.6 ± 0.1 b

	
0.05




	

	
Total bone area (mm2)

	
170.7 ± 2.6

	
169.9 ± 5.3

	
174.9 ± 4.0

	
167.0 ± 3.4

	
0.48




	

	
Total bone content (mg/mm)

	
134.2 ± 1.8

	
130.3 ± 3.0

	
138.1 ± 3.0

	
134.9 ± 3.2

	
0.07




	

	
Total bone mineral density (mg/cm3)

	
788.8 ± 10.8

	
769.5 ± 14.8

	
791.0 ± 16.8

	
810.5 ± 24.7

	
0.32




	

	
Cortical bone area (mm2)

	
122.0 ± 1.5

	
118.1 ± 2.6

	
125.6 ± 2.4

	
122.9 ± 2.5

	
0.11




	

	
Cortical bone mineral density (mg/cm3)

	
1087.4 ± 4.5

	
1089.8 ± 8.8

	
1086.4 ± 8.9

	
1085.4 ± 4.9

	
0.92




	

	
Stress–strain index (SSI) (mm3)

	
435.2 ± 9.6

	
431.6 ± 13.1

	
457.4 ± 18.7

	
415.0 ± 17.0

	
0.21




	

	
Cortical thickness: Tibia length

	
0.021 ± 0.000

	
0.020 ± 0.000 a

	
0.022 ± 0.000 b

	
0.022 ± 0.001 b

	
0.03




	

	
Periosteal circumference: Tibia length

	
0.29 ± 0.0

	
0.28 ± 0.01

	
0.29 ± 0.00

	
0.28 ± 0.00

	
0.25




	
Muscle

	
Total muscle area (mm2)

	
824.2 ± 26.6

	
802.6 ± 49.4

	
869.6 ± 46.7

	
800.1 ± 41.0

	
0.50




	
Muscle

	
Total bone content: Muscle area

	
0.17 ± 0.01

	
0.17 ± 0.01

	
0.16 ± 0.01

	
0.17 ± 0.01

	
0.77




	
bone ratios

	
Stress–strain index: Muscle area

	
0.54 ± 0.02

	
0.55 ± 0.04

	
0.53 ± 0.01

	
0.53 ± 0.03

	
0.27








a,b Means in the same row with no superscript letters, or with a common superscript letter, are not significantly different.
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