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Abstract

The objective of this study was to investigate the effect of diet crude protein (CP) content

and metabolisable energy (ME) intake on skeletal growth and associated parameters of

growing steers prior to and during compensatory growth in weight and catch-up growth in

skeletal elongation. The experiment was a factorial design with two cattle genotypes [Brah-

man crossbred (BX, 178 ± 6 kg) and Holstein-Friesian (HF, 230 ± 34 kg)] and three nutri-

tional treatments; high CP content and high ME intake (HCP-HME), high CP content and

low ME intake (HCP-LME) and low CP content and low ME intake (LCP-LME) with the ME

intake of HCP-LME matched to that of LCP-LME. Nutritional treatments were imposed over

a 103 d period (Phase 1), and after this, all steers were offered ad libitum access to the

HCP-HME nutritional treatment for 100 d (Phase 2). Steers fed the high CP content treat-

ment with a low ME intake, showed higher hip height gain (P = 0.04), larger terminal hyper-

trophic chondrocytes (P = 0.02) and a higher concentration of total triiodothyronine in

plasma (P = 0.01) than steers with the same ME intake of the low CP content treatment. In

addition, the low CP treatment resulted in significant decreases in bone volume (P = 0.03),

bone surface area (P = 0.03) and the concentration of bone-specific alkaline phosphatase in

plasma (P < 0.001) compared to steers fed the HCP-HME treatment. A significant interac-

tion between genotype and nutritional treatment existed for the concentration of thyroxine

(T4) in plasma where HF steers fed LCP-LME had a lower T4 concentration in plasma (P =

0.05) than BX steers. All steers with a restricted ME intake during Phase 1 demonstrated

compensatory growth during Phase 2. However, HF steers fed the LCP treatment during

Phase 1 showed a tendency (P = 0.07) for a greater LWG during Phase 2 without any

increase in dry matter intake. Results observed at the growth plate and hip height growth

suggest that catch-up growth in cattle may also be explained by the growth plate
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senescence hypothesis. Contrary to our initial hypothesis, the results demonstrate that

greater CP intake during ME restriction does not increase compensatory gain in cattle dur-

ing re-alimentation.

Introduction

Skeletal growth through passive stretching accounts for increases in muscle volume, sarcomere

numbers and cross-sectional area of myofibers [1–3]. Muscles and organs will always tend to

maintain allometric relationship with the skeleton [4]. Compensatory growth is the term usu-

ally adopted in animal production, and elsewhere in this paper, to describe the process

whereby animals demonstrate a faster liveweight (LW) gain (LWG) when returning to a “nor-

mal” weight-for-height relationship [5]. The term catch-up growth is commonly used in the

medical literature [6, 7] but also in some areas of animal physiology [8, 9], and will be adopted

here to describe a faster skeletal growth rate of previously restricted animals when returning to

a normal height-for-age. Nevertheless, these two terms (i.e. compensatory and catch up

growth) are sometimes adopted as synonymous [10–12] and in other instances treated as sepa-

rated phenomenon’s based on the growth curves obtained after restoration of non-restrictive

conditions [13]. In the present study we will define compensatory growth as the process

whereby the body compensates for deviations in the relationship between soft tissue (i.e. mus-

cles and organs) and skeleton size. Catch-up growth may be defined as the process where

restricted animals demonstrate increased skeletal growth when compared to an aged matched

unrestricted cohort. During catch-up growth greater skeletal growth is explained by the

growth plate delayed senescence hypothesis [14–17].

The somatotropic axis is the major endocrine regulator of endochondral ossification and

bone turnover [18]. Increased intake of crude protein (CP) stimulates insulin-like growth fac-

tor 1 (IGF-1) in cattle but the IGF-1 response to CP intake is decreased when metabolizable

energy (ME) intake is low [19]. However, it is unknown if greater CP intake will stimulate

IGF-1 production during a severe ME restriction in cattle. Studies with rodents have shown

that endochondral ossification and trabecular bone turnover can be stimulated by increased

protein intake even in situations of energy restriction [20–22].

The hypothesis of the current study was that a higher CP intake during energy restriction

will increase the concentration of IGF-1 in plasma and stimulate bone elongation. A greater

skeletal size with lower LW at the end of a restricted period of nutrition will result in greater

LWG during compensatory growth in the subsequent wet season. In addition, the rates of skel-

etal growth and LWG are expected to differ between different genotypes, however endocrinal

changes should respond similarly to nutritional changes independent of genotype. Therefore,

the objectives of this experiment were to investigate the effect of a higher CP content diet dur-

ing energy restriction and re-alimentation on performance and skeletal growth of two geno-

types of cattle.

Materials and methods

The experiment was conducted in accordance with the Australian Code of Practice for the

Care and Use of Animals for Scientific Purposes and was approved by The University of

Queensland Animal Ethics Committee (SVS/171/12/MLA).
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Experimental design and animal management

Fifteen Brahman crossbred (BX; 5/8 Bos indicus and 3/8 Bos taurus) steers and fifteen Hol-

stein-Friesian (HF) steers were fed a Rhodes (Chloris gayana) grass and Dolichos lablab

(Lablab purpureus) mixed hay [905 g organic matter (OM), 88 g CP, 644 g ash-free neutral

detergent fiber (NDF), 3.9 g P and 7.9 g Ca/kg dry matter (DM)] ad libitum in group pens for

23 d and in individual pens for 7 d prior to the commencement of the experiment.

At the commencement of the experiment (d 1) the HF steers (230 ± 34 kg LW) and BX

steers (178 ± 6 kg) were ranked and blocked on LW from heaviest to lightest within each geno-

type and allocated to one of five blocks of adjacent individual pens (n = 6 pens/block). Three

steers from the same LW ranking block within each genotype were randomly allocated to indi-

vidual pens within each block of pens. For each block of pens the steers from each genotype

were then randomly allocated one of three nutritional treatments, high CP content and high

ME intake (HCP-HME), high CP content and low ME intake (HCP-LME) and low CP content

and low ME intake (LCP-LME). Each individual steer was considered as the experimental

unit.

The experiment consisted of two phases. During Phase 1 (103 d duration) the steers were

offered one of the three nutritional treatments: HCP-HME, HCP-LME and LCP-LME. The

HCP-HME and HCP-LME treatments consisted of lucerne [Medicago sativa; 896 g OM, 9.7

MJ ME, 199 g CP, 356 g NDF, 271 g ash-free acid detergent fibre (ADF), 3.2 g P and 12.2 g Ca/

kg DM] chaffed hay (chopped to approximately 5 to 10 mm in length) and the LCP-LME treat-

ment consisted of Mitchell grass (Astrebla spp.; 901 g OM, 5.1 MJ ME, 38 g CP, 631 g NDF,

248 g ADF, 1.8 g P and 4.7 g Ca/kg DM) hay [chopped to approximately 50 mm in length (Jay-

lor 4350 Feed Grinder, McIntosh and Son; Dalby, QLD, Australia)]. The HCP-HME and

LCP-LME treatments were offered ad libitum and the daily quantity offered was calculated

based on the previous day’s intake plus 10% and 20% respectively on an as-fed basis. The feed

allowance for steers allocated to the HCP-LME treatment was calculated from the mean ME

intake of all steers within the corresponding genotype allocated to the LCP-LME treatment

during the previous week in such a manner that steers allocated to the HCP-LME and

LCP-LME treatments had the same ME intake but different CP intake. Metabolizable energy

content of each nutritional treatment was estimated by the equation M/D = 0.172DMD–

1.707, where M/D represents the metabolizable energy content per kilo of DM and DMD

stands for dry matter digestibility as described in Freer et al. [23]. Steers allocated to the

LCP-LME treatment were offered 50 g of cottonseed meal (CSM; 924 g OM, 42.8 g CP, 237 g

NDF, 14.6 g P and 2.5 g Ca/kg DM) per kilo of hay (as-fed basis) from d 42 until the end of

Phase 1 and steers fed HCP-LME treatment were offered 84 mg mono-sodium phosphate

(MSP; 240 g P/kg DM) per kilo of LW daily. During Phase 2 (100 d duration) all steers were

offered the same lucerne chaff used in Phase 1 ad libitum (i.e. HCP-HME) and the ME content

estimated in Phase 1 was used in Phase 2 calculations.

Feed residues were collected and weighed at 0730 h and steers were offered feed at approxi-

mately 0800 h each day. Sub-samples of feed offered were collected daily at feeding and bulked

over 7 d. Feed residues were weighed daily and bulked over 7 d for each steer. Duplicate sub-

samples of feed offered and feed residues for each steer were collected at the end of each 7 d

period.

Liveweight and hip height measurement

Liveweight was measured prior to feeding on the same day each week throughout the experi-

ment. Hip height (HH) was measured at the highest point of the sacrum between the tuber

coxae bones using a measuring stick on d -10, 7, 35, 57, 70, 85, 103, 112, 125, 140, 154, 168,
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182, 196 and 203 of the experiment. Liveweight gain (LWG) and HH gain (HHG) were calcu-

lated by regressing each measurement over time within each phase of the experiment.

Microbial crude protein production, digestibility and rumen fluid

collection

Two cohorts of steers (n = 15/cohort) were moved into individual metabolism crates on d 19

and 33 of Phase 1 of the experiment in the same sequence as their individual pens. Each cohort

remained in the metabolism crates for 9 consecutive days, which included a 2 days adaptation

period and a 7 days collection period. Total faecal and urine output and feed residues were col-

lected and weighed daily. Daily urine output of each steer was acidified to pH 3 with 5% sul-

phuric acid and a 5% sub-sample was collected, stored at 4˚C and bulked over the collection

period. At the end of the collection period the bulked urine was mixed well and aliquots were

stored at -20˚C for subsequent analysis. A 10% sub-sample of faecal output was collected daily,

stored at 4˚C and bulked over the collection period. At the end of the collection period the

bulked faeces were mixed well and triplicate sub-samples were collected for subsequent analy-

sis. Triplicate sub-samples of feed offered and residues were also collected for subsequent anal-

ysis. Upon the completion of each faecal and urine collection period the steers were returned

to their individual pens and rumen fluid was collected prior to feeding per os using a stomach

tube attached to a hand pump.

Blood samples

Blood samples were collected from the jugular vein on d -10, 103 (end of Phase 1), and 203

(near the end of Phase 2) into lithium heparin coated vacutainers (Becton Dickinson; Franklin

Lakes, NJ, USA). Vacutainers were centrifuged at 1700 g for 10 min at 4˚C and plasma was col-

lected and stored at -20˚C until analysis.

Tuber coxae bone biopsy

The biopsy site was clipped and scrubbed with chlorhexidine surgical scrub (Perrigo; Balcatta,

WA, Australia) and wiped clean with Chlor-hex C (Jurox; Rutherford, NSW, Australia) in

methylated spirits (Recochem; Lytton, QLD, Australia). The skin and deeper tissue over the

tuber coxae were infiltrated with 35 to 40 mL of lignocaine hydrochloride (20 mg lignocaine

hydrochloride/mL; Troy laboratories; Glendenning, NSW, Australia) and left for 5 min for

effect. An incision approximately 80 mm in length was made and skin and any overlying mus-

cle were retracted. A single biopsy 10 to 20 mm deep was obtained from the most central part

of the tuber coxae of the ilium. A 10 to 20 mm bone hand-trephine (Sontec Instruments Inc.;

Centennial, CO, USA) was used to start the biopsy and then a 16 mm metal hole-saw was used

to obtain a deeper sample. An elevator was used to separate the sample from the parent bone.

Overlying muscle was sutured with absorbable sutures (2/0 PDS) and the external incision

closed with skin staples, the surgical site was then cleaned and sprayed with Chloromide anti-

septic spray (Troy laboratories; Glendenning, NSW, Australia). The bone cores were divided

lengthwise using a scalpel blade and sub-samples were fixed with either 10% neutral buffered

formalin (NBF) or 4% paraformaldehyde (PFA) and placed on ice prior to transfer to the labo-

ratory. The samples remained in fixative for 24 h at 4˚C and were then transferred to 70% etha-

nol and stored at 4˚C for approximately 4 months until they were sectioned.

Bone biopsies were collected from the tuber coxae on the left, right and left side of each

steer on d -10, 104 and 207 of the experiment respectively. On d 104 the biopsies were collected

before the change in diet from Phase 1 to 2. Collection of intake and body dimension data con-

cluded on d 203 but steers were maintained on the same Phase 2 diet until d 207.
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Laboratory analysis

Sub-samples of feed offered and feed residues were dried in duplicate to a constant weight at

65˚C for DM determination. Samples were then ground through a 1 mm screen (Retsch ZM

200; Haan, Germany), dried for 24 h at 105˚C to determine residual DM content and then

combusted in an electric muffle furnace (Modutemp Pty. Ltd.; Perth, WA, Australia) for 8 h at

550˚C to determine organic matter (OM) content. The N content of feeds was measured by

the Kjeldahl method using an auto-digestor (Tecator 2520, FOSS; Hillerød, Denmark) and a N

analyser (Kjeltec 8400, FOSS; Hillerød, Denmark) following the manufacturers guidelines.

Crude protein content was calculated using the conversion factor 6.25 x N. The content of ash-

free NDF and ADF in feeds was measured following the procedure described by Van Soest

et al. [24] using a fiber analyzer (A200, Ankom; Macedon, NY, USA). The mineral content of

feeds was determined on an ICP-OES spectrometer (Optima 7300 DV, PerkinElmer; Wal-

tham, MA, USA) after a nitric-perchloric acid digestion.

The concentration of glucose, nonesterified fatty acids (NEFA), calcium, inorganic phos-

phorus, urea-N (PUN), total protein, insulin, IGF-1, total triiodothyronine (T3), total thyrox-

ine (T4), leptin, bone-specific alkaline phosphatase (BALP), osteocalcin (OCN), pyridinoline

crosslinks (PYD) and total deoxypyridinoline crosslink (tDPD) in plasma were determined

using a rage of commercially available colorimetric, radioimmuno and enzyme linked assays

(S1 Appendix).

Thawed urine sub-samples were filtered through a 0.2 μm membrane (Phenex-RC, Phe-

nomenex, Torrance, CA, USA) and the concentration of purine derivatives was determined

using a high-performance liquid chromatograph method described by Balcells et al. [25].

Microbial crude protein (MCP) production was then estimated using the method of Chen and

Gomes [26] using the endogenous purine derivative values for Bos indicus and Bos taurus cattle

described by Bowen et al. [27].

Rumen fluid samples were acidified with 20% sulphuric acid and stored at -20˚C. The con-

centration of NH3H was measured by titration with 0.01 M HCl using a TIM 840 Titration

workstation manager (Radiometer Analytical SAS; Villeubanne Cedex, France) after distilla-

tion using a semi-automatic distillation unit (UDK 139, Velp Scientifica; Usmate, MB, Italy).

The concentration of individual volatile fatty acids (VFA) in the rumen fluid were analysed by

gas liquid chromatography (GC-2010, Shimadzu; Kyoto, Honshu, Japan) fitted with a polar

capillary column (ZB-FFAP, Phenomenex; Lane Cove, NSW, Australia).

Bone samples were decalcified using a 10% EDTA (pH 7.0) solution [28]. The sections were

stained with toluidine blue and Masson trichrome and photographed twice with a 1X and 4X

objectives using an Olympus BX41 microscope (Olympus America Inc.; Melville, NY, USA)

equipped with a digital camera Q-Imaging camera (Qimaging Corporation; Surrey, BC, Can-

ada). The images (Fig 1A and 1B) were then analysed using ImageJ software [29] for determi-

nation of proliferative (PZ) and hypertrophic (HZ) zone heights, number of hypertrophic

chondrocytes (HC) per column and diameter of terminal hypertrophic chondrocytes (THC).

The BoneJ plugin [30] was used to obtain values for bone volume (Bv/Tv), trabecular separa-

tion (Tb.Sp), trabecular thickness (Tb.Th) and bone surface (BS) [31]. Changes in bone vol-

ume were calculated by the difference between the initial bone volume recorded at the start

minus the volume at the end of each phase.

Statistical analysis

All statistical analyses were conducted using the open-source software R version [32] and the

linear mixed models procedure of the package “nlme” [33]. Prior to analysis all data was

checked for normality and homoscedasticity and, if necessary, data was transformed according
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to the Box-Cox procedure [34]. For LWG and HHG the initial LW and HH of each phase were

used as covariates. All the other parameters were compared within the time-point at which

they were collected. Nutrition and genotype treatments and their interaction were included in

the model as fixed effects and steers within block were included as random factors. Tukey post
hoc test was performed to explore the differences between groups whenever main factors or

interactions were significant (P< 0.05). Stepwise linear regression analysis was conducted to

assess the effect of ME and CP intake on LWG and HHG. The initial models included ME

intake, CP intake and its interaction with genotype as explanatory variables and they were

removed when not significant (P> 0.05). The final models were checked for homoscedasticity,

normality and multicollinearity. Metabolisable energy intake and CP intake were highly corre-

lated (r = 0.95) which could violate the collinearity assumption if both variables were included

in the final model. However, in none of the models were both variables (i.e. ME and CP intake)

shown to be significant simultaneously. Pearson’s correlation coefficient (r) was calculated for

the concentration of bone markers in the plasma and the hystomorphometric parameters of

the trabecular bone.

Results

Rumen parameters and microbial protein production

The manipulation of the diets delivered the expected changes in ME and CP supply. The DM

digestibility of the lucerne chaff did not differ (P> 0.05) with intake in the current experiment

[65.6% and 67.2% at ad libitum (HCP-HME) and limited intakes (HCP-LME) respectively]

but was significantly greater (P< 0.01) than the digestibility of the Mitchell grass hay (40.1%)

consumed by steers offered the LCP-LME treatment (Table 1). Digestibility was unaffected by

genotype (P = 0.11; Table 1). Steers fed the Mitchell grass hay based diet (LCP-LME) had a

Fig 1. Mason trichrome stained sections of cattle’s growth plate and trabecular of tuber coxae bone and photographed at 1X (a) and 4X (b) objectives.

Histomorphometric assessments were conducted at the trabecular bone (a) as well as at the proliferative and hypertrophic zones of the growth plate (b).

https://doi.org/10.1371/journal.pone.0247718.g001
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lower concentration of NH3N in the rumen (P< 0.001), produced less MCP (P< 0.001) and

had a lower (P< 0.001) efficiency of MCP production [EMCP, g MCP/kg digestible organic

matter (DOM)] than steers fed the lucerne chaff based diets (HCP-HME and HCP-LME)

regardless of DM and ME intake (Table 1). Holstein-Friesian steers fed the LME-LCP treat-

ment diet had a significantly lower concentration (16.2 vs 83.3 mg/L; P< 0.005; not shown) of

NH3N in the rumen than BX steers fed the same nutritional treatment. Microbial protein pro-

duction but not the EMCP was greater (P< 0.001) in steers fed lucerne chaff ad libitum
(HCP-HME) compared with steers fed a limited amount of lucerne chaff (HCP-LME). Steers

with limited DM intake (HCP-LME) had a lower (P< 0.001 concentration of VFA in the

rumen than steers fed ad libitum (HCP-HME and LCP-LME) regardless of the CP content of

the diet. The VFA proportions were similar across treatments with only small differences in

acetic and propionic acid with the Mitchell grass diet (LME-LCP). Butyric acid concentration

was greater in the rumen of steers fed HCP-HME followed by HCP-LME and LCP-LME.

Intake, liveweight gain, hip height gain, feed conversion ratio and

liveweight:hip height

During Phase 1 of the experiment, steers fed the HCP-HME treatment had higher (P< 0.001)

DM, ME and CP intake than steers offered the HCP-LME and LCP-LME treatments (Table 2)

while steers offered the LCP-LME treatment had higher DMI (P< 0.001), lower CPI

(P< 0.001) but comparable MEI (P = 0.3) to steers offered the HCP-LME treatment, as

planned. The HF steers had significantly higher DMI and MEI than BX steers, while CPI and

DMD were unaffected by genotype. During Phase 2 of the experiment, steers with restricted

MEI during Phase 1 (HCP-LME and LCP-LME) had higher DMI, MEI and CPI (all

P< 0.001) with HF steers having higher DMI, MEI and CPI than BX steers (all P< 0.001).

The peak of DM intake was observed approximately 60 d after the beginning of Phase 2 (Fig

2).

Liveweight gain of HCP-HME steers was higher in Phase 1 (P< 0.001) and lower

(P< 0.001) in Phase 2 compared with HCP-LME and LCP-LME steers, with no difference

Table 1. The Dry Matter Digestibility (DMD), pH, concentration of ammonia (NH3N) and Volatile Fatty Acids (VFA) and the molar percentage of acetic, butyric

and propionic acids in the rumen fluid and the microbial protein (MCP) production and the efficiency of MCP production (EMCP) of Holstein-Friesian (HF) and

Brahman crossbred (BX) steers fed different nutritional treatments during Phase 1 of the experiment.

Item Nutrition (N)1,2 Genotype (G) SEM P-Value

HCP-HME HCP-LME LCP-LME HF BX N G N x G

DMD, % 65.6b 67.2b 40.1a 56.7 58.6 2 <0.001 0.11 0.59

pH 7.20b 7.27b 6.90a 7.14 7.11 0.1 <0.001 0.65 0.16

NH3N, mg/L 131.4b 130.9b 49.7a 87 121 11 <0.001 <0.005 0.04

MCP prod., g/kg LW 2.17c 0.62b 0.32a 1.15 0.92 0.1 <0.001 0.77 0.45

EMCP, g MCP/kg DOMI3 91.0b 72.6b 32.2a 65.8 64.7 8.5 <0.001 0.88 0.38

Total VFA, mmol/L 47.8b 36.5a 51.7b 45.2 45.4 3.5 <0.001 0.96 0.04

Acetic,% 74.1a 74.2a 78.1b 76.7 74.2 0.7 <0.001 <0.001 0.21

Propionic,% 13.0a 12.3a 14.4b 13.2 13.3 0.4 <0.001 0.76 0.4

Butyric,% 8.4c 4.15b 2.5a 6.5 3.4 0.8 <0.001 <0.001 0.45

a-c Means within a row with different superscripts differ (P< 0.05).
1 Data are least squares means, with standard error of the mean (SEM).
2 Steers were fed high crude protein and high metabolizable energy content (HCP-HME), high CP and low ME content (HCP-LME) and low CP and low ME content

(LCP-LME) diets.
3 Digestible organic matter intake (DOMI).

https://doi.org/10.1371/journal.pone.0247718.t001
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(P> 0.05) in LWG between HCP-LME and LCP-LME steers in either phase (Table 2). Hol-

stein-Friesian steers had higher LWG than BX steers in Phase 1 (P< 0.05) and a tendency to

higher LWG in Phase 2 (P = 0.08). There were significant interactions (P< 0.05) between

nutritional treatment and genotype in both phases of the experiment. During Phase 1, HF

steers consuming lucerne chaff ad libitum grew faster than BX steers (1.37 vs 1.17 kg/d;

P = 0.04; not shown) allocated to the same nutritional treatment. The HF steers fed LCP-LME

during Phase 1 showed a trend for greater LWG than HF steers fed HCP-LME during Phase 2

(P = 0.07). This was also the only group that showed higher LWG (1.5 vs 1.3 kg/d; P< 0.05)

during Phase 2 when compared to HCP-HME steers during Phase 1. Steers fed ME restricted

treatments (HCP-LME and LCP-LME) had lower feed conversion than HCP-HME steers dur-

ing Phase 1 (P< 0.001). During Phase 2, the previously restricted steers converted DM into

LW more efficiently than steers fed the HCP-HME nutritional treatment throughout the

experiment (P< 0.001). The HF steers converted DM to LW more efficiently than BX steers in

Phase 2 (P< 0.001) but no genotype differences in FCR were observed in Phase 1 (P> 0.05).

The pattern of LWG during compensatory growth in Phase 2 followed closely DM intake, also

reaching a peak approximately 60 d after the beginning of Phase 2 (Fig 2).

Steers fed the HCP-HME treatment had the highest HHG (P< 0.001), followed by

HCP-LME and LCP-LME steers in Phase 1 (Table 2). A significant interaction (P< 0.05)

between nutritional treatment and genotype existed in Phase 1 and the differences followed

the same pattern as LWG. Holstein-Friesian steers fed HCP-HME had a higher rate of HHG

than BX steers when fed the same nutritional treatment (P< 0.05). During Phase 2, HCP-LME

and LCP-LME steers displayed skeletal catch-up growth and had a higher rate of HHG com-

pared to HCP-HME steers (P< 0.05). The HHG of previously restricted steers (i.e. HCP-LME

and LCP-LME) during Phase 2 was not significantly different to that of HCP-HME steers

Table 2. Dry Matter Intake (DMI), Metabolizable Energy (ME) intake (MEI), and Crude Protein (CP) intake (CPI), feed conversion ratio (FCR), liveweight gain

(LWG), Hip Height Gain (HHG) and liveweight:hip height (LW:HH) of Holstein-Friesian (HF) and Brahman crossbred (BX) steers fed different nutritional treat-

ments in Phase 1 and re-alimentation (Phase 2).

Item Nutrition (N)1,2 Genotype (G) SEM P-Value

HCP-HME HCP-LME LCP-LME HF BX N G N x GPhase 1
DMI, g/kg LW 31.5c 12.1a 20.3b 23.6 18.9 0.9 <0.001 <0.001 0.06

MEI, MJ/kg LW 0.30b 0.12a 0.11a 0.19 0.16 0.01 <0.001 <0.05 0.46

CPI, g/kg LW 6.13c 2.00b 0.84a 3.15 2.82 0.22 <0.001 0.15 0.06

FCR, kg DMI/kg LWG 6.3a 30.2b 47.2b 29.3 27 11.3 <0.001 0.32 0.1

LWG, kg/d 1.27b 0.16a 0.14a 0.58 0.47 0.06 <0.001 <0.05 0.02

HHG, mm/100 d 104.7c 41.8b 30.3a 63 54.4 6.20 <0.001 <0.05 0.01

LW:HH, kg/cm 2.1c 1.5a 1.7b 1.96 1.65 0.15 <0.001 <0.001 0.41

Phase 2
DMI, g/kg LW 26.6a 32.6b 32.2b 32.1 28.8 0.6 <0.001 <0.001 0.27

MEI, MJ/kg LW 0.25a 0.31b 0.30b 0.3 0.27 0.02 <0.001 <0.001 0.2

CPI, g/kg LW 4.41a 5.39b 5.34b 5.33 4.77 0.17 <0.001 <0.001 0.24

FCR, kg DMI/kg LWG 11.2a 6.8b 6.1b 9.2 6.8 0.49 <0.001 <0.001 0.74

LWG, kg/d 0.93a 1.34b 1.45b 1.3 1.2 0.07 <0.001 0.08 0.04

HHG, mm/100 d 75a 89b 89b 92 77.1 7.00 <0.05 <0.05 0.38

LW:HH, kg/cm 2.9b 2.1a 2.2a 2.6 2.2 0.07 <0.001 <0.001 0.32

a-c Means within a row with different superscripts differ (P< 0.05).
1 Data are least squares means with standard error of the mean (SEM).
2 Steers were fed nutritional treatments with a high crude protein content and high metabolizable energy intake (HCP-HME), high CP content and low ME intake

(HCP-LME) and low CP content and low ME intake (LCP-LME) during Phase 1 and were offered the HCP-HME diet ad libitum during Phase 2.

https://doi.org/10.1371/journal.pone.0247718.t002
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during Phase 1 (P> 0.05). The HF steers had a higher rate of HHG when compared with BX

steers in both phases of the experiment (P< 0.05).

The stepwise linear regressions analysis (Fig 3) of LWG and HHG on ME and CP intake

showed ME intake to be the best predictor of LWG (R2 = 0.92) while HHG was best explained

by CP intake (R2 = 0.82). The genotype effect and its interaction were not significant in any

model therefore it was excluded from the final version.

Fig 2. Dry matter (DM) intake and liveweight gain of Holstein-Friesian (a and b) and Brahman crossbred (c and d) steers fed high crude protein and high

metabolizable energy content (HCP-HME), high CP and low ME content (HCP-LME) and low CP and low ME content (LCP-LME) diets throughout the experiment.

The different nutritional treatments were imposed from day 1 until day 103 (Phase 1), after that all steers were fed HCP-HME ad libitum until day 203 (Phase 2).

Dashed grey line represents the transition from Phase 1 to Phase 2. Error bars represents standard error of the mean.

https://doi.org/10.1371/journal.pone.0247718.g002
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Plasma metabolites and hormones

The concentration of glucose and Ca in plasma were both higher (P< 0.001) in steers consum-

ing HCP-HME treatment during Phase 1 (Table 3). The concentration of PUN was higher

(P< 0.001) in the plasma of steers fed diets with a high CP content regardless of ME intake.

Nutritional treatment had no effect (P> 0.05) on the concentration of total protein, NEFA or

inorganic P in the plasma during Phase 1 of the experiment. The concentration of NEFA and

PUN was higher (P< 0.01) in the plasma of BX steers compared with HF steers at the end of

both phases of the experiment. In addition, the concentration of total protein showed a ten-

dency (P = 0.06) to be greater in the plasma of HF than BX cattle in both phases. There were

no significant (P> 0.05) differences in any of the metabolites analyzed during Phase 2 of the

experiment when steers were consuming the same HCP-HME treatment.

At the end of Phase 1 the concentration of insulin and IGF-1 were higher (P< 0.001) in the

plasma of HCP-HME steers compared with steers allocated to the LME treatments (Table 3).

The CP content of the diet had no effect on the concentration of insulin and IGF-1 in the

plasma of LME steers. At the end of Phase 1, the concentration of T3 and T4 in plasma was

higher (P< 0.001) in response to dietary CP content, while the concentration of T3 in plasma

was also affected by ME intake. Genotype had no significant effect on the concentration of any

hormones in plasma of steers at the end of Phase 1 or Phase 2. However, a significant genotype

and nutritional treatment interaction effect (P< 0.05) on the concentration of T4 in the

plasma was measured at the end of Phase 1, with HF steers allocated to the LCP-LME treat-

ment having a significantly lower concentration than HF steers offered the other treatments

(2.7 vs 5.0 nmol/L; P = 0.05; not shown) while the concentration of T4 was unaffected by nutri-

tional treatment in BX steers (P> 0.05).

Growth plate and trabecular bone histomorphometry

Reduced ME intake decreased the height of the HZ of the growth plate independent of diet CP

content (Table 4). Conversely, height of the PZ was only decreased (P< 0.05) in HF steers fed

ME restricted diets but not in BX steers (P< 0.05; not shown). The diameter of the THC

Fig 3. Effect of metabolizable energy (ME) intake (MEI) on liveweight gain (LWG; a; Y = -0.507 +5.95X, R2 = 0.92, RSE = 0.16, P< 0.001) and crude protein (CP)

intake (CPI) on hip height gain (HHG; b; Y = 16.41 + 13.75X, R2 = 0.82, RSE = 13, P< 0.001) of steers fed high CP content and high ME intake (HCP-HME), high

CP content and low ME intake (HCP-LME) and low CP content and low ME intake (LCP-LME). Each symbol represents the mean for an individual steer from Phase

1 and Phase 2 of the experiment.

https://doi.org/10.1371/journal.pone.0247718.g003
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showed an additive effect for CP content and ME intake (P< 0.001). There were more

(P = 0.04) chondrocytes per column at the HZ of steers allocated to the HCP-HME than

HCP-LME treatments but no differences (P< 0.05) were found between LME treatment

steers. At the end of Phase 2, the PZ of steers fed LME treatments in Phase 1 was higher than

HCP-HME steers (P = 0.01). In addition, there was a tendency (P = 0.07) for the HZ to be sig-

nificantly thicker in the LME treatments. At all sampling points, PZ (P< 0.05) and HZ

(P< 0.05) were thicker in HF steers than in BX steers. The number of HC per column

(P< 0.05) and the diameter of THC (P< 0.001) were also higher in HF than BX steers but

only at the first baseline sampling (d -10; not shown).

A significant difference between steers allocated to the different nutritional treatments was

found in bone volume prior to the introduction of the treatments (P< 0.01; not shown). Tra-

becular bone of HCP-HME steers had higher volume (P< 0.005), surface (P = 0.01) and also

smaller separation (P< 0.01) of trabecular bone at the end of Phase 1 compared with steers

with restricted ME intake (Table 4). Only BX steers showed a statistically significant reduction

(P< 0.05) in trabecular thickness due to reduced ME intake but there was no effect (P> 0.05)

of CP content and hence intake during ME restriction. The LCP-LME steers had a significant

loss of trabecular bone during Phase 1 compared to HCP-HME steers (P = 0.03; Fig 4). Prior

to the start of nutritional treatments, HF steers had significantly higher bone volume

Table 3. The concentration of metabolites and hormones in the plasma of Holstein-Friesian (HF) and Brahman crossbred (BX) steers fed different nutritional

treatments (Phase 1) and undergoing re-alimentation (Phase 2).

Item1,2 Nutrition (N) Genotype (G) SEM P-Value

HCP-HME HCP-LME LCP-LME HF BX N G N x GPhase 1
Glucose, mmol/L 5.2b 3.9a 3.7a 4.2 4.3 0.14 <0.001 0.82 0.36

Total Protein, g/L 65.7 66.1 64.7 67 64 1.8 0.62 0.06 0.46

NEFA, mEq/L 0.2 0.16 0.11 0.1 0.22 0.04 0.24 0.001 0.45

PUN, mmol/L 7.1 b 7.5b 1.2a 4.8 5.8 0.4 <0.001 0.007 0.92

P, mmol/L 2.3 2.1 2.3 2.2 2.3 0.14 0.22 0.62 0.85

Ca, mmol/L 2.4b 2.1a 2.1a 2.2 2.2 0.04 <0.001 0.90 0.28

Insulin, IU/mL 4.49b 1.68a 1.69a 2.57 2.67 0.71 <0.001 0.86 0.91

IGF-1, ng/mL 549.7b 146.6a 83.8a 239.2 280.9 78.7 <0.001 0.61 0.35

Leptin, ng/mL 4.70 4.01 3.23 3.46 4.49 0.80 0.22 0.10 0.31

T4, nmol/L 68.6b 69.7b 49.9a 59.5 65.9 7.38 0.01 0.28 0.01

T3, nmol/L 2.86c 2.19b 1.45a 2.32 2.01 0.23 <0.001 0.13 0.82

Phase 2
Glucose, mmol/L 4.8 4.9 5 4.9 4.8 0.14 0.19 0.28 0.63

Total Protein, g/L 67.2 65 65.9 67.4 64.6 1.8 0.52 0.06 0.35

NEFA, mEq/L 0.14 0.16 0.13 0.09 0.19 0.04 0.74 0.007 0.35

PUN, mmol/L 7.7 7.8 7.4 7 8.3 0.3 0.64 <0.001 0.04

P, mmol/L 2.2 2.3 2.3 2.3 2.3 0.12 0.70 0.81 0.84

Ca, mmol/L 2 2.1 2.2 2.1 2 0.07 0.23 0.17 0.61

Insulin, IU/mL 5.22 4.46 4.28 5.29 4.01 1.75 0.72 0.21 0.40

IGF-1, ng/mL 571.6 403.7 372.5 481.0 417.5 117.7 0.32 0.12 0.19

Leptin, ng/mL 3.82 4.12 3.96 3.87 4.06 0.71 0.91 0.73 0.72

T4, nmol/L 69.6 56.5 70.5 73.1 57.9 10.9 0.14 0.35 0.31

a-c Means within a row with different superscripts differ (P< 0.05).
1 Glucose, total protein, non-esterified fatty acids (NEFA), plasma urea nitrogen (PUN), inorganic phosphorus (P) and total calcium (Ca).
2 Insulin, insulin-like growth factor-1 (IGF-1), thyroxine (T4), leptin and of triiodothyronine (T3).

https://doi.org/10.1371/journal.pone.0247718.t003
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(P = 0.03) and trabecular thickness (P = 0.01) than BX steers (not shown). In addition, at the

end of Phase 1 BX steers had a more trabecular bone separation (P = 0.006) and smaller bone

surface (P = 0.004) than HF steers. The differences in trabecular thickness, trabecular separa-

tion, bone surface and volume at the end of Phase 1 were no longer evident at the end of Phase

2. There was a significant interaction (P< 0.001) of genotype and nutritional treatment on the

change in trabecular bone volume during Phase 2 (Fig 4B). The BX steers fed LME treatments

during Phase 1 had an increase in bone volume when fed HCP-HME ad libitum. Trabecular

separation was larger and bone surface smaller in BX than in HF steers at the end of Phase 1

but trabecular thickness was higher in BX steers (P = 0.04) at the end of Phase 2.

Bone markers

During Phase 1, the concentration of BALP in plasma increased markedly in HCP-HME steers

compared to steers consuming low energy treatments (i.e. HCP-LME and LCP-LME;

P< 0.001; Table 5). For HCP-HME steers, the concentration of tDPD was significantly higher

in the plasma of HCP-LME steers but not LCP-LME steers (P> 0.05). Further, a significant

interaction (P = 0.04) between nutritional treatment and genotype was observed for the con-

centration of tDPD in plasma. The concentration of tDPD in plasma was lower in HF

HCP-LME compared to HF HCP-HME steers (P = 0.01), at the end of Phase 1 but not in BX

steers. The LCP-LME steers had a significantly (P< 0.05) higher concentration of PYD in

Table 4. Growth plate1 and trabecular bone histomorphometry2 of Holstein-Friesian (HF) and Brahman crossbred (BX) steers fed different nutritional treatments

(Phase 1) and undergoing re-alimentation (Phase 2).

Item Nutrition (N)3,4 Genotype (G) SEM P-Value

HCP-HME HCP-LME LCP-LME HF BX N G N x GPhase 1
PZ, μm 310b 242a 259a 285 255 12.0 <0.001 0.03 <0.01

HZ, μm 181b 135a 125a 157 137 8.72 <0.001 0.01 0.16

n of HC, n/column 7.09b 5.65a 6.37ab 6.44 6.30 0.38 0.04 0.72 0.95

THC, μm 27.2c 22.9b 18.9a 23.2 22.8 1.43 <0.001 0.63 0.20

Bv/Tv, % 31.1b 21.7a 18.7a 25.9 22.9 1.89 <0.005 0.07 0.08

Tb.Sp, μm 399b 509a 525a 434 522 29.8 0.006 0.006 0.22

Tb.Th, μm 201b 146a 125a 156 159 9.48 <0.001 0.90 0.02

BS, mm 21.1b 18.6ab 17.8a 20.6 17.7 1.17 0.01 0.004 0.21

Phase 2
PZ, μm 242a 306b 301ab 319 249 12.9 0.01 <0.005 0.09

HZ, μm 151 182 181 186 157 16.1 0.07 0.05 0.52

n of HC, n/column 6.04 6.04 6.45 5.88 6.47 0.50 0.51 0.15 0.67

THC, μm 25.1 23.7 23.4 25.1 23.0 2.03 0.57 0.20 0.80

Bv/Tv, % 27.7 27.0 27.0 26.0 28.5 1.43 0.90 0.11 0.77

Tb.Sp, μm 415 421 453 408 455 24.6 0.43 0.11 0.19

Tb.Th, μm 184 177 176 169 189 8.84 0.74 0.04 0.18

BS, mm 21.1 20.9 20.1 20.8 20.6 1.27 0.68 0.81 0.38

a-c Means within a row with different superscripts differ (P<0.05).
1 Height of proliferative zone (PZ), height of hypertrophic zone (HZ), number of hypertrophic chondrocytes (HC) per column (n of HC), diameter of terminal HC

(THC).
2 Bone volume (Bv/Tv), trabecular separation (Tb.Sp), trabecular thickness (Tb.Th), bone surface (BS).
3 Data are least squares means with standard error of the mean (SEM).
4 Steers were fed nutritional treatments with a high crude protein content and high metabolizable energy intake (HCP-HME), high CP content and low ME intake

(HCP-LME) and low CP content and low ME intake (LCP-LME) during Phase 1 and were offered the HCP-HME diet ad libitum during Phase 2.

https://doi.org/10.1371/journal.pone.0247718.t004
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plasma than HCP-LME steers but HCP-HME steers were not different to either other group.

At the end of Phase 2 (d 203) HF steers had higher concentration of PYD (P = 0.02) and OCN

(P< 0.01) and a lower concentration of tDPD (P< 0.01) in plasma than BX steers.

Fig 4. Change in trabecular bone volume (Bv/Tv) of tuber coxae samples collected from Holstein-Friesian (HF)

and Brahman crossbred (BX) steers fed different nutritional treatments (Phase 1; a) and during re-alimentation

(Phase 2; b). During Phase 1, the interaction between genotype and nutritional factors was not significant so the

means of both genotypes were pooled by nutritional treatment. Data are expressed as mean ± SEM. Means with

different letters are significantly different (Tukey, P< 0.05).

https://doi.org/10.1371/journal.pone.0247718.g004
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Correlation analysis between bone marker concentration and trabecular bone histomor-

phometric parameters showed a significant positive correlation between the concentration of

BALP in plasma and bone volume (r = 0.49, P< 0.001), trabecular thickness (r = 0.47,

P< 0.001) and bone surface (r = 0.29, P< 0.05) and a negative correlation with trabecular sep-

aration (r = -0.31, P< 0.05). In addition, the concentration of PYD in plasma was negatively

correlated with bone volume (r = -0.30, P< 0.05) and trabecular thickness (r = -0.36,

P< 0.01). No other significant correlations existed between the concentration of circulating

bone markers and bone histomorphometric parameters.

Discussion

Skeletal growth and size are the main determinants of muscle mass and indirectly affect the

composition of growth [3, 35, 36]. The objective of the current experiment was to increase

skeletal growth, during energy restriction, through a higher CP intake leading to a deviation

from the normal weight-for-height relationship. A greater deviation from the normal weight-

for-height relationship would then lead to a greater LWG during re-alimentation (i.e. LW

compensatory growth). In this work, we demonstrated that higher CP content and intake did

stimulate bone growth during energy restriction, however this effect was mild and did not

translate into greater LW compensatory growth. Higher CP intake appears to slightly compen-

sate for the effect of energy restriction and this could be observed in HHG, differences in the

diameter of terminal hypertrophic chondrocytes, bone surface, change in bone volume and

the concentration of PYD in the plasma. Energy restriction played a major role in slowing the

pace of endochondral ossification which led to skeletal catch-up growth (i.e. accelerated skele-

tal growth returning to a normal height-for-age) during re-alimentation (Phase 2). Holstein-

Friesian steers had consistently greater thickness of the proliferative and hypertrophic zone of

the growth plate and this was associated with higher ME intake and LWG than BX steers when

offered a diet with high ME and CP content ad libitum. All steers exposed to nutritional

restriction during Phase 1 exhibited compensatory and catch-up growth (i.e. LWG and HHG

respectively) during Phase 2 when compared to steers that were unrestricted during Phase 1 of

the experiment.

Table 5. The concentration of bone-specific alkaline phosphatase (BALP), osteocalcin (OCN), total deoxypyridinoline (tDPD) and pyridinoline (PYD) in the

plasma of Holstein-Friesian (HF) and Brahman crossbred (BX) steers fed different nutritional treatments (Phase 1) and undergoing re-alimentation (Phase 2).

Nutrition (N)1,2 Genotype (G) SEM P-Value

Item HCP-HME HCP-LME LCP-LME HF BX N G N x G

Phase 1
BALP, U/L 80.7b 21.5a 20.4a 40.9 40.3 9.3 <0.001 0.48 0.58

OCN, ng/mL 98.5 90.0 100.0 89.2 103.1 14.8 0.56 0.38 0.46

tDPD, nmol/L 8.41b 7.53b 7.87ab 7.86 8.01 0.27 0.04 0.60 0.04

PYD, nmol/L 3.24ab 2.86a 3.98b 3.67 3.05 0.26 0.02 0.05 0.07

Phase 2
BALP, U/L 72.4 79.1 100.7 84.7 83.4 10.7 0.17 0.53 0.02

OCN, ng/mL 96.3 127.3 106.4 128.6 91.3 10.9 0.13 <0.01 0.59

tDPD, nmol/L 8.44 8.63 8.56 7.79 9.30 0.46 0.95 <0.01 0.36

PYD, nmol/L 2.49 2.63 2.13 3.31 1.53 0.34 0.23 <0.001 0.55

a-c Means within a row with different superscripts differ (P< 0.05).
1 Data are least squares means with standard error of the mean (SEM).
2 Steers were fed nutritional treatments with a high crude protein content and high metabolizable energy intake (HCP-HME), high CP content and low ME intake

(HCP-LME) and low CP content and low ME intake (LCP-LME) during Phase 1 and were offered the HCP-HME diet ad libitum during Phase 2.

https://doi.org/10.1371/journal.pone.0247718.t005
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This study is not however free of limitations and we would like to discuss some of these.

Both sex and castration affect circulating hormonal concentration and could potentially affect

the physiological effects observed in this work. For instance, non-castrate cattle tend to have

higher concentration of IGF-1 and testosterone in the plasma [37, 38], however the effect of

nutritional restriction over different cattle categories (i.e. castrate male, intact male and

females) seems to lead to similar changes in the endocrine system despite differences in overall

values of hormonal concentration [11, 39–43]. We are unaware of any work which have

applied nutritional restriction to cattle of different categories (i.e. castrate male, intact male

and females) as a mean to assess these possible differences. In our research we used Brahman

crossbred cattle which were 5/8 Bos indicus and 3/8 Bos taurus as well as Holstein-Friesian

which are pure Bos taurus, therefore the differences in physiological response between geno-

types should not be directly associated with differences between species (i.e. Bos indicus and

Bos taurus). However, some of the differences we observed in Brahman crossbred steers (e.g.

rumen ammonia) have been previously associated with Bos indicus animals [44]. Lastly, we do

acknowledge that the frequency of bone and blood sampling could be increased to provide a

more in depth understanding of changes across time. However, in this study we adopted a

novel sampling technique in order to extract a bone specimen from the tuber coxae bone.

Such a technique allowed us to perform bone histomorphometry analysis without slaughtering

the animals but we were unsure about the effect of repeated sampling on the same site could

have on the quality of these samples. Therefore, we opted to collect the minimum number of

samples needed to test our initial hypothesis. We then aimed to combine these bone sampling

dates with blood samples in order to provide an overview of the endocrine responses at the

same point in time. The physiological changes and implications of the findings of this work

are discussed.

Nutritional parameters

The type of nutrient restriction (i.e. protein, energy or minerals) has been assumed to be one

of the factors affecting compensatory growth [45]. Overall, the nutritional treatment design of

this experiment was successful in imposing a clear separation between high and low CP diets

during energy restriction. This distinction was confirmed not only by the differences in ME

and CP intake and the DOM:CP but also by the glucose and PUN concentration in the plasma.

The EMCP is a measure of the protein:energy ratio of absorbed substrates and clearly showed

a much high ratio for the high CP rations. Moreover, the similarity in the concentration of Ca

and P in the plasma of steers fed the ME restricted treatments (i.e. HCP-LME and LCP-LME)

indicates that the nutritional effects on production and bone metabolism were independent of

any mineral limitation.

Steers consuming high CP content treatments (i.e. HCP-HME and HCP-LME) had greater

concentration of NH3H in the rumen than cattle consuming the low CP content regardless of

genotype. However, BX steers had a substantially greater concentration (83.3 vs 16.2 mg/L) of

NH3N than HF steers when both genotypes were consuming Mitchell grass hay (i.e.

LCP-LME). Similarly, Hunter and Siebert [44] observed that Brahman steers fed spear grass

(38 g CP/kg DM) had a greater concentration of NH3N in the rumen (40 vs 16 mg/L) than

Hereford steers, but this genotype difference disappeared when a urea and sulphur supplement

(30 g N/kg DOM) was offered.

Plasma urea nitrogen concentration did not reflect the concentration of NH3H in the

rumen, instead it was more related to the relationship between CP to ME content in the diet.

The DOM:CP of steers fed HCP-HME and HCP-LME in the present experiment was 3.3 and

3.5 respectively, while the PUN concentration was 7.1 and 7.5 mmol/L. Cattle fed LCP-LME
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had a much greater DOM:CP (12.1) and lower PUN concentration (1.2 mmol/L). In addition,

it has been suggested that a DOM:CP of approximately 7:1 and greater corresponds to a limita-

tion of rumen degradable protein and hence a response to N supplementation is expected

(Moore et al., 1995; Moore et al., 1999). The HCP-HME and HCP-LME diets provided a much

greater metabolizable protein:ME and a greater CP intake than the LCP-LME diet. This

approach allows ME and CP effects to be separated for their influence on LWG, skeletal

growth and the concentration of various hormones.

Feed intake and growth of steers during re-alimentation

Energy-restricted steers had greater DM intake and LWG during re-alimentation when com-

pared to steers that had ad libitum access to lucerne chaff during the entire experimental

period. The pattern of DM intake during re-alimentation was strikingly similar between the

previously restricted groups of steers. Steers fed restricted treatments during Phase 1 had

increased DM intake and LWG over Phase 2 reaching a peak approximately 60 d after the start

of the re-alimentation period. Interestingly, HF steers fed LCP-LME in Phase 1 showed a tran-

sitory greater LWG than HF steers fed HCP-LME during re-alimentation, without any

increase in DM intake. In addition, this group of steers (i.e. HF steers fed LCP-LME) were the

only restricted treatment group which showed greater LWG during LW compensatory growth

(i.e. during Phase 2) than unrestricted HF steers fed high CP and ME at an approximately

equivalent LW (during Phase 1).

The effect of nutritional restriction and re-alimentation on organs and digestive tract size

was not evaluated in the present experiment. However, studies which have analysed these

parameters indicate that during nutritional restriction there is a significant reduction in organ

mass (e.g. liver and spleen) and digestive tract (e.g. stomach and intestine) [10, 46, 47]. During

re-alimentation, Yambayamba et al. [10] observed an overcompensation of liver, spleen and

stomach between 50 and 78 d after the start of re-alimentation. Despite the fact that the gastro-

intestinal tract and liver contribute less than 10% of the liveweight [48], they represent a high

proportion or energy requirement. Moreover, the size of these organs is related to the capacity

of the animal to process food and synthesize protein and may be the restricting factor limiting

increase in voluntary food intake at early stages of compensatory growth. This hypothesis is in

agreement with Ryan et al. [49] who suggested that only after the liver and digestive tract are

replenished that compensating animals would be able to increase their feed intake above that

of non-restricted cohorts. This may explain the steady increase in pattern of DMI and LWG

observed at the early stages of the re-alimentation phase in the present study and elsewhere

[50]. In this scenario, the decrease in organs and muscles during nutritional restriction would

represent a potential for protein deposition and lead to stimulus of voluntary intake [51–55].

The stepwise linear regressions analysis of LWG and HHG on ME and CP intake showed

ME intake to be the best predictor of LWG (R2 = 0.92) while HHG was best explained by CP

intake (R2 = 0.82). These responses were independent of genotype. The increased DM intake

during the ad libitum phase seems to be the main mechanism driving higher growth rates fol-

lowing ME and CP restriction. A similar conclusion was also reached by other researchers

investigating the compensatory growth phenomenon but there is currently limited informa-

tion available to explain the long-term control of voluntary intake following periods of feed

restriction [41, 49].

Skeletal growth

Skeletal elongation was assessed directly by HH measurements across time and indirectly by

histomorphometric assessments of the tuber coxae growth plate. Overall, the results obtained
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by both methods agreed on the differences observed in skeletal growth caused by nutritional

and genotype treatments. Independent of CP content and intake, ME restriction severely

reduced endochondral ossification. This impact can be observed by reductions in the thickness

of the proliferative and hypertrophic zones as well as in the number and diameter of terminal

hypertrophic chondrocytes. However, steers fed a high CP content diet during ME restriction

had a significantly greater diameter of terminal hypertrophic chondrocytes when compared to

counterparts fed the low CP content diet. This result may help explain the greater HHG

observed in these steers. Wilsman et al. [56] suggested that longitudinal growth is a function of

the number of cells produced through proliferation multiplied by the volume of terminal

hypertrophic chondrocytes. High correlations have been reported between the volume of

hypertrophic cells and bone elongation rate in rats (r = 0.98) and pigs (r = 0.83) [57].

During re-alimentation (i.e. Phase 2), previously restricted steers showed a thicker prolifer-

ative zone as well as a tendency (P = 0.07) for a thicker hypertrophic zone than previously

unrestricted steers. These results also agree with the differences in skeletal growth measured by

HHG in these steers. In addition, these results support that faster bone elongation after a

period of nutritional restriction (i.e. catch-up growth) in cattle may be explained by the growth

plate delayed senescence hypothesis [14, 15, 17]. This hypothesis assumes that growth plate

senescence depends on the replicative history of chondrocytes at the growth plate resting zone.

Therefore, once growth limiting conditions are resolved, growth plates of restricted animals

are more “physiologically immature” than unrestricted cohorts at the same age. It is also

important to point out that differences observed in this work on growth plate morphology

during re-alimentation were not related to any changes in plasma concentration of endocrine

or metabolite parameters, suggesting that apart from the well-known endocrine factors that

regulate linear growth [58] there are also local controlling mechanisms intrinsic to the growth

plate, which was previously suggested by Lui and Baron [16].

In relation to the effect of protein intake on HHG, the results observed in the present inves-

tigation are in agreement with the work reported by Frandsen et al. [20] when working with

rodents. The results show a more severe retardation in terms of skeletal growth, as measured

by trunk and tail length, tibial length, tibial width through the proximal epiphysis and the mid-

dle portion of the diaphysis, and width of the tibial proximal epiphyseal cartilage plate in

rodents fed the low protein diets than pair-fed groups.

Over both experimental phases (i.e. Phase 1 and 2), HF had thicker proliferative and hyper-

trophic zones when compared to BX steers. Interestingly, restricted ME intake reduced the

height of hypertrophic zone in both genotypes but only BX steers showed reductions on the

proliferative zone.

Trabecular bone turnover and bone marker concentration

Studies with other species have shown that energy and protein restriction affect bone turnover

(i.e. bone formation and resorption) leading to an osteoporotic state [59, 60]. Taken all

together the results presented here indicate that trabecular bone loss at the tuber coxae is a

result of a greater reduction in bone formation than an increase in bone resorption. Restricted

ME intake led to severe reductions in the concentration of BAP, bone volume, trabecular

thickness and bone surface as well as increase in trabecular separation. However, only steers

fed low CP content diets during ME restriction showed significant reductions in bone surface

and change in bone volume when compared to steers fed the HCP-HME diet. These results

were also associated with a significantly lower concentration of PYD in the plasma of

HCP-LME when compared to LCP-LME steers which may indicate that higher CP intake dur-

ing ME restriction slightly decreased bone resorption. This suggestion is in agreement with

PLOS ONE Compensatory and catch-up growth in cattle

PLOS ONE | https://doi.org/10.1371/journal.pone.0247718 February 25, 2021 17 / 25

https://doi.org/10.1371/journal.pone.0247718


Mardon et al. [61] who observed significant bone sparing assessed through bone mineral den-

sity in growing rats when energy restriction was associated with adequate protein intake but

no differences in plasma IGF-1 concentration.

The changes in trabecular structure caused by bone loss during ME restriction were

completely reversed by the end of the re-alimentation period (i.e. Phase 2). The change in

bone volume shows that previously restricted steers had significantly higher net bone balance

during re-alimentation. Pando et al. [6] showed that after only one day of re-alimentation

there was a significant increase in collagen fibre deposition in the trabecular bone of previously

caloric restricted rats. This was accompanied by a rise in BALP and IGF-1 to the same concen-

tration as a control group. In a similar manner, we also did not observe any differences in

bone markers or hormone concentration between the different nutritional treatment groups at

the end of Phase 2.

Some earlier publications which have reported the use of bone biomarkers in bovines have

been mainly focused on dairy cattle [62–64] and beef breeder cows [65] during pregnancy and

lactation. Apart from the obvious differences in physiology between reproductive and lactating

cows to growing steers, it appears that this is the first study that aligns bone marker concentra-

tion with direct morphological measures of bone in cattle. The examination of the relationship

between the concentration of such markers and changes in bone structure is essential for the

validation of this technique [66].

The current study showed that independent of CP content and intake, cattle had a similar

concentration of BALP in the plasma during energy restriction. However, steers fed a high CP

treatment had significantly lower concentration of PYD in the plasma than unrestricted steers

which indicates lower bone resorption activity. In HF cows, studies demonstrated that BALP

concentration decreases with age [67], parity [68] and as cows transitioned from parturition to

lactation [63] which is similar to changes reported in humans [69]. Delmas et al. [70] observed

a significant positive correlation between bone resorption measures and concentration of uri-

nary PYD (r = 0.35, P< 0.05). In HF cows the concentration of PYD in serum and urine

peaked soon after calving and decreased again as lactation progressed [62, 64]. Also, a lower

serum PYD concentration was observed in early lactation of HF cows fed a low calcium diet

(4.6 g Ca/kg DM) when compared to a group fed a high calcium diet (6.4 g Ca/kg DM) [71].

Overall, these observations agree with the changes observed in the current study. The rapid

shift in energy requirements of high producing dairy cows around parturition leads to an

increase in bone mobilization during negative energy balance and these changes are associated

with changes in BALP and PYD concentration [63, 64, 72].

Endocrine responses

The higher HHG in cattle fed HCP-LME was accompanied by a significant increase in the con-

centration of T3 in plasma. Thyroid hormones are directly involved with body growth, skeletal

development, energy metabolism and temperature homeostasis [73–75]. Thyroxin is the most

abundant in the bloodstream but T3 is the most active form of the thyroid hormones. It is not

known if the higher T3 concentration in the plasma of steers consuming high CP diets could

exert a direct stimulatory effect on chondrocyte hypertrophy and consequently growth rates.

Hypothyroidism in humans is known to reduce growth rates and skeletal maturation [76].

Interestingly, ME restriction did not affect the concentration of T4 in the plasma of BX

steers and it only decreased the concentration in the plasma of HF steers when it was coupled

with a lower CP content in the diet. This may indicate that energy and protein balance of the

diet affects the deiodination process. In addition, it also indicates a different physiological

response between genotypes. Investigations in caloric restricted rats fed low protein diets show

PLOS ONE Compensatory and catch-up growth in cattle

PLOS ONE | https://doi.org/10.1371/journal.pone.0247718 February 25, 2021 18 / 25

https://doi.org/10.1371/journal.pone.0247718


an increase in the T3 concentration above controls [77–80] which is not explained by

enhanced conversion of T4 to T3 nor by the maximum binding capacity of T3 in the liver or

binding affinity with receptors [81]. In cattle, there is no information regarding the effect of a

low or high protein diet during energy restriction on the concentration of thyroid hormones

in the plasma.

The effects of growth hormone on the growth plate are both direct where growth hormone

acts on locally recruiting chondrocytes in the resting zone to differentiate into proliferative

chondrocytes, and indirect where growth hormone promotes local production of IGF-1 which

then stimulates the proliferation of proliferative chondrocytes [82]. The somatotrophic axis is

sensitive to nutrient supply, with protein and energy intake modulating the concentration and

action of growth hormone and IGF-1. Restricted energy intake reduced linear growth in cattle

which was associated with reduced concentration of IGF-1 in plasma [11, 39]. Elsasser et al.

[19] observed a linear increase in the plasma concentration of IGF-1 with increasing CP con-

tent of a high energy content diet (12.3 MJ/kg DM). However, steers fed a lower energy con-

tent diet (8.2 MJ/kg DM) did not show any increase in IGF-1 concentration when fed a 110 or

140 g CP/kg DM diet but IGF-1 concentration was greater than in steers fed an 80 g CP/ kg

DM diet. Similarly, no significant differences were observed in the present study when com-

paring IGF-1 concentration in the plasma of steers fed high (199 g CP/ kg DM) and low CP

(38 g CP/ kg DM) content diets during energy restriction. This could suggest that during

energy restriction, plasma IGF-1 concentration does not have an association with the rate of

skeletal growth. Alternatively, the stimulatory effect of a higher CP diet on endochondral ossi-

fication could be mediated by the autocrine-paracrine action of local IGF-1 production. This

explanation is based on the observation that dietary CP intake stimulates non-hepatic IGF-1

production [83]. Moreover, in mice with a loss of IGF-1 production in chondrocytes and oste-

oblasts, changes in endochondral ossification occur without changes in the concentration of

IGF-1 in plasma [84, 85].

Conclusions

Higher CP content of the diet caused a significant but still biologically small stimulus on bone

growth and reduction of bone loss in steers under restricted ME intake. The greater gain in

HH observed for the HCP-LME group during energy restriction was associated with greater

T3 concentration in the plasma and larger terminal hypertrophic chondrocytes when com-

pared to LCP-LME. However, it is unknown if the greater T3 concentration in the plasma

could be the cause of this faster skeleton growth rate.

The differences observed between the Brahman crossbred and Holstein-Friesian genotypes

suggest a different physiological response between the two genotypes when submitted to diets

that result in altered ME and CP intake. Contrary to the initial hypothesis, HF steers fed the

LCP-LME diet were the only steers to demonstrate greater LWG during compensatory growth

compared with unrestricted HF steers. This response was associated with a lower concentra-

tion of T4 in the plasma during nutritional restriction and no differences in DM intake during

recovery which may suggest a further reduction in basal metabolic rate and maintenance

requirements when compared to steers with a higher CP intake.

The greater skeletal elongation rate during re-alimentation as well as changes observed at

the growth plate level (e.g. proliferative and hypertrophic zone) suggests that skeletal catch-up

growth in cattle can also be explained by the delayed senescence hypothesis. Steers which have

experienced a period of restricted ME intake display greater skeletal growth than unrestricted

steers at the same age (i.e. catch-up growth) once offered ad libitum access to a non-limiting

diet. The concentration of BALP and PYD in plasma are proposed to be potential markers of
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bone formation and resorption, respectively. The rate of skeletal growth of cattle during catch-

up growth is independent of CP content and intake during the restriction period. Therefore,

increasing CP intake during ME restriction does not enhance LW compensatory nor skeletal

catch-up growth in cattle.
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