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Abstract
Alterations in early pre-natal nutrition of Japanese Black calves influence the glucose and lipid metabolism after 

weaning. However, the effects of early nutritional status on the endocrine system in later life stages in Japanese 
Black cattle are unknown. This study examined how post-weaning plasma levels of growth hormone (GH), insulin-like 
growth factor 1 (IGF-1), and blood insulin, which are hormones affecting growth and meat quality, and metabolites 
were affected by feeding 1800 g versus 500 g of milk replacer to Japanese Black cattle (5 per group) during nursing. 
Up to weaning (90 days post-birth), all calves received calf starter and hay ad libitum, and post-weaning, they 
received a concentrate feed and hay ad libitum. Plasma concentrations of GH and IGF-1 were greater at weaning 
in the high-milk-replacer group (P<0.1 and P<0.01, respectively), and elevated IGF-1 concentrations persisted until 
the study end (210 d) (P<0.05), suggesting that the levels were sustained independent of the influences of both GH 
and nutrient intake. Blood insulin and metabolites (plasma glucose, beta-hydroxybutyric acid, and non-esterified fatty 
acids) were not significantly different between the two groups. The results of this study suggest that feeding calves a 
high volume of milk replacer during nursing will increase IGF-1 secretion well beyond weaning.

Keywords: Japanese Black cattle; Growth hormone; Insulin-like
growth factor 1; Milk replacer; Ruminant growth rate

Abbreviations: GH: Growth hormone; IGF-1: Insulin-like growth
factor 1; CP: Crude protein; CF: Crude fat; TDN: Total digestible 
nutrients; TR-FIA: Time-resolved fluoroimmunoassay.

Introduction
Nutrient composition and availability during the early growth 

phase affects tissue composition and metabolism at adulthood in 
mammals [1]. A high plane of nutrition during the initial growth 
phase affects meat quantity and quality in 10-mo-old crossbred steers 
(Japanese Black male × Holstein female) [2]. In addition, feeding high 
quantities of milk to Japanese Black cattle until 150 d of age increases 
post-weaning growth, glucose concentrations and lipid metabolism [3]. 
However, there is a lack of information about the effect of a high plane 
of nutrition pre-weaning on the endocrine system in post-weaning of 
Japanese Black cattle.

In ruminants, changes to the nutritional status and nutrient 
intake of feed alter hormone secretion [4,5]. Specifically, increased 
concentrations of growth hormone (GH) trigger the secretion of 
insulin-like growth factor 1 (IGF-1) in rats [6,7] and in beef cattle [8]. 
Increased concentrations of both hormones in blood are linked to 
muscle growth and, thus, the amount of lean meat in cattle [9,10]. Based 
on the afore mentioned findings, we hypothesized that a high plane 
of nutrition offered pre-weaning might affect post-weaning secretion 
of GH and IGF-1 in Japanese Black cattle. Previously, we reported 
positive correlations between the pre-weaning period of nutrition, 
plasma insulin and blood metabolite levels (plasma glucose, beta-
hydroxybutyric acid [β-HBA], non-esterified fatty acids [NEFAs]) and 
post-weaning growth rate in these calves [2,3]. Therefore, in this study, 
we sought to assess how a high-nutrient feed affects the relationship 
between hormones, blood metabolites and growth rate.

Materials and Methods
Experimental animals

All experimental procedures, including animal care and handling, 
were performed in accordance with guidelines from the Committee for 
Animal Welfare of Kyushu University.

Ten Japanese Black male calves were randomly assigned to two 
groups. The calves of both groups were fed milk replacer containing 
26% crude protein (CP), 25.5% crude fat (CF) and 116% total digestible 
nutrients (TDNs). The quantity of milk replacer was determined 
according to a previous study [3]. Five control calves (initial body 
weight; 32.7 ± 1.19) were provided with 500 g/d of milk replacer from 
14 to 90 d of age. Five calves in the experimental group (initial body 
weight; 33.6 ± 1.90) received 800 g/d until 14 d of age. Between 4 and 27 
d, the amount of milk replacer was progressively increased to 1800 g/d 
and maintained at this level until 72 d. From 73 to 85 d, milk replacer 
was gradually reduced to 800 g/d, where it remained until weaning at 
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90 d. Both experimental and control calves were fed calf starter (TDN, 
72%; CP, 18%; ether extract, 2%) from 30 to 90 d. Between 90 to 210 d, 
calves were fed concentrate (CP, 16%; CF, 2.5%; TDN, 68%). The calves 
and cattle were fed concentrate at quantities necessary for individual 
weight gain of 1 kg/d, as recommended by the Japanese Feeding 
Standard for Beef Cattle [11] and hay (CP, 13.4%; CF, 3.6%; TDN, 
59.3%) ad libitum. Body weight was measured at 90 and 210 d of age.

Blood samples

The secretion of GH in cattle is pulsatile [12]; therefore, a single 
blood sample may not reflect the average concentration of GH in 
blood. To reduce variability, we took advantage of the fact that GH 
release is synchronized around feeding, with a burst immediately prior, 
followed by no secretion during or for at least 1 h after feeding [13]. 
Therefore, we collected blood samples to coincide with the pre-feeding 
secretory episode. 

Blood samples were collected from the jugular vein into 
heparinized tubes with aprotinin (500 kallikrein inhibitory units/mL of 
blood; Sigma-Aldrich Inc., Tokyo, Japan) before calves were provided 
their morning feed at 90, 150, and 210 d of age. Blood samples were 
centrifuged at 2330 × g at room temperature for 30 min and stored at 
-40°C until analysis. Concentrations of GH and IGF-1 were measured 
using a time-resolved fluoroimmunoassay (TR-FIA) as previously 
described [4,14]. Intra- and inter-assay coefficients of variability 
(CVs) for GH were 2.6% and 3.6%, respectively; for IGF-1, they were 
6.9% and 5.5%, respectively. The lowest detectable doses of GH and 
IGF-1 in this assay were 0.158 ng/mL and 0.053 ng/mL, respectively. 
Insulin, glucose, β-HBA and NEFA concentrations were measured, 
respectively, with a bovine insulin enzyme-linked immunosorbent 
assay kit (Mercodia, Uppsala, Sweden), glucose oxidase enzymatic 
method (glucose B-test; Wako Pure Chemical, Osaka, Japan), β-HBA 
enzyme-linked immunosorbent assay kit (Cusabio Biotech, Wuhan, 
China), and acyl-CoA synthetase-acyl-CoA oxidase enzymatic method 
(FFAC; Wako Pure Chemical Industries Ltd., Osaka, Japan), following 
manufacturer protocols.

Statistical analyses

Body weight gain, milk replacer, CP and CF intake, and plasma 
GH and IGF-1 concentrations are presented as mean ± SEM. StatView 
5 (SAS Institute Inc., Cary, NC, USA) was used for statistical analyses 
of GH and IGF-1 concentrations. Post-hoc comparisons between the 
control and experimental groups were performed with two-tailed, 
unpaired Student’s t-tests. Data for GH, IGF-1, and insulin and blood 
metabolite profiles were analyzed using the MIXED procedure in SAS 
(SAS Institute Inc.) in which the treatment was a fixed effect while 
cattle and feeding period were random effects. For statistical analyses 
of plasma hormones and metabolite concentrations, the interaction of 
sampling time by treatment was added to the model.

Results and Discussion
At 90 d, mean concentrations of GH tended to be higher in 

the experimental group than in the controls (P<0.1), but these 
differences disappeared by 150 and 200 d of age (Figure 1a). Overall, 
concentrations of GH varied with dietary treatment (P=0.03) and 
age (P<0.01), although the interaction of age and treatment was 
not significant (P=0.15) (Figure 1a). These results are in accordance 
with previous reports wherein changing the amount of milk replacer 
have little influence concentrations of GH in nursing Holstein bull 
calves [15], but that basal and growth hormone-releasing hormone 
(GHRH)-induced GH concentrations decline with age in dairy cattle 

[16]. Therefore, age may influence the secretion of GH more than the 
amount of milk consumed in nursing and just-weaned calves. 

Plasma concentrations of IGF-1 were significantly greater in the 
experimental group than in the controls at all measured time points 
(P<0.05; Figure 1b). Moreover, although total intake of CP did not differ 
between the two groups at 90 d, experimental animals had a higher 
intake of CP from the milk replacer than the control animals (P<0.01; 
Table 1). Our findings are in agreement with work showing that both 
GH and dietary CP regulate secretion of IGF-1 in beef cattle [8]. The 
increased concentrations of IGF-1 in the experimental calves could 
thus be attributed to increased protein content ingested from the high-
milk-replacer diet, which is easily digested and absorbed (compared 
with other protein sources such as soy), resulting in superior calf 
performance (in male Holsteins; [17]). However, we also found that 
experimental calves maintained higher concentrations of IGF-1 after 
weaning (P<0.01). Additionally, concentrations of IGF-1 increased 
in both groups with age (P<0.01), but there was no age by treatment 
interaction (P=0.91) (Figure 1b). Given the lack of differences in GH 
concentrations and CP intake after weaning between the two groups 
(Table 1 and Figure 1a), these data suggest that GH and CP intake may 
actively regulate IGF-1 secretion during nursing while also priming 
an independent mechanism to maintain post-weaning secretion. Our 
previous studies similarly revealed that a high volume of milk replacer 
fed to nursing calves influenced both meat quality and the expression 
of genes related to post-weaning nutrient metabolism [3,18,19]. 

Moreover, research in humans has shown that individuals that 
were fed milk replacer during infancy ingested more protein and 
exhibited higher IGF-1 concentrations at 6 mo compared with 
breastfed individuals [19]. A subsequent study confirmed the influence 
of early-life protein consumption: infants fed high-protein milk 
replacer had higher concentrations of IGF-1 in blood compared with 
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Figure 1: Plasma concentrations of (a) growth hormone (GH), (b) insulin-like 
growth factor 1 (IGF-1), and (c) insulin in control (○) and experimental (●) 
groups at 90, 150, and 210 d of age. Values are means ± SEM (n=5/group). 
**P<0.01; *P<0.05; †P<0.1.
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those fed low-protein milk replacer, and elevated concentrations of 
IGF-1 persisted through to adolescence [20]. Together, current and 
previous observations are consistent with nutritional programming, 
a phenomenon wherein nursing-diet quality or quantity (e.g., more 
high-protein milk replacer) has a persistent post-weaning effect [21]. 
Future studies should, therefore, focus on elucidating the mechanisms 
underlying the nutritional programming of IGF-1 secretion in Japanese 
Black cattle, specifically verifying the potential link with a high-milk-
replacer diet during nursing. 

In the current study, concentrations of insulin did not differ between 
the two groups (P=0.13), although it did vary with age (P<0.01), and 
the age by treatment interaction was not significant (P=0.67) (Figure 
1c). Thus, the observed changes were the result of age alone. Our results 
are in accordance with previous work showing a positive correlation 
between age and insulin concentrations in the blood of Japanese Black 
cattle [22].

Calves in the experimental group weighed more than control 
calves at 90 d, although these differences disappeared by 210 d (Table 
1). Moreover, a higher amount of milk appeared to have negligible 
effects on blood metabolite concentrations (Figure 2). In contrast, our 
previous study showed that feeding high volumes of milk replacer to 
nursing Japanese Black cattle increased growth performance and blood 
metabolite (glucose, β-HBA, NEFA) concentrations compared with 
the control (data not shown). Post-weaning up-regulation of glucose/

lipid-metabolism-related gene expression subsequently decreased 
blood metabolites in the experimental group [3]. These differences 
may be due to variations in feeding periods; calves received a high-
milk-replacer diet for 48 d over the 90-d feeding period in this study, 
whereas they received milk replacer for 90 d over a 150-d feeding 
period in Matsubara et al. [3]. These results combined suggest that a 
48-d maximum nursing period is not sufficient and that the duration 
should be extended beyond 90 d to improve the growth performance, 
as well as glucose and lipid metabolism, of Japanese Black calves.

Although we had previously demonstrated that a high-milk-
replacer treatment increased concentrations of β-HBA and NEFA 
(data not shown), we did not observe a significant difference in 
lipid concentrations between groups in this study despite high CF 
intake during nursing (Figures 2b and 2c). Equivocal results from 
fat-supplemented diets have been reported elsewhere. For example, 
such diets increased concentrations of β-HBA and NEFA in some 
dairy cattle (Holstein cows [23]), but not in others [24]. Given these 
inconsistent effects of CF intake on concentrations of β-HBA and 
NEFA, further research is required to explore how milk fat influences 
lipid metabolism in calves.

In conclusion, a high milk-replacer diet more strongly affected 
plasma IGF-1 concentrations than GH concentrations in Japanese 
Black cattle. Furthermore, the plane of nutrition during nursing may 
program post-weaning regulation and secretion of IGF-1 resulting in 
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Figure 2: Plasma concentrations of (a) glucose, (b) beta-hydroxybutyric 
acid (β-HBA), and (c) non-esterified fatty acids (NEFAs) in control (○) and 
experimental (●) groups at 90, 150, and 210 d of age. Values are means ± 
SEM (n=5/group).

  Control Experimental 
Body weight (at 90 d, kg) 90.8 ± 4.80 118.7 ± 8.33*
Body weight (at 210 d, kg) 226.6 ± 9.51 249.2 ± 13.90
Average daily gain (kg/d) 0.92 ± 0.04 1.03 ± 0.06
Pre-weaning (0-90 d, kg)
Milk replacer intake
DM 38.26 ± 0.57 93.94 ± 6.97**
CP 9.95 ± 0.15 24.42 ± 1.81**
CF 9.76 ± 0.15 23.95 ± 1.78**
Calf starter intake 
DM 59.56 ± 3.15 18.21 ± 1.29**
CP 10.72 ± 0.57 3.28 ± 0.23**
CF 1.19 ± 0.10 0.36 ± 0.03**
Hay intake    
DM 31.97 ± 1.69 14.84 ± 1.05**
CP 4.28 ± 0.23 1.98 ± 0.14**
CF 1.15 ± 0.06 0.53 ± 0.04**
Total intake
CP 24.95 ± 0.77 29.69 ± 2.18
CF 12.10 ± 0.17 24.85 ± 1.84**
Post-weaning (90-210 d, kg)
DM 344.2 ± 14.40 346.5 ± 19.30
CP 62.58 ± 2.63 63.01 ± 3.51
CF 9.78 ± 0.41 9.85 ± 0.55
Hay intake
DM 228.7 ± 9.6 263.2 ± 14.7
CP 36.6 ± 1.53 42.1 ± 2.35
CF 9.83 ± 0.41 11.3 ± 0.63
Total intake
CP 99.15 ± 4.16 105.09 ± 5.86
CF 19.60 ± 0.82 21.15 ± 1.18

Table 1: Average weight gain and daily intake of Japanese Black calves fed milk 
replacer, calf starter, concentrate, and hay as well as nutritional components (CP 
and CF). DM: Dry matter; CP: Crude protein; CF: Crude fat; Data for feed intake 
are expressed as the mean ± SEM (n=5). **P<0.01, *P<0.05.
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prolonged or permanent changes to secretion patterns. Further studies 
are warranted to determine the mechanisms by which IGF-1 secretion 
is maintained in ruminants fed high volumes of milk replacer and 
whether such changes affect body composition at maturity. Data from 
this study provides direction for the effective regulation of early feeding 
regimes to improve meat quantity and quality in the cattle industry.
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