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The somatotropic axis influences growth andmetabolism, andmany of its effects are a result
of insulin-like growth factor (IGF) signaling modulated by IGF-binding proteins (IGFBPs).
Modern commercial meat-type (broiler) chickens exhibit rapid and efficient growth and
muscle accretion resulting fromdecades of commercial genetic selection, and it is not known
how alterations in the IGF system has contributed to these improvements. To determine the
effect of commercial genetic selection on somatotropic axis activity, two experiments were
conducted comparing legacy Athens Canadian Random Bred and modern Ross 308 male
broiler lines, one between embryonic days 10 and 18 and the second between post-hatch
days 10 and 40. Gene expression was evaluated in liver and breast muscle (pectoralis major)
and circulating hormone concentrationsweremeasured post-hatch. During embryogenesis,
no differences in IGF expression were found that corresponded with difference in body
weight between the lines beginning on embryonic day 14. While hepatic IGF expression and
circulating IGF did not differ between the lines post-hatch, expression of both IGF1 and IGF2
mRNA was greater in breast muscle of modern broilers. Differential expression of select
IGFBPs suggests their action is dependent on developmental stage and site of production.
Hepatic IGFBP1 appears to promote embryonic growth but inhibit post-hatch growth at
select ages. Results suggest that local IGFBP4 may prevent breast muscle growth during
embryogenesis but promote it after hatch. Post-hatch, IGFBP2 produced in liver appears to
inhibit body growth, but IGFBP2 produced locally in breast muscle facilitates development of
this tissue. The opposite appears true for IGFBP3, which seems to promote overall body
growth when produced in liver and restrict breast muscle growth when produced locally.
Results presented here suggest that paracrine IGF signaling in breast muscle may contribute
to overall growth and muscle accretion in chickens, and that this activity is regulated in
developmentally distinct and tissue-specific contexts through combinatorial action of
IGFBPs.
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INTRODUCTION

Growth and body composition in vertebrates are controlled by
several highly conserved endocrine axes (Levine, 2012; Vaccaro
et al., 2021). In particular, the somatotropic axis is known to
regulate growth and development of mammals via cellular
proliferation and metabolic effects in muscle, bone, and
adipose tissue (Clark and Robinson, 1996; Gahete et al., 2016).
However, its physiological impact on these processes is not as well
understood in birds. Particularly lacking is information regarding
how local production of insulin-like growth factor (IGF) 1 and
IGF2 in tissues such as muscle impacts growth and body
composition and how IGF-binding proteins (IGFBPs) regulate
both endocrine and paracrine IGF signaling.

The key effector hormones in the somatotropic axis include
IGF1 and IGF2 (Stewart and Rotwein, 1996), which are
synthesized in the liver upon growth hormone receptor (GHR)
activation (Kajimoto and Rotwein, 1989; Dewil et al., 1999;
Herrington and Carter-Su, 2001; Woelfle et al., 2005; Brooks
et al., 2008). A dwarf phenotype is observed in chickens deficient
in GHR signaling (Hutt, 1959; Burnside et al., 1992; Chen et al.,
2009), and this is partially caused by decreased hepatic IGF
production (Burnside and Cogburn, 1992). On the cellular
level, IGFs downregulate apoptosis while increasing cellular
proliferation by binding the type 1 IGF receptor (IGFR1)
(Girbau et al., 1989; Duclos and Goddard, 1990; D’Costa et al.,
1998). This would imply a direct relationship between IGF
signaling and growth in chickens, but studies have been
inconclusive. Direct IGF1 administration did not stimulate
growth in two to three week-old male chickens (McGuinness
and Cogburn, 1991; Czerwinski et al., 1998) or four week-old
females (Huybrechts et al., 1992). Increased hepatic IGF1mRNA
expression has been observed in chickens selected for high body
weight (Beccavin et al., 2001), but not consistently (Giachetto
et al., 2004). Similarly, fast-growing chickens had greater plasma
IGF2 (Scanes et al., 1989), but IGF2 did not induce weight gain
when directly administered (Buyse and Decuypere, 1999). Studies

investigating levels of growth hormone (GH), which is classically
thought to induce IGF secretion from the liver, also yield results
inconsistent with the idea that increased somatotropic activity
always leads to increased growth. Pituitary GH expression was
greater between 3 and 7 weeks of age in male broilers with lower
body weight as compared to those with a higher body weight
(Ellestad et al., 2019), and the percentage of GH-secreting cells in
slow-growing chickens was greater at 5 weeks of age, though fast-
growing embryos secreted more GH per hour (Porter, 1998).
Circulating GH was also found to be higher in chickens selected
for egg production (layers) than those selected for meat
production (broilers), despite layers growing slower and
having lower body weights (Reiprich et al., 1995).

Cellular effects induced by IGF signaling are regulated by
IGFBPs. These proteins are highly conserved across vertebrates
(Armstrong et al., 1989; Allander et al., 1995; Schoen et al., 1995;
Allander et al., 1997; Kelley et al., 2002), although IGFBP6 has not
been retained in birds. Growth modulation occurs when an
IGFBP physically binds an IGF to enhance or reduce receptor
affinity, extend the hormone’s half-life, or alter its tissue
specificity (Baxter, 1991; Kim, 2010). For example, IGFBP1
inhibits protein synthesis in skeletal muscle (Frost and Lang,
1999), while IGFBP2 and IGFBP4 inhibit long bone growth
(Mohan et al., 1995; Fisher et al., 2005). In myoblasts, IGFBP5
has a proliferative effect when bound to IGF1 but an inhibitory
effect upon binding IGF2 (Ewton et al., 1998). Additionally, some
IGFBPs can act independently. For example, IGFBP2 can
upregulate apoptosis (Schutt et al., 2004; Klaus et al., 2006),
while IGFBP5 can enhance bone cell proliferation (Mohan
et al., 1995). As both ligand-dependent and ligand-
independent effects of IGFBPs are important in growth
regulation, their actions may contribute to the enhanced
growth and muscle accretion of commercial modern broiler
chickens.

Commercial modern broilers are raised specifically for meat
production and have an increased growth rate, greater body
weight, reduced feed conversion ratio (FCR; g feed intake/g

TABLE 1 | Primers used for reverse transcription-quantitative PCR.

Gene symbol Forward primer (59-39) Reverse primer (59-39) Transcript ID1 Efficiency

IGFs
IGF1 TGAGCTGGTTGATGCTCTTC AGCCTCCTCAGGTCACAACT 20816 0.99
IGF2 AGTCAGAGCGTGACCTCTCC CTGCGAGCTCTTCTTCTGC 53800 1.05

Hormone receptors
GHR TGCTGATTTTTCCTCCTGTG GGCTGGCTAAGATGGAGTTC 23973 1.08
IGF1R TGGGGACCTCAAAAGTTACC ATCCCATCAGCAATCTCTCC 74990 1.04

Hormone binding proteins
IGFBP1 CAGAGAAGTGGAGGGGACAT CTTCTGGGGATCCAGGAAT 47713
IGFBP2 ATCACAACCACGAGGACTCA GAGGGAGTAGAGGTGCTCCA 18698 0.96
IGFBP3 TTGAGTCCTAGGGGTTTCCA ATATCCAGGAAGCGGTTGTC 82156 1.02
IGFBP4 AACTTCCACCCCAAGCAG AATCCAAGTCCCCCTTCAG 68153 0.96
IGFBP5 CTGAAGAGCAGCCAGAGGAT TTGTCCACACACCAACACAG 38163 0.98
IGFBP7 ATGTGACAGGAGCACAGATCTACCT TCTGGATACCATACTGTCCTCGAAT 61018 0.95

Reference genes
GAPDH AGCCATTCCTCCACCTTTGAT AGTCCACAACACGGTTGCTGTAT 23323 1.00
18s2 AGCCTGCGGCTTAATTTGAC CAACTAAGAACGGCCATGCA 173612 0.96

1Transcript identification from Ensembl chicken genome assembly GRCg6a (http://www.ensembl.org/Gallus_gallus/Info/Index) preceded by ENSGALT000000.
2Sequence for 18S rRNA, is not on the assembled chicken genome, and primers were designed based on the sequence in GenBank (Accession Number AF173612).
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body weight gain), and higher meat yields (Bartov, 1982;
Goddard et al., 1988; Havenstein et al., 1994; Berrong and
Washburn, 1998; Havenstein et al., 2003; Collins et al., 2014),
all of which are the result of decades of artificial genetic
selection by the poultry industry. A useful experimental
model to investigate the impact of the somatotropic axis on
broiler growth and body composition is the comparison of
commercially selected broilers currently used by the poultry
industry with non-selected ones. Athens Canadian Random
Bred (ACRB) legacy broilers are representative of slower-
growing, lower body weight birds prior to the beginning of
intensive commercial broiler selection (Hess, 1962; Collins
et al., 2014; Marks et al., 2016). Administration of a current
commercial-type diet to ACRBs reduced their FCR some but
not to the point of a commercial broiler and did not increase
growth or body weight (Havenstein et al., 1994), which makes
them an ideal genetic control strain. In a recent study where
ACRB were compared with Ross 308 commercial broilers to
identify effects of commercial genetic selection on the
corticotropic and thyrotropic axes, it was reported that Ross
308 body weights were significantly greater than those for
ACRB beginning during the last week of embryogenesis, and
this difference continued throughout juvenile development
(Vaccaro et al., 2021). FCR of ACRB was also significantly
higher than of Ross 308, reflecting the improved efficiency of

FIGURE 1 | Relative mRNA expression of (A) GHR, (B) IGF1, (C) IGF2, and (D) IGFR1 in liver on embryonic days e 10, 12, 14, 16, and 18 in legacy ACRB and
modern Ross 308 male broilers. Relative expression levels were measured using RT-qPCR and normalized toGAPDHmRNA (n = 4 replicate birds per line at each age).
The data (mean + SEM) are expressed relative to the line and age with the highest expression level (equivalent to 100%). No significant line-by-age interactions were
detected for (A) GHR (p = 0.7777) or (B) IGF1 (p = 0.7562), and main effect means for line and age for these genes are shown in Tables 2, 3, respectively.
Significant line-by-age interactions were identified for (C) IGF2 (p = 0.0003) and (D) IGFR1 (p = 0.0235), and the presence of an asterisk (*) indicates a significant
difference in expression between the lines at those ages (p ≤ 0.05).

TABLE 2 | Means1 (±SEM) and ANOVA p-values of the line main effect for
somatotropic gene expression in embryonic male ACRB and Ross 308 broilers.

ACRB Ross 308 p-value

IGFs and Receptors
Liver (%)2

GHR 80.6 ± 7.6 100 ± 8.9 0.0640
IGF1 75.2 ± 14.9 100 ± 34.5 0.7004

Muscle (%)2

GHR 100 ± 7.9 90.5 ± 7.4 0.3378
IGF1 93.1 ± 12.1 100 ± 9.9 0.7055
IGF2 100 ± 12.9 88.2 ± 13.5 0.4571
IGF1R 100 ± 10.9 84.5 ± 7.7 0.2150

IGFBPs
Liver (%)2

IGFBP2 95.5 ± 22.4 100 ± 17.7 0.6238
IGFBP4 87.3 ± 11.4 100 ± 14.7 0.3633
IGFBP5 100 ± 6.1 86.8 ± 5.8 0.0940
IGFBP7 82.1 ± 7.5 100 ± 12.4 0.2619

Muscle (%)2

IGFBP1 99.8 ± 20.1 100 ± 15.8 0.7343
IGFBP2 100 ± 9.4 91.2 ± 5.6 0.6339
IGFBP3 100 ± 7.2 95.9 ± 6.1 0.6978
IGFBP4 100 ± 13.7a 69.7 ± 8.0b 0.0354
IGFBP5 100 ± 10.5 97.2 ± 8.9 0.8773
IGFBP7 100 ± 13.3 96.3 ± 10.0 0.7269

1Means are only presented for data where a significant line-by-age interaction was not
present and were calculated between embryonic day 10 and 18 for each line.
2Data within each gene are expressed relative to the line with the highest mRNA, level
(equal to 100%).
a,bValues within each gene that do not share a common letter are significantly different
(p ≤ 0.05).
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TABLE 3 | Means1 (±SEM) and ANOVA p-values of the age main effect for somatotropic gene expression in embryonic male ACRB and Ross 308 broilers.

e10 e12 e14 e16 e18 p-value

IGFs and Receptors
Liver (%)2

GHR 45.5 ± 6.1c 60.0 ± 7.0bc 85.5 ± 13.6ab 88.68 ± 8.3ab 100 ± 8.8a 0.0023
IGF1 51.3 ± 12.4 48.12 ± 10.2 100 ± 50.7 31.84 ± 8.4 29.59 ± 8.9 0.4101

Muscle (%)2

GHR 56.5 ± 8.0b 82.66 ± 8.3a 100 ± 15.3a 92.8 ± 5.8a 81.3 ± 8.9a 0.0243
IGF1 71.8 ± 12.7ab 100 ± 8.9a 85.9 ± 14.6ab 54.1 ± 4.9bc 34.9 ± 2.3c 0.0006
IGF2 96.9 ± 15.9 86.2 ± 24.8 57.2 ± 13.8 96.2 ± 19.8 100 ± 19.3 0.4383
IGF1R 77.9 ± 8.9abc 81.6 ± 6.9ab 100 ± 15.9a 65.6 ± 12.9bc 54.5 ± 10.8c 0.0446

IGFBPs
Liver (%)2

IGFBP2 15.3 ± 2.1c 24.9 ± 4.7c 67.6 ± 15.5b 100 ± 27.9ab 98.0 ± 15.1a <0.0001
IGFBP4 69.1 ± 11.0 72.3 ± 14.4 100 ± 26.3 51.9 ± 7.0 69.4 ± 13.8 0.5605
IGFBP5 68.2 ± 8.0b 80.2 ± 9.3ab 100 ± 7.5a 75.8 ± 6.5b 70.3 ± 4.9b 0.0271
IGFBP7 37.5 ± 4.7c 56.3 ± 8.2b 86.5 ± 15.5a 84.5 ± 13.7a 100 ± 7.9a <0.0001

Muscle (%)2

IGFBP1 100 ± 11.4a 58.9 ± 11.2ab 44.2 ± 26.0bc 36.7 ± 5.4bc 24.2 ± 4.6c 0.0068
IGFBP2 78.8 ± 5.7 64.5 ± 7.4 64.9 ± 7.20 100 ± 11.2 74.3 ± 10.6 0.0808
IGFBP3 90.2 ± 12.0 100 ± 6.7 85.1 ± 10.7 89.2 ± 10.6 81.9 ± 8.5 0.6923
IGFBP4 100 ± 16.9 76.4 ± 16.4 89.4 ± 26.8 75.2 ± 7.8 48.1 ± 8.6 0.0866
IGFBP5 100 ± 12.1 83.8 ± 9.3 82.9 ± 20.4 71.9 ± 6.9 73.6 ± 13.7 0.4908
IGFBP7 40.6 ± 8.8c 46.1 ± 3.3c 60.7 ± 11.2bc 78.8 ± 7.5ab 100 ± 15.1a 0.0009

1Means are only presented for data where a significant line-by-age interaction was not present and were calculated across both lines at each embryonic day (e).
2Data within each gene are expressed relative to the age with the highest mRNA level (equal to 100%).
a,b,cValues that do not share a common letter are significantly different (p ≤ 0.05).

FIGURE 2 |Relative mRNA expression of (A)GHR, (B) IGF1, (C) IGF2, and (D) IGFR1 in breast muscle on embryonic days e 10, 12, 14, 16, and 18 in legacy ACRB
and modern Ross 308 male broilers. Relative expression levels were measured using RT-qPCR and normalized to 18S RNA (n = 4 replicate birds per line at each age).
The data (mean + SEM) are expressed relative to the line and age with the highest expression level (equivalent to 100%). No significant line-by-age interactions were
observed for (A) GHR (p = 0.9321), (B) IGF1 (p = 0.5901), (C) IGF2 (p = 0.6246), or (D) IGF1R (p = 0.4752), and main effect means of line and age all genes are
presented in Tables 2, 3, respectively.
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feed nutrient use in commercial modern broilers. Together,
these results suggest that physiological changes induced by
commercial genetic selection begin to appear mid-
embryogenesis. Given the conservation of the somatotropic
axis across species and its importance in mediating tissue
growth and development in mammals, it is likely that IGFs,
their receptors, and IGFBPs are linked to improvements in
commercial modern broiler growth efficiency. Therefore, the
objective of this study was to determine the effect of
commercial genetic selection on mRNA expression and
circulating hormone concentrations within the somatotropic
axis by comparing these parameters between Ross 308 and
legacy ACRB broiler lines.

MATERIALS AND METHODS

Animals and Tissue Collection
Samples used for this study were collected from male ACRB and
Ross 308 broilers during the same two experiments described in a
previously published study (Vaccaro et al., 2021). The first
experiment was conducted during embryogenesis, and the
second was conducted during post-hatch juvenile
development. All experimental procedures using animals were
conducted in accordance with University of Georgia and

University of Maryland Institutional Animal Care and Use
guidelines.

In the first experiment, skin, liver, and breast muscle (p. major)
were collected from 12 embryos of each line on embryonic days
(e) 10, 12, 14, 16, and 18, with e0 being the day eggs were placed in
the incubator. Eggs from both lines were co-incubated in the
same incubator under identical conditions. The sex of each
embryo was determined by PCR analysis of the sexually
dimorphic chromo-helicase-DNA binding protein (Fridolfsson
and Ellegren, 1999) using genomic DNA extracted from skin
tissue, as previously described (Vaccaro et al., 2021). Liver and
breast muscle from four male embryos of each line at each age
(n = 4) were used for gene expression analysis as described below.

In the second experiment, males of each line were raised in
separate floor pens (n = 8 floor pens per line) within one room, so
that environmental conditions were identical. Both lines had free
access to water and the same three-phase modern commercial-
type diet as previously described (Vaccaro et al., 2021). Liver,
breast muscle (P. major), and plasma were collected from one
bird per pen (n = 8 per line) on post-hatch days (d) 10, 20, 30, and
40 as previously described (Vaccaro et al., 2021). Briefly, liver and
breast muscle were immediately snap-frozen in liquid nitrogen
and stored at −80°C prior to being used for gene expression
analysis. Whole blood was collected into syringes coated with
lithium heparin and stored on ice for no longer than 60 min prior

FIGURE 3 | Relative mRNA expression of (A)GHR, (B) IGF1, (C) IGF2, and (D) IGFR1 in liver on post-hatch days d 10, 20, 30, and 40 in legacy ACRB andmodern
Ross 308 male broilers. Relative expression levels were measured using RT-qPCR and normalized toGAPDHmRNA (n = 8 replicate birds per line at each age). The data
(mean + SEM) are expressed relative to the line and age with the highest expression level (equivalent to 100%). A significant line-by-age interaction was detected for (A)
GHR (p = 0.0446), and the presence of an asterisk (*) indicates a significant difference in expression between the lines at the indicated age. No significant line-by-
age interactions were detected for (B) IGF1 (p = 0.6890), (C) IGF2 (p = 0.8688), or (D) IGFR1 (p = 0.7405), and main effect means of line and age for these genes are
presented in Tables 4, 5, respectively.
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to isolation of plasma by centrifugation at 1,500x g and 4°C for
10 min. Plasma was stored at −20°C prior to use for evaluation of
circulating hormone levels, as described below.

Reverse Transcription-Quantitative PCR
(RT-qPCR)
Total RNA was isolated from liver and breast muscle using RNeasy
Mini kits (Qiagen) withmodifications for lipid-rich or fibrous tissues,
respectively, and analyzed by RT-qPCR as previously described
(Vaccaro et al., 2021). Briefly, total RNA (1 µg) was reverse
transcribed with random hexamer primers (ThermoFisher
Scientific, Waltham, MA, United States) and M-MuLV reverse
transcriptase (New England Biolabs, Ipswich, MA, United States).
Resulting cDNA was amplified by qPCR using intron-spanning
primers (Table 1; Integrated DNA Technologies, Coralville, IA,
United States) designed with Primer Express software (Applied
Biosystems, Foster City, CA, United States). Serial dilutions of
pooled liver and muscle cDNA were analyzed by qPCR to
determine amplification efficiency for each primer pair, which was
calculated using the following equation: efficiency = [10 (−1/slope)−1]
(Livak and Schmittgen, 2001; Rutledge and Stewart, 2008).

Transcripts in liver were normalized to glyceraldehyde 3-
phosphate dehydrogenase (GAPDH), and those in muscle were
normalized to 18s ribosomal rRNA (18s rRNA). The equation

(2ΔCt)target/(2
ΔCt)GAPDH or 18s, where ΔCt = Ctno RT−CTsample, was

used to transform and normalize data as previously described
(Ellestad et al., 2009; Ellestad and Porter, 2013; Ellestad et al.,
2015; Payne et al., 2019; Vaccaro et al., 2021). Each transcript’s
line-by-age interactive data are expressed relative to the line and
age with the highest mRNA level, and main effect data are
expressed relative to the line or age with the highest mRNA
level. As a result, the line-by-age, line, or age value with the
highest expression level was 100% in all cases.

Insulin-Like Growth Factor Enzyme-Linked
Immunosorbent Assays
Samples were analyzed in duplicate on a VICTOR3 Multilabel
Plate Reader (Perkin Elmer, Waltham, MA, United States) using
commercially available competitive-binding ELISAs (Cusabio,
Houston, TX, United States) for IGF1 and IGF2, which have
sensitivity limits of 125 and 62.5 pg/ml, respectively. ELISAs
were performed according to manufacturer’s instructions with
the modification that plates were incubated for 18 h at 4°C
instead of 60min at 37°C after adding the standards or samples
and biotinylated IGF. Intra and inter-assay coefficient of variations
(CVs) for IGF1 ELISAs were determined to be 4.023 and 6.479,
respectively. Intra and inter-assay coefficient of variations (CVs)
for IGF2 ELISAs were determined to be 10.0 and 34.6, respectively.

FIGURE 4 | Relative mRNA expression of (A) GHR, (B) IGF1, (C) IGF2, and (D) IGFR1 in breast muscle on post-hatch days d 10, 20, 30, and 40 in legacy ACRB
and modern Ross 308 male broilers. Relative expression levels were measured using RT-qPCR and normalized to 18S RNA (n = 8 replicate birds per line at each age).
The data (mean + SEM) are expressed relative to the line and age with the highest expression level (equivalent to 100%). No significant line-by-age interactions were
detected for (A)GHR (p = 0.5112), (B) IGF1 (p = 0.1424), or (D) IGF1R (p = 0.1258), and main effect means of line and age for these genes are presented in Tables
4, 5, respectively. A significant line-by-age interaction was detected for (C) IGF2 (p = 0.0111), and the presence of an asterisk (*) indicates a significant difference in
expression between the lines at the indicated age.
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Statistical Analysis
Data were analyzed with a two-way analysis of variance
(ANOVA) using the Fit Model Procedure of JMP Pro 14 (SAS
Institute, Cary, NC, United States), with relative RT-qPCR data
being log2-transormed prior to analysis. When ANOVA
indicated a significant line-by-age effect, line effect, or age
effect (p ≤ 0.05), post hoc multiple means comparisons were
performed using the test of least significant difference. Main effect
means were only calculated and analyzed when there was not a
significant interaction (p > 0.05).

RESULTS

Insulin-Like Growth Factor and Hormone
Receptor Expression During Embryonic
Development
Levels of mRNA for IGFs and somatotropic hormone receptors in
embryonic ACRB and Ross liver are shown in Figure 1. Expression
of GHR did not exhibit a significant line-by-age effect in embryonic
liver (Figure 1A; p > 0.05), but a near significant main effect of line
was observed in which Ross 308 had elevated expression as
compared to ACRB (Table 2; p = 0.0640). A significant main
effect of age for GHR was also detected in liver, with levels

significantly and steadily increasing between e10 and e18
(Table 3; p ≤ 0.05). No significant differences in expression
between lines or at different ages were detected for liver IGF1
during embryogenesis (Figure 1B; Tables 2, 3; p > 0.05).
Significant line-by-age interactive effects were detected for IGF2
and IGFR1 in liver, however. IGF2 was approximately 2-fold greater
in Ross on e10 and e14, but a transient decrease in expression in Ross
on e12 with a concomitant increase in ACRB expression resulted in
reduced levels of Ross IGF2 at this age (Figure 1C; p ≤ 0.05). A
similar though less prominent expression pattern was observed for
liver IGFR1, with levels in ACRB being approximately two-fold
greater than Ross on e12 (Figure 1D; p ≤ 0.05).

As shown in Figure 2, no significant line-by-age interactions
were detected for any of these genes in embryonic breast muscle
(Figures 2A–D; p > 0.05). However, GHR, IGF1, and IGFR1
exhibited age main effects in this tissue (Table 3; p ≤ 0.05).
Expression of GHR increased in both lines between e10 and e14
and remained elevated thereafter (Table 3; p ≤ 0.05). Expression
of IGF1 began to significantly decrease at e18 (Table 3; p ≤ 0.05).
Expression of IGFR1 dropped between e14 and 16 and remained
low on e18 (Table 3; p ≤ 0.05). No main effect of age for IGF2 was
observed in breast muscle (Table 3; p > 0.05).

Insulin-Like Growth Factor and Hormone
Receptor Expression During Post-Hatch
Development
Expression levels of somatotropic hormones and receptors in
ACRB and Ross post-hatch liver are presented in Figure 3.
Only GHR exhibited a significant line-by-age interaction, in
which expression was two-fold greater in Ross liver at both
d30 and d40 (Figure 3A; p ≤ 0.05). No line-by-age
interactions or main effects of line were observed IGF1,
IGF2, or IGFR1 (Figures 3B–D; p > 0.05), but they
exhibited main age effects (Tables 2, 3; p ≤ 0.05).
Expression of IGF1 in both Ross and ACRB liver increased
steadily between d10 and d30 and remained elevated through
d40 (Table 3; p ≤ 0.05), whereas IGF2 increased between d10
and d20 before decreasing on d30 and returning to
intermediate levels at d40 (Table 3; p ≤ 0.05). Hepatic
expression of IGFR1 exhibited a similar pattern to IGF2
and went up between d10 and d20, was reduced on d30,
and increased again on d40 (Table 3; p ≤ 0.05).

Levels of these genes in post-hatch breast muscle are shown in
Figure 4. No significant interactive effects were detected for GHR
and IGF1 (Figures 4A,B; p > 0.05), but each exhibited main line
effects. Expression was higher overall in ACRB breast muscle for
GHR, whereas IGF1 mRNA levels were greater in Ross breast
muscle (Table 4, p ≤ 0.05). GHR also displayed a main effect of
age, increasing from d10 to d20 and remaining stable through d40
in this tissue (Table 4; p ≤ 0.05). Additionally, IGF1 approached
significance for a main effect of age, where breast muscle
expression increased between d10 and d40 (Table 5; p =
0.0531). IGF2 did demonstrate a significant line-by-age
interactive effect, in which expression was two-fold greater in
Ross breast muscle on d20 and increased to five-fold greater on
d40 (Figure 4C; p ≤ 0.05). A significant interactive effect was not

TABLE 4 | Means1 (±SEM) of the line main effect for gene expression and
circulating hormones in post-hatch male broilers.

ACRB Ross 308 p-value

IGFs and Receptors
Liver (%)2

IGF1 100 ± 11.1 92.0 ± 10.5 0.6546
IGF2 100 ± 10.2 92.3 ± 10.1 0.4426
IGF1R 94.4 ± 7.3 100 ± 9.4 0.826

Muscle (%)2

GHR 100 ± 18.2a 71.4 ± 11.4b 0.0447
IGF1 48.4 ± 9.4b 100 ± 20.2a 0.0009
IGF1R 71.1 ± 11.2 100 ± 17.8 0.242

IGFBPs
Liver (%)2

IGFBP2 100 ± 32.9a 67.9 ± 18.3b 0.0073
IGFBP3 83.4 ± 10.8b 100 ± 13.3a 0.0444
IGFBP4 92.8 ± 11.8 100 ± 15.7 0.9186
IGFBP5 69.0 ± 5.2b 100 ± 12.9a 0.0234
IGFBP7 66.3 ± 8.5b 100 ± 16.5a 0.0027

Muscle (%)2

IGFBP1 100 ± 27.5 97.2 ± 38.7 0.3532
IGFBP3 100 ± 10.1a 70.08 ± 7.4b 0.0041
IGFBP4 54.1 ± 10.19b 100 ± 18.05a 0.0333
IGFBP5 60.6 ± 5.5b 100 ± 14.3a 0.0125
IGFBP7 75.2 ± 8.7b 100 ± 10.6a 0.0308

Hormones
IGF1 (pg/ml)3 776.7 ± 21.5 796.7 ± 24.4 0.5014
IGF2 (pg/ml)3 190.9 ± 15.9 167.7 ± 19.8 0.7571

1Means are only presented for data where a significant line-by-age interaction was not
present and were calculated between post-hatch day 10 through 40 for each line.
2Data within each gene are expressed relative to the line with the highest mRNA,
level (100%).
3Circulating hormone data are expressed as absolute concentration.
a,bValues that do not share a common letter are significantly different (p ≤ 0.05).
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observed for IGFR1 mRNA in breast muscle (Figure 4D; p >
0.05), but it approached significance for a main effect of age.
Expression increased from d10 to d20, decreased at d30, and
returned to d20 levels on d40 (Table 5; p = 0.0683).

Circulating Insulin-Like Growth Factors in
Post-Hatch Plasma
Figure 5 shows circulating concentrations of IGF1 and IGF2 in
post-hatch broilers, which were determined because of their
ability to regulate overall body growth and induce cellular
growth and proliferation in breast muscle. There was no
significant line-by-age effect for IGF1 (Figure 5A; p > 0.05),
although there was a main effect of age. Levels of IGF1 increased
between d10 and d20 and remained elevated through d40
(Table 5; p ≤ 0.05). Circulating IGF2 approached significance
for a line-by-age effect, in which IGF2 was greater in Ross at d10
and d20 but higher in ACRB on d40 (Figure 5B; p = 0.0647).
IGF2 also exhibited a main effect of age, with circulating levels
peaking on d20 in both lines (Table 5; p ≤ 0.05).

Insulin-Like Growth Factor-Binding Protein
Expression During Embryonic Development
The liver is a major producer of IGFBPs (Baxter, 1991), and this
protein family is essential for controlling IGF signaling, thus
regulates IGF effects on myogenic growth (Ewton et al., 1998;
Kamanga-Sollo et al., 2005). Relative IGFBP expression levels

measured in embryonic ACRB and Ross liver are presented in
Figure 6. IGFBP1 exhibited a significant line-by-age interaction,
where ACRB expression at e12 was 4-fold greater than Ross but
the opposite was observed at e16 when Ross expression was 2.5-
fold greater than ACRB (Figure 6A; p ≤ 0.05). IGFBP2 did not
exhibit an interactive effect (Figure 6B; p > 0.05), but expression
in liver was low from e10 to e12 and increased steadily thereafter
through e18, indicating a main age effect (Table 3; p ≤ 0.05).
IGFBP3 exhibited a significant interactive effect and expression
was approximately 2-fold greater in Ross liver than in ACRB liver
on both e14 and e16 (Figure 6C; p ≤ 0.05). No interactive effects
or main effects of line or age were observed for IGFBP4 in this
tissue (Figure 6D;Tables 2, 3; p ≤ 0.05). IGFBP5 also did not have
a significant interactive effect (Figure 6E; p > 0.05), but it
approached significance for a main effect of line where hepatic
ACRB expression was greater than that in Ross (Table 2; p =
0.094). Age was also significant for liver IGFBP5 expression,
increasing between e10 and e14 and decreasing on e16 and
e18 (Table 5; p ≤ 0.05). IGFBP7 displayed a nearly significant
line-by-age interaction in embryonic liver (Figure 6F; p = 0.0697)
and was greater in Ross than ACRB on e14. Additionally, its
expression increased from e10 to e14, denoting a main effect of
age (Table 3; p ≤ 0.05).

The IGFBPs did not display any significant interactive effects
in embryonic breast muscle (Figure 7; p > 0.05). IGFBP1 and
IGFBP7 exhibited a main effect of age, with expression decreasing
or increasing between e10 to e18, respectively (Table 3; p ≤ 0.05).
No significant main effects of line or age were observed for

TABLE 5 | Means1 (±SEM) of the age main effect for gene expression and circulating hormones in post-hatch male broilers.

d10 d20 d30 d40 p-value

IGFs and Receptors
Liver (%)2

IGF1 26.6 ± 3.8c 72.0 ± 11.3b 90.6 ± 9.8ab 100 ± 9.9a <0.0001
IGF2 52.9 ± 9.0c 100 ± 10.7a 53.5 ± 7.3bc 74.5 ± 10.5ab 0.007
IGF1R 65.1 ± 6.6bc 100 ± 6.9a 49.3 ± 4.6c 86.7 ± 11.7ab 0.0002

Muscle (%)2

GHR 56.6 ± 12.4b 100 ± 24.8a 95.2 ± 20.3a 97.1 ± 27.7ab 0.0260
IGF1 33.7 ± 9.3 55.6 ± 15.9 67.6 ± 14.9 100 ± 31.6 0.0531
IGF1R 51.0 ± 10.7 98.6 ± 22.2 74.8 ± 13.1 100 ± 29.2 0.0683

IGFBPs
Liver (%)2

IGFBP2 3.4 ± 1.2c 100 ± 20.6a 10.4 ± 1.5b 14.1 ± 4.1b <0.0001
IGFBP3 56.7 ± 11.6b 100 ± 15.6a 57.9 ± 8.5b 84.2 ± 16.6a <0.0001
IGFBP4 18.1 ± 1.7b 92.1 ± 9.9a 86.9 ± 16.0a 100 ± 17.3a <0.0001
IGFBP5 45.3 ± 6.6c 100 ± 7.4a 66.2 ± 4.24b 72.6 ± 19.9b 0.0006
IGFBP7 50.3 ± 13.3c 100 ± 20.0a 56.9 ± 6.3b 70.5 ± 18.2b 0.0393

Muscle (%)2

IGFBP1 19.4 ± 6.5c 100 ± 41.9a 49.4 ± 22.3ab 42.4 ± 13.4b 0.0011
IGFBP3 68.4 ± 8.9 71.8 ± 9.3 100 ± 11.6 97.4 ± 18.5 0.1052
IGFBP4 19.4 ± 4.4c 30.4 ± 5.1b 75.7 ± 16.1a 100 ± 21.4a <0.0001
IGFBP5 36.5 ± 3.6b 48.6 ± 3.4b 79.1 ± 9.5a 100 ± 21.5a 0.0003
IGFBP7 55.2 ± 6.5b 80.5 ± 12.6a 100 ± 13.8a 92.2 ± 15.9a 0.0029

Hormones
IGF1 (pg/ml)3 698.3 ± 26.1b 798.3 ± 42.7a 811.3 ± 18.7a 839.8 ± 26.3a 0.0096
IGF2 (pg/ml)3 145.5 ± 13.8b 247.9 ± 27.5a 164.8 ± 21.5b 139.2 ± 23.6b 0.0042

1Means are only presented for data where a significant line-by-age interaction was not present and were calculated across both lines at each post-hatch day (d).
2Data within each gene are expressed relative to the age with the highest mRNA, level (100%).
3Circulating hormone data are expressed as absolute concentration.
a,b,cValues that do not share a common letter are significantly different (p ≤ 0.05).
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IGFBP2, IGFBP3, or IGFBP5 (Tables 2, 3; p > 0.05). A line main
effect was detected for breast muscle IGFBP4, in which levels in
Ross were significantly lower (Table 2; p ≤ 0.05).

Insulin-Like Growth Factor-Binding Protein
Expression During Post-Hatch
Development
IGFBP expression in post-hatch liver is shown in Figure 8. Only
IGFBP1 exhibited a significant line-by-age interaction
(Figure 8A; p ≤ 0.05), whereas the remaining IGFBPs did not
(Figures 8B–F; p > 0.05). Levels of ACRB IGFBP1mRNAwere 4-
fold higher than Ross at d20 (Figure 7A; p ≤ 0.05) and
numerically lower than Ross on d10 and d30. Main effects of
line and age were observed for IGFBP2 and IGFBP3, whereas
IGFBP4 only had a main effect of age. Liver expression of IGFBP2
was greater in ACRB, while expression of IGFBP3 was greater in
Ross (Table 4; p ≤ 0.05). IGFBP2was 10- to 30-fold higher on d20
than other age, and IGFBP3 expression on d20 and d40 was
almost twice that of d10 and d30 (Table 5; p ≤ 0.05). After a 5-fold

increase in expression between d10 and d20, IGFBP4 remained
high through d40 (Table 5; p ≤ 0.05). IGFBP5 and IGFBP7 also
exhibited main effects of line and age. Expression of both genes
were significantly greater in Ross liver (Table 4; p ≤ 0.05), and
their expression increased approximately 2-fold between d10 and
d20 and then decreased to intermediate levels of d30 and d40
(Table 5; p ≤ 0.05).

Figure 9 illustrates IGFBP mRNA levels in post-hatch breast
muscle. IGFBP1 did not have a significant interactive effect
(Figure 9A; p > 0.05) or line main effect (Table 4; p > 0.05)
but did exhibit a main effect of age. Expression increased
approximately 5-fold between d10 and d20 and was reduced
about 2-fold at later ages (Table 5; p ≤ 0.05). IGFBP2 displayed a
significant line-by-age interaction in post-hatch breast muscle
and was higher in Ross than ACRB at d40 (Figure 9B; p ≤ 0.05).
No significant interactive effects were determined for IGFBP3,
IGFBP4, IGFBP5, or IGFBP7 (Figures 9C–F; p > 0.05), but each
demonstrated a main effect of line (Table 4; p ≤ 0.05). Apart from
IGFBP3, which was higher in ACRB breast muscle, expression
was greater in Ross (Table 4; p ≤ 0.05). Additionally, IGFBP4,
IGFBP5, and IGFBP7 expression differed significantly across ages.
IGFBP4 expression increased between d10 and d30 and remained
high on d40 (Table 5; p ≤ 0.05). Levels of IGFBP5 mRNA were
lower at d10 and d20 than d30 and d40 (Table 5; p ≤ 0.05).
Expression of IGFBP7 increased significantly after d10 and
remained high thereafter (Table 5; p ≤ 0.05).

DISCUSSION

The highly conserved nature of the somatotropic axis in
vertebrates implies that it plays an important functional role
in the growth and development of birds, though how it
contributes to the improvements in growth rate and meat
production efficiency made through artificial selection of
commercial broilers is still not known. Thus, this study
examined if components of the somatotropic axis, including
hormones, hormone receptors, and hormone binding proteins,
differed between a genetic control line (ACRB) and a modern
commercial broiler line (Ross 308) during embryonic and post-
hatch development. The results suggest that selection has
impacted local IGF signaling in breast muscle more than
endocrine action of circulating IGFs, and that IGFBPs play an
important role in modulating somatotropic axis activity in a
tissue-specific manner to affect growth. Multiple lines of evidence
from this study suggest that classical somatotopic axis activity
might not play a major role in driving chicken embryonic growth,
in large part because embryonic IGF levels are likely not
influenced by circulating GH. Pituitary GH in chickens
increases during the last half of embryonic development
(Porter et al., 1995; Ellestad et al., 2006; Lu et al., 2008;
Parkinson et al., 2010; Ellestad et al., 2011), around the time
that the birds used in this study began diverging in body weight. It
was previously shown that Ross embryos were significantly
heavier by e14, and body weight differences between the lines
continued to increase through d40 (Vaccaro et al., 2021). In liver
and breast muscle, neither GHR nor IGF1 expression differed

FIGURE 5 | Circulating (A) IGF1 and (B) IGF2 in legacy ACRB and
modern Ross 308 male broilers on post-hatch days d 10, 20, 30, and 40 as
determined by ELISA (n = 8 replicate birds per line at each age). No significant
line-by-age interactions were observed for (A) IGF1 (p = 0.7065) or (B)
IGF2 (p = 0.0647), and main effect means of line and age are presented in
Tables 4, 5, respectively.
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between the lines during embryonic development, suggesting that
GH stimulation of IGF1 is not driving the observed differences in
growth. While liver IGF2 mRNA was higher in Ross 308 on e14,
this was not maintained on e16 and 18 despite Ross embryos
growing at a faster rate.GHRwas observed to increase in liver and
breast muscle during this period in both lines. However, this
increase was accompanied by either no change or inconsistent
changes in liver IGF1, IGF2, and IGFR1 or a decrease in IGF1 and
IGFR1 in breast muscle, suggesting that IGF1, IGF2, and IGFR1
production are not dependent on GH during late embryonic

development. It has been suggested that the somatotropic axis is
not fully established until after hatch (Ellestad et al., 2011; Ellestad
et al., 2019), and this study provides further evidence that IGF
production is likely not GH-dependent in the embryonic
somatotropic axis.

Heightened expression of GHR mRNA in liver and muscle
throughout late embryonic development may be used for GH
binding protein (GHBP) synthesis, which is made by cleaving
off GHR’s extracellular domain (Vleurick et al., 1999; Lau
et al., 2007). Human GHBPs form a complex with GH

FIGURE 6 | Relative mRNA expression of (A) IGFBP1, (B) IGFBP2, (C) IGFBP3, (D) IGFBP4, (E) IGFBP5, and (F) IGFBP7 in liver on embryonic e days 10, 12, 14,
16, and 18 in legacy ACRB and modern Ross 308 male broilers. Relative expression levels were measured using RT-qPCR and normalized to GAPDH mRNA (n = 4
replicate birds per line at each age). The data (mean + SEM) are expressed relative to the line and age with the highest expression level (equivalent to 100%). Significant
line-by-age interactions were detected for (A) IGFBP1 (p = 0.0038) and (C) IGFBP3 (p = 0.0080), and the presence of an asterisk (*) indicates a significant difference
in expression between the lines at the indicated age (p ≤ 0.05). No significant line-by-age interactions were detected for (B) IGFBP2 (p = 0.3060), (D) IGFBP4 (p =
0.2942), (E) IGFBP5 (p = 0.1055), or (F) IGFBP7 (p = 0.0697), and main effect means of line and age for these genes are presented in Tables 2, 3, respectively.
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(Baumann et al., 1986), and this may similarly occur in
chickens. As pituitary GH production increases late in
chicken embryonic development, GHBP might sequester it
until target tissues like liver and muscle are responsive to GH
after the somatotropic axis is fully established.

It has been reported that pituitary and plasma GH levels are
lower in fast-growing birds after hatch (Goddard et al., 1988;
Mao et al., 1998; Ellestad et al., 2019). Hepatic GHR
expression was greater in Ross than ACRB on d30 and d40,
and this may reflect a need for increased GH sensitivity to
compensate for reduced circulating GH relative to the slower-

growing ACRB birds. This could be accomplished by
providing additional plasma membrane binding sites for
GH and/or by increasing its half-life in plasma via GHBP
action. Ultimately, however, higher GHR in Ross liver does
not appear to contribute to increased hepatic IGF1 or IGF2
expression or circulating IGF levels in relation to those
parameters in to ACRB.

Levels of IGF1 and IGF2 mRNA were greater in post-hatch
Ross breast muscle as compared to ACRB, suggesting these
hormones support the rapid muscle growth observed in
commercial modern broilers. Together with the observation

FIGURE 7 |RelativemRNA expression of (A) IGFBP1, (B) IGFBP2, (C) IGFBP3, (D) IGFBP4, (E) IGFBP5, and (F) IGFBP7 in breast muscle on embryonic days e 10,
12, 14, 16, and 18 in legacy ACRB and modern Ross 308 male broilers. Relative expression levels were measured using RT-qPCR and normalized to 18S RNA (n = 4
replicate birds per line at each age). The data (mean + SEM) are expressed relative to the line and agewith the highest expression level (equivalent to 100%). No significant
line-by-age interactions were detected for (A) IGFBP1 (p = 0.8032), (B) IGFBP2 (p = 0.9609), (C) IGFBP3 (p = 0.8806), (D) IGFBP4 (p = 0.8715), (E) IGFBP5 (p =
0.6831), or (F) IGFBP7 (p = 0.9480), and main effect means of line and age for all genes are presented in Tables 2, 3, respectively.
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that hepatic and circulating IGFs did not differ between the lines,
these results indicate that differential paracrine IGF signalingmay
impact growth on a tissue-specific basis and contribute to the
faster growth and increased muscle accretion in modern birds.
Our findings align with the previously proposed theory that IGF
signaling in chicken muscle acts in a paracrine fashion,
contributing to hypertrophy in a manner similar to mice, rats,
and rabbits (Czerwinski et al., 1994; Yang et al., 1997; Duclos
et al., 1999).

The IGFBP family mediates IGF effects by enhancing or
dampening IGF signaling. This occurs by either increasing
IGF-receptor affinity, physically sequestering it to prevent
receptor binding, or extending IGF’s half-life in circulation.
Additionally, many IGFBPs can act independently to induce
cellular activity (Kajimoto and Rotwein, 1989; Dewil et al.,
1999; Herrington and Carter-Su, 2001; Woelfle et al., 2005;
Brooks et al., 2008). Our results suggest that effects of some
IGFBPs on broiler growth may differ between embryonic and

FIGURE 8 | Relative mRNA expression of (A) IGFBP1, (B) IGFBP2, (C) IGFBP3, (D) IGFBP4, (E) IGFBP5, and (F) IGFBP7 in liver on post-hatch days d 10, 20, 30,
and 40 in legacy ACRB andmodern Ross 308male broilers. Relative expression levels were measured using RT-qPCR and normalized toGAPDHmRNA (n = 8 replicate
birds per line at each age). The data (mean + SEM) are expressed relative to the line and age with the highest expression level (equivalent to 100%). A significant line-by-
age interaction was detected for (A) IGFBP1 (p = 0.0014), and the presence of an asterisk (*) indicates a significant difference in expression between the lines at the
indicated age (p ≤ 0.05). No significant line-by-age interactions were detected for (B) IGFBP2 (p = 0.5051), (C) IGFBP3 (p = 0.5261), (D) IGFBP4 (p = 0.5834), (E)
IGFBP5 (p = 0.8311), or (F) IGFBP7 (p = 0.8716), and main effect means of line and age for these genes are presented in Tables 2, 3, respectively.
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post-hatch development. Expression of IGFBP1 was greater in
ACRB liver at e12 but increased in Ross liver at e16. This
correlates with the difference in embryonic body weight
between the lines previously observed beginning on e14
(Vaccaro et al., 2021). Here, elevated IGFBP1 may serve to
transport IGF in circulation, as liver IGF2 in the embryo was
greater in Ross at e10 and e14 and could facilitate growth during
the last week of embryogenesis. In the liver of post-hatch ACRBs,
however, IGFBP1 was greater at d20, when broilers are growing
most rapidly. Work performed in mice indicates IGFBP1, when
produced in the liver, limits growth (Arany et al., 1994; Gay et al.,

1997; Schneider et al., 2000), and it could act similarly in post-
hatch chickens. Combined, these results indicate that IGFBP1
function may change across developmental stages in broilers, in
turn altering bird physiology by promoting IGF signaling during
embryogenesis and inhibiting it during certain stages of juvenile
post-hatch development.

IGFBPs function in an endocrine fashion when secreted into
plasma from the liver but a paracrine one when produced locally
in peripheral tissues (Allard and Duan, 2018). While levels of
IGFBP4 in liver did not differ between the lines at any stage,
differential expression of IGFBP4 in breast muscle suggests it may

FIGURE 9 | Relative mRNA expression of (A) IGFBP1, (B) IGFBP2, (C) IGFBP3, (D) IGFBP4, (E) IGFBP5, and (F) IGFBP7 in breast muscle on post-hatch days d
10, 20, 30, and 40 in legacy ACRB and modern Ross 308 male broilers. Relative expression levels were measured using RT-qPCR and normalized to 18S RNA (n = 8
replicate birds per line at each age). The data (mean + SEM) are expressed relative to the line and age with the highest expression level (equivalent to 100%). A significant
line-by-age interaction was identified for (B) IGFBP2 (p = 0.0022), and the presence of an asterisk (*) indicates a significant difference in expression between the
lines at those ages (p ≤ 0.05). No significant line-by-age interactions were detected for (A) IGFBP1 (p = 0.3093), (C) IGFBP3 (p = 0.7127), (D) IGFBP4 (p = 0.6558), (E)
IGFBP5 (p = 0.1711), or (F) IGFBP7 (p = 0.4647), and main effect means of line and age for these genes are presented in Tables 4, 5, respectively.
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act locally to regulate growth of this tissue and, like IGFBP1, may
have opposing effects during embryonic and post-hatch
developmental stages. In embryonic development, elevated
IGFBP4 mRNA in ACRB breast muscle suggests in acts in an
inhibitory manner. This would be consistent with previous
reports that IGFBP4 inhibited growth of mouse skeletal muscle
(Jones and Clemmons, 1995; Awede et al., 1999). The effect in
breast muscle is likely to be IGF-dependent, because IGFBP4
inhibits cellular proliferation of myoblasts only in the presence of
IGF1 (Ewton et al., 1998). Since expression of IGF1 and IGF2
mRNA in breast muscle did not differ between the lines, it is
possible that elevated IGFBP4 in ACRB reduces IGF signaling in
this tissue through its sequestration. On the other hand, during
post-hatch development, IGFBP4 appears to act in a paracrine
manner to stimulate breast muscle growth. Levels of IGFBP4
mRNA in Ross breast muscle post-hatch were almost twice that of
ACRB, as were IGF1 and IGF2 mRNA. This indicates that, in
post-hatch breast muscle, IGFBP4 could work to perpetuate IGF
signaling through increasing the hormones’ half-life and/or
facilitating their access to IGFR1.

IGFBP7 may also regulate skeletal muscle generation in
chickens based on results presented here. IGFBP7 has been
shown to limit cell cycle activation in mice, protecting against
satellite cell exhaustion to ensure long-termmuscle growth (Chen
et al., 2020). Increased IGFBP7 mRNA was observed in Ross
broiler breast muscle post-hatch, suggesting it could work in a
similar manner to promote muscle growth after hatch by
maintaining a healthy satellite cell population. This could
contribute to greater breast muscle yield in commercial
modern broilers (Schmidt et al., 2009; Collins et al., 2014;
Marks et al., 2016) by supporting the satellite cell population
and facilitating their differentiation during muscle accretion.

Within the same developmental stage, the effects of a singular
IGFBP can also change depending on whether it acts in an
endocrine or paracrine manner. Hepatic post-hatch IGFBP2
was greater in ACRB, aligning with inhibitory IGFBP2 action
observed in zebrafish where it reduced cell proliferation during
fasting (Duan et al., 1999). However, IGFBP2 was greater in post-
hatch Ross breast muscle later in development. Since IGFBP2 has
been shown to induce chicken primary myoblast proliferation
(Wang et al., 2019), this might mean that endocrine IGFBP2
released from post-hatch liver inhibits overall body growth but
paracrine IGFBP2 activity in breast muscle facilitates its growth.
Data presented here suggest that the inverse may be true for
IGFBP3, which has a promotive effect on IGF signaling in
mammals when acting in an endocrine manner by extending
their half-life in the blood (Yamada and Lee, 2009) but may
inhibit breast muscle growth by acting in paracrine manner.
IGFBP3 mRNA was greater in Ross embryonic liver at e14 and
e16, ages at which they start increasing in size relative to ACRBs.
Thus, when synthesized in the liver, IGFBP3 could extend IGF
signaling by maintaining IGFs in the blood of Ross embryos and
contribute to their larger size that begins around late
embryogenesis. Importantly, elevated hepatic IGFBP3 in Ross
birds continued post-hatch, playing into its established role as a
metabolic regulator (Yamada et al., 2010) and suggesting it may
also impact body composition and feed efficiency in chickens.

Post-hatch IGFBP3 was reduced in Ross muscle compared to
ACRB, suggesting that it may negatively regulate muscle
accretion through direct sequestration of IGFs or in another
manner. Together, these results are indicative that IGFBPs act in a
tissue-specific manner to control IGF signaling through both
endocrine and paracrine mechanisms and can have both
inhibitory and stimulatory effects depending on their mode of
action, as has been observed in mammals.

Like IGFBP3, hepatic IGFBP5 and IGFBP7 mRNA levels were
higher in post-hatch Ross broilers, indicative of an endocrine
effect by these proteins that promotes bird growth and muscle
accretion. In mice, it was shown that single knockouts for
IGFBP3, IGFBP4, or IGFBP5 showed little growth impairment,
while triple knockout mice were significantly smaller with
reduced fat pad accumulation and less skeletal muscle (Ning
et al., 2006). This indicates that some IGFBPs exhibit functional
redundancy in regulating growth and metabolism in mammals,
and a similar phenomenon might exist in birds.

To summarize, we found that expression levels of select
somatotropic genes differed between male legacy and
commercial modern broilers. Although there were no
differences in circulating IGFs, elevated IGF1 and IGF2 in
post-hatch Ross muscle suggests that paracrine IGF signaling
contributes to the increased breast muscle size of commercial
modern broilers. Control of IGF signaling by IGFBPs likely also
differs between commercial modern and legacy broilers and plays
a role in regulating chicken growth. It was observed that select
IGFBPs appear to play distinct, and sometimes opposing. growth-
promoting or growth-inhibiting roles in a developmental and tissue-
specific manner and that functional redundancy among the IGFBPs
may exist. In conclusion, these results suggest that rapid growth and
increased muscle accretion in commercial modern broilers may be
achieved not through increased levels of circulating IGFs but by
changing local IGF expression to affect paracrine IGF activity,
specifically in muscle. This activity could be further regulated
through combinatorial action of IGFBPs, which appear to make
up a robust control system acting to support growth within different
developmental and physiological contexts.
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